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Summary 
This thesis describes the elucidation of the activation mechanism of the human 

CC chemokine receptor 5 (CCR5) by a chemokine analog, its signaling complexes 
with the heterotrimeric Gi protein, and subsequent interactions with arrestin2. 

Chapter 1 presents a general introduction to G protein-coupled receptor (GPCR) 
biology and recent advances in the structure elucidation of GPCRs and their signaling 

complexes. Additionally, the chapter covers the biology of chemokine receptors, 
focusing on the role of CCR5 in the human immune system. 

Chapter 2 describes the cryo-EM structure of wild-type human CCR5 in an active 
conformation bound to the super-agonist [6P4]CCL5 and the heterotrimeric Gi. The 

structure of the signaling complex allowed to describe the activation mechanism of 
CCR5 and to elucidate key elements of the variable pharmacology of CCL5 analogs. 

These results shed new light on the molecular pharmacology of chemokine receptors 
and show how a chemokine receptor can be activated by the ‘deep’ binding of the 

agonist N-terminus into the orthosteric receptor pocket. 
Chapter 3 provides a detailed protocol for the biochemical preparation of the 

[6P4]CCL5•CCR5•Gi signaling complex and describes current advances in 
chemokine structure determination and associated challenges. An additional NMR 
characterization of the [5P14]CCL5 partial agonist and [5P12]CCL5 antagonist 

chemokines is given in the Appendix of this Chapter. 
Chapter 4 focuses on the last step of the GPCR signaling cascade – the interaction 

of CCR5 with arrestin2. Two high-resolution X-ray structures of human arrestin2 in 
complex with two distinct CCR5 C-terminal phosphopeptides were solved. These 

structures, in combination with mass spectrometry, NMR, and biochemical and 
cellular assays, uncovered a key GPCR phosphomotif, which is recognized by 

arrestin2 and enables its tight association with a GPCR. A further analysis of available 
structural and functional data on GPCR•arrestin interactions suggests how a certain 

arrangement of phosphoresidues within the intracellular side of GPCRs define 
arrestin2 and arrestin3 isoforms specificities. 

Chapter 5 describes the isolation of the full-length [6P4]CCL5•CCR5•arrestin2 
complex, its biochemical and structural characterization. Furthermore, it discusses 

the challenges of the structural analysis of this complex. 
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Introduction 

1.1 G protein-coupled receptors  

G protein-coupled receptors (GPCRs) represent one of the largest families of 
membrane receptors comprising more than 800 members in humans (1). GPCRs 
recognize diverse extracellular stimuli and transduce them into intracellular signals. 
As such they are involved in a wide array of physiological processes, which makes 
them major targets for drug development. Currently about one-third of drugs on the 
pharmaceutical market target a small fraction of all GPCRs (2,3). 

Based on sequence homology and functional similarity, GPCRs are divided into 
the following classes: rhodopsin-like (class A), secretin (class B1) and adhesion (class 
B2), glutamate (class C), fungal mating pheromone (class D), cyclic AMP (class E) and 
frizzled and smoothened (class F) (4). Receptors from all classes are present in 
mammals with the exception of the classes D and E. 

Although sequence homology is low between GPCRs from different classes, all of 
them share a universal seven-transmembrane (7TM) helical architecture consisting of 
the extracellular N-terminal sequence, seven helices connected by three intra- and 
three extracellular loops (ICLs and ECLs), as well as the intracellular C-terminal 
sequence (5,6) (Figure 1.1). 

 
Figure 1.1. Schematic representation of GPCR topology (generated with GPCRdb, https://gpcrdb.org/) 

TM1 TM2 TM3 TM4 TM5 TM6 TM7
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Class A is the largest class comprising more than 80% of the GPCR genes, which 
includes adrenergic, dopamine, neurotensin, opioid, chemokine and many other 
receptor families. The receptors from this class share highly conserved motifs, which 
are proven to be functionally important (7). For convenience of receptor comparisons, 
the Ballesteros-Weinstein nomenclature was introduced for class A GPCRs (8). A 
particular residue is numbered within a helix relative to the most conserved residue 
of each helix, which is numbered 50. It is indicated by the superscript x.yy, where x 
is the TM helix number and yy is the residue number. This sequence annotation 
format has been adapted by the GPCRdb (9). 

Although class A GPCRs are the best studied in terms of their structure and 
function, some of the receptor families from this class are far from being understood. 
One of the understudied families is the chemokine receptors. Their crucial regulation 
of the immune system and thus involvement in many diseases, e.g., HIV (10), has 
made them highly attractive targets for drug discovery. However, compared to other 
class A GPCRs the success has been modest and only three small-molecule drugs 
that target chemokine receptors have been clinically approved (11). The reason for 
this apparently comes from the complexity of the chemokine system, the promiscuity 
of the receptor-ligand interactions, and the fact that the endogenous ligands are full 
proteins (chemokines) and not small molecules. As such, the progress from other 
class A GPCR has not been easily transferable to the chemokine receptors. 

1.2 GPCR signaling cascade 

The canonical GPCR signaling paradigm includes interaction of an activated 
receptor with the three main intracellular partners: heterotrimeric guanine nucleotide-
binding proteins (G proteins), G protein-coupled receptor kinases (GRKs), and 
arrestins (12). 

Binding of an agonist to the extracellular pocket of a GPCR induces 
conformational changes, which propagate further to the intracellular part of the 
receptor. This allosteric conformational change of the receptor enables the coupling 
of the heterotrimeric G protein (13). In response, the G protein facilitates GDP/GTP 
exchange, promoting the dissociation of the G protein from the receptor and its 
subunits. To prevent overstimulation, the active receptor is phosphorylated by GRKs, 
enabling arrestin recruitment. The formation of the receptor•arrestin complex leads 
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to receptor internalization, followed by lysosomal degradation of the receptor or its 
recycling back to the plasma membrane (14). The detailed molecular mechanisms of 
these complex and variable interactions involved in GPCR signaling remain to be 
elucidated (15). An overview of the signaling cascade is given in Figure 1.2. 

There are some exceptions to this canonical GPCR regulation mechanism. For 
example, some GPCRs form so-called megaplexes, binding G proteins and arrestin 
simultaneously (15–17), while others lack functional G protein coupling, and still 
undergo agonist-induced arrestin recruitment (18). 

 

 
Figure 1.2. GPCR signaling cascade comprising the endogenous ligand, effector proteins and 
downstream signaling (see text). 
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1.3 G proteins  

G proteins are heterotrimeric guanine nucleotide-binding proteins, which are 
located inside the cell and activated by ligand-stimulated GPCRs to induce further 
downstream signaling (19). They consist of α, β and γ subunits. The human genome 
encodes 33 G protein subunit genes, comprising 16 Gα, 5 Gβ, and 12 Gγ subunits. 
Based on the Gα isotype, G proteins are classified into four families: Gs, Gi/o, Gq/11 and 
G12/13 (20). The Gαs family, where s means stimulation, has two members: Gαs and Golf 
(olf – olfactory). The Gi (i stands for inhibition) family is the largest and includes the 
following members: Gαi1, Gαi2, Gαi3, Gαo, Gαt1, Gαt2, (t – transducin), Gαg (g – 
gustducin) and Gαz. The Gq family consists of Gαq, Gα11, Gα14 and Gα15, and the G12/13 
family includes Gα12 and Gα13. GPCRs often couple to more than one G protein 
subtype (21). Recent advances in structure determination of GPCR•G protein 
complexes in combination with functional data have allowed to identify the main 
determinants of G protein selectivity (22).  

The Gα subunit consists of two domains, a helical domain and a GTPase domain. 
The Gβ and Gγ subunits form a stable dimer and function as one unit. The Gβγ dimer 
is anchored to the inner part of the cell membrane via a prenylated C-terminal CAAX 
motif on the γ subunit. The heterotrimer assembles upon GDP binding to a cleft 
formed by the two domains of the Gα subunit (Figure 1.3A). Stimulation of a GPCR 
by an agonist promotes recruitment of a GDP-bound G protein heterotrimer to the 
receptor, which leads to the release of the GDP molecule (Figure 1.3B). Subsequently, 
GTP, which has an ∼10 times higher cytosol concentration than GDP, binds to Gα 
(23). Once bound, GTP triggers the activation of the Gα subunit promoting its 
dissociation from both receptor and Gβγ. Active GTP-bound Gα and Gβγ continue 
downstream signaling via the engagement of various effector proteins. Depending on 
the G protein subtype, different effectors are recruited (Figure 1.3C) (24). For example, 
Gαs interacts with adenyl cyclase, which stimulates cAMP production. This further 
activates the protein kinase A (PKA) pathway. In contrast, GTP-bound Gαi/o reduces 
cAMP concentration by inhibiting adenyl cyclase. Gαq/11 recruits phospholipase Cβ to 
hydrolyze phosphatidylinositol biphosphate (PIP2) to DAG and inositol triphosphate 
(IP3), subsequently leading to Ca2+ release and protein kinase C activation. Both Gαq/11 

and Gα12/13 are implicated in the activation of the Rho family of GTPases and Rho 
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guanine nucleotide exchange factors (RhoGEFs) regulating actin dynamics. For all 
Gα subtypes, the signaling is terminated once GTP is hydrolyzed by the Gα GTPase 
activity. In contrast, after dissociation from the heterotrimer, Gβγ interacts with GRKs, 
promoting their association to the membrane, ion channels and PLC-β. 

 
Figure 1.3. G protein signaling scheme. Left: inactive GDP-bound state of G protein heterotrimer. 
Middle: G protein heterotrimer coupling to GPCR and dissociation of GDP. Right: GTP binding to Gα, 
resulting in the dissociation of the G protein heterotrimer from the receptor and its subsequent splitting 
into Gα and Gβγ. Further downstream effector protein signaling pathways via both G protein subunits 
are shown at the bottom. 

1.4 G protein-coupled receptor kinases  

The initial step of agonist-bound GPCR desensitization is mediated by GRKs 
(Figure 1.2). GRKs are serine/threonine protein kinases that belong to the AGC family 
(protein kinases A, G and C). They recognize and phosphorylate multiple sites at 
intracellular parts of the GPCRs, i.e. mainly the C-terminal tail and intracellular loop 3 
(ICL3) (25). The receptor phosphorylation promotes arrestin coupling and subsequent 
receptor internalization. There are seven GRKs which are subdivided into three 
groups based on their sequence homology: the visual GRK subfamily (GRK1 and 
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GRK7), the β-adrenergic receptor kinases subfamily (GRK2 and GRK3) and the GRK4 
subfamily (GRK4, GRK5 and GRK6) (26). 

All GRKs share well-conserved short N-terminal α-helical domains, regulator G 
protein signaling homology (RH) domains, catalytic domains as well as variable C-
terminal regions (27). The C-terminal region of all GRKs is responsible for membrane 
localization of the kinases via different mechanisms. The visual GRKs are targeted to 
the membrane via prenylation sequences at their carboxy terminus (28). GRK2 and 
GRK3 have pleckstrin homology domains instead, which enables their binding to the 
dissociated and membrane-anchored Gβγ (29). Thereby GRK2 and GRK3 are 
directed to the membrane after receptor activation. Besides interacting with Gβγ, 
GRK2 binds Gαq, promoting membrane association of the kinase (30–32). GRK5 
contains a hydrophobic phospholipid-binding domain (33), whereas GRK4 and GRK6 
harbor palmitoylation sites (34). 

Several studies have provided insights into the sequence specificity of GRKs 
based on the ability of GRKs to phosphorylate synthetic peptides. For example, 
GRK1 and GRK2 prefer to phosphorylate serine/threonine residues localized near 
acidic residues, while GRK5 and GRK6 have a clear preference for serine/threonine 
preceded by basic residues (27). Despite these insights on the sequence preferences 
of GRKs, the molecular basis of GRK•GPCR specificity remains largely unknown. 
Nevertheless, it is clear that GRKs play an important role in GPCR bias (35), 
determining the diversity of the subsequent signaling pathways by differential 
receptor phosphorylation (36,37). 

1.5 Arrestins 

Following GPCR phosphorylation, cytoplasmic signaling proteins called arrestins 
are recruited to the receptor, promoting its desensitization (38). The arrestin family 
consists of four members in humans: visual arrestins (arrestin1 and arrestin4) and 
non-visual arrestins (arrestin2 and arrestin3, also known as β-arrestin1 and β-
arrestin2, respectively) (39). The visual arrestins are expressed in the retina and 
regulate only photoreceptors. The two remaining non-visual arrestins are expressed 
in all other tissues and cell types and, thus, regulate hundreds of different GPCRs. 
These arrestins are genetically and structurally conserved and are composed of 
antiparallel β-sheet N and C domains. 
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While both non-visual isoforms mediate GPCR signaling, they often display 
significant functional divergence leading to different physiological outcomes (40). 
Arrestin-mediated signaling depends on phosphorylation levels and phosphorylation 
patterns, which are modulated by GRKs. Moreover, different phosphorylation 
patterns can induce distinct conformations of arrestin, thereby controlling the 
engagement of specific downstream signaling proteins (41–44). In terms of arrestin 
binding, GPCRs are categorized as “class A” when they bind arrestin in a transient 
manner and “class B” when they form stable complexes with both arrestin subtypes 
(45). Both of the receptor classes undergo arrestin-induced internalization forming 
early endosomes. However, the subsequent trafficking steps are distinct. Class A 
GPCRs are rapidly recycled back to the plasma membrane from early endosomes 
(46). In contrast, class B GPCRs traffic from early to late endosomes, resulting in 
lysosomal degradation (Figure 1.2) (45,47). 

In general, arrestin recruitment to GPCR is a biphasic process. Initially, it requires 
arrestin activation by displacement of its autoinhibiting C-terminal tail with the 
phosphorylated receptor C-terminus (tail interaction). The tail displacement causes 
conformational changes in arrestin enabling its full engagement with the 
transmembrane helical bundle (core interaction) (48). Complexes of GPCRs, where 
arrestin is only bound to the phosphorylated receptor C-terminal tail, have been 
reported (49). While full arrestin engagement seems to be necessary for receptor 
desensitization (50), it is not required for its internalization (51). Recently, it has been 
reported that lipids, specifically phosphatidylinositol phosphates (PIPs), can play a 
crucial role in modulating the strength of GPCR-arrestin interactions and can by 
themselves catalytically activate arrestins (52). 

Additionally, arrestins adopt multiple conformations to select different signaling 
partners. Receptor-bound arrestins involve downstream regulators such as clathrin, 
clathrin adaptor protein 2 (AP-2), and extracellular signal-regulated kinase (ERK). This 
promotes receptor transport via clathrin-coated pits to endosomes (14,53,54). 
Beyond this classic role, arrestins can interact with dozens of other signaling proteins, 
thereby activating G protein-independent signaling pathways, which play a role in 
transcription, cell proliferation, and apoptosis (55,56). 
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1.6 Ligands and biased signaling  

GPCRs sense physically and chemically diverse ligands comprising photons, 
nucleotides, lipids, hormones, peptides, proteins, and others. Their properties can be 
described by two main parameters: affinity and efficacy, where efficacy is the 
capacity of the ligand to produce the receptor-mediated response at full receptor 
occupancy (57). Many GPCRs have basal activity even without any ligand stimulation. 
Based on their efficacy, ligands can be classified as full agonists, partial agonists, 
inverse agonists, and antagonists. An agonist activates a receptor above the basal 
level. A partial agonist induces weaker activity than the full agonist. In contrast, an 
inverse agonist lowers the activity below the basal state, leading to receptor 
inactivation, whereas an antagonist blocks the ligand-binding pocket with no impact 
on basal activity (Figure 1.4A). 

The binding pocket which accommodates the endogenous GPCR ligands is 
termed orthosteric pocket. Additionally, GPCR can be regulated by molecules that 
bind at sites different from the orthosteric pocket. Such molecules are called allosteric 
modulators. They modulate the signaling of orthosteric ligands in a negative (negative 
allosteric modulator, NAM) or positive (PAM) way (58). Well-known endogenous 
allosteric modulators are sodium and cholesterol (59–61). 

Some ligands of a given GPCR activate equally G protein and arrestin pathways, 
whereas others preferentially activate one pathway over the other (Figure 1.4B) (62). 
Selective receptor activation is referred to as biased agonism. Biased agonism 
provides an opportunity for developing drugs that are selective for desired 
physiological effects, but avoid undesired side effects (63). 
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Figure 1.4. Characteristics of GPCR ligands. A. Efficacy-based ligand classification. B. Illustration of 
differential ligand-induced GPCR signaling and biased agonism. 

Ligand bias is complex, and often experimental results are difficult to reproduce. 
Commonly, biased agonists are described using cellular signaling assays. However, 
the observed biased agonism depends on the cell type being used, thereby 
introducing system bias. The time points of the data collection are equally important 
since the ligand effect is time-dependent. Thus, distinct signaling responses of the 
ligands can potentially result from different binding kinetics (64). Therefore, precise 
and reproducible experiments are needed for ligand characterization. In addition, it 
seems essential for rational drug design to reveal the basics of biological processes 
underlying biased agonism by structure-function relationships. 

1.7 Structure elucidation of GPCRs 

Breakthroughs in protein engineering along with technological advancements in 
X-ray crystallography and recently in single-particle cryo-EM have resulted in an 
exponential increase of solved GPCR structures. At the time of writing (end of 2022), 
more than 140 unique GPCR structures have been reported, where 105 are from class 
A, 14 from secretin and six from adhesion families (class B), one from class D, and 
four from F GPCR families (GPCRdb, https://gpcrdb.org, Figure 1.5A). Although most 
GPCRs have been solved in their inactive conformation, for many of them, high-
resolution structures of both states, active and inactive, are available (Figure 1.5B). 
The large majority of inactive GPCR structures have been solved by X-ray 
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crystallography, while active GPCRs have mainly been solved in complexes with 
heterotrimeric G proteins by cryo-EM. Direct structural comparison of active and 
inactive states of the same receptor provides valuable insights into their activation 
mechanisms and has greatly advanced drug development (65). 

For two GPCRs, namely, rhodopsin and NTR1, the structures in complex with their 
effector G proteins (66–69), arrestins (70–72) and GRKs (32,73) are available, covering 
the main steps of the GPCR signaling cascade. Despite the recent advances in 
receptor structure determination, structures of the majority of GPCRs remain 
unsolved. Especially challenging is capturing structures of the highly dynamic and 
often unstable GPCR•arrestin and GPCR•GRK complexes. 

An increasingly powerful alternative for experimental structure determination is 
computational machine learning methods such as AlphaFold2 (AF2) (74) and 
RoseTTaFold (75), which may predict accurate 3D protein structures from sequences 
even without any homologs being available. These programs are based on neural 
network models trained on known experimental structures. While they provide 
outstanding results for globular proteins (76), and are extremely useful as starting 
coordinates for experiment-based model building and refinements, the accuracy of 
the predicted GPCR models has not been rigorously benchmarked, especially with 
respect to less rigid regions (77), GPCR conformational states (e.g., active/inactive) 
and effects of ligand-binding (78). Thus, further developments and comparative 
studies with experimentally determined structures are needed to increase the utility 
of these programs. 
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Figure 1.5. Structural coverage of GPCR classes from GPCRdb 
(https://gpcrdb.org/structure/statistics). A. Timeline of cumulative number of solved GPCR structures. 
B. Structural coverage of GPCRs solved in different conformational states (red: inactive; green: active; 
orange: intermediate). 
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1.7.1 Structural insights into GPCR architecture and activation by X-

ray crystallography  

The progress in the development of X-ray crystallographic techniques such as 
high-throughput screening for obtaining crystals, automated crystal handling, crystal 
soaking, developments of advanced X-ray sources and detectors have made 
crystallization and data collection highly automated and extremely efficient. However, 
X-ray structure determination still requires sufficiently large and well-diffracting 
crystals. The main obstacles to obtaining large and well-diffracting crystals of GPCRs 
have been difficulties in their recombinant expression, limited stability outside native 
membranes, and their inherently dynamic nature. 

The first high-resolution structure of a GPCR was determined by X-ray 
crystallography in the year 2000 at a resolution of 2.8 Å (79). It was bovine rhodopsin 
isolated from its natural source, the bovine retina. The receptor was captured in its 
inactive state, confirming the previously predicted basic transmembrane architecture 
of seven α-helices followed by a short helix located at the cytoplasmic interface of 
the membrane. The extracellular side of the TM helices forms the orthosteric ligand-
binding pocket. The ligand for rhodopsin is 11-cis-retinal, a chromophore molecule 
derived from vitamin A, which is covalently bound to the receptor. Upon light 
exposure, the 11-cis-retinal is converted to all-trans-retinal, causing a conformational 
change in the rhodopsin. 

The first solved structure of a non-visual GPCR, determined seven years after the 
rhodopsin, was the recombinantly expressed β2 adrenergic receptor (β2AR) bound 
to high-affinity ligands (80–82). Protein engineering, namely the replacement of the 
long and flexible ICL3 with the better crystallizable T4 lysozyme, as well as 
breakthroughs in crystallization and X-ray data collection (83) significantly contributed 
to the β2AR structure determination. One important technological development has 
been the crystallization of membrane proteins in the lipidic cubic phase (LCP) (84). It 
provides a native-like environment and allows for hydrophobic contacts of 
membrane-embedded domains enhancing crystal lattice formation. About 90% of 
GPCRs have been crystallized using this method. The other 10% of GPCRs have 
been crystallized by vapor diffusion which is often associated with the use of harsher 
detergents (85). 
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Figure 1.6. Representative structures of β2AR solved in inactive and active states. A. Inverse agonist-
bound β2AR structure (inactive, PDB: 2RH1) and agonist-bound β2AR-Gs-Nb35 structure (active, PDB: 
3SN6). B. Overlay of active (red) and inactive (blue) β2AR structures and highlighted conserved 
microswitch motifs. 

A combination of the described methods has been applied to many other GPCRs, 
along with stabilizing point mutations, truncations of flexible regions, and binding of 
conformation-specific antibody fragments, which “lock” the receptor in a certain 
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state. Additionally, the conformational heterogeneity of GPCRs can be reduced by 
binding of a high-affinity antagonist, which stabilizes the inactive receptor state. For 
this reason, most crystal structures of GPCRs have been solved in their inactive 
states. Interestingly, the agonist-bound β2AR structure is almost identical to the 
antagonist-bound one (86) (Figure 1.6A), and a shift towards a significantly different 
conformation was only observed with a bound effector protein (87–89), (Figure 1.6A). 
Certain GPCR conformations have been stabilized by other factors, e.g., point 
mutations (90), binding of specific lipids (91) or by applying pressure (92). 

So far, only two GPCRs have been solved by X-ray crystallography in complex 
with a heterotrimeric G protein (89,93) (Figure 1.6A). The first was agonist-bound 
β2AR in complex with the heterotrimeric Gs protein solved by the Kobilka lab (89). 
This structure allowed a comparison of the active and inactive states and has 
provided high-resolution insights into GPCR activation and signal transduction. For 
these breakthroughs in understanding GPCR structure and function, Robert J. 
Lefkowitz and Brian K. Kobilka were awarded the 2012 Nobel Prize in Chemistry 
(94,95).  

Further structures have been solved with the active conformation stabilized by 
engineered G protein-mimicking nanobodies (96–98) and mini-G proteins (99,100). 
These studies have demonstrated a certain diversity of the activation mechanisms of 
GPCRs. Nevertheless, some of the features are conserved among class A GPCRs. In 
particular, the largest conformational change occurs in TM6, which undergoes an 
outward movement of several angstroms (14 Å in the case of β2AR) (Figure 1.6). Other 
TMs experience smaller conformational rearrangements. TM3 and TM5 experience 
rotation, while TM7 undergoes an inward displacement. All these rearrangements 
open up the intracellular part of the receptor in order to accommodate the α subunit 
of the G protein. 

The receptor activation involves conformational rearrangements of four main 
conserved motifs among class A GPCR: C6.47W6.48xP6.50, P3.40I5.50F6.44, N7.49P7.50xxY7.53, 
and D3.49R3.50Y3.51 (Figure 1.6B). These ‘microswitch’ motifs are essential for the 
allosteric opening of the intracellular side of the receptor (101). The closest to the 
ligand-binding pocket is the CWxP motif, located on TM6. The W6.48 (known as the 
“toggle switch”) of this motif connects the ligand binding site with the PIF motif, which 
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is crucial for the outward movement of TM6. The DRY motif at the end of TM3 
stabilizes the inactive state by forming a salt bridge with E6.40. Characteristic water-
mediated hydrogen bonds are formed between two highly conserved tyrosines Y7.53 
of NPxxY in TM7 and Y5.58 in TM5  (102). This “YY-lock” is essential for stabilizing the 
active conformation of TM6 (103). In active structures, the NPxxY and DRY motifs are 
connected through the YY-lock and an interaction of Y5.58 with R3.50. 

Structure determination of the GPCR•effector protein complexes remains 
extremely challenging by crystallography. For instance, the inherent instability and 
flexibility of the rhodopsin visual arrestin complex required extensive protein 
engineering, which led to the design of a fusion of these two proteins (71). A number 
of efforts have been undertaken to solve the structure of this rhodopsin-arrestin 
fusion complex. However, the crystals obtained through extensive optimization in 
various LCP conditions did not reach the necessary size (>20 um) and diffracted 
poorly (7–8 Å) (104). Application of serial femtosecond crystallography (SFX) using X-
ray free-electron lasers (XFELs) and an LCP injection probe drastically improved the 
resolution of the same complex crystals to 3.3 Å (anisotropic), revealing for the first-
time interactions of the fully engaged arrestin with the receptor core (72,104). In LCP-
SFX the radiation damage is minimized since the data are collected from single 
exposures of many randomly oriented nanometer- to micrometer-size crystals, rather 
than collecting diffraction images from multiple exposures of a single crystal (105). 
Moreover, the data are collected at room temperature instead of the conventional 
freezing at 100 K, thereby capturing thermal motions close to native conditions. The 
method has been successfully applied to other challenging cases, for example, the 
first full-length structure of the class B glucagon receptor (106). Despite all these 
developments in X-ray crystallography, the progress in structure determination of full-
length receptor signaling complexes has been modest. 

1.7.2 Cryo-EM structures of diverse GPCR classes and complexes 

Technical aspects 

The situation has substantially changed with the so-called “resolution revolution” 
of single-particle cryo-EM, which has enabled the determination of hundreds of larger 
GPCR complex structures with limited stability (107–115). This progress was mostly 
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achieved by the introduction of high-sensitivity direct electron detectors (116). 
Additional advances in the development of electron sources, energy filters (117,118), 
as well as data acquisition automation (119), and image processing software (120–
123) have now significantly streamlined structure determination by cryo-EM. 

Typically, a sample for cryo-EM is prepared from a 3–5 µl solution of 1–10 µg 
protein and applied to a metal grid covered with a thin layer of carbon or gold. The 
grid with the sample is rapidly plunged into liquid ethane (−182.8 °C)  such that a thin 
layer (50–100 nm) of vitreous ice is created (124). Ideally, the protein is present in 
random orientations within the ice layer. However, some proteins tend to adopt 
preferred orientations or denature at the water-air interface. Although grid 
optimization can be challenging and time-consuming (125,126), the main advantage 
is that no crystallization is needed. Therefore, the receptor stability and minor 
flexibility are less of an issue for cryo-EM, since the grids with the protein can be 
prepared immediately after purification. This advantage, along with the low amount 
of sample needed, allows to avoid receptor engineering and sometimes to determine 
wild-type receptor structures. Moreover, a certain degree of heterogeneity is tolerable 
in cryo-EM, since the sample can be purified in silico during the iterative data 
processing. 

A standard cryo-EM dataset consists of thousands of movies containing typically 
40–60 individual images, so-called frames. The individual frames are subjected to 
motion correction and dose-weighted to remove the beam-induced motion and stage 
drift (127,128). Afterwards, the contrast transfer function (CTF) parameters are 
estimated to computationally correct each micrograph by the CTF and to evaluate 
the quality of the data. After these pre-processing steps, the protein particles are 
picked, typically identifying several millions of particles. The picked particles 
represent 2D projections of the protein and they are further classified based on their 
similarity by averaging them together to increase the signal-to-noise ratio. From the 
derived 2D classes, which should cover different orientations, the 3D map is 
generated based on the Fourier projection theorem (129). From the several millions 
of picked particles, usually only hundreds of thousands are of high-quality and are 
used to generate the final density map. 
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The resolution of cryo-EM structures of GPCR complexes, typically ranging from 
2 to 4 Å, is comparable to X-ray structures (130). So far, the highest resolution of a 
GPCR structure achieved by cryo-EM is that of the GABAA receptor solved at 1.7 Å 
(118). It is important to mention that cryo-EM density maps often show significant 
resolution variations, reflecting the conformational heterogeneity of macromolecules, 
e.g. in loop regions. In contrast, the X-ray electron density maps often are more 
uniform in resolution due to the restricted flexibility of the molecules within the 
crystals (107). 

Sometimes, distinct sub-conformations of macromolecules may be resolved from 
the subclasses of particles within a single dataset (131,132). To extract continuous 
motions of the macromolecules from the cryo-EM datasets, recently new 
computational approaches such as 3D variability analysis (3DVA) have been 
developed (133). The 3DVA is performed routinely on receptor complexes providing 
additional information on transient states and common motions present in GPCR•G 
protein complexes (134). 

The fundamental limitation of cryo-EM structure determination is the particle size. 
For small molecules (less than 50–100 kDa), images have too low signal-to-noise 
ratios for particle picking. For membrane proteins with no distinct feature outside of 
the membrane, the particle alignment is the major obstacle. Therefore, the structure 
determination of inactive GPCR structures has been challenging for cryo-EM. The 
binding of antibody fragments, which interact with non-flexible parts of the receptor, 
increases the overall particle size and provides a source of alignment outside of the 
micelle. Recently, several studies have reported a universal antibody toolbox for 
structural studies of GPCRs (135,136) 

A further limitation of cryo-EM is the high operational cost associated with high-
end, high-voltage EMs. Most high-resolution structures have been obtained using 
microscopes operated at 300 kV. However, recent examples show that equivalent 
resolutions can be achieved at 200 kV, thereby significantly reducing the costs 
(115,137,138). 

Overview of GPCR structures solved by cryo-EM 

Single-particle cryo-EM has become the most common approach for the structure 
determination of GPCRs and enabled the solution of unique GPCRs from different 
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subclasses (139). These receptor structures have been determined in different 
conformations in the presence of various ligands with distinct pharmacological 
properties. Figure 1.7 summarizes the diversity of GPCRs captured in these different 
states. 

 
Figure 1.7. Examples of GPCR cryo-EM structures representing the major GPCR classes. A. Class A 
GPCR in complex with different transducer proteins: Gi heterotrimer (SSTR2•Gi•Fab16, EMDB: 25586), 
GRK (Rhodopsin•GRK1•Fab6, EMDB: 23980), arrestin (β1AR•arrestin2•Fab30, EMDB: 10515), Gs 
heterotrimer and arrestin megaplex (right, EMDB:9375 and EMDB: 9376). B. GPCR complex structures 
from classes B (GLP-1R•Gs, EMDB: 24680), C (mGlu2 in complex with Gi, EMDB: 23996), D (Ste2 
dimer in complex with the G protein fragment and G protein heterotrimer, EMDB: 11720) and F 
(SMO•Gi, EMDB: 22118). 

The class A GPCR constitutes the largest and most diverse subfamily from which 
many receptor structures have been reported, showing novel and diverse activation 
mechanisms across this class. Especially insightful have been the cryo-EM structures 
of agonist-bound GPCRs in the active state coupled to different G proteins. Most of 
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the class A GPCRs were solved in complexes with Gi/o (120 PDB entries) or Gs (62 
PDB entries), 16 new structures with Gq, and only one structure of sphingosine 
phosphate receptor in complex with G12/13 (140). The overall architecture of the 
GPCR•G protein complexes is similar. The α-helix H5 (αH5) of Gα establishes 
extensive interactions with receptors and has been reported to be the primary 
determinant of the G protein-coupling selectivity (141). However, there is apparent 
variability in the extent of the transmembrane domain opening, the insertion depth of 
G protein αH5 into the 7TM core, and other receptor-specific interactions within the 
cytoplasmic region, e.g., ICL3 (142–147). Although these interactions vary for 
different receptors, generally, the Gs and Gq coupling is mediated mainly by ionic 
interactions, whereas Gi and G12 rely more on hydrophobic interactions. 

Solely for class A GPCR, the structures of other signaling partners, such as GRKs 
(73,148) and arrestins (16,149–153) have been reported (Figure 1.7A). These 
structures have revealed the major steps of the GPCR signaling and have largely 
advanced our knowledge of GPCR function and biased agonism. Moreover, the 
structure of the megacomplex, where heterotrimeric Gs protein and arrestin together 
bind to the receptor, has introduced a new paradigm into the classical view of the 
GPCR signaling cascade (16,154). Within the class A GPCRs, also several structures 
of ‘orphan’ receptors with unknown endogenous ligands have been solved, including 
the itch GPCRs (155–157). These structures have revealed unique aspects of the 
activation of these orphan receptors and have provided valuable information for 
potential drug design. Despite the tremendous progress in structure determination of 
the class A GPCRs, so far, no structure of an olfactory receptor has been reported. 

The first GPCR•G protein complex structures solved by cryo-EM were complexes 
of class B1 receptors, namely of the calcitonin (158) and GLP-1 receptors (159). 
These have provided a model for structural studies of other GPCR complexes. Until 
now, structures of almost all class B1 receptors have been solved (Figure 1.7B), either 
in the presence of peptide hormones and G proteins (160–162) or in the apo state 
(160). 

Recently, significant progress has also been achieved in the structural elucidation 
of class B2 GPCRs, also known as adhesion GPCRs (aGPCRs) (147,163–166). The 
aGPCRs have distinct molecular features and are activated by unique mechanisms. 
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These receptors possess large extracellular N-terminal domains containing the GAIN 
domain, which undergoes autoproteolysis producing N- and C-terminal fragments 
(165). Subsequently, a part of the N-terminal fragment binds into the GPCR 
transmembrane domain, thereby activating the receptor. The cryo-EM structures of 
adhesion receptors bound to their N-terminal fragments (164,167,168) or steroid-like 
molecules (166) have revealed details of their activation mechanisms. Also structures 
of the remaining receptor classes, such as C (169–171), D (172) and F (173,174), have 
been recently solved in their native forms, highlighting the unique architectures 
across different GPCR classes. 

1.7.3 Addressing GPCR dynamics 

Cryo-EM and X-ray crystallography have provided fundamental knowledge on 
GPCR architecture, details of ligand binding, and their activation mechanisms. 
However, the solved structures represent only snapshots of single conformations. 
Other methods such as nuclear magnetic resonance (NMR) (90,175,176), double 
electron-electron resonance (DEER) (177), fluorescence resonance energy transfer 
(FRET) (178), and molecular dynamic (MD) simulations (179) have revealed that 
GPCRs are highly dynamic proteins which sample multiple conformations in any 
ligand-bound state. GPCR function follows from this interchange, which occurs on 
timescales ranging from picoseconds to milliseconds and even seconds (180). The 
comprehensive understanding of GPCR function, including allosteric modulation and 
biased agonism, requires high-resolution data on these dynamic equilibria. 

Early DEER and single-molecule FRET experiments have revealed various 
conformational transitions induced by ligands, in particular the outward movement of 
the intracellular part of the TM6 upon GPCR activation (181–185). However, these 
methods, which detect single distances between introduced labels, are limited in their 
resolution to several angstroms. Furthermore, the attachment of the labels may 
potentially interfere with the native GPCR dynamics. 

Solution-state NMR spectroscopy has the potential to obtain the highest 
resolution for the description of GPCR dynamics, since in principle dynamic 
information can be obtained for any atom with a magnetically active nucleus. This 
dynamic information can be obtained on several timescales comprising 
nanoseconds, the micro- to millisecond range, and the larger than seconds range for 
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real-time observation. The observations can capture local and global conformational 
changes at atomic resolution at close to physiological conditions. Although GPCRs 
are challenging targets for solution-state NMR due to the large size of the receptor-
detergent micelle (>100 kDa), recent methodological advances, including new 
isotopic labeling strategies (2H, 13C, 15N, and 19F) (186,187), high-field NMR 
instruments, cryogenic probes, transverse relaxation-optimized spectroscopy 
(TROSY) (188), and new residue-assignment strategies (189–191) have enabled a 
precise description of various aspects of receptor function. 

The majority of NMR studies have been carried out on stabilized β-adrenergic and 
adenosine receptors using side chain labeling, e.g., 13CH3-methione (192,193) as well 
as 13C-methyl-modified lysines (194) and 19F-tagged cysteines (195–199). These side 
chain NMR studies have provided valuable insights into the basal activity of GPCRs, 
effects of ions and lipids, exchange kinetics and other aspects of receptor activation 
dynamics. However, the information is limited to local conformational changes, and 
the spectra are often not well resolved. In contrast, the detection of amide 1H-15N 
backbone resonances offers unique information on backbone structure, H-bonding 
and long-range motions, and the spectra are much better resolved. However, fewer 
studies have utilized backbone NMR since the detection of 1H-15N backbone 
resonances is less sensitive than that of 13CH3-methyl groups or 19F-labeled side 
chains. 

Nevertheless, detailed studies of 1H-15N backbone resonances resolving 37 
residues have been carried out on 15N-valine-labeled or 15N-tyrosine-labeled turkey 
β1AR, reporting on the structure and dynamics of the apo receptor, in complex with 
six different orthosteric ligands as well as with the G protein mimicking nanobody 
Nb80 (90,92,103,191). This allowed a precise quantification of the dynamic equilibria, 
thereby identifying crucial details of allosteric signaling (176). Recently, NMR 
experiments on this receptor revealed that high pressure shifts the conformational 
equilibria towards the active conformation, providing evidence of a volume reduction 
upon activation (92). This must be due to the compression of empty cavities. Some 
of the cavities could be localized by anomalous X-ray scattering of xenon-derivatized 
receptor crystals (91). One of the cavities colocalizes with the cholesterol-binding site, 
a known negative allosteric modulator of the adrenergic receptor, and indeed the 
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NMR experiments showed that the cholesterol derivative CHS abolishes activation. 
Well-resolved 1H-15N spectra have also been obtained on the uniformly 2H/15N-labeled 
A2AR, receptor, where 1H-15N resonances of tryptophane side chains and the glycine 
backbone were assigned (200), and on leucine 1H-15N backbone resonances of 
selectively labeled β2AR (201). 

Other methods, such as hydrogen-deuterium exchange or native mass 
spectrometry (MS) are also used to describe the structural dynamics of GPCR 
signaling in the solution state (202–205). Lately, native MS combined with MD 
simulations has captured the allosteric modulation of the turkey β1AR induced by 14 
different ligands and mini-G proteins (205). These findings explain the mechanism of 
biased agonism and the role of endogenous zinc ions in stabilizing the receptor•G 
protein complex. 

Noticeable progress has also been made in developing time-resolved cryo-EM 
based on microfluidics combined with rapid freezing. However, the accessible time 
scales are in the range of milliseconds to minutes (206). This only allows the detection 
of large amplitude motions of protein domains. A further time-resolved method, which 
covers exceptionally broad ranges of protein dynamics at femtosecond resolution, is 
the time-resolved SFX (tr-SFX). It requires protein crystals, advanced instrumentation, 
in particular XFEL (207), and the synchronized detection of induced conformational 
changes. Therefore, it is almost exclusively used for studying light-activated proteins 
such as rhodopsin, where conformational changes have been followed from several 
femtoseconds to milliseconds (208). However, such fast dynamics cannot be studied 
for normal GPCRs, which are activated by the binding of diffusing ligands. 

1.8 Chemokines and their receptors 

Chemokines and their cognate receptors are widely expressed in the immune 
system and can also be found in non-immune cells, e.g., the central nervous system. 
They regulate a wide range of physiological processes, such as the development and 
homeostasis of the immune system, as well as inflammation and infection (209). The 
chemokine system is implicated in various pathologies, including cancer, rheumatoid 
arthritis, and HIV infection (210). Thus, chemokine receptors constitute highly relevant 
therapeutic targets. However, the success rate of drug discovery has been modest, 
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showing that more efforts to understand their complexity are required to target this 
system effectively. 

The chemokine system comprises more than 50 chemokines and 24 receptors in 
humans. While 20 chemokines typically signal via Gi/o protein and subsequently 
arrestin pathways (211), the remaining four receptors (ACKR1–ACKR4) signal 
exclusively via the arrestin pathway and are therefore named atypical decoy 
receptors. The chemokines and their cognate receptors are divided into 4 classes 
according to the organization of the first two cysteine residues in the N-terminal 
region of the chemokine, resulting in CC, CXC, CX3C and XC groups. Some 
chemokine receptors are able to bind multiple chemokine ligands from the same 
group and vice versa. Additionally, chemokine receptors can exhibit signaling bias 
induced by specific chemokines, leading to unique functions of each ligand•receptor 
pair (212). 

Chemokines are soluble proteins of 8–10 kDa molecular weight, which are 
secreted in response to inflammation. They share very similar three-dimensional 
structures, although their sequence homology is relatively low. Chemokines can have 
several functional forms: monomeric, dimeric and oligomeric. They bind their cognate 
receptors mainly as a monomer. However, when the dimer interface does not 
compete with binding to the receptor, they can also bind as a dimer (213,214). In 
addition, further intermolecular interactions may occur leading to higher 
oligomerization. There are several types of chemokine dimer formation (215). One 
occurs in CC chemokines via intermolecular β-sheet formation of the flexible N-
termini, which prevents its binding to the receptor (216). A further mechanism found 
in CXC chemokines involves an intermolecular extension of the anti-parallel β-sheet, 
which is compatible with receptor binding (213,214). In addition, higher-order 
oligomerization may occur, which seems mainly due to electrostatic interactions. The 
propensity for oligomer formation varies among chemokines. In their oligomeric 
forms, chemokines interact with glycosaminoglycans (GAGs), thus mediating 
leucocyte recruitment (217).  

Interestingly, some of the chemokine receptors are prone to form functional homo- 
and heterodimers and even oligomers (218–221). An additional level of complexity 
arises from post-translational modifications (PTMs) of the receptor N-termini, namely, 
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tyrosine sulfation, glycosylation, and sialylation of the glycans (222). These PTMs 
contribute to the chemokine•receptor affinity via electrostatic interactions with the 
chemokine core (216,223–225). 

The complexity of the chemokine signaling system and the high dynamics of the 
chemokine•receptor complexes make structural studies challenging. Therefore, most 
chemokine receptor structures have been solved in their inactive state in complex 
with small molecule ligands. In recent years, with cryo-EM development, 
considerable progress has been made in the structural elucidation of active 
chemokine receptors bound to agonist chemokines and G proteins. The solved 
structures include CCR1 (226), CCR2 (227), CCR5 (138,228), CCR6 (229) and CXCR2 
(214). Despite this success, only three receptors (CCR2, CCR5 and CXCR2) have 
been captured in both inactive and active states, which revealed a diversity of 
activation mechanisms. It is worth mentioning that many of the receptor complexes 
were forced by a fusion of the chemokine with the receptor N-terminus along with 
other significant modifications (226–228), thereby potentially altering their native 
interactions. Moreover, the densities of the N-terminal portion of the chemokine are 
poorly defined in many cases, which impedes confident model building (Figure 1.8). 
This poor density apparently indicates a certain flexibility of the chemokine N-termini, 
adopting multiple conformations within the TM bundle of the receptor. Additional 
efforts and complementary approaches are required to obtain a full understanding of 
these intricate chemokine•receptor interactions. 

 
Figure 1.8. Examples of the modeled N-termini of the chemokines with the density being displayed. A. 
CCL5•CCR5 structure (PDB: 7F1R) with cryo-EM density being displayed at a 6 σ cut-off within 2 Å of 
the CCL5 N-terminus and the CCR5. B. CCL15 (26-92)•CCR1 (PDB: 7VL9) with cryo-EM density being 
displayed at a 6σ cut-off within 2 Å of the CCL15 N-terminus and the CCR1. 
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The human CC chemokine receptor 5 and its chemokine ligands 

CCR5 is a medically highly relevant chemokine receptor, expressed in various 
immune cell types and other cell types, e.g., neurons. It is the major HIV-1 co-
receptor. Since its discovery in 1996 (230–232), CCR5 has been under extensive 
investigation not only due to its major role in HIV infection (233) but also because it is 
involved in inflammation (234), the pathology of cancer (235,236), and COVID-19 
(237). Several endogenous chemokine ligands bind CCR5, namely CCL3 (also known 
as MIP-1α), CCL4 (MIP-1β) and CCL5 (RANTES), causing its activation and 
subsequent immune responses. 

Even before CCR5 had been identified, its chemokine ligands were found to inhibit 
HIV entry, with CCL5 being the most efficient in blocking the binding site for the viral 
glycoprotein gp120 and in promoting CCR5 endocytosis (238). However, the use of 
wild-type CCL5 as an anti-HIV agent is problematic, since CCL5 induces CCR5 
signaling and activates T cells with the increased risk of severe side effects. 
Moreover, its anti-HIV potency is in the micromolar range (239), which is relatively low 
for therapeutic purposes. Therefore, several CCL5 analogs have been developed 
using phage display screening of mutations covering its N-terminal 9 amino acids 
(240) or chemical modifications of this N-terminal part (241). These modifications 
have yielded a set of CCL5 variants with enhanced anti-HIV potency and changed G 
protein and arrestin signaling properties (Table 1.1).  

Table 1.1. List of the most relevant CCL5 analogs with diverse pharmacological 
properties (239–241,243,245). 

Name N-terminal 

sequence 

Anti-HIV potency 
[pM] 

Pharmacological 

property 

CCL5  .SPYSSDTTPCC- >10’000 agonist 

[PSC]CCL5  ***SSDTTPCC- 25 super-agonist 

[6P4]CCL5 QGPPGDIVLACC- 21 super-agonist 

[5P14]CCL5 QGPPLMSLQVCC- 26 partial agonist 

[5P12]CCL5 QGPPLMATQSCC- 28 antagonist 

[5P7]CCL5 QGPPLMALQSCC- 17 antagonist 
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One of the most promising CCL5 analogs as anti-HIV drug is [5P12]CCL5 (242). It 
inhibits HIV at low picomolar concentrations and exhibits antagonistic properties, 
reducing the risk of side effects, e.g., inflammatory responses (243). Recently 
[5P12]CCL5 has passed Phase 1 clinical trials (244). Further interesting CCL5 variants 
with high anti-HIV activity are listed in Table 1.1. [6P4]CCL5 and [PSC]CCL5 are 
strong agonists and capable of internalizing the receptor with longer retention times 
than wild-type CCL5. [5P14]CCL5 has been characterized as an arrestin-biased 
agonist (243). However, the observed effects seem to be cell-line dependent, and 
subsequent studies showed that it is instead a partial unbiased agonist (245). Finally, 
similar to [5P12]CCL5, [5P7]CCL5 also is a potent antagonist and also has picomolar 
anti-HIV potency. The inactive, chemokine-bound structure of CCR5 has been solved 
in complex with this ligand (246). 

So far, maraviroc is the only CCR5-targeting drug that has been approved as an 
anti-HIV-1 agent. However, CCR5 is also critically involved in cancer and autoimmune 
disorders. Yet no other CCR5 drugs against these diseases have been approved. An 
advanced structural and functional understanding of chemokine receptor biology is 
expected to assist future drug discovery endeavors. 

1.9 Aims of the thesis 

The goals of this thesis were to investigate the activation mechanism of CCR5 by 
its cognate chemokines, to provide a structural explanation for the variable 
pharmacology of CCL5 N-terminal variants, and to investigate the structural basis of 
the functional interactions of CCR5 with effector proteins. By a combination of various 
structural and biophysical methods the following goals could be reached: 
• Development of conditions for the assembly of a stable complex between wild-

type CCR5, the super-agonist chemokine [6P4]CCL5, and the Gi  heterotrimer
• Structure elucidation of the active wild-type CCR5 in complex with [6P4]CCL5

and the Gi heterotrimer by cryo-EM, which revealed the activation mechanism of
CCR5

• Characterization of the mechanism of arrestin2 recruitment using CCR5 and its
C-terminal phosphopeptides as a model system

• Development of conditions for stable complex formation of wild-type CCR5 with
[6P4]CCL5 and arrestin2 and respective sample preparation for cryo-EM analysis
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2 Structural basis of the activation of the CC chemokine 

receptor 5 by a chemokine agonist 

2.1 Original Manuscript 

Reference: Isaikina P., Tsai C.-J., Dietz N., Pamula F., Grahl A., Goldie K.N., Guixà-
González R., Branco C., Paolini-Bertrand M., Calo N., Cerini F., Schertler G.F.X., 
Hartley O.*, Stahlberg H., Maier T., Deupi X.*, Grzesiek S.* Structural basis of the 
activation of the CC chemokine receptor 5 by a chemokine agonist. Science 

Advances, 2021 
https://www.science.org/doi/10.1126/sciadv.abg8685 
*Corresponding author

Short description: This publication describes the structure elucidation of CCR5 in 
complex with the chemokine super-agonist [6P4]CCL5 and the Gi protein, which 
revealed the CCR5 activation mechanism. 
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Structural basis of the activation of the CC chemokine 
receptor 5 by a chemokine agonist
Polina Isaikina1, Ching-Ju Tsai2, Nikolaus Dietz1, Filip Pamula2,3, Anne Grahl1, Kenneth N. Goldie4, 
Ramon Guixà-González2, Camila Branco5, Marianne Paolini-Bertrand5, Nicolas Calo5, Fabrice Cerini5, 
Gebhard F. X. Schertler2,3*, Oliver Hartley5,6*, Henning Stahlberg4†, Timm Maier1,  
Xavier Deupi2*, Stephan Grzesiek1*

The human CC chemokine receptor 5 (CCR5) is a G protein–coupled receptor (GPCR) that plays a major role in 
inflammation and is involved in cancer, HIV, and COVID-19. Despite its importance as a drug target, the molecular 
activation mechanism of CCR5, i.e., how chemokine agonists transduce the activation signal through the receptor, 
is yet unknown. Here, we report the cryo-EM structure of wild-type CCR5 in an active conformation bound to the 
chemokine super-agonist [6P4]CCL5 and the heterotrimeric Gi protein. The structure provides the rationale for 
the sequence-activity relation of agonist and antagonist chemokines. The N terminus of agonist chemokines 
pushes onto specific structural motifs at the bottom of the orthosteric pocket that activate the canonical GPCR 
microswitch network. This activation mechanism differs substantially from other CC chemokine receptors that 
bind chemokines with shorter N termini in a shallow binding mode involving unique sequence signatures and a 
specialized activation mechanism.

INTRODUCTION
The human CC chemokine receptor 5 (CCR5) is a G protein–coupled 
receptor (GPCR) that plays a major role in inflammation by recruit-
ing and activating leukocytes (1). CCR5 is also the principal HIV 
coreceptor (2), is involved in the pathology of both cancer (3) and 
neuroinflammation (4), and has been implicated in the inflammatory 
complications of coronavirus disease 2019 (COVID-19) (5, 6). Soon 
after the discovery of CCR5, it became evident that its natural chemo-
kine ligands inhibit HIV entry (7), with CCL5 (RANTES) being most 
efficient, acting both by blocking the binding site for the viral glyco-
protein gp120 and by promoting CCR5 endocytosis (8). Modifications 
of the N-terminal region of CCL5 preceding residue C10 yielded HIV 
entry inhibitors with significantly higher potency (9–11). These 
analogs belong to a group of over 100 engineered CCL5 N-terminal 
variants that show notable differences in their anti-HIV, endocytotic, 
affinity, and signaling properties ranging, e.g., from super-agonist 
to strong antagonist behavior (10, 11). The molecular basis of these 
N-terminal structure–related activity differences is currently unclear.

Whereas a good structural understanding has been reached of
the activation mechanisms of class A GPCRs by small-molecule li-
gands (12), the activation mechanism of the chemokine receptor 
subclass is not yet well understood. Inactive structures of a number 
of chemokine receptors have been solved, including complexes of 
CCR5 with the engineered chemokine antagonist [5P7]CCL5 (13), 
the viral gp120•human CD4 complex (14), the HIV inhibitor mara-
viroc (15), and other small-molecule antagonists (16). In contrast, 

only two active-state human chemokine receptor complex structures 
are currently available: CCL20•CCR6•Go (17) and CXCL8•CXCR2•Gi 
(18). In these structures, CCL20 and CXCL8 adopt a shallow binding 
mode in which the chemokine N terminus is not deeply inserted 
into the orthosteric pocket and activation apparently involves trans-
mission of forces directly from the extracellular domain of the receptor. 
There are also two inverse-agonist–bound (19), one agonist-bound, 
and one apo (20) structures available of the viral chemokine recep-
tor US28. All these structures are in active conformation. However, 
US28 is constitutively active and can engage thousands of distinct 
chemokine sequences, some of them leading to a moderate increase 
in activity (20). Thus, chemokine-induced activation of US28 is thought 
to result from a rather sequence-insensitive mechanism, in which 
the steric bulk of the ligand is more important than specific interac-
tions between the chemokine and the receptor (20).

In contrast to CCR6 and CXCR2, many native human chemo-
kine receptors such as CCR5 have chemokine ligands with longer N 
termini, which likely insert more deeply into the orthosteric pocket 
of the receptor. As many agonist and antagonist CCL5 ligand variants 
have been identified for CCR5 that differ only in the composition 
of the first ~10 residues but not in their length (11). The decisive 
contacts for CCR5 signaling interactions must be located at the 
bottom of the orthosteric pocket rather than at the extracellular 
surface of the receptor.

With the aim of elucidating the apparently different activation 
mechanisms of CC chemokine receptors and to provide a general 
structural explanation for the variable pharmacology of CCL5 
N-terminal variants, we solved the structure of wild-type human
CCR5  in complex with the super-agonist [6P4]CCL5 and the Gi
heterotrimer.

RESULTS
Overall structure of the [6P4]CCL5•CCR5•Gi complex
A stable [6P4]CCL5•CCR5•Gi complex was obtained by incubating 
detergent-solubilized human wild-type full-length CCR5 with the 
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Gi heterotrimer and [6P4]CCL5 (fig. S1). The complex was treated 
with apyrase to hydrolyze guanosine diphosphate and was further 
stabilized by addition of the Fab fragment Fab16 (21, 22), which 
recognizes an interface between the Ga and Gbg subunits of the Gi 
heterotrimer (fig. S2). Single-particle cryo–electron microscopy 
(cryo-EM) analysis with extensive particle classification yielded a 
three-dimensional (3D) density map with a nominal global resolu-
tion of 3.15 Å (Fig. 1A, fig. S3, and table S1). The map is well re-
solved for most of parts of CCR5, the [6P4]CCL5 N terminus, the Gi 
heterotrimer (fig. S4), and Fab16. The density of the globular core 
of [6P4]CCL5 and the adjacent CCR5 N terminus and extracellular 
parts of the receptor have less defined density, indicating relative 
flexibility in these parts of the structure. A 3D variability analysis of 
the cryo-EM data (movie S1) and molecular dynamics (MD) simu-
lations of the atomic model (fig. S5A) reveal a certain degree of 
mobility of the [6P4]CCL5 core, the receptor N terminus, the extra- 
and intracellular loops, and transmembrane (TM) helices 5, 6, 
and 7. Still, the MD simulations indicate persistent interactions 
mediated by the N-terminal residues 0 to 8, the b1/b3-strands, and 
the 30s loop of the chemokine (fig. S5B). Apart from a small ~5° 

difference in the orientation, the position of the [6P4]CCL5 core is 
very similar to that of [5P7]CCL5 in the inactive [5P7]CCL5•CCR5 
complex (Figs. 1C and 2A). Nevertheless, this minor change in ori-
entation also leads to small (1 to 2 Å) but noticeable movements at 
the extracellular ends of TM1 and TM7 (Fig. 2B).

The open conformation of the intracellular part of the active 
CCR5 differs from all inactive CCR5 structures, thereby enabling 
binding of the G protein (Fig. 1C): TM6 is moved outward from the 
heptahelical bundle accompanied by further rearrangements of TM5, 
TM7, and intracellular loop 4 (ICL4). The moderate outward movement 
of TM6 and the arrangement of Gi relative to CCR5 (Fig. 1, A to C) 
agree with previous GPCR•Gi complexes (23).

CRS1 interactions
The interactions between [6P4]CCL5 and CCR5 can be separated into 
the three canonical chemokine recognition sites (CRS): CRS 1, 1.5, 
and 2 (Fig. 2C) (13, 24). CRS1 consists of the contacts of the chemo-
kine core with the extracellular side of the receptor and is dominated 
by electrostatic interactions. The core of [6P4]CCL5 sits on top of a 
wide opening in the extracellular part of the CCR5 TM bundle, 
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Fig. 1. Cryo-EM structure of the [6P4]CCL5•CCR5•Fab16 complex. (A) Cryo-EM map of the [6P4]CCL5•CCR5•Gi•Fab16 complex colored by subunits ([6P4]CCL5, 
magenta; CCR5, green; Gai, blue; Gb, orange; Gg, maroon; and Fab16, gray). (B) Atomic model of the [6P4]CCL5•CCR5•Gi•Fab16 complex in the same view and color 
scheme as shown in (A). (C) Side and cytoplasmic views of the structural overlay of active CCR5 (green) in complex [6P4]CCL5 (magenta) and inactive CCR5 [orange; 
Protein Data Bank (PDB) ID: 5UIW] in complex with [5P7]CCL5 (yellow). Substantial structural changes between two conformations are indicated by red arrows. The 
C1013.25-C178ECL2, C20N-term-C2697.25 disulfide bridges conserved in chemokine receptors are shown in dark yellow. (D) Interactions between the [6P4]CCL5 core and 
the CCR5 N terminus at the CRS1 site (left, cryo-EM structure; right, cryo-EM/NMR–based model). In the model, sulfo-tyrosines sY10 and sY14 are depicted as sticks, and 
the [6P4]CCL5 surface is colored according to its electrostatic potential (negative, red; positive, blue).
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which is shaped by two disulfide bridges [C1013.25-C178ECL2, con-
served in class A GPCRs, and C20N-term-C2697.25, specific to chemo-
kine receptors; superscripts indicate the GPCRdb numbering scheme 
(25)] (Figs. 1C and 2A). The [6P4]CCL5 strand b1 makes extensive 
contacts with polar residues in extracellular loop (ECL) 2, while the 
CCR5 N terminus directs toward a shallow groove between the 
chemokine N-loop and 40s loop forming further extensive ionic and 
polar interactions. Interactions between CCR5 residues S17 and E18 
and the chemokine residues R47 and Q48 are visible in the density. 
However, poorly defined density prevented building a model of the 
CCR5 N-terminal residues 1 to 15 with confidence. To gain insights 
into this region, these CCR5 residues were modeled (Fig. 1D) on the 
basis of the nuclear magnetic resonance (NMR) structure of CCL5 
in complex with an N-terminal fragment (residues 1 to 27) of CCR5 
sulfated at residues Y10 and Y14 (26). Sulfation at Y10 and Y14 of 
CCR5 is important for chemokine affinity (26–29) and is expected to 
be present also in the insect cell–expressed CCR5 used in the cur-
rent study (30). The stability of the modeled interactions between 
the sulfated CCR5 N terminus and [6P4]CCL5 was assessed by MD 
(movie S2). The simulations reveal persistent interactions between 
sY10 and sY14 of CCR5 and residues in the N-loop, 40s loop, and 
b3-strand (fig. S6), including K45, R47, and R17 of [6P4]CCL5, in 
complete agreement with the NMR-observed nuclear Overhauser effect 
(NOE) contacts (29). In addition, comparison of MD trajectories 

between sulfated and nonsulfated CCR5 indicates that sulfation in-
duces a higher number of contacts between the chemokine and the 
receptor N terminus (fig. S6), consistent with the higher affinity of 
the sulfated form (28).

CRS2 interactions and activation
The N terminus of [6P4]CCL5 reaches deep into the orthosteric 
pocket (CRS2) between the CCR5 7TM bundle (Fig. 2). In complete 
agreement with this deep binding mode, point mutations of many 
CCR5 residues lining the CRS2 site, the CRS1.5 site at the rim of the 
orthosteric pocket, and the extracellular N-terminal CRS1 site have 
been shown previously to affect the affinity of CCR5 for chemo-
kines (Fig. 2D). This deep insertion contrasts with the shallow bind-
ing modes observed for the chemokines in the CCL20•CCR6•Go 
(17) and CXCL8•CXCR2•Gi (18) complexes (see below). Of note,
the N-terminal residues preceding C10 and C11 of monomeric
CCL5 in solution undergo large amplitude motions on the nanosecond 
time scale, as revealed by 15N relaxation data (31). However, they
adopt a fixed conformation in the CCR5 complex.

The [6P4]CCL5 residues 0 to 3 form the distal N terminus, which 
is located at the bottom of CRS2 (Figs. 2, A and C, and 3, A and B). 
As compared to [5P7]CCL5, the deeper binding pose of [6P4]CCL5 
slightly relocates the N-terminal pyroglutamate (PCA) group 
(Fig. 3A). The packing of CCR5 against the PCA group is not very 
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Fig. 2. Deep insertion of CCL5 chemokines into the orthosteric CCR5 ligand pocket. (A and B) Comparison between the insertion of the agonist [6P4]CCL5 (magenta) 
into active CCR5 (green) and the antagonist [5P7]CCL5 (yellow) into inactive CCR5 (orange; PDB ID: 5UIW) (A, side view; B, top view). Only the CCL5 N-terminal residues 
are shown in (B). Important residues participating in the CCL5-CCR5 interaction are marked. (C) Location of CRS1, CRS1.5, and CRS2 chemokine recognition sites in the 
[6P4]CCL5•CCR5•Gi complex. (D) Locations of previously identified CCR5 point mutants [as reviewed by (13)] that affect chemokine affinity within CCR5. Respective resi-
dues are shown in the [6P4]CCL5•CCR5•Gi complex as blue spheres. [6P4]CCL5 (magenta) and CCR5 (green) are shown in cartoon.
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tight, and our MD simulations of the [6P4]CCL5•CCR5 complex 
show that the PCA group interacts through dynamic water-mediated 
hydrogen bonds with nearby residues Q1945.38 and Y2516.51 (fig. S7A). 
An inspection of the electron density of the [5P7]CCL5•CCR5 crystal 
structure (13) allowed us to also model additional water molecules 
in the vicinity of the [5P7]CCL5-PCA, which similarly connect to 
surrounding residues K1915.35, Q1945.38, Y2516.51, N2586.58, and 
T2596.59 (fig. S7B). Thus, the PCA group of the chemokine does not 
appear to have well-defined contacts to CCR5. Rather, the surround-
ing CCR5 cavity may accommodate even larger moieties such as the 
alkyl chains of AOP- (9) or PSC-CCL5 (32), thereby increasing the 
potency of these ligands.

[6P4]CCL5 residues 4 to 9 form the proximal N terminus, which 
acts as a hinge between the chemokine core and the distal N termi-
nus (Figs. 2, A and C, and 3, A and B). Conspicuously, residues P3 
to D5, which constitute the turn between the proximal and the dis-
tal [6P4]CCL5 N terminus, insert several angstroms deeper into the 
CCR5 orthosteric pocket than the corresponding residues of [5P7]
CCL5 or the V3 loop of gp120 in the respective inactive complexes 
with CCR5 (Fig. 3A). Because of this deeper insertion, P3 of [6P4]
CCL5 can displace CCR5 M2877.43 and Y1083.32 (Fig. 3, A and B), 
thereby apparently activating the canonical GPCR microswitch net-
work (see below), which remains in the inactive conformation in 
the [5P7]CCL5 or gp120 complexes. A similar CCR5 activation 
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Fig. 3. Activation mechanism of CCR5 by [6P4]CCL5 at CRS2. (A) Comparison of insertion depths of agonist [6P4]CCL5 (magenta), antagonist [5P7]CCL5 (yellow), and 
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mechanism involving M2877.43 has been suggested on the basis of a 
computational model of the CCR5/CCL5 complex (13).

The deeper pose of the [6P4]CCL5 N terminus partially overlaps 
with that of the antagonist maraviroc (fig. S8) (15). However, mar-
aviroc inserts its phenyl ring between Y1083.32 and F1093.33 of the 
“aromatic connector” (see below), thereby apparently blocking the 
conformational rearrangement necessary for activation. A compar-
ison of the chemokine N termini in the [6P4]CCL5•CCR5 versus 
the CCL20•CCR6 complexes (Fig. 3B) also shows the much reduced 
insertion depth of the latter, which prevents it from reaching sites 
corresponding to the activation switches identified at the bottom of 
the orthosteric pocket of CCR5.

The different insertion depth of the [6P4]CCL5 and [5P7]CCL5 N 
termini into CRS2 is caused by a markedly different structure of 
their proximal N-terminal residues 5 to 8, a short helix in [5P7]
CCL5 and an extended coil in [6P4]CCL5 (Fig. 2, A and B, and 
3, A and B). The hinge function of this structure is presumably key 
to the control of receptor activation. In [6P4]CCL5, D5 of the ex-
tended hinge forms an ionic interaction with K261.28 in TM1, 
whereas the side chain of the equivalent M5 of [5P7]CCL5 points in 
the opposite direction forming a helical turn (Fig. 3B). Apparently, 
this helical turn is also pushed sideways by unfavorable interactions 
between [5P7]CCL5 L7 and K261.28. Very similar interactions and 
conformations are present in the inactive gp120•CCR5 complex, 
with F315, R313, and P311 taking the roles of [5P7]CCL5 L7, M5, 
and P3, respectively. Besides the ionic D5-K261.28 interactions, the 
extended backbone at residues 2, 4, and 5 of the active [6P4]CCL5 is 
further stabilized by contacts to E2837.39.

The structural finding that the CCL5 the N-terminal hinge con-
formation controls the insertion depth of its residues 3 to 5 and 
thereby the activation state of CCR5 is corroborated by a statistical 
analysis of the pharmacological properties of CCL5 N-terminal 
amino acid variants. Currently, ~140 of these have been character-
ized for G protein signaling (table S2), CCR5 internalization, and 
anti-HIV activity (11). Sequence analysis shows that residues 0 to 3 
(highest abundance: QGPL, distal N terminus) and 8 and 9 (highest 
abundance: QV, proximal N terminus) are highly similar between 
N-terminal variants with low (N = 83) and high (N = 34) signaling
activity (Fig. 3C). The latter is expected since the panel of tested
variants was to some extent biased toward these residues (11). In
contrast, strong differences are observed for residues 4 to 7 in the
proximal N terminus: In agonist variants, the small, hydrophilic, or
negatively charged amino acids S, Q, G, and D dominate, whereas
antagonist variants contain mostly the large hydrophobic amino ac-
ids L, M, and W. Apparently, the small hydrophilic residues direct
the hinge toward K261.28 in TM1, whereas the large hydrophobic
residues make the hinge collapse to a helical turn. In agreement
with their agonist pharmacology, both [6P4]CCL5 and wild-type
CCL5 as well as the other major CCR5 agonist chemokines CCL3
(MIP1a) and CCL4 (MIP1b) contain an aspartic acid residue at po-
sitions 5 or 6 (Fig. 3C), which presumably stabilizes the extended
hinge by forming a salt bridge to K261.28.

Essential parts of the proposed CCR5 activation mechanism 
were tested by CCR5 and [6P4]CCL5 point mutants using cellular 
Ca2+ flux activation assays in human embryonic kidney (HEK) cells 
(Fig. 3D and table S3). Consistent with our model, the CCR5 
M2877.43A, Y1083.32A, and E2837.39A mutations all reduced Emax for 
[6P4]CCL5 activation by ~40 to 70% without affecting the half-maximal 
effective concentration (EC50). This indicates that these mutations 

reduce signaling without modifying chemokine affinity. In contrast, 
the [6P4]CCL5 D5A and D5K mutations decreased Emax by 30 and 
60%, respectively and increased EC50 ~5- to 10-fold. Similar obser-
vations were made in Chinese hamster ovary (CHO) cells express-
ing CCR5 (table S3). The fact that these [6P4]CCL5 mutations 
reduce both signaling and binding affinity agrees with our proposed 
mechanism, since the unfavorable interactions of the CCR5 residue 
K261.28 with an alanine or lysine at position 5 in [6P4]CCL5 are ex-
pected to alter the hinge structure and reduce the binding enthalpy.

Signal transmission from CRS2 to the microswitch network
As described above, the straight conformation of the [6P4]CCL5 
proximal N terminus pushes the region around residue P3 toward 
the bottom of CRS2, with the backbone of residues 2, 4, and 5 of 
[6P4]CCL5 interacting with E2837.39 (Fig. 4A). The straight hinge 
appears to be further stabilized by contacts of [6P4]CCL5 residues 
P3 to D5 to a cluster of the hydrophobic CCR5 residues F852.59, 
W862.60, Y892.63, and L1043.28. These contacts may act as “counter 
bearing” to promote the force of the [6P4]CCL5 N terminus toward 
the bottom of CRS2.

The deeper placement of residue P3 of [6P4]CCL5 as compared 
to [5P7]CCL5 forces a relocation of M2877.43 in the receptor (Figs. 3A 
and 4A), which is accompanied by noticeable local changes in the 
backbone of TM7 (fig. S9) that bring the intracellular half of this 
helix toward the receptor core. This movement allows H2897.45 to 
push onto W2486.48, possibly assisting the relocation of TM6 (Fig. 4A). 
P3 also lies on top of an aromatic connector formed by CCR5 resi-
dues Y1083.32, F1093.33, and F1123.36 (Fig.  4B), forcing the move-
ment of Y1083.32 and resulting in a cascade of aromatic side chain 
relocations that transmit the activation signal to the receptor core. 
This apparently switches the PIF motif (P2065.50, I1163.40, and 
Y2446.44) to an active conformation (Fig. 4D) and induces the large-
scale movement of TM6. The relocation of TM6 and TM7 coincides 
with local structural changes in the NPxxY motif (Fig. 4C), leading 
to the formation of the conserved water- mediated interaction be-
tween Y2977.53 and Y2145.58 (33) and the opening of the binding 
pocket for H5 of Gi, which includes R1263.50 in the open conforma-
tion of the intrahelical ionic lock of the DRY motif (Fig. 4E). The 
MD simulations show that all these mentioned residues maintain 
stable contacts corresponding to the active conformation of the 
receptor (fig. S10).

An overview of all CCR5 point mutations (either previously de-
scribed or generated in this study) that hinder signaling but do not 
reduce chemokine binding (Fig. 4F) confirms the essential aspects 
of the global signal transmission from the chemokine binding site 
to the canonical GPCR microswitch network. Such mutations com-
prise (i) F852.59, Y892.63, and L1043.28 (34, 35), suggesting that shaping 
and clasping of the hinge by the TM2/TM3 counter bearing is nec-
essary for agonist efficacy; (ii) Y1083.32, F1093.33, and F1123.36 [(35) 
and this study], proving the importance of the aromatic connector; 
and (iii) E2837.39 and M2877.43 (this study), showing the involve-
ment of residues in TM7 in the shaping of the agonist conformation 
of the chemokine and as a possible route to the rearrangement of 
W2486.48.

Gi interactions
The binding interface of Gi to CCR5 is mediated exclusively by the 
Ga subunit (fig. S11) and can be divided into two main regions: the 
rim and the core (Fig. 5A and fig. S12). The rim contains two 
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clearly separated parts (Fig. 5B): a proximal side formed by the end 
of the aN helix (aNb1) and nearby b strands (b2b3) in Ga and 
ICL2 in the receptor and a distal side formed by b strands (a4b6) in 
Ga and ICL3 in the receptor. In addition, the rim also includes in-
teractions between a5 in Gi and ICL2/3 of the receptor. The core of 
the CCR5•Gi complex interface is formed exclusively by interac-
tions of a5 in Gi (Fig. 5A). Here, the Gi a5 helix interacts with the 
cytoplasmic sides of TM2, TM3, and TM5 in one side of the core 
binding pocket, while the C-terminal hook of a5 (residues 352 to 
354) leans toward TM6 and ICL4.

These interfaces are common to all GPCR/G protein complexes,
as they arise from the common overall relative orientation of the 
bound components. However, analysis of the currently available 
complexes reveals that the precise location and nature of the indi-
vidual interface contacts vary to a certain degree (fig. S13). At the 
proximal rim of the interface, contacts are mostly hydrophobic and 
consistent with other Gi complexes. At the distal rim, we observe 
several ionic interactions absent in other structures. However, the 
most noticeable differences lie in the core region of the binding in-
terface, where we observe different contacts between the hook of a5 
(the last three C-terminal residues of Gi) and ICL4 of CCR5. This is 
due to a distinct conformation of ICL4 of CCR5 in which G3018.47 
and E3028.48 slightly relocate compared to, e.g., the Gi complexes of 
the neurotensin type 1 (NT1R) or m-opioid (mOPR) receptors, re-
sulting in a different set of interactions between E3028.48 and the 

hook of a5 (Fig. 5C). A 3D variability analysis of the cryo-EM 
density reveals structural heterogeneity around ICL4 that allows to 
model a main conformation as shown in Fig. 5C and a second mi-
nor conformation that is similar to the NTR1 and mOPR complexes 
(fig. S14, A to C). The MD simulations indicate that ICL4 reverts to 
a preferred conformation in the absence of Gai (fig. S14D). An ana-
lysis of further solved GPCR•Gi structures also highlights the struc-
tural plasticity of ICL4 (fig. S15).

Structure-activity relationship of CCR5 chemokine ligands
The comparison between our structure and the inactive [5P7]
CCL5•CCR5 complex (13) allows us to precisely pinpoint the acti-
vation mechanism of CCR5 by a chemokine agonist (Fig. 6A). The 
overall binding poses of the [5P7]CCL5 antagonist (13) and the 
[6P4]CCL5 agonist are similar, with the globular core of the chemo-
kine held by the receptor N terminus and ECL2 and the chemokine 
N terminus reaching deep into the receptor TM bundle. However, 
despite having the same 10-residue length, the N termini of the two 
CCL5 derivatives differ in their amino acid sequences. This results 
in different chemokine/receptor interactions in this region: small, 
hydrophilic, or negatively charged residues in sequence positions 
4 and 5 of [6P4]CCL5 lead to a straight conformation of the proximal 
N terminus that pushes residue P3 against the bottom of CRS2. 
Thus, P3 exerts a force that is bolstered on the counter bearing hydro-
phobic residues W862.60 and Y892.63 onto the aromatic connector 
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and residue M2877.43. This triggers the canonical GPCR activation 
switches resulting in the relocation of TM5/6/7 and the stabilization 
of the receptor active conformation. In contrast, the large hydro-
phobic residues at positions 4 and 5 in [5P7]CCL5 force the proximal 
N-terminal hinge into a turn structure making P3 recede (Figs. 6A
and 3B) and thereby leaving the receptor in the inactive state. The
highly conserved (~70% in nonolfactory human class A GPCRs)
residue W2486.48 lies at the center of these activating conformation-
al changes, connecting the rearrangements at H2897.45 and Y2446.44

and, thus, the large-scale relocation of TM7 and TM6.
On the basis of their N-terminal sequence, we expect that other 

identified CCR5 agonist or antagonist chemokines feature respective 
similar deeper (6P4[CCL5]-active-like) or less deep (5P7[CCL5]- 
inactive-like) positions of their N-terminal turns within CRS2. Us-
ing our structure as a template, we modeled the wild-type agonist 
CCL5 bound to CCR5 (fig. S16 and movie S3). CCL5, as the [6P4]
CCL5 agonist, features an aspartate in its N terminus (D6) able to 
interact with K261.28. The MD simulations reveal a similar deep 
binding pose of the CCL5 N terminus with a straight-hinge confor-
mation of residues 5 to 8 where Y3 could be playing the role of P3 in 
[6P4]CCL5 to engage the aromatic connector and M2877.43 (Fig. 6A). 
As expected, a previous model of the active CCL5•CCR5 complex 
based on the inactive [5P7]CCL5•CCR5 structure (13) does not 
show this straight-hinge conformation but rather the inactive 

helical turn. The CCR5 chemokine agonist ligands CCL3 and CCL4 
are closely related to CCL5 having similar N-terminal sequence 
lengths and compositions (Fig. 3C). We therefore expect that these 
chemokines also adopt the straight-hinge conformation and use the 
same activation mechanism as [6P4]CCL5 or CCL5 with the aspar-
tates at position 5 and the bulky residues at position 2 carrying out 
analogous functions.

DISCUSSION
The activation mechanism in CCL5/CCR5, in which the N termi-
nus of the chemokine reaches deep into the TM bundle, differs sub-
stantially from that of CCL20/CCR6, where a much shorter CCL20 
adopts a shallower binding pose and engages a noncanonical activation 
mechanism (Figs. 3B and 6B) (17). Thus, CC chemokine receptors 
can apparently be activated through two very different mechanisms 
by “long” and “short” chemokines. But what are the molecular fea-
tures in the receptor that determine the type of activation? A phylo-
genetic analysis of CC chemokine receptors (fig. S17) puts CCR5 
and CCR6 into distinct subgroups. A more detailed sequence com-
parison of key residues in the activation mechanism shows that CC 
chemokine receptors can be divided into two main groups accord-
ing to the nature of the residue at position 6.48 (W versus Q) and, to 
some extent, of the aromatic connector (Fig. 6C). CC chemokine 
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receptors featuring the conserved W6.48 (CCR1, CCR2, CCR3, CCR4, 
CCR5, and CCR8) tend to be more promiscuous and preferentially 
recognize chemokines with longer N termini (9 to 14 residues) 
(Fig. 6C). On the other hand, CC chemokine receptors featuring Q6.48 
(CCR6, CCR9, CCR7, and CCR10) bind to only a few (1 to 2) chemo-
kines with short N termini (4 to 9 residues). Although position 6.48 
allows for a certain degree of variability in human class A GPCRs 
(70% W, 15% F, 5% Y, and 10% other), a Q at this position is exclusive 
of this subgroup of chemokine human receptors, supporting the 
uniqueness of this “shallow” activation mechanism.

It is interesting to observe that many chemokines undergo post-
translational proteolytic processing leading to different N-terminal 
lengths, which may constitute a layer of regulation (36, 37). Thus, a 
CCL5 variant lacking the first two N-terminal residues (CCL53–68) 
behaves as a natural chemotaxis inhibitor, and a 10-fold higher con-
centration compared to wild-type CCL5 is required to induce a sig-
nificant calcium response (37). Similarly, CCL54–68 has an about 
10-fold lower affinity for CCR5 compared to CCL53–68 or wild-type
CCL5 and is less potent in stimulating lymphocyte chemotaxis or 
inhibiting HIV infection (36). These findings are in complete agree-
ment with the lack of contacts at the bottom of the CCR5 CRS2 
region expected for such CCL5 truncations.

The structure of CCR5  in an active conformation allows us to 
elucidate a novel activation pathway of CC chemokine receptors by 
a chemokine agonist. In CCR5 and related receptors (CCR1, CCR2, 
CCR3, and CCR4), the respective cognate chemokines have long N 
termini and bind deep into the orthosteric pocket (CRS2), thereby 
triggering the rearrangement of an aromatic connector in TM3 and 
TM6 and of the TM7 backbone. The activating force exerted by the 
deep binding [6P4]CCL5 N terminus appears to be stabilized by a 
cluster of hydrophobic CCR5 residues in TM2 and TM3 that line 
the extended N-terminal hinge of this agonist chemokine. Under-
standing this force balance may help in the design of small-molecule 
agonists, which could activate the connector region at the bottom of 
CRS2 by pushing against this counter bearing.

W6.48 lies at the center of these conformational changes connecting 
the receptor activation pathways through TM7 and TM6. In con-
trast, a subgroup of CC chemokine receptors (CCR6, CCR7, CCR9, 
and CCR10) harbors a Q residue at this position, a unique feature in 
human class A GPCRs. The cognate chemokines of these recep-
tors have shorter N termini featuring a shallow binding mode and 
a specialized mode of activation. We expect that our findings will 
help to rationalize the relationship between sequence, structure, 
and activity of chemokines and their receptors and aid drug 
discovery.

METHODS
Protein expression and purification
The wild-type human CCR5 gene containing a C-terminal 3C 
cleavage site followed by a FLAG-tag was cloned into the pFastBac1 
vector and expressed in Spodoptera frugiperda Sf9 insect cells using 
the baculoviral infection system. CCR5 expression and membrane 
preparation were performed as described (15). Membranes from 
a 1-liter culture of Sf9 cells were resuspended in 10 ml of lysis buffer 
containing iodoacetamide (2 mg/ml), and EDTA-free complete 
protease inhibitor cocktail tablets, and incubated at 4°C for 1 hour. 
Then, membranes were solubilized by supplementing 0.5% lauryl 
maltose neopentyl glycol (LMNG) at 4°C for 3 hours. The soluble 
fraction was isolated by centrifugation at 140,000g and incubated 
with 1 ml of M2 anti-FLAG affinity resin overnight at 4°C. The latter 
column was washed with 10 column volumes (CV) of washing 
buffer 1 [25 mM Hepes, 400 mM NaCl, 10% glycerol, and 0.1% LMNG 
(w/v), pH 7.5], followed by 10 CV of washing buffer 2 (25 mM Hepes, 
400 mM NaCl, 2 mM adenosine 5′-triphosphate, 5 mM MgCl2, 10% 
glycerol, and 0.1% LMNG, pH 7.5) and subsequently washed with 
another 6 CV of washing buffer 1. The receptor was eluted with 
3 CV of elution buffer consisting of 25 mM Hepes, 400 mM NaCl, 
0.01% LMNG, and FLAG peptide (200 mg/ml; DYKDDDDK; pH 7.5).
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A DNA construct of [5P14]CCL5 cloned into a pET32a vector was 
a gift of P. LiWang. The DNA sequence of [6P4]CCL5 was obtained 
by mutating this [5P14]CCL5 construct using standard QuickChange 
polymerase chain reaction. [6P4]CCL5 with enterokinase-cleavable 
N-terminal thioredoxin fusion and hexa-histidine tags was ex-
pressed in the Escherichia coli BL21 (DE3) strain cultured in Lysogeny 
broth media. Protein production was induced with 1 mM isopropyl 
b-D-thiogalactopyranoside when the optical density at 600 nm reached
0.7 to 0.8. After induction, cells were grown for 20 hours at 22°C
and then harvested by centrifugation. Ten grams of the cell pellet
was resuspended in 50 ml of resuspension buffer (50 mM tris, 6 M
guanidinium HCl, and 200 mM NaCl, pH 8.0) and lysed using a
French press. The supernatant was isolated by centrifugation at
27,000g for 1 hour and applied to a 5-ml HisTrap column. The col-
umn was washed with 10 CV of resuspension buffer and eluted with 
3 CV of 60 mM NaOAc, 200 mM NaCl, and 6 M guanidinium HCl.
b-Mercaptoethanol (20 mM) was added to the elution fraction and
incubated for 1 hour. The denatured protein was added dropwise
into 250 ml of folding buffer (550 mM L-arginine hydrochloride, 20
mM tris, 200 mM NaCl, 1 mM EDTA, 1 mM reduced glutathione,
and 0.1 oxidized glutathione, pH 8.0) and incubated overnight at 4°C.
The solution was concentrated [molecular weight cutoff (MWCO),
10 kDa] and dialyzed in 20 mM tris, 200 mM NaCl, and 2 mM
CaCl2 (pH 8.0). To cleave the fusion tags, enterokinase (New England
Biolabs) was added, and the solution was incubated for 24 hours at
room temperature. The protein was separated from the fusion tag
using an acetonitrile gradient on a C4 reversed-phase chromatogra-
phy column (Vydac, Hesperia, CA) and then lyophilized. The lyo-
philizate was resuspended in 25 mM phosphate buffer (pH 4). The
N-terminal amino acid of [6P4]CCL5 glutamine (Q0) was cyclized
at 37°C for 48 hours.

The human Gai subunit (Gai1) with an N-terminal tobacco etch 
virus (TEV) protease– cleavable deca-histidine tag was expressed in 
the E. coli BL21 (DE3) strain and purified as described (22).

The transducin heterotrimer was isolated from the rod outer 
segment of bovine retina (W L Lawson Company) and Gb1g1 was 
separated from Gat with Blue Sepharose 6 Fast Flow (GE Healthcare) 
as described (22). The Gai1b1g1 heterotrimer (Gi) was prepared by 
mixing equimolar amounts of Gai1 and Gb1g1 and incubated at 4°C 
for 1  hour shortly before use for CCR5-Gi complex formation. 
Fab16 was produced by papain digestion of immunoglobulin G16 
as described (22).

Formation of the [6P4]CCL5•CCR5•Gi•Fab16 complex
Pooled fractions of CCR5 eluted from the anti-FLAG resin and a 
molar excess of Gi heterotrimer were mixed together and incubated 
for 30 min. Then, an equimolar amount of [6P4]CCL5, together 
with apyrase (25 mU/ml), was added and incubated for another 
2  hours. The complex was mixed with molar excess (1:1.4) of 
Fab16 and further incubated for at least 1 hour. The mixture of 
[6P4]CCL5•CCR5•Gi and Fab16 was concentrated using an 
Amicon Ultra concentrator (MWCO, 100 kDa) and loaded onto 
a Superdex 200 Increase 10/300 GL column for size exclusion chroma-
tography (SEC) with buffer containing 25 mM Hepes, 150 mM 
NaCl, and 0.01% LMNG (pH 7.5). The protein quality of each 
fraction was evaluated by SDS–polyacrylamide gel electrophore-
sis (fig. S1, A and B). Fractions showing good purity and complex 
integrity were pooled together and concentrated for EM grid 
preparation.

Cryo-EM sample preparation and image acquisition
For cryo-EM, 3.5 ml sample (2.5 mg/ml) was directly applied to 
glow-discharged 200-mesh carbon grids (Quantifoil Cu R1.2/1.3, 
200 mesh). Grids were immediately plunge-frozen in liquid ethane 
using an FEI Vitrobot Mark IV (Thermo Fisher Scientific) with a 
blotting time of 3 s. The grids were screened for ice thickness and 
particle distribution using a Glacios Cryo-TEM operated at 200 kV.  
Images were acquired from the selected grid using a Glacios Cryo-
TEM (Thermo Fisher Scientific) operated at 200 kV equipped with 
a Gatan K3 Summit direct electron detector (Gatan Inc.). Automated 
data collection was carried out using SerialEM with a set of custom-
ized scripts enabling automated low-dose image acquisition (38, 39) 
and online prescreened during data collection using FOCUS (40). 
Movie stacks of 40 frames were obtained with a defocus range 
of −1.0 to −2.0 mm at a magnification of ×45,000 (nominally 
×36,000) and the K3 detector operated in super-resolution mode 
(super-resolution pixel size, 0.556 Å). Each movie had a total accu-
mulated dose exposure of ~49 e/Å2. A total of 2586 image stacks 
were collected for the [6P4]CCL5•CCR5•Gi•Fab16 complex.

Cryo-EM data processing
Contaminated micrographs were removed manually. Patch motion cor-
rection and patch contrast transfer function (CTF) parameter estima-
tion were performed using algorithms implemented in cryoSPARC 
v2.15.0 (41). After sorting, micrographs with estimated resolution 
worse than 6.0 Å were discarded. The remaining motion-corrected 
images summed with dose weighting were used for all further image 
processing in cryoSPARC. Approximately 2.6 million particles were 
auto-picked and subjected to several rounds of reference-free 2D 
classification to remove false-positive particles. A total of 345,458 par-
ticles from 3D classes that demonstrated clear structural features were 
combined and subjected to 3D refinement, which led to a reconstruc-
tion at 3.6-Å resolution. Nonuniform refinement (42) with subse-
quent local refinements was performed in cryoSPARC v3.1.0 and 
improved the overall resolution to 3.15 Å [Fourier shell correlation 
(FSC) = 0.143].

The final set of homogeneous [6P4]CCL5•CCR5•Gi•Fab16 complex 
particles was subjected to 3D variability analysis implemented in 
CryoSPARC (43) using three variability components and a low-pass 
filter resolution of 4 Å after applying a soft mask to exclude solvent 
and micelle.

Reported resolutions calculated with a soft shape mask are based 
on the gold-standard FSC using the 0.143 criterion. The local reso-
lution was determined using ResMap (44).

Model building and refinement
The crystal structures of the Gi heterotrimer [Protein Data Bank 
(PDB) ID: 5KDO], Fab16 (PDB ID: 6QNK), and the [5P7]CCL5•CCR5 
complex (PDB ID: 5UIW) were used as initial templates for model 
building. The models were docked into the 3D map as rigid bodies 
in Chimera (45). The [6P4]CCL5 N terminus (up to the residue 9) 
was built ab initio. As compared to residues 1 to 9, a lower defini-
tion of the density was observed in the region of the N-terminal 
pyroglutamate (PCA0). The remaining part of [6P4]CCL5 was taken 
from the 5UIW structure. Several rounds of manual building were 
performed in Coot (46). The model was finalized by refinement in 
Phenix 1.18.2. (47) against the 3.15-Å cryo-EM map. Structural fig-
ures were prepared in Chimera and PyMOL (https://pymol.org/2/). 
The refinement statistics are summarized in table S1.
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Amino acid sequence analysis
The analysis of N-terminal sequence similarity of the natural amino 
acid CCL5 variants (table S2) was carried using WebLogo (48).

Characterization of resistance to GTPgS
To assess the stability of the purified [6P4]CCL5•CCR5•Gi com-
plexes with or without Fab16, they were incubated with 100 mM 
guanosine 5′-O-(3′-thiotriphosphate) (GTPgS) in 25 mM Hepes, 
150 mM NaCl, and 0.01% LMNG (pH 7.5) for 1 hour at 4°C and 
analyzed by SEC with a Superdex 200 Increase 10/300 GL column 
monitoring the protein intrinsic tryptophan fluorescence (lex = 280 nm; 
lem = 350 nm). As standards, SEC analyses were also carried out on
purified Fab16, Gbg, Gai, and mixtures thereof using identical buf-
fer conditions. The respective chromatograms are shown in fig. S1C.

Cellular Ca2+ flux assays for receptor activation
Human CCL5 and reference standard [6P4]CCL5 were prepared by 
chemical synthesis as previously described (10, 11). [6P4]CCL5 
variants (D5A and D5K), as well as a sample of unmodified [6P4]
CCL5, were prepared using a previously described multiplex chem-
ical synthesis approach (49).

For experiments involving CCR5 mutants, HEK cells were tran-
siently transfected with expression vectors obtained by site-directed 
mutagenesis (Q5 Site-Directed Mutagenesis kit, New England Bio-
labs) of the parent FUGW-CCR5 vector, which was generated by 
Gibson Assembly (New England Biolabs) as previously described 
(50). HEK cells (1.25 × 106) were seeded overnight in 10-cm dishes 
and transfected with CCR5 expression vectors (jetPRIME, Polyplus 
Transfection) according to the manufacturer’s instructions. Cells 
were used in Ca2+ flux experiments 24 hours later. For experiments 
involving [6P4]CCL5 variants, HEK (10) and CHO (49) cell clones 
stably expressing CCR5 (HEK-CCR5 and CHO-CCR5, respectively) 
were used.

Ca2+ flux measurements were performed using a Functional Drug 
Screening System (FDSS) microcell device (HAMAMATSU). On the 
day of the experiment, cells were detached in phosphate-buffered 
saline (PBS) supplemented with 0.48 mM EDTA and added (20,000 cells 
per well) to wells of black-walled clear-bottom 384-well plates. Cells 
were then loaded with a calcium-sensitive fluorescent dye (Screen 
Quest Fluo-8 No Wash Calcium Assay Kit, AAT Bioquest) according 
to the manufacturer’s instructions. Fluorescence signals (excitation, 
490 nm; emission, 525 nm) were recorded before and after addition 
of agonist (dissolved in PBS supplemented with 1% bovine serum 
albumin and 25 mM Hepes) at defined concentrations. Agonist re-
sponses were defined as the maximum Ca2+ flux fluorescence signal 
divided by that of a control well with cells treated with buffer only. 
Dose- response curves were fitted (GraphPad Prism) to the agonist 
responses R at each concentration using a three-parameter agonist 
versus response model,  R =  R  0   +   [agonist ] × ( R  max   −  R  0  )  _____________   EC  50   + [agonist]   , where R0 presents
the baseline and Rmax − R0 = Emax.

Modeling and MD simulations
CCR5 N-terminal residues 1 to 19 were built using as template res-
idues 1 to 14 of the NMR solution structure of a doubly sulfated (at 
Y10 and Y14) N-terminal segment of CCR5 bound to CCL5 (PDB 
ID: 6FGP). The chemokine in the latter structure was then used as a 
guide for the structural alignment to our cryo-EM structure. Re-
maining residues 15 to 19 of CCR5 were then connected to the 
rest of the cryo-EM model using Modeller v9.16 (51). All models 

derived from Modeller were then subjected to 300 iterations of vari-
able target function method optimization and MD and simulated 
annealing optimization (within Modeller), scored using the discrete 
optimized protein energy potential, and the best-scoring model was 
selected (Fig. 1D, right).

This model of CCR5 (residues 1 to 320) bound to [6P4]CCL5 
was used for MD simulations of the nonsulfated and sulfated (Y10 and 
Y14) forms. Coordinates were first preprocessed using VMD1.9.3 (52). 
The receptor-ligand complex (i.e., CCR5-[6P4]CCL5 or CCR5-CCL5) 
was then embedded into a 90 Å × 90 Å lipid bilayer composed of 
80% 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine and 20% 
cholesterol. The system was solvated with explicit water mole-
cules, neutralized, and its ionic strength was adjusted using the 
CHARMM-GUI builder (53). Disulfide bridges were explicitly de-
fined between C50-C11 and C34-C10 in CCL5 or [6P4]CCR5 and 
C1013.25-C178 and C20-C2697.25 in CCR5. Except for CCR5 resi-
dues D762.50, E2837.39, and E3028.48, which were protonated, all 
titratable residues of CCR5 and CCL5 were left in their dominant 
protonation state at pH 7.0. Before production runs, the geometry 
of the system was optimized by energy minimization and further 
relaxed by a sequence of equilibration steps where harmonic posi-
tional restraints were applied to all Ca atoms of the protein and 
gradually released throughout the equilibration. In the last equili-
bration step (i.e., before completely releasing all protein restraints), 
water, ion, and lipids were allowed to diffuse without restraints 
during 50 ns to allow for adequate equilibration of the lipid mixture. 
After equilibration was completed, five independent trajectories of 
each system were spawned from the last snapshot of the equilibrated 
trajectory using a random seed. Production simulations for each 
replica were run in the isothermal-isobaric (NPT) ensemble at 1013 bar 
and 310 K for 500 ns each. All simulations were run using Gromacs 
v2020 (54) with the CHARMM36m force field (55). Gromacs v2020 
and VMD1.9.31 were used to postprocess and analyze all trajectories. 
MD simulation figures were rendered using VMD1.9.3 and the R 
ggplot2 library (56). Circular plots of residue contacts were generated 
using the mdciao library (57).

The equilibrated model [6P4]CCL5 bound to CCR5 was used to 
model the binding pose of the wild-type CCL5. The sequence of 
CCL5 was threaded on [6P4]CCL5 (6P4: QGPPGDIVLACC/CCL5: 
SPYSSDTTP-CC) and steric clashes were relieved using the molecular 
graphics software PyMOL. Using this structure as a template, resi-
dues 1 to 9 of CCL5 and all residues within 8 Å around Y3 of CCL5 
were remodeled with Modeller v9.16 using the protocol described 
above. The stability of the resulting binding pose was assessed by 
MD simulations using the protocol described above.

A list of simulations performed in this work is given in table S4. 
MD simulations were performed at the Paul Scherrer Institute 
computing cluster and at the Swiss National Supercomputing 
Centre (CSCS).

Electrostatic potentials were calculated using the Adaptive Poisson- 
Boltzmann Solver (APBS) method (58) as implemented in PyMOL 
using a concentration of 0.150 M for the +1 and 1 ion species. The 
biomolecular surface is colored from red (5 kT/e) to blue (+5 kT/e) 
according to the potential on the soluble accessible surface.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/25/eabg8685/DC1
View/request a protocol for this paper from Bio-protocol.
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Figure S1. Purification of the [6P4]CCL5•CCR5•Gi•Fab16 complex (A) SDS-PAGE 
analysis and (B) Superdex200 size-exclusion chromatography elution profile of the 
[6P4]CCL5•CCR5•Gi•Fab16 complex. The dashed lines in B indicate the part of the elution 
volume used for cryo-EM sample preparation. (C) Analytical size-exclusion chromatography 
was used follow complex formation at different stages as well as the stability of the complexes 
in the presence and absence of Fab16 and GTPγS. The integrity of the [6P4]CCL5•CCR5-Gi 
complex (red) is disturbed in the presence of GTPγS (dark blue). Addition of Fab16 (orange) 
stabilizes the complex in the presence of GTPγS (light blue), as the antibody fragment constrains 
the conformational flexibility of the Gi heterotrimer. 
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Figure S2. Contacts between Fab16 or scFv16 and Gα/β in existing GPCR/Gi/o protein 
complexes. (A) Structural superposition of GPCR-Gi/o complex structures at the interface 
between G protein α/β subunits and Fab16 or scFv16. Structures of CCR5-Gi (this structure), 
CCR6-Go (PDB ID: 6WWZ), µ-opioid receptor-Gi (PDB ID: 6DDE), and rhodopsin-Gi (PDB 
ID: 6QNO) are aligned to the scFv16 chain. (B) Detail of the contact interfaces between Fab16 
or scFv16 and the αN helix of Gα (top) and Gβ (bottom). Contact residues were selected within 
4 Å of the neighboring molecule and are shown as spheres (only Cα). (C) Sequence alignment 
of the Gα and Gβ residues forming contacts with the antibody fragments. Residues of Gα (top 
panel) and Gβ (bottom panel) within 4 Å of Fab16 or scFv16 are highlighted in green and cyan, 
respectively. The comparison shows that the binding interfaces are very similar in all complexes. 
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Figure S3. Cryo-EM data processing. (A) Representative cryo-EM micrograph of the 
[6P4]CCL5•CCR5•Gi•Fab16 complex sample and (B) representative 2D class averages 
showing distinct views and structural features. (C) Density map colored by local resolution. (D) 
Workflow of cryo-EM data processing. The Fourier shell correlation (FSC) curve indicates an 
overall nominal resolution of 3.1 Å using the Gold-standard FSC=0.143 criterion. 
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Figure S4. Atomic model of [6P4]CCL5•CCR5•Gi-Fab16 in the cryo-EM density map. 
Transmembrane helices TM1-TM7 and H8 of CCR5 (blue cartoons) are shown together with 
the cryo-EM density map displayed at a 7.5 σ cut-off within 2 Å of the model. The αN and α5 
helices of Gαi (green) and [6P4]CCL5 residues 0-22 and 23-66 (orange) are shown in the same 
representation. 
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Figure S5. Conformational dynamics of [6P4]CCL5 in MD simulations and residue-
residue contacts between [6P4]CCL5 and sulfated CCR5 in cryo-EM structure and MD 
simulations. (A) Representative conformational ensemble of [6P4]CCL5 – with sulfated Y10 
and Y14 – in MD simulations. In each frame, the structure of the N-terminal residues (0-10) of 
the chemokine are superposed. Only one receptor structure is shown for clarity. The core domain 
of the chemokine (bound between the N-terminus and extracellular loop 2 (ECL2) of the 
receptor) is relatively flexible. (B) Residue-residue contacts between CCR5 (sulfated at Y10 
and Y14; cyan section of the flare plot) and 6P4[CCL5] (yellow olive section) in the cryo-EM 
structure and during MD simulations. For clarity, in CCR5 only the regions that contact the 
chemokine are shown. Black lines denote the interactions observed in the starting frame 
(equilibrated model of the full-length receptor based on the cryo-EM data with the modeled N-
terminus). Orange lines denote the interactions observed in the MD trajectories (for clarity, only 
the most prevalent interactions are shown). 
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Figure S6. Effect of tyrosine sulfation on the interaction between [6P4]CCL5 and the 
CCR5 N-terminus.  Residue-residue contacts between the N-terminus of CCR5 (residues 8-24, 
cyan) and 6P4[CCL5] (full sequence, yellow olive) in MD simulations in the presence (left) and 
absence (right) of sulfation at residues Tyr10 and Tyr14 of CCR5 N-terminus. Red lines denote 
the interactions mediated by Y10 and Y14. Sulfated Y10 and Y14 result in a higher number of 
contacts between the receptor N-terminus and the 40-s loop and the β3-strand regions of the 
chemokine. 



Figure S7. Water molecules in CRS2. (A) MD simulation of CCR5 bound to [6P4]CCL5. All 
replicas of the MD simulations (see Supplementary Table S4) were used to compute the average 
water density (blue surface). The inset shows a closer view of the average water density (blue 
mesh) solvating the PCA group of [6P4]CCL5, which includes the crystallographic water 
molecules observed in the [5P7]CCL5 complex. These data shows that the N-terminal PCA 
group interacts with nearby CCR5 residues through water-mediated hydrogen bonds both in 
[5P7]CCL5 and [6P4]CCL5. (B) Detail of the vicinity of the N-terminal pyroglutamate (PCA) 
in the structure of CCR5 bound to [5P7]CCL5 (PDB ID: 5UIW). The backbone of CCL5 is 
traced in yellow and the PCA and nearby residues of CCR5 are shown as sticks. Electron 
densities are shown as a grey mesh for the chemokine and the receptor and in red for water 
molecules. Re-refinement of the deposited X-ray data allowed us to model additional water 
molecules (red spheres) in addition of those present in the original structure (orange sphere). 
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Figure S8. Comparison between the binding poses of the agonist [6P4]CCL5 N-terminus 
and the antagonist maraviroc in CRS2 of CCR5. Same view of CRS2 as Fig. 2C, showing 
the agonist [6P4]CCL5 (magenta) bound to active CCR5 (green; this structure) and the 
antagonist maraviroc (grey) bound to inactive CCR5 (light red; PDB ID: 4MBS). The salt bridge 
residues K261.28-CCR5 and D5-[6P4]CCL5 (both in cyan) as well P3-[6P4]CCL5 and Y1083.32, 
F1093.33, and M2877.43 in the receptor (in active and inactive CCR5) are shown as sticks. The 
azabicyclo group of maraviroc does not insert as deeply as P3 of [6P4]CCL5 at the equivalent 
position. As a consequence, the sidechain of M2877.43 remains in the inactive conformation (see 
Fig. 2C). The phenyl group of maraviroc, instead, reaches deeply into the receptor between the 
residues of the aromatic cluster, possibly blocking its function as a signal relay. 
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Figure S9. Comparison of the structure of TM7 between inactive [5P7]CCL5-bound and 
active [6P4]CCL5-bound CCR5. Left: ψ dihedral angles along TM7 reveals significant 
changes in the structure of the helical backbone at residues T2887.44 – C2917.47. Right: These 
changes occur together with the relocation of the M2877.43 side chain (forced by the deeper 
insertion of the chemokine N-terminus at P3) and translate into the movement of the cytoplasmic 
side of TM7 (and the key residues H2897.45 and Y2977.53) towards the receptor core. 
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Figure S10. Residue contacts in the aromatic connector. (A) Residues PCA0 and P3 in 
[6P4]CCL5 and residues in the aromatic connector (Y1083.32, F1093.33 and F1123.36) and its 
vicinity (F792.52, I1985.43, H2897.45) linking to W2486.48 and Ile1163.40 and Y2446.44 in the PIF 
motif of CCR5 are shown as spheres.(B) The violin plots depict the populations of residue-
residue distances between residues in panel A. Distances have been calculated from all replicas 
in our MD simulations. Coloring of the violin plots corresponds to that of panel A. The MD data 
shows that the contacts depicted in A are persistent, connecting the N-terminal residues of the 
chemokine to key activation switches of CCR5. 
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Figure S11. Contact interface between CCR5 and Gαi. (A) Structure of CCR5 and Gαi in the 
complex colored in blue-white-magenta (receptor) and green-white-yellow (G protein) spectra. 
The α carbon atoms of contact residues (within 4 Å) are shown as spheres. (B) Snake plot of 
CCR5; contacts with Gαi are colored in yellow. (C) Snake plot of Gαi1; contacts with CCR5 are 
colored in purple. (D) Table of residue-residue contacts between CCR5 and Gαi. 
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Figure S12. Electron density at the contact interface between CCR5 and Gαi. (A) Left: 
contacts at the proximal rim of the interface, formed by ICL2 of CCR5 and the αNβ1/β2β3 loops 
of Gαi. The mesh depicts the cryo-EM map contoured at a 7.5 σ cut-off for residues 137-139 of 
CCR5 and 31-33 of Gαi. Right: contacts at the distal rim of the interface, formed by ICL3 of 
CCR5 and the α4β6 loop of Gαi. The mesh depicts the cryo-EM map contoured at a 7.5 σ cut-
off for residues 224-227 of CCR5 and 314-319 of Gαi. (B) Contacts at the core of the interface, 
formed by ICL1 and ICL4 the cytoplasmic ends of TM3, TM5, and TM6 of CCR5 and the α5 
helix of Gαi. CCR5 residues within 4 Å of the Gαi α5 helix and residues 341-354 of the Gαi α5 
helix are displayed as sticks with the grey mesh depicting the cryo-EM map at a 7.5 σ cut-off. 
Residues on the α5 helix residing within 4 Å to CCR5 are highlighted in bold. 
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Figure S13. Receptor/Gα protein contact map of currently available GPCRs/Gi complexes. 
The map was obtained from www.gpcr.org. GPCR residues (in ICL1, ICL2, ICL3, and ICL4 
and in the cytoplasmic ends of TM3, TM4, TM5, and TM6) are in the X-axis and Gαi residues 
(in the αNβ1, β2β3, α4β6 loops and in the α5 helix) are in the Y-axis. The number of contacts 
at each position (in all available complexes) is depicted in the map in grey scale (light grey: few 
contacts at this position across complexes; dark grey: many contacts). Red circles represent the 
contacts present in the CCR5/[6P4]CCL5 complex. Dashed red circles represent contacts 
present in our complex but shifted by one residue compared to other complexes. The proximal 
rim of the interface is highlighted in orange, the distal rim in red, and the core in light (base of 
α5) and dark (hook of α5) blue. These interfaces are shown on the 3D molecular structure in the 
left. At the proximal rim of the interface (orange), the CCR5/[6P4]CCL5  features several of the 
‘expected’ contacts (red circles). On the other hand, the distal rim of the interface presents 
contacts shifted in other complexes (dashed red circles). At the core of the interface, many of 
the expected contacts are present (red circles), while there are several contacts unique for the 
CCR5/[6P4]CCL5 complex (red circles with white background). While there is certain 
variability in the precise composition of the interfaces, the CCR5/[6P4]CCL5 complex is overall 
similar to existing complexes, with some variability at the distal rim and the α5 hook. 
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Figure S14. Structural plasticity of ICL4 in the cryo-EM density and in the MD 
simulations of the [6P4]CCL5•CCR5 complex. (A) Total cryo-EM density at the position of 
ICL4 (blue) together with the deposited structural model (yellow) and an alternative model 
obtained from 3D Variability Analysis (3DVA; green). (B) Cryo-EM density map of one 3DVA 
component together with the two models of ICL4. The deposited model (yellow) of ICL4 fits 
the generated density. (C) Cryo-EM density map of a further 3DVA component together with 
the two models of ICL4. The alternative model (green) of ICL4 fits the generated density. (D) 
MD simulation of [6P4]CCL5•CCR5 complex starting from the cryo-EM model. The CCR5 
TM7-ICL4-HX8 junction in the cryo-EM structure described in this work is shown as a yellow 
cartoon. A representative conformational ensemble of CCR5 residues 296 to 304 from the 
simulations (in the absence of Gαi) is depicted as colored cartoons. Time evolution during the 
simulation is represented in a red-to-blue color gradient (red – beginning of the simulation; blue 
– end of the simulation). The side chain of residue E3028.48 is shown as sticks. The simulations
indicate that the local structure of ICL4 is plastic and moves from the cryo-EM model
conformation to the conformation observed in other structures, thus responding to the absence
of the Gαi. In contrast, in the presence of the bound Gαi, ICL4 and the side chain of E3028.48

adopt two conformations in the cryo-EM structure.
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Figure S15. Structure and sequence of ICL4 in available GPCRs in complex with Gi/o. (A) 
A structural alignment (on the GPCR transmembrane bundle) of GPCR/Gi/o structures reveals 
the plasticity of ICL4. (B) A sequence alignment of ICL4 in GPCRs bound to Gi/o shows the 
sequence variability in this region. 
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Figure S16. Model of wild type CCL5 bound to CCR5. (A) Left: cryo-EM structure of the 
[6P4]CCL5•CCR5 complex. D5 in the chemokine interacts with K261.28 in the receptor 
stabilizing the conformation of the CCL5 N-terminus. P3 in the chemokine pushes on M2877.42 
and Y1083.32 in the aromatic connector. Right: model of wild type CCL5 in complex with CCR5. 
In this case, residues D6 and Y3 in the chemokine may play the same role as D5 and P3 in our 
structure. (B) Root mean square deviation (RMSD) of the modeled CCL5 in MD simulations of 
the CCR5•CCL5 complex. Each line represents an independent simulation replica, and the 
overlaid bold lines represent smoothed averages. The data show that the modeled pose of CCL5 
is stable during the simulations. 
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Figure S17. Phylogenetic tree of CC chemokine receptors. The tree was obtained at 
www.gpcrdb.org (see Methods), and shows how CC chemokine receptors containing W6.48 
(CCR1-5 and CCR8; magenta) and those containing Q6.48 (CCR6, CCR7, CCR9, and CCR10; 
yellow) form distinct subgroups (see Figure 6 in the main text). 
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Supplementary Video Legends 

Supplementary Video S1. 3D variability analysis (3DVA) of the 
[6P4]CCL5•CCR5•Gi•Fab16 cryo-EM map. The analysis resulted in variability components 
0, 1 and 2 displayed in the videos S1a, S1b and S1c. The following motions can be perceived in 
the 3DVA: bending of the C-terminal helix of [6P4]CCL5 towards CCR5; variation of the 
insertion depth of the [6P4]CCL5 N-terminus in the CCR5 binding pocket; opening of the 
binding pocket of CCR5 by the rearrangement of the 7TM bundle; correlated motions of Gi and 
Fab16; twisting and contraction of the transmembrane helix bundle of CCR5; and elongation of 
TM3, which maintains the contact of ICL2 with Gαi. The dynamic nature of GPCRs produces 
heterogeneous density maps in cryo-EM studies, which leads to locally blurred density maps. 
3DVA allows to visualize this dynamic behavior of the complex and reveals several modes of 
possible functional significance which cannot be described by one density map and single 
structure. 

Supplementary Video S2. Simulation of the interaction between the sulfated CCR5 N-
terminus and [6P4]CCL5. CCR5 is displayed as white cartoons with its N-terminus in green. 
Sulfated tyrosines Y10 and Y14 are shown as sticks (cyan carbon atoms) and [6P4]CCL5 is 
shown as a pink surface. 

Supplementary Video S3. Representative simulation of the CCL5•CCR5 model. CCR5 is 
represented as green cartoons, and CCL5 in magenta. Key residues are shown as cyan sticks. In 
the molecular dynamics trajectory, residue Y3 of CCL5 (at the center of the image) engages the 
aromatic connector of CCR5 (Y1083.32, F1093.33, F1123.36 (center left), and Y2516.51 (center 
right)). Residue E6 of CCL5 engages K26 of CCR5 forming a salt bridge (top). Both features 
are preserved during the MD simulations. 
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Table S1: Cryo-EM data collection, refinement and validation statistics. 

Data collection and processing 
Super-resolution pixel size (Å) 0.556 
Voltage (kV) 200 
Electron exposure (e–/Å2) 49 
Defocus range -1.0 to -2.0
Pixel size (Å) 1.112 
Symmetry imposed C1 
Initial particle images (no.) 2 639 161 
Final particle images (no.) 345 458 
Map resolution (Å) 3.13 

FSC threshold 0.143 

Refinement 
Initial model used (PDB code) 5UIW, 5KDO, 

6QNK 
Model resolution (Å) 3.15 

FCS threshold 0.143 
Map sharpening B factor (Å2) -90
Model composition 

Non-hydrogen atoms 11172 
Protein residues 1420 

B factors (Å2) 
Protein 43.4 

R.m.s. deviations
Bond length (Å) 0.006 
Bond angles (˚) 0.924 

Validation 
MolProbability score 1.52 
Clashscore 7.66 
Rotamer outliers (%) 0.16 

Ramachandran plot 
Favoured (%) 97.50 
Allowed (%) 2.50 
Disallowed (%) 0.00 
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Table S2: N-terminal sequences and CCR5 signaling activities of the panel of CCL5 
analogs used for sequence activity analysis in Figure 2. 

CCL5 sequence position 

analog Ca2+ signaling activity 0 1 2 3 4 5 6 7 8 9 

1P1-CCL5 BD L S P V S S Q S S A 
1P2-CCL5 93.8 F S P L S S Q S S A 
1P3-CCL5 BD L S P M S S Q S P A 
1P4-CCL5 BD W S P L S S Q S P A 
1P5-CCL5 BD L S P Q S S L S S S 
1P6-CCL5 26.5 Z S P G S S W S A A 
1P7-CCL5 93.5 M S P L S S Q A S A 
2P1-CCL5 BD F V P Q S G Q S T P 
2P10-CCL5 BD Z G P P M M Q S T P 
2P11-CCL5 38.6 T G P P G G Q S T P 
2P12-CCL5 93.7 V G P L S Q Q A T P 
2P13-CCL5 13.4 Z F P P G G Q S T P 
2P14-CCL5 52.7 F A P M S Q Q S T P 
2P15-CCL5 99.5 A A P L S Q Q S T P 
2P2-CCL5 BD L V P Q P G Q S T P 
2P3-CCL5 BD Z G P P L M Q T T P 
2P4-CCL5 BD M V P Q S G Q S T P 
2P5-CCL5 BD Z G P P M M Q T T P 
2P6-CCL5 36.7 Z G P P G G Q T T P 
2P7-CCL5 103.9 F A P M S Q Q S T S 
2P8-CCL5 95.6 Z G P L S G Q S T P 
2P9-CCL5 81.5 Z G P P G G Q S T P 
5P1-CCL5 BD Z G P P L M W L Q V 
5P10-CCL5 BD Z G P P L M W L Q T 
5P11-CCL5 BD Z G P P L M W R G S 
5P12-CCL5 BD Z G P P L M A T Q S 
5P13-CCL5 BD Z G P P L M W L G G 
5P14-CCL5 BD Z G P P L M S L Q V 
5P15-CCL5 42.7 Z G P P L M S L S V 
5P16-CCL5 BD Z G P P L M G L S V 
5P2-CCL5 BD Z G P P L M W L Q S 
5P3-CCL5 BD Z G P P L M W M Q V 
5P4-CCL5 BD Z G P P L M W M Q S 
5P5-CCL5 BD Z G P P L M W T Q V 
5P6-CCL5 BD Z G P P L M W T Q S 
5P7-CCL5 BD Z G P P L M A L Q S 
5P8-CCL5 BD Z G P P L M S T Q S 
5P9-CCL5 BD Z G P P L M S F Q S 
6P1-CCL5 31.8 Z G P P G G G G L G 
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6P10-CCL5 96.3 Z G P P G D T V L W 
6P11-CCL5 90.1 Z G P P G S Y D Y S 
6P12-CCL5 14.9 Z G P P L G A G S S 
6P13-CCL5 22.6 Z G P P L G S M G P 
6P14-CCL5 BD Z G P P L D F G G A 
6P15-CCL5 26.0 Z G P P M G G T S A 
6P16-CCL5 BD Z G P P M Q G G L S 
6P17-CCL5 BD Z G P P M M A G L S 
6P18-CCL5 BD Z G P P L Q A S V T 
6P19-CCL5 24.8 Z G P P M S G H S T 
6P2-CCL5 73.1 Z G P P G D G G Q V 
6P20-CCL5 BD Z G P P M S A Y Q V 
6P3-CCL5 85.1 Z G P P G D G G S V 
6P4-CCL5 87.7 Z G P P G D I V L A 
6P5-CCL5 51.1 Z G P P G G G G Q S 
6P6-CCL5 51.7 Z G P P G G G G T R 
6P7-CCL5 45.0 Z G P P G S W S S V 
6P8-CCL5 34.1 Z G P P M G G Q V T 
6P9-CCL5 41.1 Z G P P G D T Y Q A 
7P1-CCL5 BD Z G P P G Q W Y Q S 
7P10-CCL5 BD Z G P P L Q W R Q S 
7P11-CCL5 12.7 Z G P P L Q W M Q V 
7P12-CCL5 BD Z G P P L M W S Q V 
7P13-CCL5 BD Z G P P G Q W S Q V 
7P14-CCL5 11.8 Z G P P L Q W M Q A 
7P15-CCL5 BD Z G P P L Q W F Q V 
7P16-CCL5 BD Z G P P L Q W T Q V 
7P17-CCL5 BD Z G P P L S W L Q S 
7P18-CCL5 BD Z G P P L S W Q Q S 
7P19-CCL5 BD Z G P P L S W L Q V 
7P2-CCL5 BD Z G P P L S W S Q V 
7P3-CCL5 31.1 Z G P P G D W S Q V 
7P4-CCL5 BD Z G P P M S W S Q S 
7P5-CCL5 BD Z G P P G S W S Q V 
7P6-CCL5 BD Z G P P Q G W S Q V 
7P7-CCL5 BD Z G P P Q S W S Q A 
7P8-CCL5 BD Z G P P G Q W G Q V 
7P9-CCL5 BD Z G P P G M W S Q S 
8P1-CCL5 88.5 Z G P L S Q G S Q V 
8P10-CCL5 97.2 Z G P L G Q Q G Q V 
8P2-CCL5 86.5 Z G P L S Q A S Q V 
8P3-CCL5 77.0 Z G P L S Q A F Q V 
8P4-CCL5 96.9 Z G P L S Q S S Q V 
8P5-CCL5 100.5 Z G P L S S Q S Q V 
8P6-CCL5 97.6 Z G P L S G W A Q V 
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8P7-CCL5 88.6 Z G P L G Q W A Q V 
8P8-CCL5 73.2 Z G P L S Q W Q Q V 
8P9-CCL5 93.3 Z G P L S Q Q G Q V 
9P1-CCL5 10.3   Q G Q R I S D T T 
9P10-CCL5 95.5 Z W V M G S D T T P 
9P12-CCL5 97.8 F F Q T P S D T T P 
9P14-CCL5 81.4 Y Q Q F G S D T T P 
9P3-CCL5 BD M S K M Q S D T T P 
9P6-CCL5 17.4 M S Q F R S D T T P 
9P8-CCL5 33.4 L G Q K K S D T T T 
9P9-CCL5 BD M S Q R I S D T T P 
M10-CCL5 BD M S P Y S M Q T T P 
M11-CCL5 BD Z G P P L M Q S A A 
M12-CCL5 BD M S P L S S W L Q V 
M13-CCL5 84.3 M S P L S S Q A Q V 
M14-CCL5 48.4 M S P L L M W L Q V 
M15-CCL5 BD Z G P L S G W L Q V 
M16-CCL5 BD Z G P L L M W L Q V 
M17-CCL5 BD Z G P L S M W L Q V 
M18-CCL5 30.9 Z G P L S G Q L Q V 
M19-CCL5 74.1 Z G P L S G Q S Q V 
M20-CCL5 14.2 Z G P P G D W L Q V 
M21-CCL5 14.6 Z G P P L M S V L A 
M22-CCL5 BD Z G P P L M G L Q V 
M23-CCL5 BD Z G P P L M A L Q V 
M24-CCL5 BD Z G P P L M Q L Q V 
M25-CCL5 BD Z G P P L M N L Q V 
M26-CCL5 BD Z G P P L M D L Q V 
M27-CCL5 BD Z G P P L M R L Q V 
M28-CCL5 BD Z G P P L M T L Q V 
M29-CCL5 BD Z G P P L M G T Q S 
M30-CCL5 29.6 Z G P P L M S T Q V 
M31-CCL5 BD Z G P P L M A T Q S 
M33-CCL5 BD Z G P P L M G T Q S 
M34-CCL5 18.9 Z G P P L M S T Q S 
M36-CCL5 BD Z G P P L M V T Q S 
M37-CCL5 17.2 Z G P P L M S L Q S 
M38-CCL5 BD Z G P P L M A L S V 
M39-CCL5 10.6 Z G P P L M S G Q S 
M40-CCL5 BD Z G P P L M S S Q S 
M41-CCL5 10.3 Z G P P L M S A Q S 
M42-CCL5 33.4 Z G P P L M S V Q S 
M43-CCL5 11.5 Z G P P L M S L Q A 
M44-CCL5 77.4 Z G P P L M S L T V 
M45-CCL5 68.5 Z G P P L M S L A V 
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M46-CCL5 20.1 Z G P P L M S G Q V 
M7-CCL5 BD Z G P Y S S D T T P 
M8-CCL5 BD M S P P L M Q T T P 
M9-CCL5 23.8 M S P P L S D T T P 
Met-CCL5 15.0 M S P Y S S D T T P 
NNY-CCL5 84.5 ø ø P Y S S D T T P 
PSC-CCL5 100.0 ø ø # # S S D T T P 

CCL5 54.2   S P Y S S D T T P 

  
          

Signaling activities (% of PSC-CCL5 signal at 300 nM (Emax) concentration) are 
reported from [Gaertner et al (2008) PNAS 105:17706–17711] except analogs 
marked §, which were tested subsequently using the same methods used in 
[Gaertner et al (2008) PNAS 105:17706–17711].  Z: pyroglutmate residue, øø: 
nonanoyl, ##: thioprolyl-cyclohexylglycyl, BD: signal below assay detection limit. 
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Table S3: Results of cellular Ca2+ flux activation assays. 
Activation by [6P4]CCL5 mutants of HEK cell clones stably expressing CCR5 
  [6P4]CCL5 

(batch 1) 
[6P4]CCL5 
(batch 2) 

[6P4]CCL5-
D5A 

[6P4]CCL5-
D5K 

CCL5 

R0 1.102 1.09 1.061 1.062 1.096 

95% CI 1.055 to 
1.148 

1.055 to 
1.124 

1.049 to 
1.073 

1.052 to 
1.072 

1.066 to 
1.126 

Rmax 2.537 2.607 2.078 1.617 2.133 

95% CI 2.456 to 
2.622 

2.544 to 
2.672 

2.027 to 
2.134 

1.545 to 
1.717 

2.046 to 
2.231 

EC50 9.601 10.28 55.21 121.2 31.17 

95% CI 7.148 to 
12.89 

8.354 to 
12.65 

46.88 to 
65.16 

85.00 to 
177.6 

22.28 to 
43.49 

      
Activation by [6P4]CCL5 mutants of CHO cell clones stably expressing CCR5 
  [6P4]CCL5 

(batch 1) 
[6P4]CCL5 
(batch 2) 

[6P4]CCL5-
D5A 

[6P4]CCL5-
D5K 

CCL5 

R0 1.063 1.041 1.045 1.051 1.039 

95% CI 1.036 to 
1.090 

1.019 to 
1.063 

1.033 to 
1.057 

1.036 to 
1.065 

0.9987 to 
1.078 

Rmax 2.583 2.531 2.024 1.367 2.228 

95% CI 2.515 to 
2.655 

2.480 to 
2.584 

1.968 to 
2.086 

1.267 to 
1.709 

2.051 to 
2.484 

EC50 23.56 19.87 67.33 141.4 112.8 

95% CI 19.68 to 
28.22 

17.22 to 
22.94 

56.52 to 
80.54 

53.94 to 
555.0 

74.21 to 
179.7 

      
Activation by [6P4]CCL5 of HEK cells transiently transfected with CCR5 mutants  

  CCR5 WT CCR5 E283A CCR5 
M287A 

CCR5 
Y108A  

R0 1.004 1.013 1.026 0.9809  
95% CI 0.9786 to 

1.029 
0.9911 to 
1.034 

1.006 to 
1.045 

0.9523 to 
1.009  

Rmax 2.138 1.729 1.328 1.694  
95% CI 2.087 to 

2.192 
1.695 to 
1.765 

1.296 to 
1.365 

1.659 to 
1.730  

EC50 123.2 68.69 80.36 35.37  
95% CI 102.0 to 

149.0 
54.52 to 
86.68 

48.43 to 
134.5 

27.44 to 
45.59  

The fluorescence response R was fitted to a 3-parameter model as R = R0 + 
[agonist]x(Rmax-R0)/(EC50+[agonist]), where Emax = Rmax-R0 and R0 presents the 
baseline. 
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Table S4: List of MD simulations of the CCL5/CCR5 complex. 

System Simulation time 
(ns) 

Number of 
Replicas 

Details 

1 500 5 CCR5–[6P4]CCL5. 
Non-sulfated 
residues Y10 and 
Y14 

2 500 5 CCR5–[6P4]CCL5. 
Sulfated residues 
Y10 and Y14 

3 500 5 CCR5–CCL5. 
Sulfated residues 
Y10 and Y14 
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3 Preparation of a stable [6P4]CCL5•CCR5•Gi signaling 

complex for Cryo-EM analysis 

3.1 Original Manuscript 

 

Reference: Isaikina P.* Tsai C.-J., Petrovic I., Rogowski M., Meng Dürr A., Grzesiek 
S.* Preparation of a stable CCL5•CCR5•Gi signaling complex for Cryo-EM analysis. 

Methods in Cell Biology, Elsevier, 2022 
https://doi.org/10.1016/bs.mcb.2022.03.001 
*Corresponding author 
 

Short description: This publication describes the biochemical preparation of the 
[6P4]CCL5•CCR5•Gi signaling complex, as well as the biophysical characterization of 
the super-agonist [6P4]CCL5. In addition, the Appendix of this Chapter describes the 
NMR characterization of the partial agonist [5P14]CCL5 in comparison to the 
antagonist [5P12]CCL5. 
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3.1.1 Abstract 

The numerous chemokines and their cognate G protein-coupled chemokine 
receptors on the surface of leukocytes form a complex signaling network, which 
regulates the immune response and also other key physiological processes. Currently 
only a very limited number of structures of chemokine•chemokine receptor 
complexes have been solved. More structures are needed for the understanding of 
their mechanism of action and the rational design of drugs against these highly 
relevant therapeutic targets. Recently, we have determined the cryo-EM structure of 
the human wild-type CCR5 chemokine receptor, which is also the HIV-1 coreceptor, 
in its active conformation bound to the chemokine super-agonist [6P4]CCL5 and the 
heterotrimeric Gi protein. The structure provides the rationale for the sequence-
activity relation of agonist and antagonist CCR5 chemokine ligands. 

In this chapter, we present a detailed protocol for the preparation of the active 
agonist chemokine•CCR5•Gi complex for cryo-EM studies including quality controls 
and caveats. As such the protocol may serve as starting point for structural and 
biophysical studies of other chemokine•chemokine receptor complexes. 
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3.1.2 Introduction 

Chemokines and their cognate receptors form a complex signaling system 
comprising more than 50 chemokines and 24 receptors in humans (1). They play a 

crucial role in a wide range of physiological processes mainly related to chemotactic 
trafficking of leukocytes from the blood to the tissues and around the lymphatic 

system (2). As such, the chemokine system is strongly implicated in many pathologies 
including AIDS (3), COVID-19 (4) and cancer (5–7). The chemokine/chemokine 

receptor pairs involved in specific pathologies constitute highly relevant therapeutic 
targets (7,8). Despite extensive efforts, to date only three drugs targeting chemokine 

receptors have been approved for clinical use (8,9). The primary reason is apparently 
a still limited understanding of the underlying interactions within the chemokine 

system. 
Chemokines are a subgroup of soluble signaling proteins of 8–12 kDa size within 

the large cytokine family. They are divided into 4 subfamilies (CC, CXC, CX3C, and 
XC) according to the spacing and presence of structurally important N-terminal 
cysteine residues, which form disulfide bonds to other conserved cysteines in the 

protein core (10). Despite their functional diversity and relatively low sequence 
homology, the three-dimensional structures of chemokines are highly similar (11). 

While many chemokines form dimers and often higher oligomers, they bind to their 
membrane receptors as monomers. In contrast, chemokines interact strongly in 

oligomeric form with a ‘second type of receptor’ on the cell surface (10,12), the 
glycosaminoglycans (GAGs). This interaction is critical for leukocyte recruitment and 

is thought to create localized pools of chemokines that can then bind to their cognate 
membrane receptors (12). 

Dimerization of CC chemokines (CCLs) occurs via intermolecular β-sheet 
formation of their unstructured N-termini, which precludes receptor binding for steric 

reasons (12,13). Higher oligomerization of CC chemokines occurs via additional 
interactions involving their C-terminal helix and second β-strand (14). In contrast, 

CXC chemokines (CXCLs) dimerize via an intermolecular extension of their 
antiparallel β-sheet (11), which appears compatible with receptor binding (12,15). 

The dissociation constant of chemokine dimers is typically in the low micromolar 
range and pH- as well as temperature-dependent (13,16–18). To achieve high 
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homogeneity of chemokine-chemokine receptor complex preparations for structural 
studies, it is essential that chemokines bind predominantly as monomers to their 

receptors. This is best achieved under conditions of low concentrations, suitable pH 
and by a high affinity (nanomolar) of the chemokine to the receptor. 

Chemokine receptors are integral membrane proteins belonging to the class A of 
G protein-coupled receptors. Most receptors bind chemokines exclusively from one 

family (CC, CXC, CX3C, XC) and are classified accordingly (CCR, CXCR, CX3CR, 
XCR). This selectivity apparently results from distinct orientations of the chemokine 

N-terminus induced by the N-terminal cysteine motif (19). Within one family, the 
receptor-chemokine specificity is often not very strong, as many chemokines bind 

multiple chemokine receptors and many receptors bind multiple chemokines (1). An 
additional degree of complexity stems from post-translational modifications of the 

receptor such as sulfation and O-glycosylation, which contribute to chemokine 
affinity (13,20,21). Moreover, chemokine receptors can form homo- and 

heterodimers, as well as higher-order oligomers (22). The functional implications of 
receptor and chemokine oligomer formation are currently not well understood. It is 

clear, however, that both post-translational modifications and oligomerization vastly 
expand the arsenal of possible chemokine-receptor interactions. This makes the 

chemokine system a challenging target for structural biology and drug development. 
A number of structures of chemokine receptors in their inactive conformation in 

complexes with small-molecule ligands have been solved by X-ray crystallography 

(23–29). In contrast, due to the larger size and increased dynamics of receptor 
complexes with intact chemokines, until recently only five full chemokine•chemokine 

receptor complex structures have been available (Figure 1). Two of these complexes, 
vMIP-II•CXCR4 (30) and [5P7]CCL5•CCR5 (31), are in the inactive receptor 

conformation. The remaining three are all complexes of the viral chemokine receptor 
US28. US28 is a special case, since it is constitutively active, and its inverse-agonist-

bound as well as its apo structures (32,33) are all in active conformations. The 
situation has changed in the last two years due to the advances in cryo-EM 

technology, which enabled the structure determination of five further human 
chemokine•receptor complexes in their active conformation bound to G proteins 

(15,34–36). 
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One of these is the complex of the wild-type human CC chemokine receptor 5 
(CCR5) with the chemokine super-agonist [6P4]CCL5, the heterotrimeric Gi protein 

and the stabilizing antibody fragment Fab16 (34). Since its discovery in 1996 (37–39), 
CCR5 has been under extensive investigation due to its major role in HIV infection 

(40), inflammation (41), the pathology of cancer (42), and COVID-19 (4). The sequence 
of [6P4]CCL5 differs from wild-type CCR5 by several amino acid substitutions in its 

flexible N-terminus that increase its agonistic efficacy and the affinity to CCR5. The 
comparison of the active [6P4]CCL5•CCR5•Gi complex to the inactive, antagonist 

chemokine [5P7]CCL5•CCR5 complex revealed the rationale for the sequence-
activity relation of agonist and antagonist chemokines (34). Two additional structures 

of CCR5•Gi bound to CCL3 and CCL5 have now been published (36). The latter 
complexes were stabilized by fusing the chemokine C-terminus to the N-terminus of 

CCR5 and further mutations. 
We present here a step-by-step protocol for the preparation of the complex 

between [6P4]CCL5, wild-type CCR5, Gi, and the stabilizing Fab16, which led to its 
successful structure determination (34). We include pertinent quality control steps 

and point out difficulties in the hope that the protocol may serve as a model for the 
preparation of other active chemokine•chemokine receptor•G protein complexes for 

cryo-EM structure determination and other biophysical studies. 

3.1.3 Methods 

Overview 

A schematic diagram of the [6P4]CCL5•CCR5•Gi•Fab16 complex preparation for 

cryo-EM analysis including quality control steps is shown in Figure 2. The individual 
components [6P4]CCL5, CCR5, Gαi, Gβγ, and Fab16 are produced separately and 

then allowed to form the complex. Details of the production of the engineered 
chemokine CCL5 super-agonist analog [6P4]CCL5 (43) and the wild-type receptor 

CCR5 are given below, whereas detailed protocols for the production of Gαi (44), Gβγ 
(45), and Fab16 (46) have been presented in the indicated references. 

Chemokine production 

This section describes the expression and purification of the engineered super-
agonist chemokine [6P4]CCL5. Other chemokines may be obtained in an analogous 
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manner. [6P4]CCL5 is expressed in Escherichia coli (E. coli) as an N-terminal 
thioredoxin/His tag fusion protein (Figure 3A). A summary of the main production 
steps is shown in Figure 3B. 

In brief, the expressed fusion protein is unfolded by 6 M guanidine hydrochloride 
and then purified by nickel-affinity chromatography, followed by reduction of its two 
disulfide bonds by 2-mercaptoethanol. Refolding and simultaneous formation of 
disulfide bonds is induced by adding the protein to a refolding redox buffer containing 
a mixture of reduced and oxidized glutathione. After refolding, the fusion protein is 
cleaved by enterokinase, resulting in [6P4]CCL5 with a blunt N-terminus starting at 
residue glutamine-0 (Q0). The fusion partner is then separated by reversed-phase 
chromatography. The N-terminal glutamine spontaneously cyclizes to pyroglutamate 
to form the mature [6P4]CCL5 (43). Full cyclization of the N-terminus and overall 
quality of the protein is assayed by either mass spectrometry (MS; Figure 3C) or NMR 
spectroscopy (Figure 3D). 

Equipment and materials 

• Temperature-controlled incubator shaker (Infors HT, Multitron) 
• 1-L Erlenmeyer flask 

• 5-L Erlenmeyer flask 

• French pressure cell and press (Spectronic Instruments, FA-031) 

• Ultracentrifuge (Beckman Coulter, Optima XE) 
• Membrane filter (Merck, MF-Millipore, 0.45-µm pore size) 

• Tabletop centrifuge (Eppendorf, 5430 R) 

• Centrifugal filter units (Merck, Amicon Ultra-4 and -15) 

• Pressure-based stirred concentrator cell (Merck, Amicon) 
• Ultrafiltration polyether sulfone-based membrane discs [Merck, Biomax, 10-kDa 

molecular weight cut-off (MWCO)] 
• Dialysis tubes (Spectrum Chemical, Spectra/Por, 12–14 kDa MWCO) 

• Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 
system (Bio-Rad) 

• Precast 4–20% gradient SDS-PAGE gels (Bio-Rad) 

• Fast protein liquid chromatography (FPLC) system (Cytiva, ÄKTA pure) 

• Nickel affinity column (Cytiva, HisTrap HP) 
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• Preparative HPLC system (Beckman Coulter, System Gold) 

• C4 reversed-phase HPLC column 250 x 21.20 mm, 10 micron, 300 Å 
(Phenomenex) 

• Freeze dryer (Thermo Fisher Scientific, Savant) 

• Microvolume spectrophotometer (Thermo Fisher Scientific, NanoDrop) 
• C4 micro spin column for MS analysis (The Nest Group, MicroSpin) 

• Electrospray ionization time-of-flight (ESI-TOF) mass spectrometer (Bruker, 
microTOFLC) 

• High-field (≥500 MHz) NMR spectrometer (Bruker, AVANCE) 

Reagents 

• E. coli strain BL21 (DE3) 

• Lysogeny broth (LB) medium (Miller) 

• E. coli minimal medium (47) and 15N-labeled ammonium chloride for production of 
15N-labeled chemokine and NMR quality control 

• Isopropyl β-D-thiogalactopyranoside (IPTG) 

• Guanidine hydrochloride (GuHCl) 

• Sodium chloride 

• Sodium acetate (NaOAc) 
• Tris-(hydroxymethyl)-aminomethane (Tris) hydrochloride 

• L-arginine hydrochloride 

• Glutathione, reduced (GSH) and oxidized (GSSG) 
• Enterokinase [either commercial (New England biolabs) or produced in-house - an 

optimized protocol is available upon request] 

• Trifluoroacetic acid (TFA) 
• Acetonitrile (ACN) 

• 2-mercaptoethanol 

• Ethylenediaminetetraacetic acid (EDTA) 

Buffers 

Note: all solutions are prepared using ultrapure water (Milli-Q, resistivity ≥18.2 
MΩ/cm). Buffer pH values are indicated for the temperature at which they are used. 

• Resuspension buffer: 6 M GuHCl, 200 mM NaCl, 50 mM Tris, pH 8.0 
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• HisTrap elution buffer: 6 M GuHCl, 200 mM NaCl, 60 mM NaOAc, pH 4.0 

• Refolding buffer: 550 mM L-arginine hydrochloride, 200 mM NaCl, 1 mM EDTA, 1 
mM GSH, 0.1 mM GSSG, 50 mM Tris, pH 8.0 

• Cleavage buffer: 200 mM NaCl, 2 mM CaCl2, 20 mM Tris, pH 8.0 

• Reversed-phase buffer A: 0.1% TFA 
• Reversed-phase buffer B: 0.085% TFA in 90% ACN 

• MS buffer A: 10% ACN, 0.1% formic acid 

• MS buffer B: 90% ACN, 0.1% formic acid 

DNA construct 

A DNA construct of [5P14]CCL5 harboring an N-terminal thioredoxin fusion 
partner and an enterokinase cleavage site cloned into a pET32a vector (Figure 3A) 
was a gift from Prof. P. LiWang (UC Merced). 

The DNA sequence of the [5P14]CCL5 construct was mutated by Quik-ChangeTM 
(Stratagene) polymerase chain reaction to obtain the [6P4]CCL5 construct. Its final 
amino acid sequence including fusion partners (chemokine sequence in bold) is: 

 
MSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEYQGKLTVAKLN

IDQNPGTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLAGSGSGHMHHHHHH

SSGLVPRGSGMKETAAAKFERQHMDSPDLGTDDDDKQGPPGDIVLACCFAYIARPLPRAHIK

EYFYTSGKCSNPAVVFVTRKNRQVCANPEKKWVREYINSLEMS 
 
In our hands, this construct worked best for the production of various chemokine 

analogs. An alternative construct containing an N-terminal protein G followed by an 
enterokinase cleavage site worked well for the production of CCL5-E66S and 
[5P12]CCL5 (13,48). However, cleavage of the fusion partner from [6P4]CCL5 and 
[5P14]CCL5 (data not shown) was inefficient in the latter, presumably due to the burial 
of the cleavage site by the differing N-termini. 

Expression  

• Transform E. coli BL21(DE3) strain with the [6P4]CCL5-encoding plasmid and 
plate it on an LB agar plate containing 100 µg/mL ampicillin. Incubate the plate 
overnight at 37 °C. 
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• Inoculate a single colony from the LB agar plate in 100–120 mL LB broth 
containing 100 µl/mL ampicillin and grow overnight at 37 °C at a shaking speed 
of 150 rpm. Note that for producing 15N-labeled protein, bacteria are grown in 
minimal medium supplemented with 15N-labeled ammonium chloride. 

• Use 50–60 mL of primary inoculum to inoculate 1.5 L LB broth containing 
100 μL/mL ampicillin in a 5-L Erlenmeyer flask [initial optical density at 600 nm 
(OD600) � 0.1] at 37 °C and 150 rpm. 

• Lower the temperature to 22 °C once OD600 reaches 0.5–0.6 (this typically takes 
~2–2.5 h). 

• When OD600 reaches 0.8, induce the protein expression with 1.0 mM IPTG and 
grow the cells for another 20 hours. 

• Harvest the cells by centrifugation at 3,000 g for 25 min. Discard the supernatant 
and store the pellet at -80 °C or proceed directly to purification. 

Purification and cyclization of chemokine N-terminus  

All purification steps are performed at 4 °C or on ice, unless indicated otherwise. 

• Resuspend the cell pellet (�10 g) in 100 mL resuspension buffer and apply the 
sample to a French press. Repeat this step twice. Note that the 6 M GuHCl of the 
resuspension buffer denatures the chemokine. 

• Centrifuge the resulting lysate at 27,000 g for 1 h and collect the supernatant. 

• Add another 100 mL of resuspension buffer and filter the suspension through a 
0.45-µm filter. Apply the filtrate on the FPLC system to an equilibrated, pre-
packed 5-mL Ni affinity column at a flow rate of 0.8 mL/min. 

• Wash the column with 10 column volumes (CV) of resuspension buffer at a flow 
rate of 1 mL/min, then elute the protein with 3–4 CV of HisTrap elution buffer at a 
flow rate of 0.8 mL/min. 

• Add 10 mM of 2-mercaptoethanol to the eluate and mix with end-over-end 
rotation for 1 hour at room temperature. This step reduces the two disulfide bonds 
of the chemokine. 

• Add the reduced eluate dropwise to a 10–15-fold volume excess of refolding 
buffer at 4 ˚C and incubate overnight under gentle stirring. During this step, the 
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disulfide bonds are reformed under the control of the GSH/GSSG redox system 
in the buffer and the chemokine is refolded. 

• Concentrate the refolded protein to 20–30 mL using a pressure-based 
concentrator with a polyether sulfone-based ultrafiltration membrane of 10-kDa 
MWCO. 

• Dialyze the concentrated solution against the cleavage buffer in dialysis 
membrane tubes with a 12–14 kDa MWCO. The volume of the dialysis buffer 
should be at least 50-fold larger than the sample volume. Change the dialysis 
buffer twice. Remove any precipitation by centrifugation for 10 min at 25,000 g. 

• Determine the protein concentration by measuring the absorbance at 280 nm 
(A280), using the microvolume photometer, then dilute the folded protein to 1.5–2.5 
mg/mL. 

• Prior to large-scale cleavage of the N-terminal fusion, perform test cleavages with 
differing amounts of enterokinase: 

o Prepare four 100-µL aliquots of the fusion protein at 2.0 mg/mL.  
o Add enterokinase to the fusion protein aliquots at ratios 1:100, 1:50, 1:25 

and 1:10 (w/w) and incubate at room temperature for 16 hours with end-
over-end mixing. 

o Analyze the cleavage efficiency by SDS-PAGE to determine the optimal 
protease:protein ratio, i.e., the minimal amount of enterokinase needed to 
obtain close to 100% cleavage.  

• For large-scale cleavage, add enterokinase to the fusion protein at the determined 
optimal ratio and incubate at room temperature for 16 hours with end-over-end 
rotation. Remove trace amounts of precipitate by centrifuging for 10 min at 25,000 
g. Verify protein cleavage by SDS-PAGE. 

• For the final HPLC purification step, adjust the pH of the protein solution to 2.2 
using 10% TFA, and then add ACN to a final concentration of 10%. 

• Apply the protein to a C4 reversed-phase chromatography column (250 x 21.20 
mm, 10 micron, 300 Å, 88 mL, Jupiter) connected to a preparative HPLC system 
and equilibrated with reversed-phase buffer A. Separate the protein from the 
fusion tag using the following water/acetonitrile gradient program at a flow rate of 
10 mL/min: 
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o 0.1 CV: 10% reversed-phase buffer B  
o 0.2 CV: 10% → 20% reversed-phase buffer B 
o 5 CV: 20% → 70% reversed-phase buffer B 
o 0.2 CV: 70% → 100% reversed-phase buffer B 
o 2 CV: 100% reversed-phase buffer B 

• Collect the separated protein peaks into different fractions. [6P4]CCL5 elutes at 
35–45% of reversed-phase buffer B. Analyze the purity of the eluted fractions by 
SDS-PAGE. 

• Lyophilize the pure chemokine fractions in a freeze dryer. This typically takes 
approximately 24 hours at a pressure of ~100 μbar. 

• Solubilize the lyophilizate in 25 mM phosphate buffer (pH 6) to a concentration of 
1.0–1.5 mg/mL. 

• Perform the cyclization reaction by incubating the sample in a table shaker at 800 
rpm and 37 °C for 48 hours. 

Quality control 

Mass spectrometry 

The overall quality of [6P4]CCL5, disulfide bond formation as well as efficiency of 
N-terminal glutamine cyclization may be assessed by ESI-TOF MS involving the 
following steps: 

• Wash a C4 MicroSpin column with 100 μL pure ACN for 1 min at 500 g in a 
tabletop centrifuge. 

• Add 100 μL H2O and wash the column by centrifuging for 1 min at 500 g. Repeat 
this step twice. 

• Apply sample (2–200 μL) to the column, e.g., 50 μL 0.2 mg/mL protein in MS buffer 
A for 1 min at 500 g. 

• Wash the column twice with 50 μL of MS buffer A for 1 min at 500 g.  

• Elute with 50 μL of MS buffer B for 2 min at 500 g. 

• Apply eluate to ESI-TOF mass spectrometer. 

Figure 3C shows representative examples of the MS characterization of 
[6P4]CCL5 before (top) and after N-terminal cyclization (bottom). The corresponding 
masses confirm the protein integrity and completeness of the cyclization step. 



 

 79 

NMR spectroscopy 

Alternatively, the quality of the produced chemokine and the N-terminal cyclization 
can be assayed at high resolution by NMR spectroscopy. For this, the chemokine 
analog is expressed in minimal medium containing 15N-labeled ammonium chloride 
as the sole nitrogen source. A typical NMR sample is then prepared as a 270-µL 
volume of 100–200 µM 15N-labeled chemokine in suitable buffer and placed in a 
Shigemi microtube, followed by measurement of a 1H-15N HSQC spectrum. 

An example of a [6P4]CCL5 1H-15N HSQC is shown in Figure 4D. [6P4]CCL5 
exhibits well-dispersed 1H-15N backbone amide resonances characteristic of a folded 
protein containing β-sheets. The 1H-15N resonances are labeled by the respective 
assigned amino acids. Cyclization of Q0 results in a shift of the glycine 1 (G1) 
resonance from its non-cyclized (n) to its cyclized (c) form. The extent of cyclization 
can be quantified from the ratio of cyclized to non-cyclized G1 resonance intensities. 

Chemokine receptor expression and membrane preparation 

A schematic overview of the CCR5 chemokine receptor expression and 
purification is shown on the left side of Figure 2. CCR5 is expressed in baculovirus-
infected insect cells (49) using the Invitrogen Bac-to-Bac system for the generation 
of the recombinant virus and Sf9 cells for expression. A step-by-step protocol for the 
virus production and insect cell expression can be found in the manufacturer’s 
manual (https://tools.thermofisher.com/content/sfs/manuals/bactobac_man.pdf). 
The expression is followed by membrane preparation, solubilization, purification and 
complex formation steps. As the procedures are lengthy, it is most practical to first 
prepare frozen receptor membranes, and then proceed to the following steps as time 
permits. 

Equipment and materials 

• Temperature-controlled incubator shaker (Infors, HT Multitron)  

• Bioreactor tubes (TPP, TubeSpin) 

• 5-L plastic bottle for insect cells (VWR, 215-1435) 

• Breathable rayon film (VWR, 391-1262) 
• Automated cell counter (Invitrogen, Countess) 

• Cell counting slides (Eve) 
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• Flow cytometer (Orflo, Moxi Flow) 

• Flow cytometer cassettes (Orflo, Moxi Flow Type MF-F) 
• SDS-PAGE system (Bio-Rad) 

• Precast 4–20% gradient SDS-PAGE gels (Bio-Rad) 

• Blotting system for western blot (Bio-Rad, Trans-Blot turbo) 

• Western blot transfer packs (Bio-Rad, Trans-Blot turbo mini) 
• Electric dispenser (IKA, ULTRA-TURRAX T25)  

• Tabletop centrifuge (Eppendorf, 5430 R) 

• Ultracentrifuge (Beckman Coulter, Optima XE) 

Reagents 

• Spodoptera frugiperda Sf9 cells (Oxford Expression Technologies) 

• Insect cell culture medium (BioConcept, SF-4 baculo express ICM) 
• Trypan blue 

• Sodium chloride 

• Potassium chloride 

• Magnesium chloride 
• 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

• Glycerol 

• EDTA-free protease inhibitor tablets (Roche, cOmplete) 

• FuGENE transfection reagent (Promega) 
• Phycoerythrin (PE)-conjugated 2D7 CCR5-specific conformation-dependent 

antibody (BD Biosciences, PE mouse anti-human CD195, clone 2D7/CCR5) 

• Monoclonal anti-DYKDDDK (anti-FLAG)-peroxidase antibody (Sigma-Aldrich, 
ANTI-FLAG M2-Peroxidase) 

• PE-conjugated anti-baculovirus envelope gp64 antibody (Invitrogen) 

Buffers 

• Lysis buffer: 10 mM HEPES, 10 mM MgCl2, 20 mM KCl, pH 7.5 

• High-salt buffer: 10 mM HEPES, 10 mM MgCl2, 20 mM KCl, 1 M NaCl, pH 7.5 
• Freezing buffer: 10 mM HEPES, 10 mM MgCl2, 20 mM KCl, 30% glycerol, pH 7.5 

• Phosphate-buffered saline pH 7.4 (PBS; Gibco) 
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DNA construct 

To allow for the detection by western blot and purification by an M2 anti-FLAG 
resin, the full-length wild-type CCR5 sequence was extended by a C-terminal 
PreScission protease cleavage site and a FLAG tag. This construct was cloned into 
a pFastBac1 vector (Invitrogen), which is under the control of the polH promoter. The 
full protein sequence including the C-terminal extension (CCR5 in bold) is: 

 
MDYQVSSPIYDINYYTSEPCQKINVKQIAARLLPPLYSLVFIFGFVGNMLVILILINCKR

LKSMTDIYLLNLAISDLFFLLTVPFWAHYAAAQWDFGNTMCQLLTGLYFIGFFSGIFFIILL

TIDRYLAVVHAVFALKARTVTFGVVTSVITWVVAVFASLPGIIFTRSQKEGLHYTCSSHFPY

SQYQFWKNFQTLKIVILGLVLPLLVMVICYSGILKTLLRCRNEKKRHRAVRLIFTIMIVYFL

FWAPYNIVLLLNTFQEFFGLNNCSSSNRLDQAMQVTETLGMTHCCINPIIYAFVGEKFRNYL

LVFFQKHIAKRFCKCCSIFQQEAPERASSVYTRSTGEQEISVGLGVAGLEVLFQGPDYKDDD

DK 

 

Expression and membrane preparation 

• Produce recombinant P2 baculovirus stock according to the Bac-to-Bac protocol 
and store the virus at 4 °C. Use relatively fresh P2 virus (not older than 1 month) 
for all following steps. 

Monitoring of insect cell parameters 

Many of the following steps include monitoring of the insect cell parameters size, 
viability and cell density. The procedure is as follows: 

• Take an aliquot of 10 µL cell culture and stain with 10 µL of trypan blue. 

• Apply 10 µL of the stained cells to the cell counting slide of the automated cell 
counter and determine the cell parameters. 

Determination of optimal virus titer 

The following describes small-scale test expressions at several virus dilutions to 
determine the optimal P2 virus titer for protein expression. 

• Test the cell culture for the cell parameters. 
• Prepare six 50-mL bioreactor test tubes containing each 20 mL of cell culture at 

a cell density of 2.5–3.0 106 cells/mL. 
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• Add virus to the test tubes to reach final concentrations of 0, 2, 5, 10, 20 and 40 
mL virus solution per liter cell culture. 

• At 6 hours post infection (hpi), take 100 μL from each test tube and determine the 
fraction of infected cells by flow cytometry as follows 

o Centrifuge the 100 μL in a tabletop centrifuge at 1500 g for 1 min. 
o Discard the supernatant, add 100 μL PBS and centrifuge again for 1 min 

(repeat this step twice). 
o Resuspend the cell pellet in 100 μL PBS and add 0.5 μL of 0.2 μg/μL PE-

conjugated anti-baculovirus envelope gp64 antibody. Incubate for 15 min 
in the dark. 

o Centrifuge in a tabletop centrifuge at 1500 g for 1 min, discard the 
supernatant and resuspend the pellet by adding 100 μL PBS. Repeat this 
step twice. 

o Inject 75 μL into the fill port of the flow cytometer cassette. Adjust the 
gating of the flow cytometer to separate infected, non-infected and dead 
cells. 

• The optimal virus titer is the minimal amount of P2 virus at which at least 90% of 
the cells are infected. In our hands, the optimal P2 titer was 10 mL virus per liter 
cell culture. 

• Continue maintaining the remainder of the test culture, which has the optimal P2 
virus titer, to determine the optimal harvest time in the subsequent steps. 

Determination of optimal harvest time 

To determine the optimal harvest time, monitor the continued culture by 
measuring cell parameters and taking samples for western blot at 24, 42, 44, 46 and 
48 hpi. 

• The cell size normally increases by 20-25% at 24 hpi, while the viability remains 
at about 98%. At 40–48 hpi, the viability usually drops to 85–90%. 

• At 24 hpi and at about 40–46 hpi, i.e. ~85-90% viability, test the appearance level 
of correctly folded CCR5 at the insect surface by flow cytometry using the PE-
conjugated 2D7 conformation-dependent CCR5 antibody. Include a negative 
control (e.g., uninfected cells) together with the samples. 
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• To determine the CCR5 expression levels during the time course, analyze the 
previously taken samples on SDS-PAGE followed by western blot with the anti-
FLAG-peroxidase antibody. 
The harvesting time is optimal when the viability drops to about 85% and the 

expression according to the western blot reaches the highest level. In our case this 

occurred at 46 hpi with more than 95% of the cells showing correctly folded CCR5 

at their surface as indicated by the 2D7 antibody. We noted that longer expression 

times lead to unwanted receptor oligomerization. 

Large-scale expression 

• Inoculate 3 L of Sf9 insect cells in a 5-L culture bottle with orbital shaking at 27 
°C and 130 rpm (25 cm orbit). 

• Infect the cells at a cell density of 2.5–3.0 million cells/mL by adding P2 virus at 
the determined optimal virus titer. 

• At 42–46 hpi, confirm that more than 90% of the infected cells are expressing 
properly folded CCR5 by flow cytometry using the PE-conjugated 2D7 CCR5-
specific conformation-dependent antibody.  

• Measure the cell viability and cell concentration at the determined optimal 
harvesting time (the viability should be about 85–90%). Harvest the cells by 
centrifuging at 1500 g for 15 min.  

• Freeze the cell pellets in liquid nitrogen and store at -80 °C, or continue directly to 
membrane preparation. 

Membrane preparation  

• Resuspend the cell pellet from 1 L of Sf-9 cells in 15 mL of lysis buffer. 

• Add a protease inhibitor cocktail tablet and homogenize with an electric 
dispenser. 

• Transfer the suspension to an ultracentrifuge tube. Centrifuge at 120,000 g for 1 
hour, discard the supernatant and resuspend in ~15 mL high-salt buffer. Repeat 
the process three times with high-salt buffer and then once with lysis buffer. 
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• Resuspend the pellet in freezing buffer supplemented by a protease inhibitor 
cocktail tablet to a final volume of 15 mL. Freeze the suspension in liquid nitrogen 
and store at -80 ˚C until further use. 

Chemokine receptor purification and complex formation 

The following describes the purification of CCR5 from 1 L of Sf9 cell culture and 
the subsequent formation of the receptor complex. In our hands, this protocol yields 
0.2 mg of pure receptor per liter of cell culture. For more extensive screening of grid 
freezing conditions (~27 grids, see below), the preparation is scaled up to processing 
at least 3 L cell culture. All purification steps are performed on ice or at 4 °C. 

Equipment and materials 

• Analytical protein liquid chromatography system equipped with autosampler, 
fraction collector, UV/VIS absorbance and fluorescence detectors (Thermo Fisher 
Scientific, Ultimate 3000) 

• Gel filtration column (Cytiva, Superdex 200 Increase 10/300) 

• SDS-PAGE system (Bio-Rad) 

• Precast 4–20% gradient SDS-PAGE gels (Bio-Rad) 

• Dounce homogenizer (Kontes) 
• Ultracentrifuge (Beckman Coulter, Optima XE) 

• Tabletop centrifuge (Eppendorf, 5430 R) 

• Centrifugal filter unit with ultracel-100 membrane (Amicon Ultra-0.5 and Ultra-4) 

• Microvolume spectrophotometer (Thermo Fisher Scientific, NanoDrop) 

Reagents 

• Iodoacetamide 
• Sodium chloride 

• Potassium chloride 

• Magnesium chloride 

• 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 
• Glycerol 

• Dithiothreitol 

• Lauryl maltose neopentyl glycol (LMNG)  

• Adenosine 5'-triphosphate (ATP) 



 

 85 

• Guanosine 5′-O-(3′-thiotriphosphate) (GTPγS) 

• EDTA-free protease inhibitor tablets (Roche cOmplete) 

• Anti-FLAG M2 resin (Sigma-Aldrich) 
• Apyrase (NEB) 

• Purified human Gαi1 subunit from E. coli expression (44) in Gαi buffer 

• Purified bovine transducin β1γ1 subunit (Gβγt) from bovine retina (45) in Gβγ buffer 

• Purified Fab16 from hybridoma cell culture secreting IgG16 (46) in Fab16 buffer 

Buffers 

• Lysis buffer: 10 mM HEPES, 10 mM MgCl2, 20 mM KCl, pH 7.5 
• 2x solubilization buffer: 100 mM HEPES, 800 mM NaCl, 1% LMNG (prepared from 

5% (w/v) stock), pH 7.5 

• FLAG binding buffer: 25 mM HEPES, 400 mM NaCl, 10% glycerol, 0.01% LMNG, 
pH 7.5 

• FLAG wash buffer: 25 mM HEPES, 400 mM NaCl, 10% glycerol, 0.01% LMNG, 5 
mM ATP, 10 mM MgCl2, pH 7.5 

• FLAG elution buffer: 25 mM HEPES, 400 mM NaCl, 10% glycerol, 0.01% LMNG, 
0.2 mg/mL FLAG peptide, pH 7.5 

• Size-exclusion chromatography (SEC) buffer: 25 mM HEPES, 150 mM NaCl, 
0.01% LMNG, pH 7.5 

• Gαi buffer: 25 mM HEPES, 2 mM dithiothreitol, 150 mM NaCl, 20% glycerol, pH 
7.5 

• Gβγ buffer: 10 mM HEPES, 4 mM MgCl2, 2 mM dithiothreitol, 150 mM NaCl, 30% 
glycerol, pH 7.5 

• Fab16 buffer: PBS, 1.5 mM NaN3, 10% glycerol, pH 7.4 

Receptor purification 

• Thaw the membranes from 1 L of cell culture and add lysis buffer to a final volume 
of 25 mL, together with 1 tablet of EDTA-free protein inhibitor cocktail and 2 
mg/mL iodoacetamide. Dounce homogenize with 20 strokes and incubate for 1 
hour on a rotisserie. 
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• Add 25 mL of 2x solubilization buffer to the homogenized sample and incubate 
for 3 hours under gentle mixing on the rotisserie. Centrifuge the solubilized sample 
at 140,000 g for 1 hour. 

• Transfer the supernatant to a new reaction tube and add 1 mL of equilibrated anti-
FLAG M2 affinity resin. Incubate overnight under gentle mixing on the rotisserie.  

• Transfer the resin to an open glass column to collect the resin. Wash the resin 
consecutively with 10 CV FLAG binding buffer, 10 CV FLAG wash buffer, and 6 
CV FLAG binding buffer. 

• Remove the flow-through and add 4-5 CV FLAG elution buffer to the resin. 
Incubate for 15 min and collect the eluate.  

• Determine the receptor concentration from A280 using the microvolume 
photometer and analyze the receptor by SDS-PAGE to estimate its purity. Adjust 
the final receptor concentration to 0.2–0.3 mg/mL in FLAG binding buffer. 

Receptor complex formation 

The following describes the formation of the [6P4]CCL5•CCR5•Gi complex in the 
absence and presence of the antibody fragment Fab16, which had been shown to 
stabilize other GPCR/G protein complexes by recognizing an interface between Gα 
and Gβγ subunits in the heterotrimer, and to confer resistance to GTPγS-triggered 
dissociation (50). As it was initially unclear whether Fab16 would also stabilize the 
[6P4]CCL5•CCR5•Gi complex, a respective assay was carried out (see below), which 
indicated significant stabilization also for this complex. In consequence, we 
proceeded to the full cryo-EM analysis only with the [6P4]CCL5•CCR5•Gi•Fab16 
complex. 

 

• Form the Gi protein heterotrimer by incubating 50 μL 10 mg/mL Gαi in Gαi buffer 
with 250 μL 2.5 mg/mL Gβγ in Gβγ buffer for 30 min on ice. 

• Add the formed Gi protein heterotrimer to 4 mL 0.2 mg/mL (~2–3 μM monomeric) 
CCR5 eluted from the FLAG resin and incubate for 30 min. 

• Add 90 μL 1 mg/mL cyclized [6P4]CCL5 to the preformed complex to reach a 1:1 
stoichiometric ratio with CCR5, i.e. a final concentration of ~2–3 μM. Supplement 
the mixture with 25 mU/mL apyrase which hydrolyzes nucleotides in order to 
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obtain the nucleotide-free complex. Incubate the complex for 2 hours under gentle 
rotation. Keep 500 μL of the formed [6P4]CCL5•CCR5•Gi complex for further use. 

• Add 800 μL 0.8 mg/mL Fab16 to the remaining complex solution, and incubate 
for 1 hour under gentle rotation. 

• Concentrate the [6P4]CCL5•CCR5•Gi•Fab16 complex to 400–600 μL using a 
concentrator with 100 kDa MWCO. Spin the sample at 20,000 g for 10 min to 
remove any precipitate. 

• Estimate the concentrations of both complexes from A280 using the microvolume 
photometer and take aliquots for SDS-PAGE analysis. 

Receptor complex purification 

• Connect the Superdex 200 Increase 10/300 gel filtration column to a liquid 
chromatography (HPLC or FPLC) system equipped with a UV absorbance 
detector, autosampler and fraction collector. Equilibrate the column with 2 CV of 
SEC buffer at a flow rate of 0.5 mL/min. 

• Perform a SEC program, which sequentially injects the receptor complex solution 
to the column, applies 1 CV of SEC buffer at 0.5 mL/min, monitors the absorbance 
at 280 nm, and collects 150-μL fractions in a 96-well plate fraction collector. 

• Determine A280 of the fractions with a microvolume spectrophotometer to estimate 
the receptor complex concentration. 

• Analyze the SEC fractions and the individual complex components as standards 
by SDS-PAGE.  

• Combine the fractions showing good purity and complex integrity and 
concentrate them for further use. 
 

Figures 4A, B (left) show representative SEC profiles of the complexes without and 
with Fab16, respectively. A significant part of the complex contains oligomers and 
higher molecular weight impurities. However, these impurities were successfully 
separated from the main complexes, which elute at 10.9 mL for the complex without 
Fab16 and at 10.5 mL with Fab16. The SDS-PAGE analyses of both complexes are 
shown on the right side of Figures 4A, B. The fractions which were taken for the cryo-
EM grid preparation are delimited by orange dashed lines. 
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 Quality control of receptor complex by GTPγS binding assay 

While the cryo-EM grids should be prepared immediately after complex formation 
(see below), the following test can be performed to assess the specificity and stability 
of the formed [6P4]CCL5•CCR5•Gi complex and the effect of Fab16. The test is based 
on the GTPγS-triggered dissociation of the Gi heterotrimer, which is followed by 
analytical fluorescence-detection size-exclusion chromatography (FSEC) using the 
intrinsic tryptophan fluorescence. As standards also the individual complex 
components are analyzed by FSEC. All steps are performed on ice or at 4 °C  

 

• Prepare the following standards at concentrations of ~0.1–0.3 mg/mL and 
volumes of 110 μL in SEC buffer for FSEC analysis:  

o Gαi  
o Gβγ  
o Fab16  
o Gi heterotrimer formed from Gαi, Gβγ mixture incubated for 1 hour 
o Gi heterotrimer•Fab16 complex formed from Gαi, Gβγ, Fab16 mixture 

incubated for 1 hour 

• Dilute the SEC-purified [6P4]CCL5•CCR5•Gi and [6P4]CCL5•CCR5•Gi•Fab16 
complexes to ~0.1 mg/mL and 220-μL volumes. Split each complex solution into 
two equal portions, add 100 μM GTPγS (10 mM stock solution) to one part, and 
incubate for 1 hour.  

• Transfer all samples to glass vials and place them in the autosampler connected 
to the HPLC system with the Superdex 200 Increase 10/300 gel filtration column. 

• Set up a program for the SEC run, which sequentially injects 80 μL of the samples 
to the column, then applies 1 CV of SEC buffer at a flow rate of 0.4 mL/min, and 
monitors the protein tryptophan fluorescence (λex = 280 nm; λem = 380 nm). 
 

Figure 4C shows representative chromatograms of this stability analysis. The 
[6P4]CCL5•CCR5•Gi complex (red) dissociates in the presence of GTPγS (dark blue). 
Similar to other GPCR/G protein complexes (50), the addition of Fab16 (orange) was 
found to stabilize the CCR5/Gi complex in the presence of GTPγS (light blue). 
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Cryo-EM grid preparation 

The grids for cryo-EM analysis should be prepared immediately from the freshly 
purified complex. The following gives a short overview of the preparation. More 
detailed protocols can be found elsewhere (51). 

Equipment and materials 

• Glow Discharge system for EM grids (Quorum, GloQube) 

• EM grids (Quantifoil, R1.2/1.3 200-mesh copper) 

• Plunge freezer (Thermo Fisher Scientific, Vitrobot Mark IV) 
• Cryogen cup (Thermo Fisher Scientific, Vitrobot) 

• Filter paper (Thermo Fisher Scientific, Standard Vitrobot filter paper, 55/20 mm, 
Grade 595) 

• 60-mL syringe 

• Tweezers for EM grid handling (e.g., Electron Microscopy Sciences, Dumont #7) 

• Cryo grid boxes with lid (Agar Scientific) 

• Cryo Dewar 
• Liquid nitrogen 

• Ethane gas 

Cryo-EM grid preparation 

• Prepare liquid ethane from ethane gas using the assembled cryogen cup cooled 
with liquid nitrogen. 

• Glow discharge EM grids at 25 mA for 30 sec using the glow discharge system. 

• Set the humidity to 100% and the temperature to 4 °C on the Vitrobot plunge 
freezer. 

• Prepare purified complex samples at various concentrations ranging from 1 to 5 
mg/mL (Table 1), either by concentrating in a centrifugal filter unit with a 100-kDa 
MWCO or diluting in SEC buffer. 

• Load 3.5 μL of the purified complex at the various prepared concentrations to the 
carbon-coated side of the glow-discharged EM grid. 

• Remove excess liquid on the grid by blotting with filter paper using various blot 
forces and time periods (Table 1) with triplicates for each condition to optimize ice 
thickness. 
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• Plunge the blot-dried grid into cooled liquid ethane (~ -180 °C) for rapid freezing 
in order to form a thin layer of amorphous ice. 

• Transfer prepared grids to liquid nitrogen in a cryo Dewar for storage until use for 
cryo-EM analysis. 

3.1.4 Discussion and Conclusion 

The structure determination of chemokine-chemokine receptor complexes has 
long been challenging due to difficulties in obtaining highly purified chemokine 
receptors, the intrinsic tendencies of chemokines, receptors and their complexes to 
aggregate, heterogeneity and low stability of the complexes, and their intrinsic 
mobility. This chapter provides detailed protocols for the production of the 
superagonist [6P4]CCL5 chemokine variant and for its cognate receptor CCR5 in 
wild-type form, as well as for the formation of their complex with the Gi heterotrimer 
and the stabilizing Fab16 antibody fragment, which led to the successful cryo-EM 
structure determination of the [6P4]CCL5•CCR5•Gi complex. 

In the current procedure, the individual complex components are prepared 
separately and then combined to form the complex. For proper interaction with 
CCR5, it is essential to obtain the CCL5 chemokine with a native N-terminus devoid 
of any further residues from cloning or E. coli expression. This is achieved by a DNA 
construct, which encodes CCL5 with a cleavable N-terminal thioredoxin His-tag 
fusion. After expression and an unfolding-reduction, reoxidation-refolding purification 
sequence, the fusion is efficiently cleaved by enterokinase to obtain the blunt-ended 
CCL5 N-terminus. In the specific case of [6P4]CCL5, the N-terminal glutamine then 
spontaneously cyclizes to form pyroglutamate. The protocol achieves a robust yield 
of ~10 mg pure and homogeneous [6P4]CCL5 from 1 liter of bacterial culture. The 
high quality of the purified chemokine can be assayed by mass spectrometry and 
NMR analysis. Other chemokines and their analogs may be obtained in a similar 
manner. Despite a certain tendency of [6P4]CCL5 to aggregate, a sufficient amount 
of monomeric [6P4]CCL5•CCR5•Gi for the cryo-EM analysis was obtained. However, 
other chemokines, such as native CCL5, may even be more prone to aggregation, 
which presents additional challenges. 

The aggregation problem is compounded by the tendency of the chemokine 
receptors themselves to aggregate. In the present case, the expression of the full-
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length, wild-type CCR5 in insect cells yielded a mixture of CCR5 monomers, dimers 
and higher oligomers, which in our hands was considerably more heterogeneous than 
the expression product of a CCR5 construct optimized for crystallization of the 
inactive [5P7]CCL5•CCR5 complex (31). In this respect, we observed that longer 
CCR5 expression times in the insect cells lead to stronger oligomerization. Thus, it is 
very important to carefully optimize and control all insect cell expression parameters 
such as virus titer, harvesting time, level of receptor expression and receptor 
structural quality. For the latter, recognition by the structure-specific antibody 2D7 
was a very useful indicator of properly folded CCR5 on the surface of the insect cells. 
In addition, the structural integrity and homogeneity of the receptor preparation 
depends critically on the appropriate detergent. Detailed protocols for detergent 
screening for GPCRs have been described elsewhere (52). In the present case, as in 
many others, LMNG proved best due to its high efficiency of CCR5 membrane 
extraction, its low critical micelle concentration (CMC), and consequently efficient 
removal by dialysis and lower background in the cryo-EM images. 

Despite the heterogeneity of the CCR5 receptor preparation and of the formed 
[6P4]CCL5•CCR5•Gi complex solution, a reasonably homogeneous sample was 
obtained from this after complex formation with the chemokine and the G protein by 
SEC (Figure 4), which could then be further purified ‘in silico’ during the cryo-EM data 
analysis. Nevertheless, heterogeneity is clearly limiting all steps, and it was critical to 
form the complex at low (~2–3 μM) chemokine and receptor concentrations to avoid 
aggregation as much as possible. This is practical for [6P4]CCL5, which has a low 
nanomolar affinity for CCR5 (53). However, other chemokines such as wild-type 
CCL5 (53) often have weaker affinities for their receptors, which makes complex 
formation at low micromolar concentrations impossible. An alternative approach to 
reduce aggregation could be the co-expression of G protein and/or chemokine with 
the receptor. Co-expression with the G protein may increase the affinity of agonist 
chemokines and has been successful for the cryo-EM structure determination of a 

number of other active, non-chemokine GPCR•G protein complexes  (54–56). Co-

expression with the [5P7]CCL5 antagonist chemokine has been used for the X-ray 
structure determination of the [5P7]CCL5•CCR5 complex (31). Again, however, these 
approaches depend on a sufficient affinity of the chemokine for the receptor (57). 
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In summary, with the advances in cryo-EM technology and in the production of 
chemokine receptors, chemokines and G proteins, the structure determination and 
in-depth biophysical characterization of many further chemokine•receptor•G protein 
complexes seems in reach. This is a prerequisite for deciphering the complex 
interactions of the components of the chemokine signaling system and to move 
forward in the rational drug design against these important therapeutic targets. 
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3.1.5 Tables 

Table 1. Cryo-EM grid plunge-freezing conditions 
Receptor complex 

concentration [mg/mL] 

Blot force [Vitrobot units] Blot time [s] 

1  20 2 

10 3 

20 3 

2.5  20 2 

10 3 

20 3 

5 20 2 

10 3 

20 3 
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3.1.6 Figures 

 
Figure 1. Overview of currently available chemokine•chemokine receptor complex structures. 
Receptors in their active and inactive conformation are colored in green and blue, respectively. Only 
CCR5 has been solved in both active, agonist- and inactive, antagonist-bound states. Chemokines 
are shown in magenta, intracellular binding partners in orange, and stabilizing intra-receptor fusion 
proteins in grey. CCR5 complexes marked with asterisks were expressed as chemokine-chemokine 
receptor fusion proteins. 
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Figure 2. Overall scheme of the [6P4]CCL5•CCR5•Gi•Fab16 complex preparation for cryo-EM studies. 
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Figure 3. Chemokine preparation and characterization. A. [6P4]CCL5 expression construct. B. 
Production scheme for [6P4]CCL5 chemokine cyclized at its N-terminal glutamine Q0 to pyroglutamate 
and controls by SDS-PAGE analysis. C. Mass spectra of purified N-terminally non-cyclized and 
cyclized [6P4]CCL5. D. 1H-15N HSQC spectrum of [6P4]CCL5 in 25 mM phosphate, 5% D2O, 0.02% 
NaN3, pH 3.8 obtained with acquisition times of 86 ms (1H) and 56 ms (15N) at 600 MHz and 25 °C. 
The NMR data were processed with the NMRpipe suite of programs (58) and analyzed using the 
program NMRFAM-Sparky (59). As Q0 of [6P4]CCL5 was not yet fully cyclized, resonances of both 
non-cyclized and cyclized molecular species are visible for glycine-1 [G1(n) and G1(c), respectively]. 
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Figure 4. Characterization of the [6P4]CCL5•CCR5•Gi complex. A. Size-exclusion chromatography 
(SEC) profiles of [6P4]CCL5•CCR5•Gi complex (left) and SDS-PAGE analysis of the SEC fractions 
(right). The fractions are marked with numbers at the top and are separated by dashed lines in the 
chromatogram. Orange dashed lines delimit the fractions of the complex. B. Same analysis as A for 
the [6P4]CCL5•CCR5•Gi•Fab16 complex. C. Superimposed FSEC profiles of the [6P4]CCL5•CCR5•Gi 
complex with and without added Fab16 in presence of GTPγS. The FSEC profiles of the individual 
complex components are shown as controls. The [6P4]CCL5•CCR5•Gi complex (red) disintegrates 
partially in the presence of GTPγS (dark blue). The stability of the complex in the presence of GTPγS 
(light blue) is increased upon addition of Fab16 (orange), as the antibody fragment constrains the 
conformational flexibility of the Gi heterotrimer. 
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3.2 Appendix: NMR analysis of CCL5 analogs 

3.2.1 Background 

Wild-type CCL5 tends to form higher oligomers (216) via two distinct basic dimer 
building blocks [Figure 3.1, (247)]. One dimer is constituted via an intermolecular 
antiparallel β-sheet of the N-terminal amino acids comprising mostly hydrophobic 
interactions. The second dimer is formed by predominantly electrostatic interactions 
of the C-terminal part with the core of the structure, in particular a salt bridge between 
residues E66 and K25 (247). As such, one monomer from each dimer is accessible 
for further interactions leading to higher oligomerization.  

 
Figure 3.1. Structure of CCL5 tetramer (PDB: 2L9H) (247). The two N-terminal dimers are depicted in 
yellow and orange. A further C-terminal dimer is formed by electrostatic interactions involving a salt 
bridge between residues E66 (green) and K25 (red) of the two N-terminal dimers, lending itself to higher 
oligomerization. 

The mutation of residue glutamate-66 to serine (E66S) prevents the formation of 
the intermolecular salt bridge and reduces the oligomerization tendency (248). 
Therefore, the E66S mutant of CCL5 was used to study its interactions with a CCR5 
N-terminal peptide (216), and its monomer-dimer equilibrium has been characterized 
in detail by NMR titrations. In a further publication (249), the same mutation was 
introduced into the chemokine analog [5P12]CCL5 (Table 3.1) to prevent higher 
oligomerization. It was observed that unlike CCL5-E66S (216), [5P12]CCL5-E66S did 
not form the N-terminal dimer (249). 
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However, most biological studies of CCL5 and its analogs have been carried out 
without the E66S mutation (242,250–255). Furthermore, many engineered N-terminal 
CCL5 mutants without E66S mutation are not prone to higher oligomer formation, 
particularly at low pH values (~pH 4), which prevents C-terminal electrostatic dimer 
formation since the carboxylates of glutamic and aspartic acids are neutralized (256). 
One of these analogs, [P2]CCL5 (Table 3.1), has been described as a monomer in 
solution at pH of 5.5 (257). 

For these reasons, 1H-15N HSQC spectra of [5P12]CCL5-E66S and [5P12]CCL5 
were compared to probe their structural differences and dimerization tendencies. In 
addition, an NMR analysis of two further CCL5 analogs, [5P12]CCL5 (antagonist) and 
[5P14]CCL5 (partial agonist), was carried out to characterize any structural 
differences and thereby possibly explain their distinct pharmacology. Furthermore, 
the stability of [5P14]CCL5 at different pH values was probed by NMR. 

Table 3.1. The N-terminal sequences of CCL5 analogs. 
Name N-terminal sequence Pharmacology 

CCL5  .SPYSSDTTPCC- agonist 

[6P4]CCL5 QGPPGDIVLACC- super-agonist 

[5P14]CCL5 QGPPLMSLQVCC- partial agonist 

[5P12]CCL5 QGPPLMATQSCC- antagonist 

[P2]CCL5 FSPLSSQSSACC- agonist 

3.2.2 Results 

According to a previously published protocol (249), [5P12]CCL5-E66S was 
expressed in E. coli BL21(DE3) as a fusion protein with an N-terminal protein G 
followed by an enterokinase cleavage site for a blunt cut. However, using the same 
construct for other N-terminal CCL5 variants, such as [5P14]CCL5, resulted in 
inefficient cleavage of the fusion partner, presumably due to reduced accessibility of 
the cleavage site by the variation of the N-terminus. Therefore, the construct was 
changed to an N-terminal thioredoxin fusion containing a histidine tag and an 
enterokinase cleavage site. Using this construct, both [5P12] and [5P14]CCL5 could 
be expressed and purified from E. coli BL21(DE3) with high yield. A detailed protocol 
for this production was given in the preceding section of this Chapter (258). 
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Characterization of [5P12]CCL5 

Both 15N-labeled [5P12]CCL5 and [5P12]CCL5-E66S show almost identical, well-
dispersed 1H-15N HSQC spectra (Figure 3.2). At the given chemokine concentration 
of 100 µM and pH of 3.8, only a single population corresponding to the monomeric 
form (249) is present in the spectra. Significant chemical shift differences of the 1H-
15N resonances are observed only in the immediate vicinity of the mutation site (Figure 
3.3). Thus, the E66S mutation does not affect the chemokine structure. Subsequent 
experiments on other CCL5 analogs were done without the E66S mutation. 

 
Figure 3.2. 1H-15N HSQCs of 100 µM 15N-labled [5P12]CCL5 (blue) and 190 µM [5P12]CCL5-E66S (red) 
[25 mM sodium phosphate, pH 3.8, 5% D2O, 0.01% sodium azide, 25°C, 600 MHz]. Resonances are 
labeled with assignment information. The N-terminal glutamine Q0 undergoes cyclization to 
pyroglutamate. The chemical reaction is shown in the insert on the top left. Resonances marked by 
G1 and G1’ correspond to the non-cyclized and cyclized N-termini, respectively. In addition, the cis-
trans isomerization of adjacent prolines causes a peak splitting. 
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Figure 3.3. 1H-15N chemical shift differences between [5P12]CCL5 and [5P12]CCL5-E66S. The 
weighted average of 1H-15N chemical shift differences Δδav = [ΔδH

2 + (ΔδN/5)2]1/2 is shown as a function 
of residue number. Prolines without observable 1H-15N resonance and E66S are left blank. Overall, the 
chemical shift differences are not significant, except for residues close to the E66S mutation site 
(marked by a red asterisk). 

Comparison of [5P12]CCL5 and [5P14]CCL5 

[5P14]CCL5 also gives a well-dispersed 1H-15N HSQC spectrum characteristic for 
folded proteins containing β-sheets (Figure 3.4). Similar to [5P12]CCL5, all observable 
63 (total 69 residues with 6 prolines) 1H-15N backbone resonances are detected at pH 
3.8. The resonances of the folded protein core are very similar between [5P12]CCL5 
and [5P14]CCL5, whereas the differing N-terminal resonances of [5P14]CCL5 were 
assigned by 3D 15N-NOESY-HSQC and 15N-TOCSY-HSQC experiments. 
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Figure 3.4. 1H-15N HSQC spectra of 100 µM [5P12]CCL5 (red) and 150 µM [5P14]CCL5 (blue) [25 mM 
sodium phosphate, pH 3.8, 5% D2O, 0.01% sodium azide, 25°C, 600 MHz]. Resonances are labeled 
with assignment information. 

All larger 1H-15N chemical shift differences between [5P14]CCL5 and [5P12]CCL5 
are located in the immediate vicinity of the differing N-termini, whereas only smaller 
differences are observed in the core structure that can be linked to propagation via 
the two disulfide bonds C10-C34 and C11-50 (Figure 3.5 A, B). Previous work has 
shown that the N-terminal residues 0-9 of monomeric CCL5 are mobile on the 
nanosecond time scale, whereas the rest of the protein is well folded (249). The 
almost identical chemical shifts within the folded cores of [5P14]CCL5 and 
[5P12]CCL5 indicate that their core structures are essentially the same. 
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Figure 3.5. Analysis of [5P14]CCL5 and [5P12]CCL5 based on their NMR spectra. A. Weighted average 
of 1H-15N chemical shift differences Δδav = [ΔδH

2 + (ΔδN/5)2]1/2 between [5P14]CCL5 and [5P12]CCL5 
as a function of residue number. The blue line represents the average Δδav value, whereas the red 
dotted line represents the average Δδav plus one standard deviation (SD). A schematic representation 
of the secondary structure elements is shown at the top. (B) The Δδav values are mapped to the crystal 
structure of CCL5 (PDB:1EQT). Chemical shift changes above the red line in panel A (Δδav plus 
standard deviation) are shown in red stick representation, the mutation sites in green. Disulfide-bonded 
cysteine residues are shown in yellow. N-terminal amino acids differing between [5P14]CCL5 and 
[5P12]CCL5 are indicated by a red asterisk. 

 

Characterization of [5P14]CCL5 

The measured 1HN T2 times of 30–40 ms for 100–200 µM [5P14]CCL5 (partial 
agonist) at 25˚C and pH 3.8 are comparable to the T2 times of 35 ms observed for 
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ubiquitin, which has a MWT of 8.6 kDa that is similar to the 8.0 kDa MWT of 
[5P14]CCL5. This, together with an SDS-PAGE analysis of [5P14]CCL5 under non-
reducing conditions, indicates that [5P14]CCL5 is a monomer under the conditions 
used. 

Since the interaction of CCL5 with CCR5 occurs at physiological pH, [5P14]CCL5 
was titrated to higher pH values in an HSQC experiment (Figure 3.6). As indicated 
before, 63 1H-15N backbone resonances of [5P14]CCL5 are detected at pH 3.8. In 
contrast, at pH 7.5, only 47 resonances are detected. Many resonances disappear 
due to fast amide hydrogen exchange with water of exposed amide groups, which 
are mainly located in flexible regions such as the N-terminus and loops. Relative to 
pH 3.8, the chemical shifts and intensities of the observable resonances are not 
significantly changed, indicating that the overall structure is preserved. The 1HN T2 
times measured at the higher pH values at 25˚C and at concentrations below 100 µM 
were in the same range of 30-40 ms, suggesting that [5P14]CCL5 does not undergo 
strong aggregation at pH 7.5. 

Similar to the mentioned CCL5 analogs, the spectrum of 100-200 µM [6P4]CCL5 
(strong agonist) at pH 3.8 shows a single set of peaks corresponding to a monomer 
(see Chapter 3.1). Complex formation with the full CCR5 receptor for cryo-EM studies 
was then further pursued with the [6P4]CCL5 at physiological pH at concentrations 
below 10 µM. 
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Figure 3.6. Comparison of 1H-15N HSQCs of [5P14]CCL5 within the pH range from 3.8 to 7.5 [25 mM 
sodium phosphate, 5% D2O, 0.01% sodium azide, 25°C, 600 MHz]. The color code for each titration 
point is indicated on the top left. 

3.2.3 Conclusion 

The NMR analysis of the [5P12]CCL5 and its E66S mutant revealed no significant 
differences at pH 3.8 and concentrations of 100-200 µM. Therefore, all other 
chemokine analogs were produced without the E66S mutation. A comparison of the 
1H-15N HSQC spectra of [5P12]CCL5 (antagonist) and [5P14]CCL5 (partial agonist) 
confirmed that their core residues (10-68) are folded into an identical three-
dimensional structure. In contrast, their N-termini that contain the sequence 
differences are flexible. Hence, as expected, the distinct functional behavior of these 
CCL5 analogs must result from the specific interactions of their differing N-termini 
with CCR5. An NMR pH titration showed that [5P14]CCL5 is stable and well-folded 
at physiological pH, similar to [5P12]CCL5 and [6P4]CCL5 at the measured 
concentrations (<100 µM). This suggested that complexes of CCL5 analogs and 
CCR5 could be formed at physiological pH at low concentrations, which was indeed 
the case (see Chapter 2). 
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4 A key GPCR phosphorylation motif discovered in 

arrestin2•CCR5 phosphopeptide complexes  

 

4.1 Original Manuscript 

 
Reference: Isaikina P.+,*, Petrovic I.+, Jacob R.P., Sarma P., Ranjan A., Baruah M., 

Panwalkar V., Maier T., Shukla A.K.*, Grzesiek S.* A key GPCR phosphorylation motif 
discovered in arrestin2•CCR5 phosphopeptide complexes. bioRxiv, 2022 

https://doi.org/10.1101/2022.10.10.511578 
+Equal contribution 
*Corresponding author 
 

Short description: This manuscript describes a structural and functional analysis of 
arrestin2 in apo form and complexes with several CCR5 phosphopeptides. Together 
with a sequence analysis of GPCR intracellular loops 3 and C-terminal tails, these 
data reveal key phosphorylation sites responsible for stable GPCR•arrestin 
interactions and their contributions to the CCR5•arrestin2 function.  
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4.1.1 Summary 

The two non-visual arrestin isoforms, arrestin2 and arrestin3 recognize and bind 
hundreds of G protein-coupled receptors (GPCRs) with different phosphorylation 
patterns leading to distinct functional outcomes. The impact of phosphorylation on 
arrestin interactions has been well studied only for very few GPCRs. Here we have 
characterized the interactions between the phosphorylated CC chemokine receptor 
5 (CCR5) and arrestin2. We detected several new CCR5 phosphorylation sites, which 
are necessary for stable complex formation with arrestin2. Crystal structures of 
arrestin2 in apo form and in complexes with CCR5 C-terminal phosphopeptides 
together with NMR spectroscopy, biochemical and functional assays revealed three 
phosphoresidues in a pXpp motif that are essential for the arrestin2 interactions and 
activation. The same phosphoresidue cluster is present in other receptors, which 
form stable complexes with arrestin2. We propose that the identified pXpp motif is 
responsible for robust arrestin2 recruitment in many GPCRs. An analysis of available 
sequences, structural and functional information on other GPCR•arrestin interactions 
suggests that a particular arrangement of phosphoresidues within the GPCR 
intracellular loop 3 and C-terminal tail determines arrestin2 and 3 isoform specificity. 
Taken together, our findings demonstrate how multi-site phosphorylation controls 
GPCR•arrestin interactions and provide a framework to probe the intricate details of 
arrestin activation and signaling. 
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4.1.2 Introduction 

GPCRs represent a large family of cell-surface receptors mediating signaling 
events via G proteins and arrestins (1). The agonist-induced G protein signaling is 
terminated by the phosphorylation of the receptor C-terminal tail and/or intracellular 
loops (2) primarily via GPCR kinases (GRKs), which subsequently leads to the binding 
of arrestins to the receptor C-terminal tail and core (3–6). The receptor•arrestin 
complex acts as a scaffold for various further signaling proteins thereby activating 
e.g. ERK1/2 and MAP or inducing receptor internalization (2,7). The many hundreds 
non-visual GPCRs in the human body are regulated by two genetically and 
structurally conserved non-visual arrestin subtypes, arrestin2 and arrestin3 (also 
known as β-arrestin1 and β-arrestin2, respectively). While both isoforms can bind to 
the same receptor, their interaction may activate different signaling partners (8). The 
arrestin-mediated signaling depends on the phosphorylation pattern of the GPCR C-
terminal tail, which is modulated by the interactions of the GPCR with various GRKs 
(9,10). These findings have led to the hypothesis of a phosphorylation ‘barcode’ for 
the receptor C-terminal tail (11). 

The molecular details of the specificity of GPCR-arrestin interactions and the 
causes for the different functional outcomes of varying phosphorylation patterns are 
still poorly understood. Previously solved full-length GPCR•arrestin complex 
structures comprise a rhodopsin-arrestin1 fusion complex (12,13), a fusion complex 
of the engineered constitutively active arrestin2 with the truncated 5HT2B serotonin 
receptor (14), an arrestin2 complex with a chimera of the M2 muscarinic receptor 
(M2R) and the vasopressin 2 receptor C-terminal phosphopeptide (V2Rpp) (15), a 
β1AR-V2Rpp chimera•arrestin2 complex (16), as well as native V2R•arrestin2 (17) and 
NTR1•arrestin2 (18,19) complexes. Of these, the rhodopsin fusion, the M2R-V2Rpp 
and β1AR-V2Rpp chimera, as well as the truncated 5HT2B serotonin receptor fusion 
complexes show similar orientations of the arrestin. However, the arrestin2 
orientation differs significantly in the NTR1 and V2R complexes, which have native 
receptor C-terminal tails. The phosphate groups in the C-terminal tails have only been 
resolved in the M2R-V2Rpp, β1AR-V2Rpp, and V2R complexes. Higher resolution 
has been obtained in complex structures of arrestins with phosphorylated GPCR C-
terminal tail peptides, which have revealed the position and coordination of several 
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phosphates in addition to the hallmarks of arrestin activation, i.e. the replacement of 
arrestin strand b20 by the phosphorylated receptor peptide, conformational changes 

within the arrestin loops and a twist between its N- and C-terminal domains. However, 
these studies have been limited to V2Rpps binding arrestin2 (20,21), an ACKR3 
(formerly known as CXCR7) C-terminal phosphopeptide binding arrestin3 (22), and a 
rhodopsin C-terminal phosphopeptide binding arrestin1 (visual arrestin) (23). 

We have recently determined the structure of the human chemokine receptor 5 
(CCR5) in an active complex with the chemokine super-agonist [6P4]CCL5 and the 
heterotrimeric Gi protein by cryo electron microscopy (24). CCR5 plays a major role 
in inflammation by recruiting and activating leukocytes (25). It is also the principal HIV 
coreceptor (26) and is involved in the pathology of cancer (27,28), neuroinflammation 
(25), and COVID-19 (29). The structure of the active [6P4]CCL5•CCR5•Gi complex has 
provided detailed insights into the mechanism of CCR5 activation via the [6P4]CCL5 
N-terminus, which differs from other solved chemokine•GPCR complexes. 

Much less is known about the molecular basis of chemokine receptor interactions 
with arrestins, which play a similar critical role as G protein interactions in the immune 
response and inflammatory signaling pathways (30). Here we have characterized the 
CCR5 phosphorylation induced by the super-agonist [6P4]CCL5 and GRK2. We 
discovered several new phosphorylation sites within the CCR5 C-terminal tail and 
used them together with previously reported sites to design a set of phosphopeptides 
for analyzing their effects on arrestin interactions. We determined high-resolution 
crystal structures of arrestin2 in apo form and in complex with two of these 
phosphopeptides with resolved positions of the phosphate groups in their electron 
density. The phosphate groups form a distinct pXpp phosphopeptide sequence motif 
that induces the active arrestin2 conformation by dominant electrostatic and beta-
sheet interactions. An identical pXpp motif exists in the V2Rpp and forms the same 
activating interactions with arrestin2. A combination of NMR, biochemical and cellular 
assays confirmed the importance of this motif and quantified the contributions of 
individual phosphoresidues to arrestin binding and activation. A comparison of the 
new structures to other arrestin complexes together with an analysis of GPCR 
sequences provides hints on the molecular basis of arrestin2/arrestin3 isoform 
specificity. 
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4.1.3 Results 

Revisiting CCR5 phosphorylation by a G protein kinase 

Agonist-driven phosphorylation of serine and threonine residues in GPCRs by 
GRKs is generally required for arrestin binding. Although CCR5 has seven such 
potential phosphorylation sites in its C-terminal tail, phosphorylation of only four C-
terminal serine residues has been reported (31,32). To clarify this situation, we 
characterized CCR5 phosphorylation by GRK2 that plays a prominent role in the 
regulation of many chemokine receptors, including CCR5 (33–36). For this, GRK2 was 
co-expressed with CCR5 in insect cells and phosphorylation induced by the addition 
of the super-agonist chemokine [6P4]CCL5. Phosphoproteomics of the purified 
CCR5 clearly revealed phosphorylation of S349 and S325, which had not previously 
been reported, in addition to a double phosphorylation of S336 and S337, as well as 
a not well-defined single phosphorylation site in the region T340 to T343 (Figures 1A, 
S1). Similar assignment ambiguities have been related previously to the heterogeneity 
of phosphorylation by GRKs (19). A further western blot analysis with CCR5 
phosphosite-specific antibodies confirmed the previously not reported 
phosphorylation of T340 as well as that of the serine residues S336/337, S342, and 
S349 (Figure 1B). 

To assess the impact of these various CCR5 phosphoresidues on arrestin2 
binding and conformation, we designed seven distinct CCR5 synthetic 
phosphopeptides in addition to the V2Rpp phosphopeptide mimicking V2R 
phosphorylation (21), which served as a control (Figure 1C). These designed CCR5 
phosphopeptides did not include pS325, which is unlikely to play a major role in the 
arrestin interaction due to its location at the beginning of the CCR5 C-terminal tail 
directly following the palmitoylated cysteine residues (Figure 1A). This is confirmed 
by functional assays (see below). 

CCR5 phosphorylation levels govern arrestin2 binding 

The interaction of the synthesized phosphopeptides with arrestin2 was first 
investigated by solution NMR spectroscopy using a truncated arrestin construct 
(arrestin21-393, residues 1-393), which comprises the C-terminal strand β20, but lacks 
the disordered C-terminal tail (15). Upon addition of the phosphopeptides, the 1H-15N 
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HSQC-TROSY spectra of arrestin21-393 [15N-labeled, ~80% deuterated] show 
continuous shifts in several resonance positions (Figure 2A, S2) indicating fast to 
intermediate chemical exchange on the microsecond time scale. A non-linear fit of 
the chemical shift changes to binding isotherms provided dissociation constants KD 
in the ten to hundred micromolar range (Figures 2A, S2), which is similar to previous 
observations on phosphopeptide•arrestin1 complexes (23). 

Functional binding of the phosphopeptides to arrestin is expected to induce a 
conformational change, where arrestin’s C-terminal strand β20 is released from the 
β-sheet with its N-terminal β-strand and replaced by the phosphopeptide (see below). 
This exposes previously inaccessible cleavage sites in the arrestin C-terminus (R393 
for arrestin2), which can be probed by trypsin digestion (37). Such a trypsin 
proteolysis carried out on full-length arrestin2 (arrestin21-418, Figure 2B) confirmed the 
functional conformational changes induced by the binding of the synthetic 
phosphopeptides. 

Figure 2C summarizes the quantitative results of the NMR titrations and the trypsin 
proteolysis assays. The tightest binding was observed for the six-fold phosphorylated 

CCR5 6P peptide (KD = 45 ± 6 µM) and the eight-fold phosphorylated V2Rpp (KD = 19 

± 3 µM), whereas the three- and four-fold phosphorylated peptides have weaker 

affinities in the hundred micromolar KD range, agreeing with the expectation that the 
phosphorylation level dominates the arrestin•peptide interaction. However, individual 
phosphorylation sites contribute differently to the overall affinity. Hence, 5P1 (lacking 

pT343) shows weaker affinity (KD = 147 ± 7 µM) whereas 5P2 (comprising pT343) has 

an affinity (KD = 54 ± 6 µM) similar to 6P suggesting that phosphorylation of T343 is 

essential for tight arrestin binding. 
The trypsin proteolysis rates of the arrestin•phosphopeptide complexes correlate 

with the determined affinities. Whereas the low-affinity (KD > 100 µM) peptides (5P1 

and all three- or four-fold phosphorylated peptides) had a trypsin digestion midpoint 
at around 30 minutes, for both 6P and V2Rpp the digested band became dominant 
already after only 5 minutes (Figure 2B). Of note, 5P2 comprising pT343 also had an 
accelerated digestion midpoint at about 20 minutes. 

To probe active arrestin2 conformation induced by the synthetic CCR5 
phosphopeptides, we incubated full-length arrestin2 with the peptides and synthetic 



 

 118 

antibody fragment Fab30 that selectively recognizes active arrestin2 (21). The 
mixtures were analyzed by size exclusion chromatography (SEC) (Figure 2D). Both 
CCR5 phosphopeptide 6P (red) or V2Rpp (green) induced a shift of the elution volume 
to ~2.3 ml from the ~2.6 ml observed for the inactive apo form (black), which indicates 

the formation of stable phosphopeptide•arrestin2•Fab30 complexes. An identical 
result was obtained for the peptide 3P2 (blue), which is only phosphorylated at the 
central T340, S342, and T343 residues, despite its more than four-fold lower affinity. 
In contrast, all other CCR5 phosphopeptides with similar low affinities as 3P2 resulted 
in mixtures between active and inactive arrestin populations. These results suggest 
that the 3P2 phosphorylation pattern pXpp is specific, necessary, and sufficient for 
inducing the active arrestin2 conformation as assayed by Fab30 binding, while the 
other 6P phosphosites only contribute to the overall affinity.  

Crystal structures of human arrestin2 in apo state and in complex with 

distinct CCR5 phosphopeptides  

To obtain insights into structural changes of arrestin2 induced by phosphopeptide 
binding, two complexes of human arrestin2 (arrestin21-359, lacking the C-terminal 
strand β20, see below) with the CCR5 4P and 6P phosphopeptides and the stabilizing 
Fab30 were prepared and their crystal structures determined at resolutions of 3.2 and 
3.5 Å, respectively (Figure 3A, Table S1). Furthermore, also the crystal structure of 
full-length human arrestin2 was determined in its apo state at a resolution of 2.3 Å 
(Figure 3A). The latter is highly similar to the structure of bovine arrestin2 (PDB 1G4M) 
with the conserved fold composed of the two N- and C-terminal β-sandwich 

domains, the characteristic parallel b-sheet between the N- and C-terminal strands 

b1/b20, as well as a disordered C-terminal tail beyond residue 396 (38). 

While only parts of the phosphopeptides have well-defined electron densities in 
both phosphopeptide complex structures (Figure S3A), the phosphopeptide electron 
density is better defined in the 6P complex structure, indicating lower structural 
disorder in this region. For 6P, eight peptide residues (V338–E345) including the three 
phosphosites (pT340, pS342, pT343) have clearly defined density. In contrast, the 
electron density for 4P is reasonably defined only for four residues (A335–V338) 
including only two phosphosites (pS336, pS337) (Figure 3B). Both 6P and 4P 
coordinate as extended β-strands with the arrestin2 N-terminal strand β1 in an 
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antiparallel manner with their observable phosphate groups interacting with the same 
arrestin2 residues (see below). Strikingly, however, there is a register shift (Figure 3C) 
such that the two consecutive phosphosites pS336, pS337 of the 4P complex take 
the positions of the two consecutive phosphosites pS342, pT343 in the 6P complex. 

Both phosphopeptide complexes exhibit the hallmarks of arrestin2 activation, i.e., 
the formation of the anti-parallel intermolecular b-sheet between the arrestin strand 

b1 and the phosphopeptide, which replaces strand b20 of the intramolecular parallel 

b-sheet in the inactive apo arrestin2 structure, a twist of the C-domain relative to the 

N-domain of approximately 21°, and significant changes in the lariat, finger and 
middle loops (Figure 3D). The two phosphopeptides induced very minor differences 
in the orientations of Fab30 relative to arrestin2 (Figure S3B) and consequently also 
very minor differences in unit cell dimensions and crystal packing of their crystallized 
complexes despite identical space groups (Table S1). As compared to the 4P 
complex, the electron density of the 6P complex is less well-defined for arrestin2 
residues 64-70 (center of finger loop) and 308-313 (at the end of the lariat loop). This 
may be caused by the variations in the crystal packing, but also indicates structural 
plasticity of these loops, which participate in receptor (finger loop) and clathrin (lariat 
loop) binding (39).  

Key CCR5 phosphorylation sites responsible for arrestin2 activation  

The polar core of apo arrestin harbors a network of highly conserved ionic 
interactions formed by D26 and R169 in the N-domain, D290 and D297 on the lariat 
loop of the C-domain and R393 located in an extended stretch after the C-terminal 
strand β20 (Figure 4A). Together with a salt bridge between R25 and E389 and the 
hydrogen bonds forming the parallel β-sheet between strands β1 and β20, these 
strong interactions connect the two arrestin domains and stabilize the inactive 
conformation. 

The central element of arrestin activation is the disruption of this polar core by the 
β-strand exchange of the arrestin strand β20 with the receptor phosphopeptide and 
the subsequent relocation of the gate loop (21). Arrestin21-359, which was used for 
solving the crystal structures of the active complexes with the CCR5 
phosphopeptides, lacks strand β20, thereby facilitating the formation of the 

intermolecular anti-parallel b-sheet to arrestin2 strand b1. In the 6P complex, the 
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intermolecular b-sheet comprises CCR5 residues 341 to 344 (Figure 4A). The first 

visible phosphoresidue pT340 forms intermolecular salt bridges to R25, K11, and 
K294 (lariat loop), thereby apparently disrupting the salt bridges between R169 and 
D290/D297, pulling the lariat loop towards the N-domain, and forcing a twist of the 
C-domain. The 6P complex is further stabilized by extensive electrostatic interactions 
of CCR5 residues pS342, pT343, and E345 with arrestin2 residues R7, K10 on strand 
b1 and R103, K107 on helix α1. In addition, the phosphate of pS342 forms a salt 

bridge to R67 on Fab30 (Figure S3B). 

While the 4P peptide also establishes an intermolecular anti-parallel b-sheet with 

strand b1 of arrestin2, there are fewer stable intermolecular contacts with no 

engagement of the arrestin2 lariat loop (Figure 4A). The two visible phosphoresidues, 
pS336 and pS337, form intermolecular salt bridges with arrestin2 residues R7, K10, 
and K107 in a similar way as the 6P phosphoresidues pS342 and pT343.  

Cellular assays 

The effect of individual CCR5 phosphorylation sites on arrestin2 recruitment and 
conformation was tested in a cellular context using several previously developed 
luciferase (NanoBiT) complementation assays (40) on seven S/A and T/A C-terminal 
point mutations of full-length CCR5.  

For testing the direct recruitment of arrestin2 by CCR5 in response to [6P4]CCL5 
stimulation, CCR5 fused to a small fragment (SmBiT) and arrestin2 fused to a large 
fragment (LgBiT) of luciferase (NanoBiT) were co-expressed in HEK293 cells and the 
complementation-induced luminescence was measured upon stimulation with the 
super-agonist [6P4]CCL5 (Figure 4B, S4A). With the exception of the strongly 
attenuated T343A, all other CCR5 mutants recruited arrestin2 with similar efficiency 
as wild-type CCR5. We attribute the reduced recruitment by T343A to the 
abolishment of the direct ionic interaction of the pT343 phosphate group with the side 
chain of the arrestin N-terminal residue R7 (Figure 4A), which also leads to a three-
fold reduction in the phosphopeptide affinity as assayed by NMR (see above, Figure 
2). 

The intrabody30 (Ib30, a single chain derivative of Fab30) specifically recognizes 
the activated conformation of arrestin2 (41). For testing the formation of the activated 
conformation, Ib30 fused to LgBiT and arrestin2 fused to SmBiT, and the respective 
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CCR5 mutant were co-expressed and the cells stimulated by [6P4]CCL5 (Figure 4B, 
S4B). Whereas most mutations had only a moderate effect, the CCR5-T340A and 
S342A mutants almost completely abolished arrestin recognition by Ib30. For S342A 
this is expected, since pS342 directly contacts Fab30 in the 6P•arrestin2•Fab30 
complex (Figure 3A). In contrast, the strong effect of T340A mutation apparently 
indicates a genuine change of the arrestin2 conformation, which strongly impedes 
recognition by Ib30. This agrees with the notion that pT340 is directly involved in the 
arrestin2 activating motion by pulling the lariat loop towards the N-domain (see above 
and below). 

Finally, we also assayed endocytosis for the three CCR5 mutants (T340A, S342A 
and T343A) by co-expression with arrestin2 fused to SmBiT and the endofin FYVE 
domain, which targets early endosomes, fused to LgBiT (Figure S4C). In agreement 
with the arrestin2 recruitment assays, only CCR5-T343A significantly decreased 
endocytosis levels. 

The phosphorylation motif pXpp is responsible for stable arrestin 
recruitment 

CCR5 vs V2R 

The phosphorylation patterns of the V2R and its interactions with arrestin2 have 
been studied extensively by a range of biophysical and computational methods 
(9,20,21,42,43). Little is known about the interactions of other receptors with 
arrestin2. The present structures of the CCR5 C-terminal peptides in complex with 
arrestin2 provide an opportunity for a detailed comparison. 

Both CCR5 6P•arrestin2•Fab30 and V2Rpp•arrestin2•Fab30 (PDB: 4JQI) 
complexes have an overall very similar organization (Figure S5). Despite V2Rpp 
containing five more phosphorylation sites than CCR5 6P, both peptides form a 
completely analogous antiparallel β-sheet between their central residues and strand β1 

of arrestin2 (Figure 5A). This β-sheet is stabilized by an identical set of contacts between 

positively charged residues of arrestin2 and a central pXpp motif on the 
phosphopeptides (6P: pT340, pS342, pT343; V2Rpp: pT360, pS362, pS363). Similar 
to pT360 of V2Rpp, pT340 of CCR5 6P is oriented towards the connector region 
between arrestin’s N- and C-domains and forms salt bridges to K11 and R25 in the 
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N-domain as well as K294 on the lariat loop. The latter interaction may constitute a 
main component of the force that reorients the arrestin domains upon activation. This 
notion is corroborated by Ib30-based functional studies, which show that both pT340 
in CCR5 (Figure 4B) and pT360 in V2R (42) strongly impact the conformation of 
arrestin2. Thus, this first phosphoresidue of the pXpp motif appears crucial to drive 
arrestin activation. Of note, the interaction of this first phosphoresidue is not present 
in the 4P complex where only the consecutive pS336 and pS337 take the role of the 
last two phosphoresidues in the pXpp motif (Figure 4B). However, the presence of 
Fab30 and crystal packing may stabilize the active arrestin domain orientation even 
for this incomplete pXpp motif.  

Besides these main interactions, further phosphosite interactions are observable 
in the V2Rpp complex, which are not present in the CCR5 6P complex: pT359 is 
involved in crystal contacts and pS357 as well as pS364 interact with the same 
arrestin residues as their respective adjacent pT360 and pT363. Remarkably, the N-
terminal V2Rpp residues pT347 and pS350 form contacts with observable electron 
density to the arrestin2 finger loop and nearby residues (Figure 5A). However, these 
two phosphoresidues do not form visible interactions with arrestin2 in full-length 
receptor complexes such as the M2R-V2Rpp chimera•arrestin2 (PDB: 6U1N), the 
β1AR-V2Rpp chimera•arrestin2 (PDB: 6TKO) (Figure 5A) and the recently solved 

V2R•arrestin2 structures (17). Rather in these complexes, only the phosphosites 
beyond V2R residue 356 coordinate with the arrestin2 N-domain in an identical 
manner as in the V2Rpp and CCR5 6P complex structures. This is presumably due 
to steric constraints imposed by the direct binding of the receptor core to the 
arrestin2 finger loop (15–17). An inspection of the β1AR-V2Rpp chimera•arrestin2 

structure (Figure 5A) shows that a flexible linker of about 15 residues connects the 
receptor helix 8 and the phosphorylation motif recognized by the arrestin2 N-domain. 

To prove that wild-type CCR5 is able to engage arrestin2 robustly, we 
reconstituted a complex between arrestin21-393, [6P4]CCL5, and GRK2-
phosphorylated CCR5, for which the phosphorylation of each individual phosphosite 
had been verified by western blot analysis (see Methods). The complex was 
assembled on FLAG beads and stabilized by Fab30, washed extensively to remove 
excess arrestin and Fab30, and then further purified with SEC. Negative-stain EM of 
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the complex and subsequent 2D classification revealed CCR5•arrestin2•Fab30 
particles with arrestin in core- and tail-engaged as well tail-only-engaged 
arrangements. The latter may be caused by the dynamics of binding and/or 
heterogeneous phosphorylation of CCR5 (Figure 5B). These results prove that similar 
to NTR1 and V2R also GRK-phosphorylated CCR5 forms a stable complex with 
arrestin2. 

4.1.4 Discussion 

Generalization to other receptors 

While our NMR data indicate that cumulative phosphorylation of the CCR5 C-
terminus is important for arrestin2 affinity, the SEC data and Ib30 cellular assay show 
that a specific arrangement of phosphoresidues in a pXpp motif is needed for robust 
activation of arrestin2 and stable complex formation (Figures 2, 4). A comparison of 
the C-terminal sequences of structurally and functionally characterized GPCRs in the 
context of arrestin2 recruitment (Table S2) reveals that this pXpp motif is commonly 
found at a distance of 15 to 30 residues downstream of helix 8 (defined by the 
GPCRdb numbering scheme (44)) (Figure 5C). This is the case for V2R, NTR1, and 
the chemokine receptors CXCR3 and CXCR4 (Figure 5C). A similar pattern occurs in 
many other chemokine receptors, such as CCR3 and CCR4 (Figures 5C, 6B). In 
agreement with these observations, the indicated phosphorylation sites have been 
suggested as key arrestin binding motifs in V2R (42), rhodopsin (23), and NTR1 (19). 
In summary (Figure 5D), this suggests that the pXpp cluster which follows a flexible 
linker of at least 15 amino acids after helix 8 is crucial for full arrestin2 engagement 
and stable arrestin2 complex formation. As judged from the high similarity of the 
solved CCR5 6P and V2Rpp complexes and the functional data, the first 
phosphoresidue of the pXpp cluster engages the lariat loop thereby triggering arrestin 
activation, whereas the last residue seems more important for overall arrestin2 
recruitment (Figure 4B). 

Structural insights into arrestin isoform recognition 

The arrestin2 and arrestin3 isoforms of non-visual arrestins have highly conserved 
sequences and similar three-dimensional structures. Both arrestins can desensitize 
GPCRs, however, their localization in cells differs to some extent. Whereas arrestin3 
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is localized in the cytoplasm, arrestin2 is found in both the cytoplasm and nucleus 
(45,46). Despite having similar interactions with client proteins, in many cases they 
play distinct roles in downstream outcomes (8). 

Based on the characteristics of their agonist-dependent arrestin interaction, 
GPCRs have been separated into ‘class A’ and ‘class B’ subcategories (7,47). Class 
A receptors such as adrenergic, muscarinic, dopamine, μ-opioid, and 5-
hydroxytryptamine receptors bind arrestin3 with higher affinity than arrestin2, but the 
respective complexes are transient and dissociate at or near the plasma membrane 
(Table S2). In contrast, class B receptors such as the angiotensin II type 1 receptor 
(AT1aR), NTR1, V2R rhodopsin, the complement C5a receptor, CCR5 and several 
others (Table S2) bind both arrestins with approximately equal, but higher affinity than 
class A receptors, and form long-lived arrestin complexes that traffic into endosomes. 

Arrestin2 vs arrestin3 phosphopeptide complexes 

To obtain insights into the specific recognition of both arrestin isoforms by 
GPCRs, we compared the structure of the arrestin2•CCR5 6P complex with that of 
arrestin3 in complex with the C-terminal ACKR3 phosphopeptide [ACKR3pp, PDB 
6K3F (22), Figure 6A]. Similar to the CCR5 6P peptide, ACKR3pp binds in an 
extended conformation to the groove formed by the N-terminal arrestin β-sheet. 
However, its position is shifted towards the arrestin finger loop and it does not form 
an antiparallel β-sheet with the arrestin3 N-terminal strand β1. The arrestin3 binding 
groove also has a higher positive charge density than arrestin2, which extends 
towards the finger loop thereby explaining the engagement of ACKR3pp residue 
pS335 with this region. Both peptide positions overlap at the sites of pT340 (6P) and 
pT342 (ACKR3pp), interacting with a similar set of residues in arrestin2 and arrestin3, 
respectively. Interestingly, pS337 of CCR5, although not resolved in our structure and 
manually placed for comparison in Figure 6A would fit well into the arrestin3 binding 
interface and would form the same set of charge interactions as pT338 of ACKR3pp. 
In agreement with these observations, functional data on CCR5 indicate that an 
S337A mutant reduces both arrestin3 and arrestin2 binding to a similar extent, 
whereas arrestin3 binding is less reduced than arrestin2 binding for S342A and 
S349A mutants (31). This hints at a weaker role of CCR5 phosphoresidues beyond 
S337 in arrestin3 recruitment. 
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Receptor ICL3 and C-terminal tail sequence analysis 

Besides these structurally well-detected interactions between the GPCR C-
terminal tails and arrestins, also intracellular loops (ILs) interact with arrestins 
(12,13,15,19), albeit they mostly have not been resolved. In particular, ICL3 is in very 
close proximity to arrestin (see e.g., β1AR-V2Rpp•arrestin2 complex, Figure 5A). To 
relate these structural findings to arrestin specificity we aligned the ICL3 and C-
terminal tail sequences of GPCRs that are well-characterized with respect to arrestin 
interactions (Table S2) together with receptors from similar families (Figure 6B). 

A visual inspection of the location of potential phosphorylation sites (S/T) and 
lengths of the IL3s and the C-terminal tails clearly puts the analyzed receptors into 
two distinct groups. The first group (Figure 6B, top) comprises receptors with very 
short IL3s (< ~5aa) containing few possible phosphorylation sites and short (~20–50 
aa) C-terminal tails with dense clusters of serine and threonine residues often 
harboring the pXpp motif. Receptors of this group are almost all peptide-binding 
GPCRs including chemokine receptors with a number of them known to form stable 
arrestin complexes and characterized as class B receptors (Table S2). As indicated, 
both CCR5 and V2R belong to this group. The high density of potential 
phosphorylation sites and the specific recognition of the pXpp motif in this class of 
receptors may explain the higher affinity for arrestins and the long lifetime of the 
arrestin complexes. 

The second group of receptors (Figure 6B, bottom) have longer to extremely long 
(>100 aa) IL3s and C-terminal tails with diverse lengths ranging from very short (< 10 
aa, muscarinic, dopamine, and some 5-hydroxytryptamine receptors) to very long 
(~150 aa, α-adrenergic receptors). The density of potential phosphorylation sites 
within ICL3 and the C-terminal tail is lower for this second group than for the first 
group. The receptors in this second group, which have been characterized for arrestin 
binding (Table S2), interact with arrestins in a transient manner and in part have a 
preference towards arrestin3 as would be expected for class A receptors. 
Interestingly, the pXpp motif can also be found in the long ICL3 of some of these 
receptors such as M2R, which may enable specific arrestin2 binding also via ICL3 as 
evident from the Ib30 recognition of such complexes (40). 
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This diversity of C-terminal tail lengths and the low density of phosphorylation 
sites in the class A receptor group suggest that arrestin3 recruitment is less 
dependent on the exact position of phosphoresidues within the C-terminal tail than 
arrestin2 recruitment. The more extended positive surface of the binding groove may 
accommodate this diversity of phosphosites and lead to lower affinity/transient 
arrestin binding. Moreover, the structure of active arrestin3 in complex with ACKR3pp 
(Figure 6A) shows that the peptide interaction surface is very close to the finger and 
middle loops, which are engaged with the receptor core. Considering this close 
proximity of the arrestin3 binding interface to the receptor core, it is likely that both 
the C-terminal tail and ICL3 participate in the arrestin3 complex formation. Of note, 
D2R, which has a long ICL3, but no C-terminal tail after helix 8, recruits arrestin3 even 
in absence of GRK phosphorylation suggesting that arrestin3 recruitment might be 
less dependent on phosphorylation (48). 

4.1.5 Conclusion 

In conclusion our structural and biophysical analysis of the interactions between 
the CCR5 phosphorylated C-terminus and arrestin2 has identified a key pXpp motif 
for arrestin2 recruitment and activation, which appears to be conserved across many 
class B GPCRs such as V2R, NTR1, rhodopsin, CXCR3 and CXCR4. An analysis of 
GPCR ICL3 and C-terminal phosphorylation sites and their class A or B arrestin 
interaction behavior together with a structural comparison of arrestin2 and arrestin3 
phosphopeptide binding modes revealed salient sequence features for arrestin2 and 
arrestin3 isoform specificity. This may provide a framework for a more rigorous 
characterization of other GPCR arrestin systems, which are needed to obtain a 
comprehensive picture of the diverse arrestin binding modes and their relation to 
GPCR phosphorylation. 
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4.1.6 Methods 

Peptide synthesis 

Phosphorylated peptides corresponding to the last 22 residues of human CCR5 
receptor (3P1, 3P2, 4P, 5P1, 5P2, 6P) or the last 29 residues of the V2 receptor 
(V2Rpp) were obtained from the Tufts University Core Facility for peptide synthesis. 
The non-phosphorylated CCR5 peptide (0P) was obtained from GenScript and 
contained a biotinylated N-terminus. 

Constructs 

The genes encoding wild-type, full-length human CCR5 with a C-terminal 3C 
cleavage site followed by a FLAG tag for expression in the baculovirus Sf9 insect cell 
system and [6P4]CCL5 for expression in E. coli have been described before (24,49).  

The plasmid encoding GPCR kinase subtype 2 used for the receptor 
phosphorylation in insect cells (GRK2-CAAX) was a gift from Robert Lefkowitz 
(Addgene plasmid #166224 (50)).  

Full-length arrestin21-418
 (C150L, C242V, C251V, C269S) in vector pET-28a (+) was 

obtained from GenScript. The complete construct contained an N-terminal 
hexahistidine tag followed by a TEV cleavage site (ENLYFQG) and the arrestin2 
sequence (bold): 

MGSSHHHHHHSSGENLYFQGMGDKGTRVFKKASPNGKLTVYLGKRDFVDHIDLVDPVDGVVLVDPEYLKERR

VYVTLTCAFRYGREDLDVLGLTFRKDLFVANVQSFPPAPEDKKPLTRLQERLIKKLGEHAYPFTFEIPPNLPCSV

TLQPGPEDTGKACGVDYEVKAFLAENLEEKIHKRNSVRLVIRKVQYAPERPGPQPTAETTRQFLMSDKPLHLEAS

LDKEIYYHGEPISVNVHVTNNTNKTVKKIKISVRQYADIVLFNTAQYKVPVAMEEADDTVAPSSTFSKVYTLTPF

LANNREKRGLALDGKLKHEDTNLASSTLLREGANREILGIIVSYKVKVKLVVSRGGLLGDLASSDVAVELPFTLM

HPKPKEEPPHREVPENETPVDTNLIELDTNDDDIVFEDFARQRLKGMKDDKEEEEDGTGSPQLNNR 

 

The truncated arrestin21-359 and arrestin21-393 constructs were obtained by 
introducing stop codons (TAA) into arrestin21-418 at position 360 and 394, respectively, 
via standard QuickChange polymerase chain reactions. For crystallization of the apo 
form, arrestin21-418 was obtained from a DNA construct cloned into a pGEX vector 
harboring an N-terminal GST tag followed by an HRV-3C cleavage site. 
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Protein expression and purification 

CCR5 

Non-phosphorylated wild-type full-length CCR5 and super-agonist chemokine 
[6P4]CCL5 were expressed in Sf9 cells and E. coli, respectively, and purified 
according to previous protocols (24,49). 

Phosphorylated CCR5 was obtained by co-expression with untagged GRK2-
CAAX in Sf9 insect cells following a protocol described for the phosphorylation of the 
β2-adrenergic receptor (6) and optimized as follows. Once the viability dropped to 
~85–90% [44 hour post-infection (hpi)], cells were stimulated by addition of 500 nM 
[6P4]CCL5. After 2 h incubation at 37 ˚C, cells were harvested and kept at -80 ˚C until 
further use. The phosphorylation level was assayed using western blot analysis with 
phospho-specific CCR5 antibodies. Membrane preparation and receptor purification 
were carried out as previously described (49). 

Arrestin 

Arrestin21-418, arrestin21-393 and arrestin21-359 were expressed in E. coli BL21 (DE3) 
strain cultured in Lysogeny broth (LB). For the preparation of the deuterated 15N-
labeled arrestin21-393 NMR sample, cells were grown in D2O/15NH4Cl M9 minimal 
medium. Cells were grown at 37 ˚C until the optical density at 600 nm reached 0.7–
0.8. Thereafter protein expression was induced by the addition of 25 µM isopropyl b-

D-thiogalactopyranoside and the temperature lowered to 18 ˚C for an overnight 
expression, after which the cells were harvested by centrifugation. Proteins were 
purified on a Ni-NTA HiTrap HP column (GE Life Sciences) and the His tag was 
removed by overnight cleavage with TEV protease (homemade). The cleaved protein 
was further separated from impurities by a reverse IMAC step on a Ni-NTA HiTrap HP 
column, followed by concentration in a Vivaspin 20 concentrator [10-kDa MWCO 
(molecular weight cutoff)] and final gel filtration step on a HiLoad 16/600 Superdex 
200 pg gel filtration column (GE Healthcare) equilibrated with 20 mM HEPES, 150 mM 
NaCl, pH 7.4 (SEC buffer I). The protein purity was confirmed by SDS-PAGE.  

The GST-tagged arrestin21-418 was expressed under the same conditions, purified 
using a GST HiTrap column, followed by removal of the GST tag by homemade 
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PreScission protease and a final gel filtration step on a HiLoad 16/600 Superdex 200 
pg gel filtration column. 

Preparation of Fab30 

Fab30 was purified as described previously (21), with slight modifications. Briefly, 
overnight a primary culture of Fab30-transformed E. coli M55244 strain was 
inoculated into 1 L 2x YT media (Himedia, Cat. no. G034) and allowed to grow for 8 
hours at 30 ˚C. After 8 hours the culture was pelleted down and redissolved in 1 L 
CRAP media [7 mM (NH₄)₂SO₄, 14 mM KCl, 2.4 mM sodium citrate, 5.4 g/L yeast 
extract, 5.4 g/L casein hydrolyzates, 0.11 M MOPS buffer pH 7.3, 0.55% (w/v) 
glucose, 7 mM MgSO4] grown for 16-18 h at 30 ˚C. Harvested cells were lysed in 20 
mM HEPES (SRL, Cat. no. 63732), 100 mM NaCl, 0.5 mM MgSO4, 0.5% Triton-X 100, 
pH 8.0. Cell debris was separated by high-speed centrifugation. After loading the cell 
lysate onto a Protein L beads (CaptoTM L, GE Healthcare, Cat. no. 17-5478-02) 
column, nonspecific proteins were removed through extensive washing [20 mM 
HEPES, 100 mM NaCl, pH 8.0]. Bound protein was eluted in 0.1 M acetic acid, pH 
3.0, and neutralized with 1 M HEPES, pH 8.0. Eluted protein was desalted using a 
PD10 column (GE Healthcare, Cat. no. 17085101) in 20 mM HEPES, 150 mM NaCl, 
pH 8.0. The purified protein was stored at -80 ˚C in 10% glycerol until further use. 

Western blot analysis of CCR5 phosphorylation by phospho-specific 
CCR5 antibodies 

All the following steps were performed at room temperature. 10 μL of non-
phosphorylated or phosphorylated FLAG-purified CCR5 were separated by SDS-
PAGE and transferred to a nitrocellulose membrane. Blots were then blocked with 
1% BSA in Tris-Buffered Saline-Tween (TBST) for 1 h and then incubated with 
different primary (rabbit polyclonal) phospho-CCR5 antibodies [pS336/pS337-, 
pS342-, pT340-CCR5 (all 7TM antibodies) and pS349-CCR5 (Thermo Fisher)] at 
1:2000 dilution for 1 h. Blots were washed twice for 5 min with TBST and incubated 
with HRP-coupled anti-rabbit secondary antibody (Thermo Fisher) at 1:5000 dilution 
for 1 h in the dark. Blots were then washed three times for 5 min with TBST and 
developed using western blotting substrate chemiluminescent detection.  
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Mass spectrometry 

Sample preparation 

The samples of non-phosphorylated and phosphorylated FLAG-purified CCR5 
were prepared as technical triplicates. For this, 5 μg of the receptor was reduced and 
alkylated for 10 min at 95 °C in 50 μl of 1% sodium deoxycholate, 0.1 M ammonium 
bicarbonate, 10 mM TCEP, 15 mM chloroacetamide, pH 8.3. The sample was split 
into two, and the two halves were digested with either Sequencing Grade Modified 
Trypsin or endoproteinase Glu-C (both Promega, Madison, Wisconsin, 
enzyme:receptor=1:50 w/w) for 12 h at 37 °C. The samples were then acidified by the 
addition of 50 mM HCl (from 2 M HCl stock) and incubated for 15 min at 37 °C. 
Subsequently, the precipitated detergent was removed by centrifugation at 10,000g 
for 15 min and the peptides were separated from the reaction mixture using a C18 
spin column (BioPureSPN MINI, The Nest Group, Inc.) according to the 
manufacturer’s instructions. Samples were then dried under vacuum and stored 
at -80 °C until further use. 

LC-MS analysis 

For LC-MS analysis, the dried peptide samples were solubilized at a concentration 
of 1 pmol/μl in 98% water, 2% acetonitrile, 0.15% formic acid. 5 μl of each sample 
was then subjected to LC-MS analysis by a Q Exactive Plus mass spectrometer fitted 
with an EASY-nLC 1000 liquid chromatography system (both Thermo Fisher 
Scientific). Peptides were resolved using an EasySpray RP-HPLC column (75 μm × 
25 cm) at a flow rate of 0.2 μL/min and a pre-column setup under a linear gradient 
ranging from 5% buffer B (80% acetonitrile, 0.1% formic acid in water) in 95% buffer 
A (0.1% formic acid in water) to 45% buffer B over 60 minutes. The mass 
spectrometer was operated in DDA (data-dependent acquisition) mode with a total 
cycle time of approximately 1 s. Each MS1 scan was followed by high-collision-
dissociation (HCD) of the 20 most abundant precursor ions with the dynamic 
exclusion set to 5 seconds. For MS1, 3e6 ions were accumulated in the Orbitrap over 
a maximum time of 25 ms and scanned at a resolution of 70,000 FWHM (at 200 m/z). 
MS2 scans were acquired at a target setting of 1e5 ions, maximum accumulation 
time of 110 ms and resolution of 17,500 FWHM (at 200 m/z). Singly charged ions, 
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ions with charge state ≥ 6 and ions with unassigned charge state were excluded from 
triggering MS2 events. The normalized collision energy was set to 27%, the mass 
isolation window to 1.4 m/z, and one microscan was acquired for each spectrum. 

In addition to the DDA LC-MS analysis, a targeted MS analysis was carried out 
focusing on the peptides with the phosphorylation sites of interest. For this, the 
sequence of CCR5_HUMAN was downloaded from uniprot.org (download 
2022/10/22), imported into the Skyline software 
(https://skyline.ms/project/home/software/Skyline/begin.view), and the 
corresponding peptides manually phosphorylated at the expected sites of 
phosphorylation. The peptide ion masses containing 2+ and 3+ ions were exported as 
a mass isolation list from Skyline v21.2 and imported to the MS acquisition software. 
Targeted LC-MS analysis was carried out using the same settings as for DDA LC-MS 
with the following changes: the resolution of MS1 scans was reduced to 35,000 
FWHM (at 200 m/z), the AGC target for MS2 scans was set to 3e6, the maximal fill 
time to 50 ms, and the mass isolation window to 0.4 m/z.  

MS data analysis 

The acquired raw files were converted to the mascot generic file (mgf) format using 
the msconvert tool [part of ProteoWizard, version 3.0.4624 (2013-6-3)]. Using the 
MASCOT algorithm (Matrix Science, Version 2.4.1), the mgf files were searched 
against a decoy database containing normal and reverse sequences of the predicted 
UniProt entries of Spodoptera frugiperda (www.ebi.ac.uk, release date 2020/10/22), 
the protein CCR5_HUMAN and commonly observed contaminants (in total 56,642 
sequences) generated using the SequenceReverser tool from the MaxQuant software 
(version 1.0.13.13). The precursor ion tolerance was set to 10 ppm and fragment ion 
tolerance was set to 0.02 Da. The search criteria were set to requiring full trypsin 
specificity (cleavage after lysine or arginine unless followed by proline) and GluC 
specificity (cleavage after aspartate or glutamate unless followed by proline). At most 
3 miscleavages were allowed, carbamidomethylation (C) was set as fixed 
modification, and phosphorylation (STY), oxidation (M) and acetylation (protein N-
terminus) were set as variable modifications. The database search results were 
imported into Scaffold (version 5.1.0) and filtered to 1% FDR (false discovery rate) on 
the protein and peptide level using the built-in LFDR algorithm. 
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Trypsin proteolysis assay 

Arrestin2 trypsin proteolysis assays were carried out by first incubating 100 μL of 
20 μM arrestin21-418 with a 3-molar excess of the respective phosphopeptide at room 
temperature for 5-10 min in SEC buffer I. Thereafter, 1 ng of Trypsin Gold (Promega) 
was added, and the mixture incubated at 35 ˚C under gentle shaking (500 rpm). 
Samples for SDS-PAGE (10 μL sample mixed with 10 μL of 4x SDS loading buffer) 
were taken at 0, 5, 10, 20, 30, 60 and 90 min. The reaction was quenched by boiling 
the samples for 10 min at 95 ˚C. Samples were then loaded on 4-20% precast 
gradient gels and visualized with Instant Blue protein stain (Abcam). Control reactions 
were run with apo arrestin21-418 and arrestin21-418 incubated with the phosphopeptide 
0P. 

NMR titrations 
15N-, 2H-labeled arrestin21-393 (50 µM) NMR samples were prepared in SEC buffer 

I supplemented with 5% D2O and 0.03% NaN3 as 270-μl volumes in Shigemi tubes. 
The phosphopeptides were titrated into these samples to concentrations of 0–500 
µM and the interactions monitored by 1H-15N HSQC-TROSY spectra recorded on a 

Bruker AVANCE 14.1 T (600 MHz) spectrometer equipped with a TCI cryoprobe at 
303 K.  

NMR data were processed with NMRPipe (51) and analyzed with NMRFAM-
SPARKY (52). KD values were obtained by nonlinear least-squares fitting using Matlab 
(Matlab_R2021b, MathWorks, Inc.) and the following equation: 

 
∆δ = ∆δ!"#

[L] + [P] + K$ −+([L] + [P] + K$)% − 4[P][L]
2[P]  (1) 

where Dd = dapo-dbound is the difference in the 1HN or 15N arrestin2 chemical shift, dmax 

is the difference between apo and the fully ligand-bound state, and [P] and [L] are the 
total protein (arrestin2) and ligand (phosphopeptide) concentrations, respectively. 

CCR5 phosphopeptide•arrestin2•Fab30 complex formation and 

purification 

Arrestin21-359 (30 μM) was incubated with a 5-molar excess of CCR5 
phosphopeptides for 1 h on ice in SEC buffer II (20 mM HEPES, 150 mM NaCl, pH 
6.9). Then, a 1.2-molar excess of Fab30 was added, followed by incubation for 1.5 h 
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in the cold room. Samples were then concentrated in an Amicon concentrator 
(MWCO 50 kDa) and separated by SEC using a self-packed 4-ml S200 10/300 SEC 
column (length 25 mm, diameter 4.6 mm) and monitoring protein absorbance at 280 
nm. The complex quality of each SEC fraction was evaluated by SDS-PAGE and 
visualized with Instant Blue protein stain. Fractions showing a fully formed complex 
were pooled. 

X-ray crystallography 

Both apo arrestin2 and its phosphopeptide/Fab30 complexes were crystallized by 
sitting drop vapor diffusion at room temperature from 1:1 mixtures of protein in SEC 
buffer II and crystallization buffer. Respective protein concentrations before mixing 
and crystallization buffers were: (i) 10 mg/ml apo arrestin21-418, 100 mM magnesium 
formate dihydrate, 100 mM bis-tris, 15% PEG3350, pH 7.0 and (ii) ~4-6 mg/ml 
arrestin21-359•Fab30•CCR5 phosphopeptide, 100 mM magnesium formate dihydrate, 

100 mM bis-tris, 15% PEG3350, pH 7.0. In both cases, crystals formed and reached 
their final size within 24–48 h. Thereafter, they were quickly soaked in the 
crystallization buffer mixed with 20–25% ethylene glycol, and then flash-frozen in 
liquid nitrogen.  

Diffraction data were collected at the Swiss Light Source, Paul Scherrer Institute, 
Villigen, Switzerland at beamline X06DA and X06SA, processed with XDS (53) and 
scaled using Aimless. For the 6P•arrestin21-359•Fab30 complex, a single data set was 

collected. For the 4P•arrestin21-359•Fab30 complex two data sets from the same 

crystal were merged, and for the apo arrestin21-418 four data sets of three different 
crystals were integrated. All structures were determined by molecular replacement 
with PHASER contained in the CCP4 software package (54) , using 4JQI (21) for 
complexes and 1G4M (38) for apo arrestin2 as search models. Models building was 
performed with COOT (Emsley and Cowtan 2004) and refinement with BUSTER-TNT 
(55) and PHENIX (56). The final models were evaluated with MolProbity and visualized 
with PyMOL. Data and refinement statistics are summarized in Table S1. 
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[6P4]CCL5•CCR5•arrestin2 complex formation and negative-stain EM 

analysis 

Membranes containing phosphorylated CCR5 from 1 L Sf9 cell culture were 
solubilized in 50 mM HEPES, 400 mM NaCl, 0.5% LMNG, pH 7.4 and incubated with 
1 mL M2 anti-FLAG resin in the cold room overnight. To form the 

[6P4]CCL5•CCR5•arrestin2 complex, the resin was then incubated with ~3-5 µM 

arrestin21-393 and 5 µM [6P4]CCL5 for 1 h. The complex was then stabilized by the 

addition of a 1.2-fold excess of Fab30, followed by a further 1-hour incubation. 
Thereafter, the resin was packed into a column and washed with 10 column volumes 
(CV) wash buffer (25 mM HEPES, 150 mM NaCl, 10 % glycerol, 0.01% LMNG, pH 
7.4). Then the complex was eluted with 3 CV elution buffer (25 mM HEPES, 150 mM 
NaCl, 0.01% LMNG, 0.2 mg/ml FLAG peptide, pH 7.4) and further purified by SEC 
using a Superdex 200 Increase 10/300 GL column preequilibrated with SEC buffer III 
(10 mM HEPES, 150 mM NaCl, 0.01% LMNG, pH 7.4). The quality of each SEC 
fraction was assessed by SDS-PAGE. Fractions showing good complex integrity and 
purity were combined. 

For negative-stain EM, the complex was diluted to 0.05 mg/ml in SEC buffer III. 5 
µl of this solution was then applied onto freshly glow-discharged carbon-coated 300-

mesh copper grids (produced in-house) and blotted with filter paper. The grids were 
stained with 2% (w/v) uranyl acetate for 30 s and imaged at a magnification of 
x135,000 on a FEI Tecnai G2 Spirit TEM operated at 80 kV and equipped with an 
EMSIS Veleta camera. 2D classification of single particles was carried out with 
CryoSPARC v.3.1. 

NanoBiT assays 
The receptor constructs including wild-type CCR5 and all phosphosite mutants 

were synthesized from GenScript and subcloned in pcDNA3.1(+) vector with an N-
terminal FLAG tag. For receptor-based NanoBiT assay, receptor constructs bearing 
a carboxyl-terminus SmBiT spaced with a flexible linker were cloned in the lab using 
enzymes KpnI and SmaI in pCAGGS vector.  

For assessing agonist-induced arrestin recruitment, trafficking, and 
conformational variability of CCR5WT and phosphosite mutants, a luciferase enzyme-
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linked complementation-based assay (NanoBiT assay) was used following the 
protocol described earlier (57). For arrestin21-418 recruitment, receptor-SmBiT (1.5 µg) 
and LgBiT-arrestin21-418 (1.5 µg) constructs were used (Figure 4B) to transfect HEK293 
cells using polyethylenimine (PEI) with DNA:PEI ratio as 1:3. Similarly, for arrestin21-

418 endosomal trafficking, receptor constructs (3 µg), SmBiT-arrestin21-418 (3.5 µg) and 
LgBiT-FYVE (3.5 µg) were used (Figure S3). Assessing the conformational diversity of 
arrestin21-418 bound to receptors was done by transfecting cells with receptors (3 µg), 
SmBiT-arrestin21-418 (2 µg) and LgBiT-Ib30 (5 µg) (Figure 4B). After transfection, all the 
NanoBiT-based assays follow a common set of steps. Briefly, 16 h post-transfection 
cells were trypsinized and harvested, followed by resuspension in assay buffer 
containing 1x HBSS (Gibco, Cat. no. 14065-056), 0.01% bovine serum albumin (BSA, 
SRL, Cat. no. 83803), 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES), pH 7.4 with 10 μM coelenterazine (GoldBio, Cat. no. CZ05). Afterward, cells 
were seeded at a density of 1x105 cells well-1 in a white 96-well plate and incubated 
for 1.5 h at 37 ˚C followed by 30 min at room temperature. After incubation baseline 
luminescence was measured using a multimode plate reader and then cells were 
stimulated with varying doses of [6P4]CCL5 followed by measurement of 
luminescence signal for 10-20 cycles and average data from 5th to 10th cycle were 
analyzed and presented using GraphPad Prism 9 (v3) software. 

Receptor surface expression assay 

In order to measure the surface expression of the receptors in different assays, 
we used a previously described whole cell-based surface ELISA assay (58). Post 24 
h of transfection, cells were seeded into a 0.01% poly-D-Lysine precoated 24-well 
plate at a density of 2x105 cells per well and allowed to adhere and grow for 24 h. The 
next day, cells were washed with ice-cold TBS, fixed with 4% PFA (w/v in TBS) on 
ice for 20 min. After fixing, cells were washed again three times with TBS and 
incubated in 1% BSA prepared in TBS at room temperature for 1.5 h. Thereafter, the 
cells were incubated with anti-FLAG M2-HRP antibody (Sigma, Cat. no. A8592) 
(1:5000, 1 h at room temperature) followed by three washes with 1% BSA in TBS. 
The plates were developed with TMB-ELISA substrate (Thermo Fisher Scientific, Cat. 
no. 34028) until the light blue color appeared. The reaction was quenched by 
transferring 100 μl of the colored solution to another 96-well plate already having 100 
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μl of 1 M H2SO4, and the absorbance was recorded at 450 nm. For normalization of 
the ELISA reading with the total cell content of each well, cells were incubated with 
0.2% (w/v) Janus Green (Sigma, Cat. no. 201677) for 15 min at room temperature 
after washing twice with TBS. For removing excess stain cells were washed 
thoroughly with water followed by developing the satin with the addition of 800 μl of 
0.5 N HCl in each well, of which 200 μl of this solution was transferred to a 96-well 
plate for measuring the absorbance at 595 nm. The ELISA signal was normalized from 
the A450/A595 ratio and the values were plotted using the GraphPad Prism 9 (v3). 

Data availability 

The following structural models for human arrestin2 have been deposited in the 
Protein Data Bank: 4P•arrestin2•Fab30 complex (PDB 8AS2), 6P•arrestin2•Fab30 
complex (PDB 8AS3) and apo arrestin2 (PDB 8AS4). The CCR5 phosphoproteomics 
data have been deposited in the ProteomeXchange repository (PXD036220).  
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4.1.7 Figures 

 
Figure 1. Detection of CCR5 phosphorylation and synthetic phosphopeptide design. (A) Mass 
spectrometric sequence coverage of GRK2-phosphorylated CCR5 using trypsin (yellow) and glu-C 
digestion (blue). Phosphosites detected by mass spectrometry and western blot analysis are indicated 
in green. (B) Western blot images of phosphorylated CCR5 detected with phosphosite-specific 
antibodies. (C) Designed synthetic phosphopeptides (0P–6P) corresponding to the last 22 residues of 
CCR5 based on the detected CCR5 phosphorylation. A further V2R C-terminal phosphopeptide 
(V2Rpp) was used as a control. Serine or threonine phosphorylation are indicated by a green circle.  
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Figure 2.  Arrestin2 interaction with CCR5 phosphopeptides. (A) Left: small regions of 1H-15N TROSY 
spectra showing resonance shifts of four selected arrestin21-393 residues upon CCR5 4P, 6P and 
V2Rpp binding. Right: detected chemical shift changes as a function of phosphopeptide 
concentration. Solid lines depict global non-linear least-square fits to the data points with respective 
dissociation constants (see Methods). Analogous fits for the other phosphopeptide titrations are 
shown in Figure S1. (B) Trypsin proteolysis assay of arrestin21-418 in apo form and in complexes with 
various phosphopeptides visualized by SDS-PAGE. (C) Summarized NMR titration and trypsin 
proteolysis results. Errors in KD represent one standard deviation. Tighter peptide binding is correlated 
with faster arrestin2 digestion. (D) SEC profiles showing arrestin2 activation in the presence of 
phosphopeptides and Fab30. The active arrestin2•phosphopeptide complexes, which are recognized 
by Fab30, elute at lower volumes than the inactive apo form. Arrestin2 in presence of CCR5 6P, 3P2 
and V2Rpp elutes only as active complexes, whereas the other peptides lead to mixtures of inactive 
and active arrestin2 forms. 
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Figure 3. X-ray crystallographic structures of arrestin2 in apo form and in complexes with two CCR5 
phosphopeptides. (A) Solved structures of apo arrestin2 (yellow), 4P•arrestin2 (arrestin2: orange, 4P: 
cyan), and 6P•arrestin2 (arrestin2: green, 6P: red) complexes. Both arrestin2 phosphopeptide 
complexes were stabilized with Fab30 (gray) (B) Overlay of the two arrestin2 complexes with the 4P 
(cyan) and 6P (red) phosphopeptides. (C) Detailed view of the peptide binding interfaces of both 
complexes (left) and alignment of the respective CCR5 C-terminal residues (right) showing a stable 
interaction in the electron density of the arrestin2 complexes. (D) Structural overlay of inactive, apo 
arrestin2 (yellow) and active arrestin2 (green) in complex with 6P (red). Salient arrestin2 conformational 
changes upon activation are indicated by black arrows. 
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Figure 4. Detailed view of arrestin2 receptor C-terminal tail interactions. (A) Structural details of the 
arrestin2 N-domain in apo form (left) and in complexes with the CCR5 6P (center) and 4P 
phosphopeptides (right). Important residues stabilizing the inactive and active conformations are 
depicted in stick representation with key interactions as dashed lines. Upon arrestin2 activation by the 
peptides, the polar core is perturbed. Schematic diagrams of the key residue interactions are shown 
below each structural panel. The color coding follows Figure 3. (B) Super-agonist [6P4]CCL5-induced 
arrestin2 activation by CCR5 monitored with NanoBiT assays in HEK293 cells. Left: [6P4]CCL5-
induced arrestin2 recruitment by wild-type CCR5 and seven S/A or T/A CCR5 C-terminal point 
mutants. Right: [6P4]CCL5-induced arrestin2 conformational changes monitored by the Ib30 assay for 
the same CCR5 constructs. 
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Figure 5. The pXpp motif is responsible for stable arrestin2 recruitment. (A) Left: Overlay of binding 
interfaces of arrestin2 with CCR5 6P (6P: red, arrestin2: green) and V2Rpp (V2Rpp: yellow, arrestin2: 
blue, PDB 4JQI). Phosphoresidues are shown in stick representation. Center: schematic diagrams of 
key 6P/V2R•arrestin2 interactions. Solid red lines represent polar interactions, dashed red lines H-
bonds, gray lines other interactions. Right: V2Rpp•arrestin2 binding interface in the β1AR-
V2Rpp•arrestin2 cryo-EM structure (PDB 6TKO). Unresolved parts of the ICL3 and C-terminal tail are 
depicted as dashed lines. (B) Single-particle analysis of negative-stain EM images of the 
[6P4]CCL5•CCR5•arrestin2•Fab30 complex. (C) Sequence alignment of C-terminal tails of several 
GPCRs (green), which are known to form a stable complex with arrestin2. Bold green indicates solved 
complex structures, light green functionally well-characterized receptors. Receptors indicated in black 
are examples of other not well characterized chemokine receptors harboring a pXpp motif. The GPCR 
C-terminal tail sequences were downloaded from the GPCRdb (44). The common pXpp motif 
(highlighted in green) is typically located about 15–30 residues downstream from receptor helix 8. (D) 
Schematic mechanism of arrestin2 (green) activation upon binding to an agonist(magenta)-stimulated 
class B GPCR (orange) containing a pXpp C-terminal cluster (red dots). 
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Figure 6. Structural differences in phosphopeptide recognition by arrestin2 and arrestin3. (A) Structural 
comparison of arrestin2 bound to the CCR5 6P phosphopeptide and arrestin3 bound to the ACKR3pp 
(PDB 6K3F). Left and center: arrestin electric surface charge densities (red: positive, blue: negative) of 
the 6P•arrestin2 and ACKR3pp•arrestin3 complexes. Right:  superposition of the two complex 
structures (arrestin2: pale green, CCR5 6P: red, arrestin3: blue, ACKR3pp: wheat). Phosphates are 
shown as spheres (the position of the CCR5 pS337* phosphate is modeled). A sequence alignment is 
shown at the bottom with the overlapping phosphoresidue recognition sites indicated by gray boxes. 
(B) Sequence alignments of intracellular loops 3 (ICL3) and C-terminal tails of representative GPCRs. 
The amino acid sequences of GPCR ICL3 and C-terminal tails were downloaded from the GPCRdb 
(44). Potential phosphorylation sites (S and T) are shown as green circles. Receptors, which have been 
characterized for the type of arrestin binding (Table S2) are colored in red for class A, blue for class B, 
and purple for receptors, which exhibit isoform-dependent class A or B behavior. Sequences for CCR5 
and ACKR3, for which the structures of arrestin complexes are shown in panel A, are highlighted. 
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Supplementary Tables 

Table S1. Statistics on diffraction data and refinement of human arrestin2 (apo) and 
CCR5pp•arrestin2•Fab30 complexes. 

 

 4P•arrestin2•Fab
30 

6P•arrestin2•Fab
30 

6P•arrestin2•Fab30 

6P•arrestin2•Fab30  

human arrestin2 
PDB Identifier 8AS2 8AS3 8AS4 
Wavelength (Å) 1.00000 0.99999 0.999999 
Resolution range 

(Å) 
46.8 – 3.2  

(3.31 – 3.2)* 
46.5- 3.50  

(3.63 – 3.50)* 
44.75 – 2.30  

(2.38 – 2.30)* Space group I 21 21 21 I 21 21 21 P 1 21 1 
Unit cell 

dimensions (Å) 
116.8 122.6 

145.9 
116.3 121.1 

145.3 
62.0 71.4 115.4 

α, β, γ (°) 90.0 90 90.0 90.0 90.0 90.0 90.0 97.7 90.0 
Total reflections 461,526 (42,112)  178,306 (17,607) 1,216,192 

(119,044) Unique reflections 17,524 (1,702) 13,152 (1,295) 44,486 (4,409) 
Multiplicity 26.3 (26.8) 13.6 (13.6) 27.3 (27.0) 
Completeness (%) 99.9 (100) 98.3 (90.3) 99.8 (99.0) 
Mean I/sigma(I) 11.6 (1.1) 12.2 (0.7) 12.1 (1.6) 
Wilson B-factor 120.1 171.8 48.6 
R-merge (%) 
Rpim (%) 

22.0 (399.2) 
4.4 (78.9) 

14.4 (525.4) 
4.0 (146.5) 

24.0 (246.1)  
7.0 (77.9) CC1/2 0.998 (0.662) 0.999 (0.317) 0.999 (0.790) 

Reflections used in 
Refinement 

17,439 (1,691) 13,005 (1,171) 44,388 (4,397) 
R-work 0.281 (0.428) 0.283 (0.442) 0.224 (0.361) 
R-free 0.317 (0.488) 0.335 (0.454) 0.252 (0.407) 
Number of atoms 6,096 6,067 5,892 
Protein residues 788 783 325 
RMSD(bonds) (Å) 0.003 0.004 0.011 
RMSD(angles) (°) 0.68 0.75 1.66 
Ramachandran 
favored (%) 

94.0 96.0 96.5 
Ramachandran 
outliers (%) 

0 0 0 
Rotamer 
outliers (%) 

0 0 0.5 
Clash score 2.30 4.87 3.78 
Average B-factor 197.4 199.9 80.3 

    
*The values in parentheses correspond to the highest resolution shell. 
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Table S2. GPCR classification based of the characteristics of agonist-dependent 
arrestin interactions.  

Receptor 

name 

Class Method Reference 

α1B-ADR A Functional assays  (1) 

β2-ADR A Functional assays  (1) 

μOR A Functional assays  (1) 

ETAR A Functional assays  (1) 

D1R A Functional assays  (1) 

D2R A Functional assays (2) 

5HT2aR A Functional assays (3) 

5HT2bR A Functional and structural data  (4) 

M1R A FRET (5) 

M2R A Functional and structural data on M2R-V2Rpp 
(indirect evidence) 

(6,7) 

SST3R A Functional assays (8) 

SST5R A Functional assays (8) 

CXCR3B A Functional assays (9) 

CXCR3A B Functional assays (9) 

CXCR4 B Functional assays (10) 

CCR5 B Functional assays (10) 

CCR7 B Functional assays (11) 

ACKR2 B Functional assays (12) 

ACKR3 B Functional assays and structural data (13,14) 

V2R B Functional assays and structural data (1) 

NTR1 B Functional assays and structural data (1) 

C5aR2 B Functional assays (12) 

Rho B Biochemical and biophysical data (15) 

AT1R B Functional assays (1) 

OTR B Functional assays (1) 

SST2R B Functional assays (8) 

TRH1R B Functional assays (1) 
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Supplementary Figures 

 
Figure S1. Mass spectra used for detection of CCR5 phosphorylation induced by GRK2. 
Representative spectra of the identified peptides bearing phosphorylated residues. Residues with 
higher occupancies are highlighted by green circles. 
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Figure S2. NMR titration of arrestin21-393 with CCR5 phosphopeptides. Left: small regions of 1H-15N 
TROSY spectra showing resonance shifts of four selected arrestin21-393 residues upon CCR5 
phosphopeptide binding. The individual peptides are indicated at the top of each row. Right: detected 
chemical shift changes as a function of phosphopeptide concentration. Solid lines depict global non-
linear least-square fits to the data points with respective dissociation constants (see Methods). 
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Figure S3. Phosphopeptide electron density and Fab30 coordination in arrestin2•CCR5pp crystal 
structures. (A) 2Fo-Fc electron density maps of the CCR5 4P (left) and 6P (right) phosphopeptides and 
contacts between the phosphopeptides and Fab30. The electron densities are contoured at 1.0 σ cut-
off within 6 Å and displayed as a blue mesh. (B) Overall coordination of the 6P•arrestin2 and 
4P•arrestin2 complexes with Fab30. Fab30 is colored in beige in the 4P complex and in light gray in 
the 6P complex. Only very minor conformation changes of Fab30 upon binding to the two CCR5 
phosphopeptides are detectable. 
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Figure S4. Arrestin2 trafficking assay and surface expression of the various CCR5 phospho-deficient 
mutants in different cellular assays. (A) Surface expression levels of wild-type CCR5 and all S/A and 
T/A CCR5 mutants used in the arrestin2 recruitment NanoBiT assay. (B) Surface expression levels of 
wild-type CCR5 and all S/A and T/A CCR5 mutants used in the Ib30-based NanoBiT assay. (C) Left: 
arrestin2 trafficking assay on wild-type CCR5 and selected CCR5 mutants (T340A, S342A and T343A) 
in response to [6P4]CCL5 stimulation. Right: surface expression of the CCR5 constructs used in this 
assay. 
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Figure S5. Overall structural comparison between 6P•arrestin2•Fab30 and V2Rpp•arrestin2•Fab30. (A) 
Superposition of 6P•arrestin2•Fab30 and V2Rpp•arrestin2•Fab30 structures in side and top views. The 
color code is indicated and identical to Figure 5A. (B) Overall Fab30 binding in both structures. The 
color code is indicated and follows panel A. 
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5 CCR5•arrestin2 complex assembly and its 

optimization for single-particle cryo-EM analysis 

5.1.1 Introduction 

The previous chapter has described the molecular basis of arrestin2 coupling to 
the phosphorylated C-terminal tail of CCR5, suggesting key elements needed for 
stable arrestin2 recruitment specific for arrestin-class B GPCRs. Once bound to the 
phosphorylated receptor tail, arrestin may further engage with the intracellular core 
of the receptor, which is required for GPCR desensitization. The structural details of 
the core engagement of arrestin are yet unknown for CCR5 and many other GPCRs. 

So far, structures of fully engaged GPCR•arrestin complexes have been published 
for only five receptors (Figure 5.1). The structure determination of arrestin complexes 
is significantly more challenging compared to G protein complexes, often requiring 
considerable protein engineering and other optimization approaches. The reason for 
this is a relatively weak affinity of the arrestins to the receptor (259), intrinsic flexibility 
of the complexes, and structural plasticity of arrestin binding dictated by the varying 
receptor phosphorylation. Indeed, dissociation was reported for the β2AR-
V2Rpp•arrestin2•Gs megaplex in cryo-EM data along with heterogeneous binding 
poses and blurred arrestin density, presumably due to this flexibility (260). Cross-
linking the GPCR•arrestin complexes, as in the case of NTR1 (70), or expressing the 
receptor and arrestin as a single fusion protein (HTR2B and rhodopsin complexes), 
helped to overcome some of the mentioned problems (71,72,152). Further strategies, 
which have contributed to solving structures of M2R and β2AR complexes, are the 
replacement of the native receptor C-terminal tail with that of V2R and stabilizing the 
complexes with antibody fragments (150,153). 
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Figure 5.1. Overview of solved GPCR•arrestin structures at the time of writing (December 2022, PDB 
codes: 5W0P, 6UP7, 6U1N, 6TKO, 7SRS). The structures are aligned on the receptor chain (arrestin2: 
orange, arrestin1: wheat, other stabilizing proteins: grey). 

The solved structures exhibit significant variations in the arrestin binding pose 
relative to the receptor core (Figure 5.1) (70,149–153). The structures and knowledge 
of their dynamics should explain the functional diversity of arrestins. However, 
specific elements, which define the way arrestin engages particular receptors, have 
not been described yet. Thus, additional arrestin complex structures and data on their 
conformational diversity are needed to identify the basic molecular principles and the 
variations of arrestin receptor interactions and functional outcomes. 

The following parts of this thesis describe attempts to assemble a stable wild-type 
CCR5•arrestin2 complex and obtain structural insights on this fully engaged complex 
triggered by the chemokine ligand.  

5.1.2 Results and Discussion  

[6P4]CCL5•CCR5 arrestin2•Fab30 complex assembly 

To form a stable CCR5•arrestin2 complex, wild-type CCR5 with a C-terminal Flag 
tag was co-expressed in Sf9 insect cells together with GRK2 bearing the CAAX motif 
(261) as a membrane anchor. The phosphorylation was triggered by the addition of 
the super-agonist [6P4]CCL5 and characterized by western blot with 
phosphospecific antibodies as well as phosphoproteomics as described in Chapter 
4. 
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Subsequently, the detergent-solubilized phosphorylated receptor was purified 
using M2 Flag beads. For the complex formation, a minimal cysteine variant of 
truncated arrestin2 (arrestin21-393), which comprises the C-terminal strand β20 (see 
Chapter 4), was used to enhance its stability. Incubation of the purified CCR5 with 
arrestin2 and the stabilizing antibody fragment Fab30 resulted in visible aggregation. 
For this reason, the complex was prepared on the M2 Flag beads which had captured 
CCR5 (Figure 5.2A). This approach allowed to co-elute the agonist-bound 
CCR5•arrestin2•Fab30 complex without precipitation. Subsequently, arrestin2 and 
Fab30 excess was removed by washing the resin. The eluted complex was then 
concentrated and further purified by size-exclusion chromatography (Figure 5.2B). 
The purity and complex integrity during purification were followed by SDS-PAGE, 
which confirmed complex formation on the M2 Flag beads and its presence on the 
respective SEC fractions (Figure 5.2B).  

The purified complex was then subjected to negative stain EM, which showed 
intact complex particles (Figure 5.2C), despite a dilution of the complex to the tens 
of nanomolar range. This suggests that the affinity of the arrestin2 to the receptor is 
at least in this range. The 2D classes of the complex show that arrestin is mainly 
engaged in the receptor core. 
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Figure 5.2. Overview of the CCR5•arrestin2 complex preparation for EM analysis. A. Overall scheme 
of the complex assembly. [6P4]CCL5, arrestin2, Fab30 were purified separately. The complex was 
assembled on M2 Flag beads bound to CCR5, followed by SEC. B. Representative SEC profile of the 
complex and SDS-PAGE analysis of the M2 Flag co-elution and the combined SEC fractions of the 
complex. C. Representative 2D classes from negative stain EM micrographs of the complex. 

Initial cryo-EM analysis of the[6P4]CCL5•CCR5•arrestin2•Fab30 

complex 
While negative stain EM provides valuable information on the sample homogeneity 

and the overall architecture of the complex, the resolution is limited to about 20 Å. 
High-resolution details of the complex should be obtainable by single-particle cryo-
EM analysis. Structure determination by cryo-EM requires that macromolecular 
particles be distributed in random orientations in a thin layer of vitreous ice (50–100 
nm) on the grid. However, the ice thickness and particle distribution are often 
challenging to control and depend on many factors. Thus, cryo-EM sample 
preparation is still a bottleneck in the cryo-EM workflow and usually requires iterative 
optimization cycles (125,262). 

The classical paper blotting approach is the most commonly used to create a thin 
vitreous ice layer with commercially available devices, such as the Vitrobot 
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(ThermoFisher Scientific) or Leica EM GP (Leica) plungers. Both instruments have 
humidity and temperature-controlled chambers and are operated in semiautomated 
mode. 

The Vitrobot was used to prepare grids of the freshly purified [6P4]CCL5•CCR5 
arrestin2•Fab30 complex. Before data collection, multiple conditions, including blot 
force and time, as well as sample concentration were screened using a 200 kV Talos 
instrument equipped with a Ceta 16M pixel camera (Table 5.1). A blot force of 15 
instrument units and a blot time of 2.5 seconds with sample concentrations between 
1.5 to 2 mg/ml provided optimal ice thickness and particle distributions on the cryo-
EM grid. These conditions were close to the ones used for the [6P4]CCL5•CCR5•Gi 

complex. However, unlike the G protein complex, the arrestin complex particles were 
mainly aggregated on the grid (Figure 5.3A). Only a few areas with suboptimal particle 
distribution could be seen. The 2D class averages obtained from the deconvoluted 
micrograph movies collected on such grid areas using a 200 kV Glacios instrument 
equipped with a K3 camera show weak, blurry densities without any defined features 
(not shown). 
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Table 5.1. Summary of grid preparation conditions of the 
[6P4]CCL5•CCR5•arrestin2• Fab30 complex. 

Vitrification 
device 

Device-specific Parameters Sample 
concentration 

[mg/ml] 

Additives 

Blot force 
[device unit] 

Blot time 
[s] 

Vitrobot Mark IV 
 

10 1.5 1.5–2 - 
10 2.5 1.5–2 - 
10 3.5 1.5–2 - 
15 1.5 1.5–2 - 
15 2.5 1.5–2 - 
15 3.5 1.5–2 - 
20 1.5 1.5–2 - 
20 2.5 1.5–2 - 
20 3.5 1.5–2 - 
15 2.5 2.5 - 
15 2.5 1.0 - 
15 2.5 1.5–2 1 µM Amphipol A8-35 

15 3.5 1.5–2 1 µM Amphipol A8-35 

15 2.5 1.5–2 4 mM Fos-Choline-8 

15 3.5 1.5–2 4 mM Fos-Choline-8 

15 2.5 1.5–2 pH 6.9 
15 2.5 1.5–2 pH 7.9 

Leica EM CP Blot time, [s]   
2 1.5–2 - 
3 1.5–2 - 

CryoWriter Withdrawal flow, µl/min   - 
1.5 1.5–2 - 
2 1.5–2 - 

2.5 1.5–2  
2 1.5–2 1 mM Amphipol A8-35 

2.5 1.5–2 1 mM Amphipol A8-35 
2 1.5–2 4 mM Fos-Choline-8 

 
The Leica plunger method with one-side blotting, which is milder, produced grids 

with more uniform ice thickness and slightly better particle distribution for the same 
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sample (Figure 5.3B). Nevertheless, data collection on a 200 kV Glacios instrument 
equipped with a K3 camera and subsequent analysis resulted in similar low-quality 
2D class averages (Figure 5.3C) as those obtained from the grids produced with the 
Vitrobot. Only a few particles display features of a complex, indicating that the 
particles are very heterogeneous and that in addition to aggregation, complex 
dissociation may have occurred. Since no significant dissociation of the complex was 
observed during negative stain EM analysis (Figure 5.2C), the complex damage must 
happen during the cryo-EM grid preparation. 

 
Figure 5.3. Examples of [6P4]CCL5•CCR5•arrestin2•Fab30 complex cryo-EM micrographs and particle 
distributions using different vitrification methods. Representative micrographs of the complex 
prepared using the Vitrobot plunger (A) and using the Leica EM CP plunger (B). 2D class averages of 
the complex prepared with the Leica plunger (C). 

Cryo-EM sample optimization approaches 

Aggregation or denaturation of biomacromolecules upon vitrification has been a 
persistent problem in cryo-EM, particularly for membrane proteins (125,263,264). The 
main reason for the sample damage has been attributed to interaction of the particles 
with the air-water interface. The denaturation effect at the air-water interface has 
been mentioned in early publications (265). It may happen by exposure of the 
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macromolecule to the hydrophobic interface and/or by particle collision. A collision 
rate of 1000 or more per second has been estimated at the air interface for sample 
thicknesses of ≤100 nm (266). Recently, cryoelectron tomographic studies have 
shown that indeed the majority of protein particles are adsorbed to the air-water 
interface (267–269), leading to preferential orientation, local unfolding or complete 
denaturation. Some protein complexes, especially those with exposed hydrophobic 
regions or with certain surface charge distributions, have been shown to be more 
susceptible to air-water interface damage (269,270). 

So far, there is no general solution to prevent damage of the macromolecules upon 
vitrification. Typically, sample optimization requires rigorous screening of conditions 
since the effects strongly depend on the sample. The problem may be approached 
systematically using the following strategies: (i) altering the conditions of the sample 
(e.g., salt concentration, pH, detergents, incorporation into nanodiscs); (ii) testing 
different grid types (e.g., graphene support, gold grids) or using blotting-free grid 
preparation methods, and (iii) modification of the chemical structure of the complex 
components (e.g., cross-linking, protein engineering). 

Modifications of the chemical structure, such as protein engineering 
(104,150,152,153) and cross-linking (70), have been used for the majority of 
GPCR•arrestin complexes. However, they may significantly affect the observed 
interactions. Therefore, initially alternative approaches of cryo-EM sample 
optimizations were tested for the [6P4]CCL5•CCR5•arrestin2•Fab30 complex. All the 
tested conditions are listed in Table 5.1. 
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Effect of sample conditions 

Initially, minor variations in the pH (from 6.9 to 7.9) were tested but had only a 
moderate effect on the particle distributions (not shown). The interaction between 
CCR5 and arrestin2 is dominated by electrostatics, with the components being of 
opposite charge. This means that a wide pH variation is not possible since it can 
unpredictably impact the complex. Therefore, other buffer components were varied. 

Addition of secondary detergents or other surfactants has been reported to 
improve the particle distribution of other membrane proteins within the vitrified ice 
layer (267). Effects of amphipol A8-35 (151), which was used for vitrification of the 
V2R•arrestin2 complex, and of Fos-choline-8, one of the most commonly used 
detergent additives (271,272), were also tested for the CCR5•arrestin2 complex. The 
addition of amphipol A8-35 did not have any effect on the complex particle 
distribution. In contrast, Fos-Choline-8 improved the cryo-EM grid preparations by 
preventing aggregation to a large extent (Figure 5.4A). However, some areas of the 
grid still had particle clusters (Figure 5.4A). Furthermore, the particle density on the 
grid is low under the addition of Fos-Choline-8. Thus, it requires a significantly higher 
sample concentration to achieve reasonable particle coverage. A cryo-EM data set 
was collected on the sample with the Fos-Cholin-8 additive using a 200 kV Glacios 
instrument equipped with a K3 camera to estimate the complex integrity. Several 
rounds of 2D classification identified only very few particles that possibly could be 
identified as the complex of interest (Figure 5.4A). Moreover, the 2D class averages 
did not display high-resolution features even after extensive 2D classification, similar 
to the previous datasets collected on the grid without any additives (Figure 5.3C). 
Reasons for this behavior may be the heterogeneity of the complex, its partial 
dissociation, as well as the very low number of particles on the grid. 
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Figure 5.4. Different grid preparation approaches. Representative micrographs of the grid prepared 
with addition of FosCholine-12 using the Vitrobot (A), with the cryoWriter without additives (B), and 
with the cryoWriter and addition of amphipol A8-35 (C).  

Blotting-free cryo-EM grid preparation 

Classical cryo-EM grid preparation might harm macromolecules in two main ways: 
shear forces induced by paper blotting and long exposures to the air-water interface. 
Alternative cryo-EM grid preparation approaches, which avoid the paper blotting step 
or/and have faster freezing times, have been developed in recent years (206,273–
278). One of them is a blotting-free microfluidic-based microcapillary writing device 
built in-house by the Braun group (Biozentrum, University of Basel) called the 
cryoWriter (276–278). The system can be operated in a fully automated regime, 
providing highly reproducible results and requiring only a few nanoliters of sample for 
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cryo-EM grid preparation. Freshly prepared [6P4]CCL5•CCR5 arrestin2•Fab30 
complex was plunge-frozen using the cryoWriter, and several conditions were tested 
(Table 5.1), including different withdrawal flows and the addition of protective 
molecules. Despite these improvements and reduced grid preparation times, the 
sample may still be affected by the air-water interface. Therefore, also protective 
additives were tested. However, representative movies collected on the 200 kV 
Glacios instrument with the K3 camera showed that the particle distribution with 
(Figure 5.4C) and without additives (Figure 5.4B) was not improved significantly 
compared with the Vitrobot preparations (Figure 5.3A). The 2D classification of a small 
dataset indicated that most of the complex particles were damaged despite using the 
blotting-free approach. 

Modification of the complex components 

Thus, more extensive changes to the arrestin complex itself seem to be required 
to obtain a high-resolution structure. An attempt to cross-link the complex using 
glutaraldehyde at concentrations varying from 1% to 0.1% resulted in complex 
precipitation and therefore was not continued. A further approach was made by 
exchanging the stabilizing antibody fragment from the highly charged Fab30 (pI of 
8.7) to the more neutral single-chain fragment scFv30 (pI of 7.9). The complex was 
assembled in an identical manner as described for Fab30 (Figure 5.2A), and cryo-EM 
grids were prepared with the Vitrobot using a blot force of 10 instrument units and a 
blot time of 2 seconds. A dataset of about 5000 movies was recorded on the 200 kV 
Glacios instrument equipped with the K3 camera. The 2D classification analysis of 
the data resulted in higher-quality 2D classes of the 
[6P4]CCL5•CCR5•arrestin2•scFv30 complex (Figure 5.5). Despite these 
improvements, no high-resolution features, such as secondary structure elements, 
could be seen yet. Moreover, only about 3% (about 35,000) of the total particles had 
features of a complex with a very limited coverage of orientations. Thus, also this 
approach did not yield a high-resolution 3D map reconstruction. 
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Figure 5.5. Representative micrograph of [6P4]CCL5•CCR5•arrestin2•scFv30 complex and obtained 
2D class averages. 
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5.1.3 Conclusion and perspective 

This chapter described the assembly of a stable 
[6P4]CCL5•CCR5•arrestin2•Fab30 complex in vitro using full-length wild-type CCR5. 
Initial cryo-EM experiments with conventional sample preparation approaches 
demonstrated that the complex is not stable under the grid preparation conditions, 
due to e.g., shear forces by the blotting paper and exposure to the air-water interface. 
It was attempted to overcome these problems by altering the buffer conditions of the 
sample and using blotting-free grid preparation methods. However, no significant 
improvements were obtained, indicating that the complex is intrinsically unstable at 
the air-water interface. The next logical step was the modification of the sample. 
Exchanging Fab30 with its derivative scFv30 improved the particle distribution and 
quality of the 2D classes. However, the majority of the sample seemed to be still 
affected by the air-water interface, interfering with the high-resolution reconstruction. 
Additionally, the initial cross-linking of [6P4]CCL5•CCR5•arrestin2•Fab30 complex 
trial did not provide usable results due to complex precipitation. Thus, further 
screening of chemical modifications and composition of the complex, in particular 
cross-linking with different reagents without antibody fragments, will be required for 
this highly dynamic and sensitive complex to obtain cryo-EM preparations amenable 
to high-resolution structure determination. 

5.1.4 Material and Methods 

Protein expression and purification 

The production of [6P4]CCL5 from E. coli was described in Chapters 1 and 2. 
Wild-type full-length human CCR5 was modified with an N-terminal hemagglutinin 
signal peptide tag, a C-terminal 3C cleavage site followed by a Flag tag and a 
hexahistidine tag and cloned in pVL1393 vector. CCR5 was co-expressed with full-
length GRK2 bearing a C-terminal CAAX motif in Spodoptera frugiperda (Sf9) insect 
cells. Detailed protocols of expression and purification are described in Chapters 3 
and 4. 
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A minimal-cysteine variant (C150L, C242V, C251V, C269S) of arrestin2 (arrestin21-

393) truncated after residue 393 with an N-terminal hexahistidine tag followed by a TEV 
cleavage site was expressed and purified from E. coli as described in Chapter 4. 

Fab30 was a generous gift from Prof. Arun Shukla and its preparation is described 
in Chapter 4. 

[6P4]CCL5•CCR5•arrestin2 complex formation 

M2 Flag affinity beads bound to CCR5 were washed with 5 CV of buffer 1 [25 mM 
HEPES pH 7.4, 150 mM NaCl, 10% glycerol, and 0.01% LMNG], followed by 3 CV of 
buffer 2 [25 mM HEPES pH 7.4, 150 mM NaCl, 10% glycerol, 0.01% LMNG, 3 mM 
ATP, and 10 mM MgCl2] and subsequently washed with 5 CV of buffer 3 [25 mM 
HEPES pH 7.4, 150 mM NaCl, 10% glycerol, 20 µM diC8-PIP2 and 0.01% LMNG]. 
Arrestin2 was added to the washed M2 Flag beads equilibrated in buffer 3 at a 
concentration of 3 µM and incubated for 15 minutes under gentle mixing at 4°C. The 
mixture was then supplemented with 5 µM [6P4]CCL5 and further incubated for 1 
hour. Subsequently, a molar excess (1:1.2) of Fab30 or scFv30 was added and the 
mixture incubated for another hour. Thereafter unbound components were washed 
out from the resin with 10 CV of buffer 3. The formed complex was then eluted from 
the column with 3 CV of buffer 3 supplemented with 0.2 mg/ml of Flag peptide. The 
eluted mixture was concentrated with a 50-kDa molecular weight cut-off (MWCO) 
Amicon concentrator to about 250 µl and purified by size-exclusion chromatography 
(SEC) using a self-packed 4.2-ml S200 10/300 SEC column (length 25 mm, diameter 
4.6 mm). The column was equilibrated with buffer 4 [25 mM HEPES, 150 mM NaCl, 
0.01% LMNG, 0.5 µM [6P4]CCL5, pH 7.4]. Fractions containing the pure complex as 
judged from SDS-PAGE analysis were combined and concentrated with a 100-kDa 
MWCO Amicon concentrator to a final concentration of 1.5-2 mg/ml for cryo-EM 
analysis. 

Negative stain EM 

Shortly before grid preparation, the complex was diluted with a buffer containing 
25 mM HEPES, 150 mM NaCl, and 0.01% LMNG to 0.05-0.1 mg/ml. The sample 
preparation was done according to a standard protocol (279). In short, 5 µl of the 
diluted complex was applied onto a glow-discharged carbon-coated 300-mesh 
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copper grid, which was produced in-house. The sample was then blotted with filter 
paper. The grid was stained with 2% (w/v) uranyl acetate for 30 seconds. The 
obtained grids were imaged using a FEI Tecnai G2 Spirit TEM operated at 80 kV, or 
a Talos L120C TEM operated at 120 kV under low-dose of 20 e/Å2 at a nominal 
magnification of x135,000 and with a defocus ranging from -0.7 to -2 µm. About 90 
recorded micrographs were subjected to 2D classification analysis of single particles 
performed with CryoSPARC v3.1 (280). 

Cryo-EM sample preparation 

The complex samples were plunge-frozen freshy after purification. The additives 
(if used) were supplied immediately before grid preparation. The grids were glow-
discharged for 30-45 seconds at 20 mA (unless specified otherwise) in the air plasma 
immediately before use. All grids were plunge-frozen into cooled liquid ethane. 
Blotting and plunge-freezing were performed using semiautomated or completely 
automated procedures. The following conditions are specific to the device used for 
the specimen preparation. 

Grid preparation with Vitrobot plunger 

The FEI Vitrobot Mark IV plunger (ThermoFisher Scientific) was operated at a 
humidity of 95% at 4°C. An aliquot of 3.5 µl of the complex was applied to a glow-
discharged 200-mesh carbon-coated copper grid (Quantifoil R1.2/R1.3) and plunge-
frozen using an equilibrated plunger. Different blotting forces and times were tested 
to optimize the ice thickness. Typically, the optimal blot force was about 10–15 
instrument units and the optimal blotting time was 2.5 seconds with no waiting time. 
Several sample concentrations were tested ranging from 1 mg/ml to 2.5 mg/ml. The 
optimal complex concentration was 1.5–2 mg/ml. 

Grid preparation with Leica plunger 

The Leica CP plunger (Leica Microsystems) was operated at 15°C and a humidity 
of 70%. Grids were blotted single-sided with a blot time of 3 seconds. 

CryoWriter 

The principles of cryo-EM grid preparations with the in-house built cryoWriter 
machine have been described in detail elsewhere (276,281). The instrument was 
operated at a humidity of 80% at 5°C. The microcapillary for dispensing the sample 
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on the grid was flashed with tens of nanoliters prior to use. Based on the written 
macro script, the sample was plunge-frozen in a user-free manner. In short, 17 nl of 
the complex at a concentration of 1.8 mg/ml was dispensed with a capillary on a 300-
mesh carbon-coated copper grid (Quantifoil Cu300 R1.2/1.3). The liquid excess was 
withdrawn at a flow rate ranging from 1.5 to 2.5 µl/min. The additive molecules were 
injected into the gas stream simultaneously with the withdrawal of the sample excess. 

Cryo-EM image acquisition  

Cryo-EM grids of the complex were screened using a 200 kV Glacios TEM 
equipped with a Gatan K3 Summit direct electron detector or a 200 kV Talos F200C 
TEM equipped with a Ceta 16M Pixel CMOS camera. Automated data collection was 
carried out on a 200 kV Glacios Cryo-TEM equipped with a Gatan K3 Summit direct 
electron detector using the SerialEM software. Movie stacks of 40-50 frames were 
obtained with a defocus range of –1.9 to –2.5 µm at a nominal magnification of 
x45,000 (0.878 Å/pixel) with a total accumulated dose exposure of 50 to 60 e/Å2. 

Cryo-EM data processing 

The data were processed using standard workflows based on algorithms 
implemented in cryoSPARC v3.1 (280). 
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6 Conclusion and Outlook 

CCR5 is a chemokine receptor, which has been under extensive investigation not 
only due to its crucial role in HIV (233) but also in inflammation (234), the pathology 
of cancer (235,236), and COVID-19 (237). This thesis describes the structural and 
functional elucidation of this pivotal receptor and its complexes. The variable 
pharmacology of the CCL5 analogs and the activation mechanism of the CCR5 had 
not been understood for many years, largely due to difficulties in obtaining 
homogeneous and stable chemokine receptor complexes for structural studies. We 
developed a protocol for stable complex formation of full-length wild-type human 
CCR5 bound to the super-agonist [6P4]CCL5 and the heterotrimeric Gi protein (258) 
and solved the cryo-EM structure of this CCR5 complex in an active conformation 
(138). Comparison to the previously solved antagonist-bound CCR5 structure (246) 
allowed us to decipher the molecular details of  the CCR5 activation mechanism, by 
which the N-terminus of the chemokine analog pushes onto specific structural motifs 
at the bottom of the orthosteric pocket thereby activating the canonical GPCR 
microswitch network. The structure also allowed to identify chemokine sequence 
signatures that drive either agonist or antagonist activity. 

Based on the structure, we also modeled the interaction of the CCR5 with its 
native ligand, CCL5. Subsequently several further cryo-EM structures of CCR5 in 
complex with its N-terminally fused endogenous ligands (CCL3 and CCL5) were 
published. However, despite of this fusion, the density of the chemokine N-termini is 
not well-defined, indicating a dynamic nature of these interactions and impeding a 
detailed understanding of the mechanism (228). A dynamical description of these 
interactions at the atomic level will be required to obtain the precise activation 
mechanism of CCR5 by its endogenous ligands. 

A comprehensive comparison of all available structures and sequences of CC 
chemokines and their receptors revealed that the CCR5 activation mechanism differs 
significantly from other CC chemokine receptors, which bind chemokines with shorter 
N-termini and involve a non-canonical, yet unclear activation mechanism (229). 
Interestingly, some chemokines with long N-termini, including CCL5 can undergo 
post-translational proteolytic processing leading to shorter N-termini. This probably 
constitutes an additional layer of the chemokine system regulation. 
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How the varying lengths of the chemokine N-termini influence receptor activation 
is an open question of considerable biological and medical interest. This could be 
investigated by measuring the response to and affinity of chemokines with varying N-
terminal lengths in cellular assays on structure-based receptor mutants. While such 
data may provide a primary characterization, a detailed and comprehensive 
understanding of the chemokine N-terminal length effects will require further high-
resolution structural and dynamical data. 

While significant progress has been achieved in the structural elucidation of 
GPCR•G protein complexes, explaining the activation mechanisms of many 
receptors, much less is known about GPCR•arrestin interactions. In particular, no 
structural data are available on arrestin•chemokine receptor complexes. To address 
some of these questions, we characterized the CCR5 phosphorylation induced by 
the super-agonist [6P4]CCL5 and GRK2. Based on these findings, we designed a set 
of phosphopeptides to analyze their effects on arrestin interactions by a combination 
of NMR and biochemical assays. We then solved the high-resolution crystal 
structures of arrestin2 in apo form and in complex with two phosphopeptides (44). 
These data revealed a distinct pXpp phosphopeptide sequence motif that induces 
the active arrestin2 conformation by dominant electrostatic interactions. An identical 
pXpp motif exists in the vasopressin hormone-V2 receptor C-terminal 
phosphopeptide (V2Rpp) and in other GPCRs (70,282,283), which are known to form 
stable complexes with arrestin2. This suggests that this motif is crucially involved in 
stable arrestin2 recruitment. Additional structural and functional comparisons of 
GPCR•arrestin interactions together with an analysis of GPCR sequences provided 
hints on the molecular basis of the arrestin2/arrestin3 isoform specificity. 

Although the latter part of the thesis has provided preliminary information on how 
multi-site GPCR phosphorylation controls receptor•arrestin interactions, the detailed 
molecular basis of arrestin’s functional multiplicity and biased agonism towards 
arrestin has not been elucidated. The diverse functional outcomes of arrestin•GPCR 
interactions appear to be driven by distinct phosphorylation patterns, which induce 
distinct arrestin conformations. How these conformations are linked with specific 
functional outcomes, e.g., desensitization or endocytosis, is also poorly understood. 
Additional full-length, wild-type receptor•arrestin structures in combination with high-
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throughput methods for quantifying receptor phosphorylation in their native cellular 
context are expected to provide mechanistic insights on the GPCR signal 
transmission towards arrestin. Further high-resolution dynamics data on the various 
arrestin conformations induced by the different phosphorylation motifs and their 
subsequent interactions with signaling partners may then provide a more complete 
molecular understanding of arrestin downstream signaling. 

It is hoped that the described findings and these suggested approaches will 
enhance the understanding of the highly complex chemokine-chemokine receptor 
network and other GPCR systems, which may serve to improve existing drugs and 
aid the discovery of novel effective compounds. 
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