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Summary 
This thesis aims to provide insight into structural and dynamic features of the 

pharmaceutical highly relevant membrane protein family of G protein-coupled receptors 
(GPCRs) by Nuclear Magnetic Resonance (NMR) spectroscopy. A quantitative description of 
the backbone dynamics of the turkey β1-adrenergic receptor (β1AR) was achieved by the 
analysis of NMR relaxation data. For the chemokine receptor and HIV-1 coreceptor CCR5 
ligand interactions were studied by solution as well as solid-state NMR. 

Chapter 1 provides an introduction to the potential and challenges of NMR for membrane 
protein analysis. The biological function of GPCRs and the current structural and dynamic 
knowledge are discussed with a particular focus on the turkey β1AR. Furthermore, the chapter 
describes the role of the chemokine receptor CCR5 as major coreceptor for HIV-1 infection 
and the potential of chemokine analogs as HIV-1 entry inhibitors and signaling modulators of 
CCR5. 

Chapter 2 gives an overview of the relaxation phenomena observed in solution NMR to 
study protein dynamics. The theoretical basis for extracting dynamic information in the nano- 
to millisecond time range from experimental relaxation rates and conformational exchange is 
presented. 

Chapter 3 presents a detailed picture of the global and local dynamics of the 
thermostabilized turkey β1AR obtained from experimental 1H and 15N NMR relaxation. Local 
backbone motions at 14 different sites of the β1AR in its apo form, six binary ligand complexes 
ranging from inverse agonists to agonists and a ternary agonist/G protein mimicking nanobody 
complex were investigated. Allosteric coupling across the β1-adrenergic receptor was revealed 
by the pivoting of transmembrane helix 6 on the extracellular side upon intracellular effector 
site binding. A manuscript with parts of these results is currently under revision (Grahl et al., 
NMR backbone dynamics reveals mechanism of ligand to effector site allosteric coupling in 
the β1‑adrenergic receptor). The final section of the chapter reports on the favorable effect of 
partial deuteration on the transverse relaxation and spectral appearance of β1AR. 

Chapter 4 describes the successful expression of human, engineered CCR5 in insect cells 
and its characterization in different detergent micelles to yield a stable receptor sample for 
structural characterization. Insect cell expression schemes were implemented to obtain uniform 
or amino acid-specific isotope-labeled material for backbone NMR studies. CCR5 was globally 
characterized by 15N relaxation rates indicating no significant nanosecond motions of the 
receptor independent from the detergent micelle, but exchange dynamics in the micro- to 
millisecond time range. Initial NMR data on CCR5 have been published (Franke, Opitz, Isogai, 
Grahl et al., Production of isotope-labeled proteins in insect cells for NMR. J. Biomol. NMR, 
2018). In addition, promising initial cryo-electron microscopy images of CCR5 have been 
obtained, which may allow a future full analysis. 

Chapter 5 describes the characterization of the potent anti-HIV-1 entry inhibitor 
5P12‑RANTES-E66S at physiological pH. Interactions studies were conducted with detergent 
micelles and heparin disaccharide as a model for the binding to the glycosaminoglycan layer 
on the cell surface. 

Chapter 6 provides insight into the complex of CCR5 with the chemokine analog 
5P12‑RANTES-E66S. A stable, monomeric complex was obtained, and initially characterized 
by solution NMR. An extended binding interface for CCR5 could be mapped on isotope-
labeled 5P12-RANTES-E66S and micro- to millisecond dynamics of the complex-bound 
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chemokine analog could be detected. High-quality solid-state NMR spectra of the immobilized 
chemokine•receptor complex were obtained promising for future detailed characterization. 

Chapter 7 describes the initial characterization of wild type-like human β2-adrenergic 
receptor by backbone NMR experiments. 
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1 Introduction 

1.1 NMR spectroscopy of membrane proteins 
Membrane proteins 

Membranes are cell barriers to separate organelles from the cytosol and the intracellular 
content from the extracellular environment. Besides the lipid bilayer responsible for the barrier 
function, membranes contain proteins to provide exchange of matter and information. 30 to 
40 % of all expressed human genes encode for membrane proteins serving as pores, 
transporters, adhesion molecules, enzymes and receptors (1, 2). Membrane proteins are 
essential for cellular homeostasis and human health. Hence, they are major targets for drug 
developments (3, 4).  

Membrane proteins are classified as either peripheral or integral. The first are water-soluble 
proteins tethered by a fatty acid or other hydrophobic anchor to the membrane. The latter are 
water insoluble and span the membrane once or several times. The transmembrane segment of 
integral membrane proteins consists either of β-sheets or α‑helical secondary structures. The 
β-sheets form barrels in the outer membrane of prokaryotic origin and are stabilized by 
interstrand hydrogen bonds. α-helical membrane proteins occur in eukaryotic membranes and 
prokaryotic inner membranes and span the membrane once or several times. Multi-
transmembrane helical structures are stabilized by hydrophobic contacts between the helices 
and are less stable than β-barrels. 

Despite their high pathophysiological impact, structures of membrane proteins currently 
(2018) represent less than 2 % of the protein data base (PDB) (5). Structural work on membrane 
proteins requires the removal from their natural membrane environment and the reconstitution 
in membrane mimetics such as micelles, bicelles, nanodiscs, phospholipid bilayers or 
amphipols (6, 7).  

The first low-resolution membrane protein structure was obtained by electron microscopy 
(EM) in 1975 of bacteriorhodopsin using tilt series micrographs of its the natural two-
dimensional crystal, the purple membrane (8). The first high-resolution structure of a 
membrane protein was obtained by X-ray crystallography of the photosynthetic reaction center 
(9). Since then most structures of membrane proteins have been solved by this technique. The 
introduction of the lipidic cubic phase (10) and other advances have further improved the 
success rate and resolution of this method (11, 12). The recent breakthrough in detector 
technology has made it possible to obtain high-resolution structures of large membrane proteins 
and membrane protein complexes by single-particle cryo-EM (13). Progress in this field is 
ongoing to reduce the required particle size to the range of 50-100 kDa (14). 

Nuclear Magnetic Resonance (NMR) spectroscopy is an alternative for obtaining atomic 
resolution structures of membrane proteins (7, 15). Most importantly, this method also provides 
information on protein dynamics which allows to connect structural knowledge to the function 
of a protein. 

Advanced, heteronuclear NMR studies require the labeling by the stable isotopes 2H,13C,15N 
(16), which is well-established for heterologous expression in E.coli. Such labeling is 
considerably more difficult for eukaryotic expression systems. However, recent progress in this 
field allows now to also label challenging membrane proteins for their study by NMR (17-19). 
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Solution NMR studies 
Membrane proteins can be studied by solution NMR in solubilized form as particles 

reconstituted into detergent micelles, bicelles or nanodiscs (20). Solution NMR studies are 
limited by the size of the particle, which is especially critical for membrane proteins. Besides 
the protein also the membrane mimetic contributes to the apparent molecular weight. This leads 
to large rotational correlation times, and in consequence to short transverse magnetization 
times and broad lines (Chapter 2). The quality of the spectra is hence diminished manifesting 
itself in low sensitivity and resonance signal overlap. Experimental methods to extend the size 
limit in solution have been developed such as transverse relaxation optimized spectroscopy 
(TROSY) (21) or cross relaxation-enhanced polarization transfer (CRINEPT) (22). 
Deuteration of proteins to reduce strong dipolar couplings of protons also improves the 
relaxation properties and reduces the resonance linewidth (23, 24). Furthermore, segmental or 
selective labeling can reduce the signal overlap especially occurring in α-helical regions 
(25‑27). 

Combining such approaches has led to the structure determination of β-barrel and α-helical 
membrane proteins (28, 29). Furthermore, solution NMR strongly contributes to the 
understanding of membrane proteins by giving insights into their intrinsic dynamics, ligand 
binding and lipid interactions (30-34). 

Solid-state NMR studies 
In contrast to solution NMR, the solid-state NMR analysis of membrane protein is not 

limited by the size of the particle. Instead resolution and sensitivity are determined by the 
orientation-dependence of spin interactions such as dipolar coupling or chemical shift 
anisotropy. These strong anisotropic interactions are manifested in broad lines and can be 
overcome by oriented samples (OS) (35, 36) or magic angle spinning (MAS) (37). Membrane 
protein structures have been solved by OS solid-state NMR using magnetically aligned bicelles 
or mechanically aligned lipid bilayers (38-40). 

MAS solid-state analysis with 15N- and 13C-based experiments have been used for 
membrane proteins in proteolipid 2D crystals, precipitates or microcrystals (41-43). 
Combination of MAS at frequencies above 40 kHz, deuteration and high magnetic field 
strength makes it possible to record proton-based experiments by suppressing the strong 
homonuclear dipolar couplings and reducing the linewidth (44-48). Ultra-fast MAS 
frequencies at 100 kHz and higher now even provides high-quality spectra of protonated 
samples in the solid state (49). Solid-state NMR has been used to solve the structure of 
membrane proteins, but has also given insight into function, dynamics and ligand interactions 
(15, 50-55). Recently, even the study of membrane proteins in their native environment has 
become possible by advanced labeling and solid-state NMR techniques (56-58).  
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1.2 G protein-coupled receptors 
The G protein-coupled receptor superfamily 

G protein-coupled receptors (GPCRs) form the largest class of human membrane proteins, 
transducing signals from the extracellular environment to the cellular interior. So far over 800 
genes encoding for GPCRs have been identified, which corresponds to 4 % of the human 
genome (59, 60). Based on phylogenetic analysis, they have been divided into 5 superfamilies 
or 4 classes: rhodopsin-like receptors (class A), secretin and adhesion receptors (class B), 
glutamate receptors (class C) and frizzled/taste2 receptors (class F) (60, 61). Class A has 719 
members in humans (62). GPCRs share a common architecture consisting of an extracellular 
N-terminal sequence, seven transmembrane helices connected by three intra- and extracellular 
loops, and an intracellular C-terminal sequence. The structural diversity of GPCRs is generated 
by varying length and structure of the nonmembrane regions. Although they share a common 
fold, GPCRs accommodate a wide diversity of ligands in the orthosteric ligand-binding pocket 
on their extracellular side. These range from photons to ions, and from small molecules like 
neurotransmitters and hormones to proteins like chemokines (63, 64). GPCRs are involved in 
disorders of the central nervous system, metabolic dysregulation, and cancer, as well as 
inflammatory, infectious and cardiac diseases (65). Due to their high impact on 
pathophysiological processes and easy accessibility by drugs, GPCRs are key pharmaceutical 
targets. Nowadays, ~35 % of marketed drugs are directed towards GPCRs (66-68).  

GPCR function 
The classical paradigm of GPCR function involves a cycle wherein extracellular ligand 

binding induces activation and downstream signaling followed by inactivation and receptor 
recycling (Figure 1.1). In detail, ligand binding to the extracellular orthosteric ligand binding 
pocket induces conformational changes at the intracellular side of the receptor and enables 
binding of heterotrimeric G protein. Thereby, the GPCR acts as a guanine exchange factor 
(GEF), facilitating the turnover from GDP to GTP-bound G protein and triggering the 
dissociation of heterotrimeric G protein into Gα and Gβɣ subunits, which can both initiate 
downstream signaling cascades (69-71). Heterotrimeric G proteins are classified according to 
their Gα subunit as Gs (stimulatory), Gi (inhibitory) or Gq, each leading to different downstream 
signaling pathways such as activation of protein kinase A and cAMP production, inhibition of 
protein kinase A and hyperpolarization or activation of phospholipase C and calcium influx 
(72). Phosphorylation of the GPCR C-terminus by a G protein-coupled receptor kinase (GRK) 
and the subsequent binding of arrestin (73, 74) leads to the desensitization of G protein 
signaling due to the steric hindrance of the binding. Furthermore, bound arrestin acts as a 
scaffold for clathrin-mediated internalization of GPCRs via endosomes and thereby decreases 
the receptor density on the cell surface (75). Receptors are either degraded or recycled to the 
cell membrane via the trans-Golgi network (76, 77). Besides the classic role in GPCR 
desensitization, additional functions for arrestin have been revealed: (i) arrestin can bind to 
GPCRs without prior G protein binding and phosphorylation (78), (ii) arrestin can initiate 
downstream signaling by itself (79), and (iii) arrestin-bound GPCRs in internalized 
compartments can simultaneously bind and activate G proteins (80). 
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Figure 1.1 GPCR functional cycle, intracellular interaction partners and signaling pathways. 

Based on their efficacy of G protein activation (Figure 1.2), orthosteric GPCR ligands are 
classified as agonists, antagonists, or inverse agonists. In the absence of any ligand, many 
GPCRs display a basal activity of G protein activation. Full agonists then induce the maximal 
G protein activation, whereas partial agonists induce lower activation. Antagonists bind to the 
receptor and compete with other ligands, but do not affect its basal level. Finally, inverse 
agonists inhibit the basal activity. 

The concept of functional selectivity or biased signaling was introduced for GPCR ligands 
that preferentially activate one distinct downstream signaling pathway e.g. G protein vs. 
arrestin. 

 
Figure 1.2 Pharmacological classification of different ligands based on GPCR activity. 
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GPCR structures 
Rhodopsin, a light-sensitive receptor essential for photo transduction, was the first solved 

high-resolution structure of a GPCR and revealed the common transmembrane architecture of 
seven α-helices (81). It can be extracted from natural sources. Structural work on other GPCRs 
has remained challenging due to their low expression levels, low stability outside their natural 
membrane environment and conformational heterogeneity of the receptors (82). Protein 
engineering for receptor stabilization e.g. introduction of point mutations, truncation of flexible 
regions and insertion of fusion proteins, as well as functional expression in higher eukaryotic 
systems, was leading to sufficient receptor material for structural studies (83, 84). Furthermore, 
lipidic cubic phase and the usage of nanobodies facilitated the crystallization of GPCRs (11, 
78, 79). These combined efforts have resulted in the structure elucidation of the human 
β2‑adrenergic receptor (β2AR) as the first non-rhodopsin GPCR in 2007 (85, 86). 

Nowadays, 386 structures of 52 unique GPCRs have been published, representing members 
of the classes A, B, C and F (87). Binary complexes of class A GPCRs with orthosteric ligands 
ranging from inverse agonists to agonists have been solved mostly in an inactive conformation 
(Figure 1.3a), and only few receptors like the A2A adenosine receptor showed an intermediate-
active state (88, 89). A breakthrough in the work on GPCRs was the elucidation of the active 
structure in complex with G protein as well as with G protein-mimicking nanobodies (90-92). 
The active structures revealed major conformational rearrangements on the intracellular side 
of the receptor, comprising as dominant features a 14 Å outward movement of transmembrane 
helix 6 (TM6) and a helical extension of TM5 to accommodate G protein binding (Figure 1.3b). 
GPCR structures have also been solved in complexes with arrestin (93, 94).  

 
Figure 1.3 Inactive and active crystal structure of a GPCR. The orthosteric ligands are shown as black sticks. 
(a) Binary complex of β2AR with inverse agonist carazolol (2RH1) shown in red. (b) Ternary complex of agonist-
bound β2AR with heterotrimeric G protein (3SN6) depicted in blue and green respectively. 
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The only GPCR apo structure, that of CXCR1, has been obtained from solid-state NMR 
(38). Solution NMR has provided the structures of two seven-helical GPCR-like receptors, the 
archaebacterial sensory rhodopsin and bacterial proteorhodopsin (95, 96). 

Current progress in cryo-electron microscopy has now yielded structures of several GPCR-
G protein complexes with different Gα subunits (97-100). 

GPCR dynamics and solution NMR studies 
High-resolution structural and dynamical information on GPCRs is needed to understand 

their ligand selectivity, signal transduction from ligand binding pocket to the intracellular side, 
the formation of signaling complexes from apo receptors as well as the bias for G protein or 
arrestin signaling. Whereas detailed structural insights are obtained by the rapidly increasing 
number of solved GPCR structures, each of them represents only a snapshot of a single 
conformation. However, GPCRs are highly dynamic and, interchanging among a multitude of 
distinct conformations to fulfill their intrinsic function (101, 102). Therefore, knowledge on 
the dynamics is required to fully understand GPCR function.  

Several biophysical methods have been applied to determine amplitudes and timescales of 
GPCR dynamics. Electron paramagnetic resonance (EPR) and fluorescence spectroscopy have 
provided distance distributions between conformations, their lifetimes as well as the time scale 
of receptor activation for a few reporter sites (103-107). Molecular dynamic (MD) simulations 
have given insights into ligand binding and transition from the active to the inactive receptor 
states (108-111). 

High-resolution dynamic descriptions of GPCRs can be obtained by solution NMR at the 
atomic level and on the time scale from picoseconds to seconds, with no or only minimal 
invasiveness on the protein. Still, GPCRs are a challenging target for NMR. First, their high 
apparent molecular weight in membrane mimetics leads to fast decay of transverse 
magnetization and broad linewidths. Additionally, internal dynamics contributes to the line 
broadening. Second, due to their mostly α-helical content, the spectral dispersion is limited. 
Third, most GPCRs require higher eukaryotic cells for functional expression, and only recent 
progress has provided more economical ways of uniform or amino acid-specific isotope 
labeling in such systems (112-114). 

So far, most NMR studies on GPCRs have been carried out on side chains due to their 
favorable spectroscopic properties using 13C-methyl-tagged lysines (115), 19F-labeled 
cysteines (107, 116) and 13C-methyl groups of methionine or alanine (117-120). The reporter 
sites revealed information on local conformational equilibria, the dynamics upon receptor 
activation, effects of the membrane mimetic and the basal activity of GPCRs. 

In contrast, backbone NMR can report on backbone geometry and hydrogen bonding and 
gives more insights into long-range motions. Earlier work on GPCRs had only revealed 
residues from the flexible C-terminus as other resonances were broadened beyond detection 
(121, 122). In 2016, the first detailed backbone NMR analysis of a detergent-solubilized 
GPCR, the thermostabilized turkey β1-adrenergic receptor in its apo state and various ligand 
forms, was published using selectively labeled 15N‑valines as reporter sites (114). A high-
resolution 1H-15N spectrum has also been obtained of uniformly labeled, engineered rat 
neurotensin receptor 1 in nanodiscs, but no further analysis was reported (123). More recently 
well-resolved 1H-15N spectra have also been obtained from the wild-type-like A2A adenosine 
receptor and, combined with tryptophan side-chain analysis, have revealed an allosteric switch 
between the ligand-binding pocket and the intracellular side (124).  
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β1AR as model for GPCRs 
Adrenergic receptors are class A GPCRs and are widely expressed in peripheral tissues and 

the neuronal system. They are activated by their endogenous ligands noradrenaline and 
adrenaline, which are hormones and neurotransmitters affecting heart and lung function, blood 
pressure, metabolism and the nervous system. 

The β1-adrenergic receptor (β1AR) is important for the cardiovascular system and is highly 
expressed in the heart. Antagonists and inverse agonists of β1AR such as atenolol are used as 
drugs to treat hypertension and heart disease (125). The turkey β1AR has been used for 
structural studies due to its higher expression level and stability compared to its human 
homolog (126). For successful structure elucidation, point mutations as well as truncations of 
the N-terminus, third intracellular loop and C-terminus have been introduced, leading to 
increased receptor stability (127). This stabilizes β1AR towards an inactive state with decreased 
affinity for agonists (128). Several crystal structures of β1AR in complex with orthosteric 
ligands ranging from antagonists to agonists have been solved (129). The structures are almost 
completely superimposable independent of the ligand nature (Figure 1.4a). In contrast, 
backbone NMR studies of 15N-valine-labeled β1AR indeed have revealed distinct differences 
of structure and dynamics between apo form, antagonist as well as agonist complexes showing 
a modulated equilibrium between active and inactive states (Figure 1.4b, c, d) (114).  

 
Figure 1.4 Heterogenous response of turkey β1AR to various ligands as revealed by backbone NMR. 
(a) Alignment of β1AR crystal structures in complex with antagonist (carvedilol, 4AMJ, chain B) and agonist 
(isoprenaline, 2Y03, chain B) shown as ribbons in red and blue, respectively. Valines 125, 172 and 226 are 
depicted as grey spheres. (b) Correlation of ligand-induced chemical shift changes for V226 at the intracellular 
side and Gs efficacy. (c-d) Ligand-induced chemical shift changes in the orthosteric binding pocket responding to 
(c) ligand-insertion depth for V125 and (d) ligand head-group substitution for V172. Panels b-d are adapted from 
Isogai et al. (114). 

Resonances in the vicinity of the ligand pocket showed a heterogenous response to ligands 
according to their chemical structure and affinity (Figure 1.4c, d). The chemical shift response 
at the intracellular side of TM5 correlated linearly to ligand efficacy for G protein pathway 
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activation (Figure 1.4b). In the ternary, active state with the G protein-mimicking nanobody, 
large spectral changes were observed for resonances in TM3 to TM6 and the extracellular side 
of the receptor (114). Recent side-chain NMR studies with 13C‑methyl reporter sites have 
furthermore revealed differences at the intracellular side between a basal active β1AR•G 
protein-mimicking nanobody complex and the active ternary complex with an agonist (119). 

Biology of CCR5 and its involvement in disease 
CCR5 is a class A GPCR expressed on the surface of immune effector cells (leukocytes) 

including macrophages, antigen-presenting cells, T cells, and natural killer cells, but also 
non‑immune cells located mostly in the central nervous system (130, 131).  

Binding of its endogenous chemokine ligands MIP‑1α (macrophage inflammatory protein-
1α, CCL3), MIP-1β (CCL4) and RANTES (regulated on activation, normal T cell expressed 
and secreted, CCL5) activates intracellular pathways, which are triggering inflammation and 
immune response (132, 133). CCR5 is involved in several pathophysiological processes such 
as infections (e.g. Hepatitis C, HIV-1 and dengue virus), inflammatory diseases (e.g. 
rheumatoid arthritis, inflammatory bowel disease, atherosclerosis and multiple sclerosis) and 
cancer (130, 134, 135). 

CCR5 has received much attention since it was identified as the coreceptor for HIV‑1 
(human immunodeficiency virus-1), the infection causing AIDS (acquired immunodeficiency 
syndrome) (136-139). Cell entry of HIV-1 requires the sequential interaction of the viral spike 
complex with the membrane proteins CD4 and CCR5 on the host cell surface (Figure 1.5) (140, 
141). The HIV-1 envelope spike is a trimer of the viral surface glycoprotein gp120 in complex 
with the transmembrane glycoprotein gp41. Initial gp120 binding to CD4 on the cell surface 
triggers a conformational change, which exposes the V3 loop of gp120 as recognition site for 
CCR5. The subsequent binding to CCR5 in turn triggers a conformational change of gp41, 
which then inserts into the host membrane, leading to the fusion of viral and host cell 
membranes and the release of the virion into the cell (142). 

 
Figure 1.5 Model for HIV-1 cell entry as essential step for infection. HIV-1 envelope glycoproteins gp120 and 
gp41 interact with host cell-membrane components. Upon gp120 binding to CD4, a conformational change is 
triggered and the V3 binding epitope for CCR5 is exposed. Following binding to the coreceptor, a major 
conformational change enables gp41 to fuse with the host cell membrane leading to the release of viral material 
into the cellular interior. 

Besides CCR5, the chemokine receptor CXCR4 also acts as coreceptor for HIV‑1, forming 
the basis for HIV-1 tropism (143, 144). R5-tropic strains bind CCR5 and are associated with 
initial infections and person-to-person transmission, whereas X4-tropic strains recognize 
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CXCR4 in later stages of the disease (145). Humans homozygous for the CCR5Δ32 allele are 
resistant to virus infection (146, 147). The CCR5Δ32 allele contains a premature stop signal in 
the extracellular loop 2 (ECL2) of CCR5, leading to protection from infection due to a non-
functional HIV-1 coreceptor.  

Due to these mechanisms, CCR5 has become an important target for HIV-1 prevention and 
therapy. Small-molecule ligands of CCR5 have been developed as HIV-1 therapeutics, and 
maraviroc is the first marketed drug of this class (148-150). Drug development on CCR5 is 
especially focusing on CCR5 for HIV-1 prevention. Orally administered drugs are promising 
for prophylaxis strategies (151) whereas topically applied microbicides block the sexual 
transmission of HIV-1 (152). 

The crystal structure of engineered CCR5 bound to the inverse agonist maraviroc was solved 
in 2013 (153) and shows the typical fold of a GPCR with seven transmembrane helices 
followed by a short, solvent-exposed α-helix at the C-terminus (Figure 1.6a). The extracellular 
space is stabilized by two disulfide bonds connecting the N-terminus and ECL3 as well as 
ECL1 and ECL2 (154). The ligand-binding pocket is less buried and more solvent accessible 
than in other class A GPCR structures, providing space for the chemokine protein ligands. The 
inverse agonist maraviroc is deeply inserted into the ligand-binding pocket and stabilizes the 
receptor in an inactive conformation. Maraviroc is classified as an allosteric HIV-1 entry 
inhibitor and stabilizes CCR5 in a conformation that prevents binding of gp120 (155-157). 

 
Figure 1.6 Crystal structures of CCR5. (a) CCR5 in complex with maraviroc (4MBS, chain A). The protein 
backbone and maraviroc are shown in blue and red, respectively. The extracellular disulfide bonds are depicted 
as yellow sticks. (b) Structure of the CCR5•5P7-RANTES complex (5UIW). CCR5 and 5P7‑RANTES are shown 
in ribbon and surface representation, respectively. The CCR5 interaction surfaces are mapped on 5P7-RANTES 
and color coded as follows: CRS1 (yellow), CRS1.5 (orange) and CRS2 (red). 
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Although small-molecule drugs like maraviroc show promising effects as HIV-1 entry 
inhibitors, viral resistance develops due to mutations in gp120, which then binds to CCR5 
already occupied by maraviroc (158, 159). 

Posttranslational modifications are essential for the functionality of CCR5. The first 
disulfide bond connecting the N-terminus and ECL3 is required for high-affinity chemokine 
binding (160). The N-terminus, not resolved in the crystal structure, is modified by 
O‑glycosylation and tyrosine sulfation, required for high-affinity ligand binding (161, 162). 
Tyrosine sulfation is also important for the binding of gp120 (161, 163). Whereas the 
palmitoylation of three C-terminal cysteines anchors CCR5 to the membrane and facilitates 
receptor trafficking (164), the phosphorylation of C-terminal serines by GRKs is important for 
arrestin interaction (165). 

The chemokine RANTES 
CCR5 belongs to the class A subfamily of chemokine receptors, which consists of 18 

GPCRs and 4 atypical decoy receptors in humans. Binding of chemokines to CCR5 induces 
directed cell migration, which is called chemotaxis (166). The ~50 human chemokines are 
small secreted proteins that are divided into the subclasses C, CC, CXC, and CX3C based on 
the arrangement of their N-terminal cysteines. The chemokine receptors are named according 
to the main chemokine subclass to whom they are binding. Many chemokines bind to multiple 
receptors, and also receptors can recognize several chemokines, thereby creating a dense 
network of interactions. Chemokines have two distinct physiological interaction partners, i.e. 
glycosaminoglycan and chemokine receptors, which cooperatively control their function of 
attracting immune cells to the site of inflammation (167). Chemokines are secreted in response 
to inflammatory signals. Glycosaminoglycan concentrates them on the cell surface or 
extracellular matrix and generates an immobilized gradient. This directs migrating leukocytes 
towards the inflammation site. The interaction of chemokines with chemokine receptors and 
glycosaminoglycan is almost mutually exclusive (168). Chemokine receptors bind mostly 
monomeric chemokines whereas glycosaminoglycan stabilizes chemokine oligomerization 

The chemokine RANTES (CC-chemokine ligand 5, CCL5) is secreted by endothelial cells 
and activated leukocytes. Its binding to CCR1, CCR3 and CCR5 (C-C chemokine receptor 
type 5) triggers the immune response. RANTES shows the typical fold of a chemokine (Figure 
1.7a). The N-terminus is followed by two conserved cysteines, a long N-loop and a 310 helix 
turn. The core is formed by three antiparallel β-sheets separated by short loops which are named 
30s-, 40s- and 50s-loop, respectively. The C-terminus forms an α-helix. The disulfide bonds 
from the N-terminus to the core stabilize the structure. RANTES dimerizes through an 
intermolecular β-sheet formed between the N-termini of two monomers. Dimers can further 
form higher oligomers by interactions between the second β-sheet of one part of the dimer with 
the C-terminal α-helix of a second dimer (Figure 1.7b). The oligomerization of RANTES is 
reinforced by the interaction with glycosaminoglycan (169). 
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Figure 1.7 Structures of RANTES. (a) RANTES monomer (1B3A, chain A) with β-strands and helical regions 
shown in green. The two disulfide bonds are depicted as yellow sticks. (b) Model of RANTES oligomerization 
(2L9H). Dimerization occurs through an intramolecular β‑sheet between two monomers (chain A and B in blue 
and light blue as well as chain C and D in green and pale green). Tetrameters are formed from two dimers in green 
and blue, respectively. The tetrameric form can be extended into large elongated polymers by repetition of the 
subunits. 

Binding of the agonist RANTES to CCR5 triggers two distinct intracellular pathways (170, 
171). At low RANTES concentrations, the high-affinity signaling pathway leads to the 
dissociation of heterotrimeric Gi protein thereby triggering calcium influx and chemotaxis. At 
high RANTES concentrations, the low-affinity pathway activates the T cell via a protein 
tyrosine kinase (172, 173). CCR5 is desensitized by arrestin resulting in the internalization of 
the receptor and its recycling via the trans-Golgi network back to the plasma membrane.  

RANTES analogs 
MIP-1α, MIP-1β and RANTES, the endogenous ligands of CCR5, have been shown to 

counteract HIV-1 infection even before CCR5 had been identified as coreceptor (174). 
RANTES showed the highest potency among the endogenous ligands and made RANTES a 
lead structure in the development of novel HIV-1 entry inhibitors (175). Proteolytic truncation 
of wild type (wt) RANTES by two residues on the N-terminus provides stronger HIV-1 
inhibition, but reduces G protein activation as well as chemotaxis (176, 177). Further truncation 
and mutation analysis revealed that antiviral activity and pro-inflammatory function can be 
uncoupled by modifications of the RANTES N-terminus (178, 179). The analog 
PSC‑RANTES, chemically modified at the N‑terminus, was capable of protecting macaques 
from simian/human immunodeficiency virus (SHIV) in vaginal-transmission 
experiments (180). Screening of mutations within the first 9 residues has led to several 
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RANTES analogs showing strong anti-HIV potency with differing pharmacological effects on 
CCR5 (Table 1.1) (181). All mutations are localized before the first cysteine, keeping the 
RANTES core unaffected. These fully recombinant RANTES analogs are interesting as 
topically applied microbicides, due to their lower production costs in comparison to the 
chemically synthesized PSC-RANTES (182). The superior HIV-1 entry inhibition by 
RANTES analogs arises either from the steric hindrance of the gp120 binding to the 
CCR5•RANTES complex on the cell surface or by internalization of this complex (Figure 1.8) 
(183, 184). The large interaction surface of chemokine analogs with CCR5 compared to small 
ligands such as maraviroc reduces viral escape mechanisms and even causes coreceptor 
switching (185). 

 
Figure 1.8 Different approaches of blocking HIV-1 entry via CCR5 using allosteric inhibition by small molecules 
such as maraviroc or RANTES analogs for steric hindrance or receptor internalization. 

5P12-RANTES binds CCR5 with low nanomolar affinity and inhibits HIV-1 entry via steric 
hindrance. Its antagonistic properties reduce the risk of inflammation as a side effect (182). 
5P12-RANTES is currently being tested in clinical trials as topically applied HIV-1 entry 
inhibitor (135, 186). PSC-, 6P4- or 5P14-RANTES trigger the sequestration of CCR5 from the 
cell surface and thereby inhibit HIV-1 infection. 6P4- or PSC‑RANTES exhibit stronger 
agonistic effects than wt-RANTES and activate G protein signaling, while 5P14‑RANTES acts 
as a biased agonist causing arrestin recruitment in a G protein-independent manner (187, 188). 

Binding of PSC-, 5P14- or wt-RANTES to CCR5 leads all to receptor internalization. The 
superior efficacy of 5P14- and PSC-RANTES vs. wt-RANTES as HIV‑1 entry inhibitors arises 
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from the longer intracellular retention time. The latter is determined by the duration of arrestin 
interaction, which controls the subsequent pathway for receptor internalization (189).  
CCR5 bound by wt-RANTES is recycled from the endosome and trafficked back to the cell 
membrane via the trans-Golgi network. The CCR5•PSC-RANTES complex is recycled via the 
same pathway, but stays longer in the Golgi network. In contrast, CCR5•5P14-RANTES is not 
recycled to the cell surface, but remains in the endosome. 
Table 1.1 N-terminal modifications of RANTES analogs and their pharmacological properties. Data 
have been compiled from references (177, 181, 182, 190). 

Name N-terminal 
sequence 

G protein 
signaling 

Receptor 
internalization 

Pharmacology Anti-HIV 
potency [pM] 

Affinity 
[nM] 

wt1)  SPYSSDTTPCC Yes Yes Agonist <130 nM 1-10 

PSC   ***SSDTTPCC2) Yes Yes Strong agonist 25 1-10 

5P12 QGPPLMATQSCC No No Antagonist 28 1.6 

5P7	 QGPPLMALQSCC No	 No	 Antagonist	 17	 -	

6P4 QGPPGDIVLACC Yes Yes Strong agonist 21 - 

5P14 QGPPLMSLQVCC No Yes Antagonist/ 
biased agonist 

26 - 

1) wild type 

2) *** = ( n-nonanoyl)-des-Ser1-[L-thioprolyl2, L-cyclohexylglycyl3] 

The structure of CCR5 in complex with 5P7-RANTES 
In addition to the maraviroc complex structure (Figure 1.6a), the structure of CCR5 in 

complex with the antagonist RANTES analog 5P7-RANTES has been solved recently (Figure 
1.6b) (191). In both structures CCR5 is in an inactive form. The extracellular parts of CCR5 
position the core of 5P7-RANTES above the ligand-binding site, and the chemokine 
N‑terminus inserts into the transmembrane helix bundle coordinating similar residues as the 
small-molecule ligand maraviroc.  

Previously solved receptor•chemokine complexes (192, 193) and the CCR5•5P7-RANTES 
structure have revealed three epitopes for the interaction: CRS1 (chemokine recognition site 1) 
is formed by the receptor N-terminus, which contacts the core of the chemokine between 
N‑loop and 40s-loop. CRS1.5 is formed by CCR5 residues P19 and C20, which pack against 
the conserved disulfide bonds of the chemokine. CRS2 is the transmembrane binding pocket 
of the receptor, which accommodates the chemokine N-terminus. 
  



 

 
14 

1.3 Aims of the thesis 
Although the surge of crystal structures solved in recent years has increased tremendously 

the structural knowledge of GPCRs, the dynamics underlying the function of these intrinsically 
flexible proteins is not well understood. The goal of this thesis was to determine dynamics and 
ligand interactions of GPCRs by NMR. Specific aims were to 

 
(i) to determine the functional backbone dynamics of GPCRs by relaxation experiments 

using the turkey β1AR and CCR5 as examples 
(ii) obtain stable, detergent reconstituted CCR5 from insect cell expression for ligand 

interaction, structural and dynamical studies 
(iii) improve amino acid-specific isotope-labeling strategies in insect cells 
(iv) characterize the RANTES analog 5P12-RANTES-E66S under physiological conditions 

and study its interaction with heparin disaccharide as a proxy for the physiological 
glycosaminoglycan interaction  

(v) develop conditions for stable complex formation of CCR5 with 5P12-RANTES-E66S 
and to study this complex by solution and solid-state NMR 
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2 Relaxation and dynamics 
Relaxation in NMR 

NMR can provide dynamical information for any atom with a magnetically active nucleus 
by the analysis of relaxation parameters. In equilibrium, spin ½ nuclei are aligned either 
parallel or antiparallel to an external magnetic field B0 (z-axis) according to the Boltzmann 
distribution. After perturbation of this equilibrium, e. g. by a radio-frequency pulse, the 
magnetization returns back to the Boltzmann equilibrium. This phenomenon is called 
relaxation and the observables of this process in NMR experiments are the relaxation rates. 
The relaxation rates depend on the motions of the atoms and hence dynamic information can 
be derived. 

Longitudinal R1 relaxation describes the process of restoring the initial, unperturbed 
z‑magnetization. The return to the Boltzmann equilibrium is due to changes in the populations 
of the two spin states via spin transitions. Transverse R2 relaxation describes the decay of 
transverse magnetization that is caused by the loss of phase coherence of individual spins as 
well as by their return to the z-axis. R2 relaxation is observable as the signal decrease of the 
free induction decay (FID), the time domain NMR signal, and corresponds to an increase of 
linewidth in the frequency domain. 

Mechanism of relaxation 
Brownian motion causes time-dependent, local magnetic field fluctuations in a molecular 

system of spins leading to relaxation. For spin ½ nuclei like 15N and 1H, relaxation is caused 
by local field fluctuations arising from anisotropic interactions such as chemical shift 
anisotropy (CSA) or dipolar interaction (194). Relaxation can also be caused by quadrupolar 
interactions for nuclei with spins larger than ½ and by the spin-rotation interaction for small 
molecules. 

The dipolar interaction occurs when one nuclear spin experiences the local magnetic field 
of another spin nearby. Due to the rotational tumbling of the molecule the direction and 
magnitude of this local magnetic field fluctuates. The strength of the dipolar interaction (D) is 
proportional to the magnetic moments of the two interacting spins and depends on the distance 
between them and the angle of their internuclear vector relative to the external magnetic 
field B0 

𝐷 =
𝜇%
4𝜋

ℏ𝛾*𝛾+
𝑟*+-

(3cos+𝜃 − 1) 

with μ0 being the vacuum permeability, ℏ the reduced Planck constant, γi the gyromagnetic 
ratio of the spin i, r12 the distance between the two interacting nuclei and θ the angle of the 
internuclear vector relative to B0. 

Chemical shift anisotropy is caused by an asymmetric electron distribution and induces a 
local orientation-dependent magnetic field at the spin position. Rotational motion changes the 
magnitude and direction of this field. The strength of the CSA (C) is given by 

𝐶 =
𝛾𝐵%∆𝜎
√3

(3cos+𝜃 − 1) 
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with B0 being the strength of the external magnetic field, γ the gyromagnetic ratio of the 
spin, Δσ the size of the CSA and θ the angle of the CSA principal axis relative to B0. 

For protons, dipolar interactions with other protons or directly bound heteronuclei (e.g. 15N) 
are the dominant relaxation mechanisms. Relaxation of 15N spins is dominated by dipolar 
interaction with directly bound protons and the 15N CSA. 

More than one relaxation mechanism can act on the spin, sometimes causing interference 
(cross-correlation) between them and affecting the relaxation rates. One prominent example is 
the cross-correlation between 15N-1H dipolar coupling and 15N CSA leading to changes in the 
local magnetic field experienced by 15N spins. The favorable relaxation properties arising from 
this cross-correlation are used in TROSY NMR experiments (21). 

The time dependence of the local fields enters into the relaxation rates via the Fourier 
transform of the autocorrelation function of the interaction leading to relaxation. This 
autocorrelation function depends on the motion of the particle. The Fourier transform of the 
autocorrelation function is called spectral density J(ω). Its value at a given frequency ω 
describes the amount of motion present at this frequency. 

For an isotropically diffusing, spherical particle the spectral density function is given by  

𝐽(𝜔) =
𝜏?

1 + 𝜔+𝜏?+
 

with τc being the rotational correlation time and ω the frequency. 
Small molecules experience fast rotational motions described by a small rotational 

correlation time τc and a broad spectral density function. Large molecules undergo slower 
motions, i.e. have larger τc, leading to a larger spectral density at frequencies around ω = 0. For 
molecules in the slow-motion limit (ωτc ≫ 1) with ω being the Larmor frequency of the nuclei, 
J(ω) is much smaller than J(0). The latter then dominates the transverse relaxation for large 
molecules. 

Observable time scales of motions 
The observable relaxation rates depend on the amplitude and velocity of local motions at 

the site of the nucleus and the overall rotational correlation time τc of the entire molecule, which 
is determined by its overall shape (195). Hence, insight into local and global dynamics as well 
as the size of the molecule can be gained from measurements of these relaxation rates. 

Motions comparable or faster than the overall rotational correlation time τc of typical 
proteins (tens of nanoseconds) in solution lead to relaxation by the modulation of anisotropic 
interactions such as dipolar coupling and CSA. The respective relaxation rates are most 
sensitive to motions at the Larmor frequencies of the observed nuclei, corresponding to 
nanosecond time scale. Their analysis yields the overall rotational correlation time τc of the 
particle as well as amplitude and correlation times τm of faster local motions. Fast motions are 
identified by smaller R2 and larger R1 rates. For very fast local motions in the picosecond time 
range, the determination of the local correlation τm is rather imprecise and only a local order 
parameter S2 is used as an estimate for the angular space averaged by the interaction (196). 

A further time window of motions can be observed in the micro- to millisecond regime 
stemming from the modulations of isotropic interactions such as the chemical shift. These 
motions manifest themselves in an increase of the R2 rates and thereby linewidth, and are 
usually called exchange broadening. For completeness, it should also be mentioned that 
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motions slower than about one second can be monitored directly via individual NMR 
experiments (real-time NMR). 

Calculation of relaxation rates 
The density matrix is the statistical description of the state of an ensemble of nuclear spins. 

The Redfield equation describes the relaxation of this density matrix back to thermal 
equilibrium as a function of random perturbations (197) 

𝑑𝜎C(𝑡)
𝑑𝑡

= −EF𝑉HI, K𝑉HLM, 𝜎C(𝑡) − 𝜎CNOPQ𝐽I,LR𝜔LS = −𝑅HH
I,L

(𝜎C(𝑡) − 𝜎CNO) 

with 𝜎C(𝑡) being the density matrix in the rotating frame at time t, 𝜎CNO its equilibrium value, 
V the interaction spin operator responsible for relaxation, J(ω) the spectral density function, 
and α,β are indices corresponding to the decomposition of the interaction according to the 
Larmor frequencies of the system and 𝑅HH the relaxation superoperator, i.e. the Redfield matrix. 
The elements of the Redfield relaxation matrix are the relaxation rates. 

The relaxation rates of the 15N spin in a 15N-1H two spin system with dipolar coupling and 
CSA as relaxation mechanisms contains spectral densities sampled at frequencies ω = 0 and 
the Larmor frequencies ωN, ωH and ωN ± ωH. 

In particular, the transverse in-phase (N+ = Nx + iNy) and anti-phase (N+Hz) R2, and the 
longitudinal (Nz) R1 relaxation rates of the 15N spin are 

𝑅+(𝑁M) =
𝐵%+𝛥𝜎W+𝛾W+

20
[4𝐽(0) + 3𝐽(𝜔W)] +

𝜇%+ℏ+𝛾\+𝛾W+

320𝜋+𝑟W\]
[4𝐽(0) + 6𝐽(𝜔\) + 3𝐽(𝜔W)

+ 𝐽(−𝜔\ + 𝜔W) + 6𝐽(𝜔\ + 𝜔W)] 

𝑅+(𝑁M𝐻`) =
𝐵%+𝛥𝜎W+𝛾W+

20
[4𝐽(0) + 3𝐽(𝜔W)] +

𝜇%+ℏ+𝛾\+𝛾W+

320𝜋+𝑟W\]
[4𝐽(0) + 3𝐽(𝜔W) + 𝐽(−𝜔\ + 𝜔W)

+ 6𝐽(𝜔\ + 𝜔W)] 

𝑅*(𝑁`) =
𝐵%+𝛥𝜎W+𝛾W+

10
[3𝐽(𝜔W)] +

𝜇%+ℏ+𝛾\+𝛾W+

320𝜋+𝑟W\]
[6𝐽(𝜔\ + 𝜔W) + 𝐽(−𝜔\ + 𝜔W) + 3𝐽(𝜔W)] 

The cross-correlation rate between 15N-1H dipolar-coupling and 15N CSA is given as: 

𝜂 =
𝐵%𝛥𝜎W𝜇%ℏ𝛾\𝛾W+

40𝜋𝑟W\-
[4𝐽(0) + 3𝐽(𝜔W)] 

Experimental R1 and η relaxation rates can be used to extract the rotational correlation time 
τc of the protein. Transverse relaxation rates can have additional contributions from exchange 
processes (see below). The 15N antiphase magnetization (N+Hz) is further relaxed by the dipolar 
interaction of the Hz spin state with additional nearby protons Ha. This increases the relaxation 
rate by 

𝑅*(𝐻`) =
𝜇%+ℏ+𝛾\b

320𝜋+𝑟\\c
] [𝐽(0) + 3(𝜔\) + 6𝐽(2𝜔\)] 
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The total transverse magnetization rates in the absence of chemical exchange during the 
nitrogen evolution of a 1H-15N heteronuclear single quantum coherence (HSQC) or 1H-15N 
TROSY experiment are given by the following terms 

𝑅+(HSQC) =
[𝑅+(𝑁M) + 𝑅+(𝑁M𝐻`) + 𝑅*(𝐻`)]

2
 

𝑅+(TROSY) =
[𝑅+(𝑁M) + 𝑅+(𝑁M𝐻`) + 𝑅*(𝐻`)]

2
− 𝜂 

Exchange processes 
Under certain conditions the exchange between different conformations of a molecule can 

be monitored by NMR. In the simplest case, the position of an NMR-observable nucleus 
exchanges at a rate kex between two magnetically distinct sites S1 and S2 with Larmor 
frequencies differing by Δω (198, 199). 

𝑆*
mnop

mq
rs 𝑆+, 𝑘Nu = 𝑘* + 𝑘+ 

The following cases can be distinguished: (i) if the rate of exchange kex is slow compared to 
Δω (kex ≪	Δω), two distinct resonances are observed with relative intensities according to their 
populations, (ii) if the exchange is in the intermediate time range (kex ≈	Δω), coalescence of 
the two signals with severe line broadening occurs, (iii) if the exchange is fast (kex ≫	Δω), a 
single resonance is observed at the population-averaged frequency.  

Chemical exchange contributes to transverse relaxation due to the loss of phase coherence, 
corresponding to line broadening, via the fluctuations of the resonance frequency. The 
contributions of exchange to the relaxation are small for slow or fast exchange and large for 
intermediate exchange. 

The Bloch-McConnell equation describes the evolution of magnetization under 
conformational exchange (198). The time dependence of the transverse magnetization 𝑀*,+

M  (t) 
for states S1,2 with frequencies w1,2 is given by 

𝑑
𝑑𝑡
z𝑀*

M

𝑀+
M{ = z−𝑘* + 𝑖𝜔* − 𝑅+ 𝑘+

𝑘* −𝑘+ + 𝑖𝜔+ − 𝑅+
{ z𝑀*

M

𝑀+
M{ 

where the same exchange-free relaxation rate R2 is assumed for both states. 
Solving the differential equation gives the time dependence of the magnetization M+ (t) 

which decays with a rate constant  

𝑅Nu + 𝑖𝜔 = 	𝑘} + 𝑖𝜔~ − �𝑘}+ − ∆𝜔+ − 2𝑖∆𝜔∆𝑘 

with 𝜔~ = �nM�q
+

, ∆𝜔 = �n��q
+

, 𝑘} = �nM�q
+

, ∆𝑘 = �n��q
+

 

The latter equation connects the experimentally observable exchange broadening Rex and 
frequency position w to the rates k1,2 as well as the frequencies w1,2 at the two sites. Hence the 
rate constants may be derived from Rex and w, if w1,2 are known. 



 

 
19 

NMR linewidth 
The linewidth of a resonance in the frequency domain originates from the decay of the FID 

in the time domain. It is modulated by the loss of transverse phase coherence during the 
experiment. The observed linewidth is defined as the full width at half height (FWHH) of the 
resonance peak: 

∆𝜐��\\ =
�q
�
	[Hz] or 𝜔��\\ = 2𝑅+	[

���
�
] 

The observed R2 rate is composed of the exchange-free transverse relaxation rate R2,0, the 
exchange contribution Rex and the inhomogeneity of the magnetic field Rinhom (order of ~1 Hz) 
(199). 

𝑅+ = 𝑅+,% + 𝑅Nu + 𝑅����� 

Hence the exchange contribution Rex can be determined from the knowledge of R2, R2,0, and 
Rinhom. 
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3 A high-resolution description of the backbone dynamics of the 
β1-adrenergic G protein-coupled receptor from NMR relaxation 
data 

Organization of the chapter 
This chapter describes the dynamics of the thermostabilized turkey β1-adrenergic receptor 

studied by backbone NMR. The first section (3.1) is a reprint of a submitted manuscript by 
Grahl et al. (2018), which describes the backbone dynamics of TS-β1AR and 
TS‑β1AR(A227Y/L343Y) investigated by 15N relaxation data. The following section (3.2) 
presents additional data supporting the intrinsic dynamics of β1AR, which were not included 
in the manuscript. The last section (3.3) reports on the improved relaxation properties of 
partially deuterated TS-β1AR, which was obtained by growing insect cells on deuterated 
yeastolate. 
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3.1 NMR backbone dynamics reveals mechanism of ligand to 
effector site allosteric coupling in the β1-adrenergic receptor 
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Abstract 
G protein-coupled receptors (GPCRs) are transmembrane signal transducers that trigger 

intracellular responses upon binding of extracellular ligands. The >800 GPCRs in the human 

proteome are key regulators of physiological processes and highly attractive drug targets. 

Despite breakthroughs in GPCR crystallography, their transmembrane signaling mechanism is 

presently not well understood due to the lack of dynamical information. Here we provide highly 

detailed, quantitative information on the dynamics of the detergent-solubilized b1-adrenergic 

receptor in its apo form, in response to 6 ligands ranging from antagonists to agonists, as well 

as in an agonist/G protein mimetic nanobody (Nb80) complex from precise measurements of 

four types of 15N NMR relaxation rates at 14 backbone amide sites. These data capture the 

functional motions elicited by the ligands and lead to stringent conclusions about the 

underlying signal transmission mechanism. 

Whereas significant motions in the micro- to millisecond time range occur throughout 

the receptor, particularly pronounced ligand-dependent motions corresponding to a two-state 

equilibrium are observed for TM6 (transmembrane helix 6) residue V314 at the extracellular 

ligand entry tunnel. This equilibrium is strongly shifted by the binding of Nb80 at the 

intracellular side giving direct insight into the allosteric signal transmission. All observations 

can be explained by a pivoting motion of TM6, which is modulated by the different functional 

states of the receptor. This mechanism describes quantitatively the allosteric coupling between 

ligand and effector site and correlates antagonistic function as well as ligand affinity with the 

presence of an orthosteric, hydrophobic substitution of its head group. Since TM6 movement 

upon G protein binding is conserved in GPCRs, this mechanism of allosteric transmission is 

expected to be of general significance. 
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Introduction 
G protein-coupled receptors (GPCRs) are transmembrane signal transducers, which 

convert the extracellular binding of a wide array of ligands to specific intracellular responses 

via G protein, arrestin, and other pathways. As regulators of crucial physiological processes, 

the more than 800 GPCRs within the human proteome have long been prime drug targets.1 

Advances in their structural stabilization by protein engineering and conformation-specific 

antibodies, as well as in crystallization methods for membrane proteins have led to a surge of 

available crystal structures in the last decade2-8. These have provided frozen snapshots of 

various functional states comprising inactive forms in complexes with antagonists and various 

active forms in complexes with agonists, G protein, G protein mimicking antibodies, and 

arrestin. 

However, evidence from EPR, NMR, fluorescence spectroscopic data and molecular 

dynamics simulations indicates that GPCRs are highly dynamic and sample several 

conformations in any particular functional state. Consequently, signal transmission from the 

ligand to the effector site is thought to occur by continuous shifts of dynamic equilibria rather 

than by discrete jumps between distinct conformational substates4,9-17. Thus, the key to 

understanding GPCR function is the accurate and precise description of its functional motions 

at atomic resolution – simultaneously at many sites throughout the receptor. No such 

comprehensive description of GPCR dynamics exists at present. 

In principle, NMR spectroscopy can provide precise dynamical information for any 

atom site with a magnetically active nucleus by the analysis of relaxation parameters. In 

practice, NMR observation of GPCRs is strongly limited in sensitivity and resolution by 

intrinsically broad line widths and by difficulties in isotope labeling, as most GPCRs at present 

can only be produced in functional form in higher eukaryotic cells, which cannot synthesize 

amino acids from simple isotope-labeled precursors. For these reasons, NMR observations of 

GPCR dynamics have been confined mostly to chemical shift changes induced by different 

ligands and to the qualitative description of line broadening effects in selectively 13C-labeled 

side chain methyl groups10,11,13,18-20 or 19F-labeled side chains9,15,21,22. 

The NMR detection of main chain atomic nuclei is less sensitive, but in particular 1H-
15N resonances have the advantage of directly reporting on backbone and H-bond 

conformational changes with functional relevance. Despite early efforts23, such 1H-15N 
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backbone resonances have only recently been detected at high resolution, allowing their shifts 

to be correlated to functional receptor states14,17,24. 

Here we have obtained a comprehensive, quantitative description of the backbone 

dynamics based on 15N relaxation rates of a thermostabilized mutant of the turkey β1-adrenergic 

receptor (TS-β1AR), which had been prepared in isotope-labeled form in insect cells14,25 and 

solubilized in detergent. The data provide a precise description of the overall rotational motion 

in the detergent micelle and give evidence of extensive local motions in the micro- to 

millisecond regime throughout the receptor. Residue V314(6.59) [the number in parenthesis 

corresponds to the Ballesteros-Weinstein numbering26] situated at the extracellular end of 

transmembrane helix 6 (TM6) in immediate vicinity of the ligand binding pocket shows 

particularly pronounced dynamic behavior, which correlates with the ligand affinity and the 

binding of the G protein mimetic nanobody Nb80 at the intracellular side of TM6. All 

observations can be explained quantitatively by a simple mechanical model, in which the 

pivoting motion of TM6 dynamically couples the ligand pocket and the effector site. 

Results and Discussion 

3.1.1.1 Global backbone dynamics 
To determine the global backbone dynamics of TS-β1AR, we measured several 15N 

relaxation rates at 14 and 21 T (600 and 900 MHz 1H frequency) magnetic field as averages 

over all residues by 1D 1H-detected experiments carried out on 15N/2H(~60 %)-labeled TS-

β1AR25 bound to the antagonist alprenolol and reconstituted in decyl maltoside (DM) micelles 

(Figure S1, Table S1). At the limited resolution of the 1D spectra, the longitudinal 15N R1 rates 

appear uniform with values of 0.34 s-1 at 14 T and 0.20 s-1 at 21 T in agreement with the 

expected field dependence of the slow tumbling limit. Correspondingly, dipolar coupling/CSA 

cross correlation rates η are also uniform and increase from 38 s-1 at 14 T to 49 s-1 at 21 T. 

Individual isotropic rotational correlation times tc derived from these rates are very similar 

with an average of 38 ± 3 ns (Table S1). This correlation time is in very good agreement with 

the value of 35 ± 1 ns calculated by the Stokes-Einstein relation from the 101 kDa mass 

determined in a separate multi-angle light scattering (SEC-MALS) experiment. This indicates 

that β1AR rotates at the same speed as the entire micelle and therefore a significant additional 

nanosecond motion of the GPCR relative to the detergent can be excluded. In contrast, the 

average transverse 15N R2 rates of 56 s-1 (89 s-1) at 14 T (21 T) are larger than the 47 s-1 (63 s-1) 
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expected for a spherical molecule tumbling at a tc of 38 ns. This reveals a contribution from 

exchange broadening on the micro- to millisecond range, which increases at higher field. 

3.1.1.2 Residue-specific dynamics 
To derive residue-specific insights on this phenomenon, 15N relaxation rates were also 

measured on TS-β1AR labeled selectively by 15N-valine14. Using only well-resolved 1H-15N 

resonances together with the available assignments (Figure S2a), 15Nz R1 and 15Nx R2 relaxation 

rates could be determined reliably for 14 of the total 26 valines of TS-β1AR in complex with 

the antagonist alprenolol at 14 T and 21 T (Figure 1). Besides one residue [tentatively assigned 

to V320(ECL3)], the 15N R1 rates are uniform and agree well with the values of 0.32 s-1 

(0.19 s-1) at 14 T (21 T) expected for a rotational correlation time of 38 ns derived from the 1D 

analysis. Since V320 is located in extracellular loop 3, the observed higher R1 may indicate 

increased nanosecond mobility in this region. 

15Nx R2 rates were determined by a spin-echo experiment27 with a CPMG 15N 

180˚-pulse spacing of 0.5 ms (νCP = 2 kHz). Lower effective field strengths νCP were 

impractical due to the required 1H decoupling and the short 15Nx T2 of 10-20 ms. Figure 1b 

shows that the 15Nx R2 rates are uniform for the detected residues, but are slightly (~10-20 s-1) 

higher than the rates of 47 s-1 (14 T) and 63 s-1 (21 T) expected for the rotational correlation 

time of 38 ns. Again this must be attributed to exchange broadening. A full quantitative analysis 

by CPMG dispersion would be desirable, but is not possible due to (i) the practicable lower 

limit of the CPMG field strength and (ii) the low sensitivity of the experiment, which required 

~4 days of measurement for a single rate determination using a concentrated (400 μM) sample. 

We therefore developed a robust protocol for line shape analysis of both 1H-15N 

TROSY and HSQC experiments using time domain fitting to extract 15N transverse relaxation 

rates. These experiments required only 24 hours of measurement time to reach sufficient signal 

to noise ratios (>~10) even for the weakest peaks in a typical 100 μM sample. The line shape 

analysis revealed TROSY 15Nx1Hβ (Figure 1c) and HSQC 15Nx1Hz/15Nx (Figure S3) R2 rates, 

which are considerably larger than the exchange-free rates R2,0 expected for a tc of 38 ns. 

Reassuringly, the calculated exchange contributions (Rex = R2 - R2,0) are very similar for the 

TROSY and HSQC detection (Figure S3) and range from ~20 to ~140 s-1. They are thus 

significantly larger than the ones observed in the spin-echo experiments, which are clearly 

quenched by the 2 kHz CPMG field and therefore indicate exchange rates on the order of 
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103-104 s-1. The Rex values determined by the line shape analysis also contain contributions 

from inhomogeneous line broadening. However, based on the quality of the spectrometer 

shimming, these are estimated to be smaller than 1 s-1 for 15N resonances. For most residues, 

Rex is rather uniform with an average of ~30 s-1 and has no significant field dependence between 

14 and 21 T. This indicates highly asymmetric exchange broadening between a dominant and 

a minor state with an exchange rate slower than their frequency difference Δω, i.e. typically 

~1 ppm or ~500 s-1. In contrast, residues V172(4.56) located close to the ligand head group as 

well as V202(ECL2) and V314(6.59) at the extracellular ligand entry site show particularly 

large Rex values in the ~100 s-1 range (Figure 1c). For V172(4.56) and V314(6.59), Rex also 

increases significantly with the magnetic field, corresponding to the intermediate to fast 

exchange regime with rates ≥Δω. 

3.1.1.3 15N chemical shifts and R2 rates reveal two-site exchange at the ligand entry site 
We had previously observed that the 1H-15N resonance position and line width of 

residue V314(6.59) located close to the extracellular entry tunnel of the orthosteric ligand 

binding site (Figure 1d) correlated with the ligand affinity in complexes of TS-β1AR. 14 This 

finding is particularly interesting, since the affinity of agonist ligands increases by two pK units 

when G protein or the G protein mimic Nb80 bind to the effector site at the intracellular ends 

of TM5-714,28 – an effect which clearly shows the allosteric coupling between extracellular 

ligand binding and intracellular effector sites. Agonist-bound complexes of the highly 

thermostabilized TS-β1AR were not competent to bind and activate G protein. However, the 

more native-like TS-β1AR(A227Y/L343Y) mutant showed efficient G protein activation and 

also binding to the G protein mimicking nanobody Nb80. Intriguingly the resonance of 

V314(6.59) exhibited a very strong shift to a hitherto unidentified position upon binding of 

Nb80 to TS-β1AR(A227Y/L343Y) in complex with the agonist isoprenaline, giving direct 

evidence of transmembrane signal transmission. 

To obtain more insight into this phenomenon we have assigned this resonance in the 

ternary complex TS-β1AR(A227Y/L343Y)•isoprenaline•Nb80 by a V314A point mutation 

(Figure S2b) and analyzed all assigned 1H-15N resonances of TS-β1AR(A227Y/L343Y) and 

TS-β1AR in apo form and in binary complexes with six orthosteric ligands ranging from 

antagonists to agonists (Figures 2, S4, S5, S6, Table S2). Although TS-β1AR is unable to bind 

Nb80, its resonance positions and line shapes are very similar to TS-β1AR(A227Y/L343Y) in 

all binary complexes and the apo forms. In particular, similarly extensive exchange broadening 
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is observed for V172(4.56), V202 (ECL2), and V314(6.59) indicating that the 

thermostabilizing Y227A and Y343L mutations do not severely affect the internal receptor 

dynamics in the absence of an effector-site ligand. 

Figure 2b shows the particular behavior of the V314(6.59) 1H-15N TROSY resonance 

positions of TS-β1AR(A227Y/L343Y) in its apo form, in the binary orthosteric, as well as in 

the ternary isoprenaline•Nb80 complexes. Correlations between 15N chemical shift, line width 

and ligand affinity are clearly apparent. The resonances of the high-affinity antagonist ligand 

(carvedilol, cyanopindolol and alprenolol) complexes cluster in the downfield region with 

narrow line widths, whereas those of the low-affinity ligands, i.e. the agonists isoprenaline and 

dobutamine as well as the inverse agonist atenolol, are upfield shifted and broadened. Of note, 

the used ligand concentrations (1 mM) were large enough to exclude significant line 

broadening effects from exchange between free and ligand-bound receptor forms. A 

quantitative analysis (Table S3) reveals a strong, linear correlation of the ligand pKD values 

ranging over six orders of magnitude to the 15N chemical shifts (Figure 2c) as well as an inverse 

correlation to the 15N exchange broadening Rex (Figure 2d). Strikingly, the addition of Nb80 to 

the TS-β1AR(A227Y/L343Y)•isoprenaline complex shifts the V314(6.59) 15N resonance by 

~7 ppm and the 1H resonance by ~0.3 ppm in the upfield direction. As a result the V314(6.59) 

resonances of all TS-β1AR(A227Y/L343Y) complexes and its apo form fall approximately on 

a single line in the 1H-15N TROSY. This indicates that all these functional states of V314(6.59) 

can be described approximately by a dynamic equilibrium between two extreme 

conformational states S1 and S2, which exchange with respective rate constants k1/2: 

𝑆*
mnop

mq
rs 𝑆+ (1) 

State S1 is predominantly populated by the high-affinity antagonist ligand complexes, 

which have the most downfield shifted resonances (>116 ppm 15N, >7.35 ppm 1H), whereas 

state S2 is predominantly populated by the active ternary complex, which has the most upfield 

shifted resonances (~105 ppm 15N, ~6.95 ppm 1H). Resonances of the low-affinity ligand 

complexes in the center between these extreme positions correspond to conformational 

mixtures with similar populations of both states. Due to intermediate exchange in the micro- 

to milliseconds regime, these resonances show severe line broadening effects. As the positions 

of the resonances correlate to the pKD values, this explains the strong dependence of the line 

width on the ligand affinity, but it does not explain the affinity dependence of the resonance 
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position itself (see below). The broad V314(6.59) 15N resonance of the 

TS-β1AR(A227Y/L343Y) apo form is located at about one fifth from the high-affinity 

antagonist ligand complexes in the direction of the active ternary complex, consistent with a 

basal activity of the apo receptor and a V314(6.59) active-state population of about 20 %. 

The two-site exchange at V314(6.59) is corroborated by the behavior of the 1H/15N 

resonances of V202(ECL2) in the immediate vicinity in ECL2. These also fall approximately 

on one line for the apo form as well as the various ligand complexes and display similar 

broadening (Figures 1, S6). In contrast, the ligand-dependent shift variation and broadening of 

the 1H/15N resonances of V172(4.56) located close to the ligand head group is more 

heterogeneous and depends strongly on the chemical nature of the ligand head group (Figure 

S6)14. 

3.1.1.4 Quantitative fit of V314(6.59) two-site exchange  
The frequency w and exchange broadening contribution Rex of the dominant resonance 

in a system undergoing two-site exchange depends on the rate constants k1/2 according to the 

Bloch-McConnell equation29,30 

𝑅Nu + 𝑖𝜔 = 	𝑘} + 𝑖𝜔~ − �𝑘}+ − ∆𝜔+ − 2𝑖∆𝜔∆𝑘 (2) 

where w1/2 are the frequencies in conformational states S1/2 and 𝜔~ = �nM�q
+

, ∆𝜔 =

�n��q
+

, 𝑘} = �nM�q
+

, ∆𝑘 = �n��q
+

. Using a fit to the position and exchange broadening of the 

V314(6.59) 15N resonances, we obtained the k1/2 exchange rates for TS-β1AR(A227Y/L343Y) 

in its apo and all complex forms. Identical w1/2 frequencies derived from a global optimization 

and corresponding to 116.2/105.6 ppm were used for all cases. All fitted w and Rex values agree 

within experimental error to the experimental data for TS-β1AR(A227Y/L343Y) (Figure 3). 

The same satisfying agreement was obtained for the analogous analysis of the V314(6.59) 15N 

resonances in all observed forms of TS-β1AR (Figure S5, S7). The latter are very similar to 

TS-β1AR(A227Y/L343Y), but have minor shifts towards the inactive antagonist-bound 

conformation, corroborating the less active character of TS-β1AR (Figure S7). Fitted rate 

constants k1/2 as well as the derived free energies of states S1 and S2, and activation barriers for 

both constructs are summarized in Table S3. Remarkably the activation barriers for the S1 → S2 

transition fall in a narrow range of ~21 +/- 2 kT units for all ligand-bound and apo forms of 
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both β1AR constructs, giving further confidence into the robustness of the two-site exchange 

description. 

3.1.1.5 A mechanical model of the allosteric coupling between ligand and G protein binding 
site  

Based on the chemical shift and line broadening of the V314(6.59) 15N resonance we 

can distinguish four different cases of conformational behavior for this residue, corresponding 

to the high-affinity antagonist complexes, the apo form, the low-affinity ligand complexes, and 

the active state-mimicking isoprenaline•Nb80 complex (Figure 4a). The complex with the 

high-affinity antagonist carvedilol mainly populates conformational state S1 having a 2.8 kT 

lower free energy than state S2, which has only ~6 % population. The transition to state S2 

occurs at a rate k1 of 2.1∙103 s-1, corresponding to an activation barrier of 21.9 kT at 304 K. The 

reverse transition is about 17 times faster. An inspection of the crystal structure of β1AR in 

complex with carvedilol (PDB code: 4AMJ) shows that the bulky ligand head group is deeply 

inserted into the orthosteric ligand binding pocket and directed towards the upper part of TM6, 

which may prevent a closing of the pocket by an inward movement of TM6 (Figure S8c). No 

crystal structure exists for the apo receptor. The equilibrium of the apo form (Figure 4a) is 

shifted more towards state S2 having 17 % population and concomitantly increased forward 

and decreased reverse rates. Presumably the empty ligand pocket is filled with water allowing 

an easier movement of V314(6.59) towards the active state S2. 

The complexes with the low-affinity ligands populate S2 even more than the apo state, 

e.g. 34 % for isoprenaline. These ligands lack the bulky substitutions in the ortho position of 

the benzene head group pointing towards TM6 and V314, which are present in the high-affinity 

antagonists. In the complex with isoprenaline (PDB code: 2Y03, Figure S8c), this benzene 

head group is not as deeply inserted into the ligand binding pocket as in the carvedilol complex. 

However, since the ortho substitutions are absent, the steric restriction of TM6 is reduced as 

compared to carvedilol and apparently allows an increase of the S2 population. This effect is 

not visible in the β1AR crystal structures where the positions of TM6 and in particular of 

V314(6.59) superimpose almost exactly for both complexes (Figure S8a,c). However, as 

previously remarked31 the isoprenaline catechol ring forms polar interactions with the TM6 

residue N310(6.55). We speculate that compared to the apo state this attractive interaction 

shifts the equilibrium towards the active state S2. 
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Finally, the β1AR•isoprenaline•Nb80 complex is almost completely trapped in the 

active state S2 with a free energy that is 4.1 kT lower than in state S1 and a reverse rate k2, which 

is strongly reduced to ~102 s-1 (Figure 4a). Thus, the addition of Nb80 to β1AR•isoprenaline 

shifts the S1 ⇌ S2 equilibrium of the extracellular V314(6.59) by 4.7 kT towards S2 via an 

allosteric coupling from the G protein binding site. Unfortunately, no β1AR•isoprenaline•Nb80 

complex structure is available. However, structural insights into this phenomenon may be 

obtained from the homologous β2AR. Since all structures of binary β1AR and β2AR complexes 

with orthosteric ligands are almost completely superimposable and also show very similar 

ligand positions and coordination, it is expected that ternary complexes with intracellular 

effectors will also be similar (Figure S8). The ternary agonist-bound β2AR complexes with G 

protein32 or G protein mimicking nanobodies28,33 strongly differ from all binary antagonist and 

agonist β1AR and β2AR complexes and show large movements at the intracellular sides of 

TM5, TM6 and their intervening loop ICL3, which form the binding site for the G protein 

(Figure S8b). In particular, the intracellular end of TM6 swings out from the G protein binding 

site by about 14 Å32. An alignment of the antagonist carazolol-bound β2AR structure (PDB 

code: 2RH1) with the ternary complex of the HBI agonist and a G-protein mimicking nanobody 

(PDB code 4LDL)33, on the central region of the unaffected helices TM1-4,7 (Figure S8b,d,e, 

Figure 4) reveals that the TM6 motion extends to the extracellular end of TM6. This part moves 

in the opposite direction of the intracellular part towards the orthosteric ligand binding pocket, 

corresponding to a pivoting of TM6 around the center of the helix close to the conserved 

P288(6.50). As a consequence, residue V297(6.59), the β2AR equivalent of V314(6.59) in 

β1AR, moves by 2.4 Å towards the ligand. The ligand itself inserts more deeply into the binding 

pocket such that its benzene ring is in a similar position as for high-affinity antagonist ligands 

(Figure 4, Figure S8c,d,e). This conformation is stabilized by an extended polar network 

between N293(6.55) and H296(6.58) on TM6 and the ligand catechol group33. The structure of 

the ternary β2AR•BI167107•G protein complex (PDB code 3SN6) is very similar to the 

β2AR•HBI•Nb6B9 complex with respect to the orientation of the extra and intracellular parts 

of TM5 and TM6 (Figure S8b); however, low electron density at the extracellular side prevents 

a precise definition of individual atoms32.  
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3.1.1.6 The extreme V314(6.59) 15N chemical shift gives direct evidence of strong mechanical 
strain induced across TM6 by the effector site ligand 

The extreme V314(6.59) 15N upfield shift by about 10 ppm in the 

β1AR•isoprenaline•Nb80 complex (Figure 2b) is the sign of a considerable weakening of the 

H-bond from the N atom and a distortion of the backbone geometry of V314(6.59). 34 Indeed, 

a detailed analysis of β1AR and β2AR structures corroborates this observation. In binary 

antagonist and agonist complexes of β1AR and β2AR, TM6 residues V295(6.57) and 

H296(6.58) form alpha-helical Ni•••Oi-4 H-bonds, whereas residue V297(6.59) forms a 310-

helical Ni•••Oi-3 H-bond (all β2AR numbering, Figure 5a). In contrast in the ternary 

β2AR•HBI•Nb6B9 complex, the V297(6.59)N•••I294(6.56)O H-bond is broken (dNO = 4.1 Å) 

and V295(6.57)O gets into H-bonding distance to V297(6.59)N (dNO = 3.0 Å) albeit with very 

unfavorable H-bond angles (Figure 5c). At the same time, the phi-psi angles of the entire 

C-terminal segment of TM6 comprising residues I294(6.56) to I298(6.60) move outside of the 

most favored helical region of the Ramachandran plane (Figure 5b). This distortion coincides 

with the pivoting motion of the extracellular end of TM6 towards TM5 and a concomitant 

sideways motion of TM5 (Figure 5c). Apparently, a steric contact between residues V297(6.59) 

and Q197(5.36) transmits force between the extracellular ends of both helices, which in turn 

strains the backbone at V297(6.59) and causes its extreme 15N chemical shift. As these changes 

are induced by the G-protein mimicking nanobodies and presumably also the G protein, they 

provide direct evidence of the mechanical strain exerted by effector site ligands onto the 

orthosteric binding pocket and corroborate the TM6 pivoting model. 

3.1.1.7 Correlation between conformational state free energy differences and pKD 
As the 15N chemical shift position of V314(6.59) in TS-β1AR(A227Y/L343Y) 

correlates to both pKD of the ligand and the relative populations of states S1 and S2, the derived 

free energy difference E21 = E2-E1 between these states must also correlate to the pKD value 

(Figure S9). The linear correlation (Pearson coefficient r2 = 0.67) can be cast in the form 

ΔGD/kT = ln(10)pKD = (1.1±0.2) E21/kT + 1.1±0.5. This indicates that the variation in free 

energy between states S1 and S2 can account for the total variation of ligand affinity and 

expresses quantitatively that the high-affinity ligands are antagonists and make the state S2 

unlikely. All of the investigated high-affinity ligands (cyanopindolol, carvedilol, alprenolol) 

possess a bulky hydrophobic substitution in the ortho position of their benzene head group 

pointing towards TM6 and V314(6.59) (Figure 2a). Apparently, this substitution increases the 
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ligand affinity by hydrophobic contacts and restricts the motion of the extracellular end of 

TM6, thereby making the active state S2 much less favorable. Of note, ligands that lack this 

substitution have low affinity (dobutamine, isoprenaline, atenolol), but not all are agonists. 

Thus, atenolol is an inverse agonist, and we have shown previously that its para-acetamide 

group substantially disrupts the TM3–TM4–TM5 interface, which apparently prevents receptor 

activation via a separate mechanism. 14 

Conclusion 
We have obtained a quantitative description of the backbone dynamics of a 

thermostabilized, yet active form of the turkey b1AR using NMR spectroscopy. The detergent-

solubilized b1AR shows no significant nanosecond motions relative to the detergent micelle. 

However, increased 15N R2 relaxation rates indicate backbone motions in the micro- to 

millisecond range throughout the receptor. Particularly strong motions occur at residues 

V172(4.56), V202(ECL2), and V314(6.59) located in the vicinity of the ligand head group and 

at the entrance of the ligand binding pocket. The approximately linear behavior of the 

V202(ECL2) and V314(6.59) 2D 1H-15N chemical shifts in all complex and apo forms of the 

receptor indicates that the entrance of the ligand-binding pocket exchanges between two main 

states, which are approximately realized in antagonist-inhibited complexes and the agonist-

activated Nb80-bound complex, respectively. An excellent quantitative agreement with a two-

state exchange model confirms this notion and provides exchange rates and free energy 

differences between these states for all forms of the receptor. These findings corroborate the 

concept that ligands induce the various functional states of GPCRs by shifting dynamic 

equilibria within an underlying conformational landscape rather than by discrete jumps. 

The binding of Nb80 to the intracellular side of the agonist-bound receptor strongly 

shifts the conformational equilibrium at the extracellular ligand entry site, giving direct 

evidence of the allosteric transmembrane coupling. The concomitant chemical changes of 

V314(6.59) show the breaking of the H-bond from the V314(6.59)N atom and a distortion of 

the backbone at the ligand entry site. Apparently the nanobody induces a pivoting motion of 

TM6 around its center, which pushes the extracellular end of TM6 towards TM5 and causes 

significant mechanical strain. This motion can also be detected by careful inspection of crystal 

structures of the homologous agonist-bound b2AR nanobody or G protein complexes. A 

pivoting motion of TM6 in b2AR has been postulated before the availability of detailed crystal 

structures based on modeling of engineered activating metal ion sites35. However, the motion 
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of the extracellular part of TM6 was predicted towards TM7 and not TM5. More recently, the 

formation of a lid-like structure by F193(ECL2) and Y308(7.35) over the orthosteric ligand-

binding site in G protein or nanobody complexes of b2AR36 has been used to explain the 

observed hundredfold increase in agonist affinity14,28 upon binding of the effector. Here we 

provide direct evidence for a simple mechanical cause of this allosteric effect: intracellular G 

protein (mimic) binding pivots TM6 around its center thereby moving its extracellular part 

towards TM5 and compressing the ligand binding pocket. This increases ligand to receptor 

interactions and agonist affinity. Antagonist ligands do not allow this motion and thereby block 

effector binding. 

These conclusions are based on a careful comparison of NMR chemical shift and 

relaxation behavior with existing crystal structures. The chemical shifts of backbone 15N nuclei 

are reasonably well understood and can be directly linked to defined backbone conformations. 

Such correlations are much less stringent for side chain nuclei. The variations in 15N shifts 

show that minute motions in the crystal structures, which may otherwise be considered as 

‘structural noise’, are indeed highly significant for function. Thus, the combination of NMR 

and crystallographic information gives precise insights into the driving forces of biological 

function. 

Experimental Section 
Protein expression and purification 

Expression in in baculovirus-infected Sf9 cells and purification of the 15N-valine-

labeled turkey TS-b1AR and TS-b1AR(A227Y/L343Y) constructs were carried out as 

described previously. 14 For assignment of the V314(6.59) resonance in complex with the 

Nb80-bound receptor a further V314A mutation was introduced into TS-b1AR(A227Y/L343Y) 

using the QuickChange site-directed mutagenesis method (Agilent) and expressed in 15N-

valine-labeled form. Uniformly 15N(~90 %), 2H(~60 %)-labeled b1AR was obtained by 

supplementation of 15N, 2H-labeled yeastolate and 15N2-glutamine to custom-made serum-free 

medium (SF4, BioConcept) devoid of amino acids and yeast extract medium as described. 25 

For all constructs, binding of ligands and exchange between ligands was carried out as 

described14. The plasmid for Nb80 was a generous gift by Jan Steyaert and the Nb80 protein 

was purified according to the described procedure28.  
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NMR experiments and data analysis 
NMR samples were prepared with typical receptor concentrations of 100-150 μM in 

20 mM TRIS HCl, 100 mM NaCl, ~1 % DM, 0.02 % NaN3, 5 % D2O, pH 7.5 and 1 mM ligand 

(except apo form) solution in a 250 μl Shigemi tube, following concentration of ~15 μM 

receptor solubilized in 0.1 % DM with a 50 kDa molecular weight cut-off centrifugal filter 

(Amicon). 2 mM sodium ascorbate was added to isoprenaline and dobutamine complex 

samples to prevent oxidation of the ligand. 

All NMR experiments were performed on Bruker AVANCE 14.1 T (600 MHz 1H 

frequency), 18.8 T (800 MHz), or 21.2 T (900 MHz) spectrometers equipped with a TCI 

cryoprobe at a temperature of 304 K with the exception of the apo TS-b1AR(A227Y/L343Y) 
1H-15N TROSY, which was recorded at 294 K due to limited stability. 1H-15N TROSY or 

HSQC experiments were recorded as 120 or 80 (15N) x 1024 (1H) complex points and 

acquisition times of 24 ms or 16 ms (15N) and 42 ms (1H). For optimal sensitivity, the 1H-15N 

transfer time was reduced to 3.0 ms. The experimental times using a 1 s interscan delay were 

adjusted to reach a signal to noise ratios of ~10 for the analyzed peaks, corresponding to ~24 h 

for a typical 100 μM receptor sample. 

15N R1 and R2 relaxation rates were determined using standard HSQC-based 15N 

relaxation experiments27,37 with relaxation delays of 20, 2004 ms (20, 3004 ms) for R1 and 2, 

6, 12 ms (2, 6, 10 ms) for R2 at 14.1 T (21.2 T). 15N-1H dipolar-coupling/15N CSA cross-

correlation rates h were determined from a quantitative comparison of in-phase and anti-phase 
15N magnetization38 using a cross relaxation delay of 12 ms. 

All NMR spectra were processed with NMRPipe39 and evaluated with SPARKY40 or 

PIPP41. Resonance amplitudes of NMR relaxation spectra were extracted using the program 

nlinLS contained in NMRPipe39. 15N R1 and R2 rates and their error estimates were obtained 

determined by Monte Carlo fitting of the experimental amplitudes using Matlab (MathWorks, 

Inc.). 

15N R2 rates were also determined by time-domain line shape fitting of H-15N TROSY 

or HSQC spectra using the nlinLS program contained in NMRPipe39. For this, two-dimensional 
1H-15N resonances were created as exponentially damped sinusoids, apodized, one-time zero-

filled and Fourier transformed with the same parameters as the experimental data. Amplitudes, 

frequencies, and decay constants were then varied to obtain the best least squares fit to the 

experimental spectra. A Monte Carlo error analysis of the fit parameters was carried out on 
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synthetic spectra created with random noise of the same root mean square as the experimental 

data. Reported errors on the fitted R2 rates are standard deviations of fitted R2 values of 20 such 

Monte Carlo simulations. 

Multi-angle light scattering and viscosity measurements 
SEC-MALS measurements on TS-β1AR in DM micelles were carried out at 299 K 

using a GE Healthcare Superdex 200 Increase 10/300 size-exclusion column on an Agilent 

1260 HPLC with a column buffer of 20 mM TRIS HCl, 100 mM NaCl, pH 7.5 containing 

0.76 % DM to match the NMR sample conditions. Elution was monitored by an absorbance 

detector (280 nm), a Wyatt Heleos II 8+ multiangle light scattering detector and a Wyatt 

Optilab rEX differential refractive index detector. Inter-detector delay volumes, band 

broadening corrections, and light-scattering detector normalization were calibrated using 2 

mg/ml BSA solution (ThermoPierce) and standard protocols in ASTRA 6. The refractive index 

increment (dn/dc) of DM in column buffer was calculated as 0.141 ml/g from measurements 

of a series of samples with concentrations between 0.5 and 10 mg/ml, directly injected into the 

differential refractive index detector. Weight-averaged molar masses (Mw) for the protein-

detergent complex (101 ± 2 kDa), and for the protein (36 ± 2 kDa) and detergent components 

(65 ± 3 kDa) of the complex were calculated using the protein conjugate method in the ASTRA 

6 software (Wyatt Technology). 

The viscosity of the receptor micelle suspension was estimated from a viscosity 

measurement of a 20 mM TRIS HCl, 100 mM NaCl, pH 7.5, 0.95 % DM suspension using an 

Anton Paar AMVn rolling-ball viscometer yielding a value of 0.840 cP at 304 K. 

Theoretical relaxation rates and determination of rotational correlation times 
Theoretical 15N R1(Nz), R2(Nx)27, 15N-1H dipolar-coupling/15N CSA cross-correlation 

h38, and TROSY R2(NxHβ)42 rates were calculated using an isotropic Lipari-Szabo spectral 

density and the following parameters: rHN = 1.02 Å, S2 =0.85, ∆σN = 170 ppm, ∆σHN = 15 ppm, 

θ = 20˚, where θ is the angle between the unique axes of the CSA and dipolar tensors. Isotropic 

rotational correlation times τc were determined independently from measured 15N R1(Nz) rates 

and 15N-1H dipolar-coupling/15N CSA cross-correlation rates h by inversion of the respective 

theoretical expressions. Effects of dipolar interactions from nearby protons onto the 15N 

transverse relaxation rates in 1H-15N TROSY and HSQC experiments were taken into account 

by the addition of half the 1H-1H NOE transfer rate (
*
-+%

��qℏq��
�

�q���
� 𝜏?) to R2(NxHβ) and R2(Nx), 



 

 
38 

respectively, where rHH = 2.05 Å is an effective distance corresponding to the dipolar 

interaction with all protons adjacent to the amide proton in α-helical structures. 42 

An independent estimate of the rotational correlation time τc was obtained from the 

101-kDa molecular weight of the TS-β1AR DM micelle complex determined by SEC-MALS. 

Using literature values43 for the partial specific volumes of protein (average value 0.735 ml/g, 

0.36 mass fraction) and DM (0.815 ml/g, 0.64 mass fraction), the specific volume for the 

complex can be calculated as 0.786 ml/g. The non-hydrated radius rNH of an assumed spherical 

detergent micelle is then 31.6 Å. Assuming a hydration layer thickness rW of 3.2 Å, the 

isotropic rotational correlation time τc of the hydrated receptor detergent complex amounts to 

35.2 ns using the Stokes-Einstein relation 𝜏? = 	
b�����

�

-� 
 with rH = rNH + rW and 𝜂¡ being the 

viscosity of the receptor micelle suspension. 

Fit of two-site exchange model 
Theoretical 15N frequencies w and exchange broadening contributions Rex predicted 

from the Bloch-McConnell equation (Eq. 1)29,30 were fitted to the observed frequencies and 

exchange contributions Rex = R2 - R2,0 using Matlab (MathWorks, Inc.) to obtain the rate 

constants k1/2 and their Monte Carlo (50 iterations) error estimates. The frequency positions 

w1/2 of the states S1/2 were derived from a global optimization over all receptor constructs and 

complex forms. Free energy differences between states S1 and S2 and between the transition 

state TS and S1 according to the Eyring equation were obtained as (𝐸+ − 𝐸*)/	𝑘𝑇 = 	log �q
�n

 and 

(𝐸 ¡ − 𝐸*)/𝑘𝑇 = log � 
�	�n

 respectively. 
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Figure Legends 
Figure 1. Residue-specific 15N relaxation rates of alprenolol-bound 15N-valine TS-β1AR at 
304 K at 14 T (blue) and 21 T (red). (a) 15N longitudinal (R1) rates. Dashed lines represent 
theoretical R1 rates of 0.32 s-1 (14 T) and 0.19 s-1 (21 T) for a rotational correlation time τc of 
38 ns. Assignments marked by asterisks (V60, V320) are tentative. (b) 15N transverse (R2) rates 
determined by CPMG-based spin-echo experiments. Theoretical R2 rates are 47.1 s-1 (14 T) 
and 62.7 s-1 (21 T). (c) 15N R2 rates from line shape analysis of 1H-15N TROSY spectra. 
Theoretical R2 rates are 18.1 s-1 (14 T) and 12.9 s-1 (21 T). (d) Crystal structure of β1AR in 
complex with carvedilol (4AMJ). The protein backbone and carvedilol are shown in ribbon 
and magenta stick respectively. The individual valines are depicted as spheres (blue: relaxation 
rates determined unambiguously; grey: resonances could not be analyzed due to overlap).  

 
Figure 2. Evidence for two-site exchange of V314(6.59) at the ligand entry tunnel of TS-
b1AR(A227Y/L343Y). (a) Chemical structures of the ligands used in the experiments. Ligand 
affinities44 are indicated as pKD values. (b) Selected region from 1H-15N TROSYs showing the 
variation of the V314(6.59) 1H-15N resonance in the apo form, orthosteric binary and ternary 
isoprenaline•Nb80 complexes at 21 T. Spectra are color-coded and marked according to the 
ligand. Cross peaks from other residues are marked with asterisks. A dashed line visualizes the 
approximate linear correlation between 1H and 15N chemical shifts of V314(6.59) in various 
receptor states indicative of two-site exchange. (c) V314(6.59) 15N chemical shift (21 T) versus 
ligand affinity pKD. The pKD of the isoprenaline•Nb80 complex was assumed as 
pKD(isoprenaline) + 2. 14 The dashed line indicates the approximate linear correlation between 
V314(6.59) 15N chemical shift and ligand affinity pKD. The arrow highlights the shift of 15N 
chemical shift and pKD upon binding of Nb80 to the TS-b1AR(A227Y/L343Y)•isoprenaline 
complex. (d) V314(6.59) 15N exchange broadening versus pKD at 21 T (filled circles) and 14 
T (filled triangles).  

 
Figure 3. Comparison of TS-b1AR(A227Y/L343Y) V314(6.59) experimental and 
predicted 15N frequencies w and exchange broadening Rex from fits to the two-site 
exchange model. (a) 15N exchange rates Rex at 21 T (filled circles) and 14 T (filled triangles). 
(b) 15N frequencies w. Symbols as in (a). 

 
Figure 4. Schematic of allosteric coupling mechanism between effector site and 
orthosteric ligand site by two-site exchange involving TM6 pivoting. (a) Cartoon of 
V314(6.59) located at the ligand entry tunnel exchanging between the conformational states S1 
and S2. Four distinct situations are depicted for the (i) high affinity antagonist (carvedilol) 
complex, (ii) apo form, (iii) low-affinity agonist (isoprenaline) complex, and (iv) high-affinity 
agonist (isoprenaline) + Nb80 complex. Determined exchange rates k1/2 and free energy 
differences are indicated for all cases. (b) Evidence for two conformations of V297 (6.59) 
(homolog to β1AR V314) and TM6 pivoting in response to nanobody binding in the crystal 
structures of β2AR. Structures of the binary complex with the antagonist carazolol (2RH1) and 
of the ternary complex with agonist HBI and Nb6B9 (4LDL) were aligned on the central region 
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of the unaffected helices TM1-4,7 (shown in grey for 2RH1). TM6 is depicted in green for the 
antagonist complex and in magenta for the active ternary complex. The positions of the V297N 
atoms are indicated as spheres. For clarity TM5 is not shown. Chemical structures of the ligands 
are shown as sticks. The nanobody Nb6B9 is shown as an orange ribbon. 

 
Figure 5. Evidence of the change in backbone geometry of the extracellular end of TM6 
in β1AR and β2AR in response to orthosteric and effector site ligands. (a) Hydrogen 
bonding distance Ni•••Oi-4 and Ni•••Oi-3 for residues 6.54 to 6.60 for binary orthosteric ligand 
complexes [agonist(isoprenaline)•β1AR (2Y03): blue, antagonist(carvedilol)•β1AR (4AMJ): 
red, antagonist(carazolol)•β2AR (2RH1): green] and the ternary agonist(HBI)•Nb6B9•β2AR 
complex (4LDL, orange). The residue numbering is given in Ballesteros-Weinstein form and 
individually for β1AR and β2AR. (b) Phi and psi angles of the residues shown in (a) of the 
antagonist(carazolol)•β2AR complex (green) and the ternary agonist(HBI)•Nb6B9•β2AR 
complex (orange). The most favored (dark grey) and additionally allowed (light grey) helical 
regions45 of the Ramachandran plot are indicated. Upon binding of the nanobody at the effector 
site, residues 6.56 to 6.60 move significantly towards the less favored regions of the 
Ramachandran plane (blue arrows). (c) Structures of the extracellular ends of TM5 and TM6 
of the antagonist(carazolol)•β2AR complex (green) and the ternary agonist(HBI)•Nb6B9•β2AR 
complex (orange). The backbone from I294 to V297 is shown as sticks and coded by CPK 
colors. The hydrogen bonds from the V297(6.59)N atom in the two structures are indicated as 
dotted lines. The entire residues Q197(5.36) and V297(6.59) are shown as sticks.  
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Figure Legends 
 

Figure S1. Global backbone dynamics of β1AR determined from 1D 1H-detected 15N 
relaxation experiments. Experiments were carried out on 2H (~60 %)/15N-labeled, alprenolol-
bound TS-β1AR in DM micelles at 21 T (a,c,e) and 14 T (b,d,f). Relaxation rates were 
determined from intensity ratios of attenuated (blue) vs. reference spectra (black). Determined 
relaxation rates as well as relaxation delays for R1 and R2 experiments are indicated. (a,b) 15N 
longitudinal (R1) relaxation experiments. (c,d) 15N-1H dipolar coupling/15N CSA cross-
correlation experiments. The transfer time was 12 ms. (e,f) 15N transverse (R2) relaxation 
experiments. 

 
Figure S2. 1H-15N TROSY spectra of 15N-valine-labeled β1AR (a) TS-β1AR•alprenolol at 
14 T. Valine resonances, for which relaxation rates could be determined unambiguously, are 
labeled by residue-specific assignments. Tentative assignments are marked by asterisks. (b) 
Assignment of the V314 1H-15N resonance in the ternary TS-
β1AR(A227Y/L343Y)•isoprenaline•Nb80 complex by point mutation. 1H-15N TROSY spectra 
(21 T) of TS-β1AR(A227Y/L343Y) (orange) and TS-β1AR(A227Y/L343Y/V314A) (blue) in 
the presence of an equimolar amount of Nb80 and 1 mM isoprenaline. The resonance at 105.7 
ppm (15N) and 7.0 ppm (1H) disappears due to the V314A point mutation and is assigned to 
V314. The others resonances show only minor changes. Further assignments transferred from 
the binary TS-β1AR(A227Y/L343Y)•isoprenaline complex are indicated. 

 
Figure S3. Agreement of residue-specific 15N Rex rates derived by line shape fitting from 
1H-15N HSQC and TROSY spectra of 15N-valine labeled TS-β1AR•alprenolol. Rex rates are 
determined as Rex = R2 - R2,0. (a) HSQC- and TROSY-derived Rex at 21 T. Correlation 
coefficient r2 = 0.91, RMSD = 11.4 s-1 (b) as (a) at 14 T. r2 = 0.86, RMSD = 17.3 s-1. 

 
Figure S4. Residue-specific 15N R2 rates of 15N-valine TS-β1AR(A227Y/L343Y) and TS-
β1AR in various states. 15N R2 rates are derived from line shape fitting of 1H-15N TROSY 
spectra (Table S2) of (a) TS-β1AR(A227Y/L343Y) in apo form, orthosteric binary and ternary 
isoprenaline•Nb80 complexes at 21 T and (b) TS-β1AR in apo form and orthosteric binary 
complexes at 19 T. Data for the various forms are color-coded. 

 
Figure S5. Evidence for two-site exchange of V314 at the ligand entry tunnel of TS-β1AR 
(a) 1H-15N-chemical shift response of V314 in apo from and binary orthosteric complexes at 
19 T. Spectra are color-coded and marked according to the ligand. Cross peaks from other 
residues are marked with asterisks. A dashed line visualizes the approximate linear correlation 
between 1H and 15N chemical shifts of V314(6.59) in various receptor states indicative of two-
site exchange. (c) V314(6.59) 15N chemical shift (19 T) versus ligand affinity pKD. The dashed 
line indicates the approximate linear correlation between V314(6.59) 15N chemical shift and 
ligand affinity pKD. (d) V314(6.59) 15N exchange broadening versus pKD at 21 T (filled 
circles), 19 T (filled diamonds), and 14 T (filled triangles). 
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The V314(6.59) 1H-15N chemical shifts and line widths for all forms of TS-β1AR are very 
similar to the fully active TS-β1AR(A227Y/L343Y) (Figure 2), albeit the 15N positions are 
moderately (<0.8 ppm) moved downfield towards the inactive antagonist-bound conformation, 
corroborating the less active character of TS-β1AR. Compared to β1AR(A227Y/L343Y), fitted 
exchange rate constants k1/2 are slightly reduced and the activation barriers slightly increased, 
respectively (Table S3). Of note, the V314(6.59) resonance of apo TS-β1AR is severely 
broadened and shifted completely to the cluster of resonances of the inactive antagonist-bound 
complexes. Accordingly, its activation barrier increases by about 2.4 kT relative to 
β1AR(A227Y/L343Y) and also its inactive state S1 is more stabilized by about 0.6 kT (Figure 
S7). Thus, V314(6.59) is almost completely in the inactive conformation in apo TS-β1AR, 
albeit it still exchanges with the active conformation to some extent. These results clearly show 
that the presence of tyrosines 227 and 343 in β1AR(A227Y/L343Y) shifts the equilibrium of 
the receptor towards the active state and at the same time decreases the activation barrier of the 
transition. 

 
Figure S6. Evidence for dynamics at the orthosteric binding pocket and extracellular loop 
2 of TS-β1AR (A227Y/L343Y) and TS-β1AR in various states. (a) V172(4.59) and (b) 
V202(ELC2) 1H-15N TROSY resonances of TS-β1AR(A227Y/L343Y) in apo form, orthosteric 
binary and ternary isoprenaline•Nb80 complexes at 21 T. (c) V172(4.59) and (d) V202(ELC2) 
1H-15N TROSY resonances of TS-β1AR(A227Y/L343Y) in apo form and orthosteric binary 
complexes at 19 T. 

 
Figure S7. Fit to 15N resonance behavior and schematics of two-site exchange model for 
V314 in TS-β1AR. (a) Comparison of experimental and fitted 15N exchange rates Rex at 21 T 
(filled circles), 19 T (filled diamonds), and 14 T (filled triangles). (b) Comparison of 
experimental and fitted 15N frequencies w. Symbols as in (a). (c) Cartoon of V314(6.59) located 
at the ligand entry tunnel exchanging between the conformational states S1 and S2. Three 
distinct situations are depicted for the (i) high affinity antagonist (carvedilol) complex, (ii) apo 
form, and (iii) low-affinity agonist (isoprenaline) complex. Determined exchange rates k1/2 and 
free energy differences are indicated for all cases. 

 
Figure S8. Crystal structures of turkey β1AR and human β2AR in various ligand-bound 
forms. All structures were aligned on the central regions of TM1-4 and TM7. (a) Superposition 
of β1AR and β2AR backbone structures in complexes with antagonists (β1AR• carvedilol: 
green, 4AMJ_B; β2AR•carazolol: blue, 2RH1) and agonists (β1AR•isoprenaline: magenta, 
2Y03_B; β2AR•FAUC50: cyan, 3PDS). (b) Superposition of β2AR backbone structures in 
binary complex with antagonist (β2AR•carazolol: blue, 2RH1) and ternary complexes 
(β2AR•HBI•Nb6B9: orange, 4LDL; β2AR•BI167107•G protein: yellow, 3SN6). (c-e) 
Superpositions of the backbone structures shown in (a,b) around the orthosteric ligand binding 
pocket towards TM6. The ligands are indicated as sticks with CPK colors. (c) Antagonist 
complex β1AR•carvedilol (green) and agonist complex β1AR•isoprenaline (magenta). (d) 
Agonist complex β2AR•FAUC50 (cyan) and ternary complex β2AR•HBI•Nb6B9 (orange). (e) 
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Agonist complex β1AR•isoprenaline (magenta) and ternary complex 
β2AR•HBI•Nb6B9 (orange). 

 
Figure S9. Correlation between the free energy differences of the two main 
conformational states for V314(6.59) and ligand affinity in TS-b1AR(A227Y/L343Y). The 
free energy differences E21 = E2-E1 between the states S1 and S2 are determined from the two-
site exchange model (Table S3) and plotted against the ligand affinity pKD. An approximate 
linear correlation is evident (Pearson coefficient r2 = 0.67), which can be fitted as ΔGD/kT = 
ln(10)pKD = (1.1±0.2) E21/kT + 1.1±0.5 (dashed line). 
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Table S3: Spectral data of V314 resonance in TS-β1AR(A227Y/L343Y) and TS-β1AR in various forms and parameters derived from fit to two-site exchange model

construct ligand Field 1H 15N Δω ωexp-ω̅ Δωexp - ω̅ R2,0 Rex,exp ΔRex,exp ωfit - ω̅ Rex,fit
TS-β1AR alprenolol 14.1 7.33 116.11 2012.5 1988.9 76.5 18.1 68.3 3.1 1959.4 68.2
TS-β1AR alprenolol 18.8 7.31 116.06 2683.3 2625.4 102.0 14.0 69.9 20.8 2636.0 81.7
TS-β1AR alprenolol 21.2 7.33 116.05 3018.7 2946.7 114.7 14.0 87.0 3.3 2974.5 86.2
TS-β1AR apo 18.8 7.32 115.76 2683.3 2475.5 102.0 14.0 286.0 35.0 2475.5 286.0
TS-β1AR atenolol 18.8 7.26 112.99 2683.3 1062.0 102.0 14.0 218.7 16.1 1062.0 218.7
TS-β1AR carvedilol 18.8 7.26 115.80 2683.3 2494.4 102.0 14.0 53.1 12.0 2494.4 53.1
TS-β1AR cyanopindolol 14.1 7.27 115.49 2012.5 1753.0 76.5 18.1 24.5 3.1 1761.0 20.2
TS-β1AR cyanopindolol 18.8 7.26 115.52 2683.3 2350.1 102.0 14.0 58.4 22.0 2349.6 35.7
TS-β1AR cyanopindolol 21.2 7.27 115.53 3018.7 2650.8 114.7 12.9 42.5 3.3 2644.3 45.1
TS-β1AR dobutamine 18.8 7.26 113.75 2683.3 1450.9 102.0 14.0 102.9 13.8 1450.9 102.9
TS-β1AR isoprenaline 18.8 7.24 113.37 2683.3 1256.2 102.0 14.0 105.8 10.1 1256.2 105.8
TS-β1AR(A227Y/L343Y) alprenolol 21.2 7.33 115.72 3018.7 2760.3 114.7 12.9 68.9 5.7 2760.3 68.9
TS-β1AR(A227Y/L343Y) apo 21.2 7.20 114.38 3018.7 1990.7 114.7 12.9 187.5 38.9 1990.8 187.5
TS-β1AR(A227Y/L343Y) atenolol 14.1 7.29 112.75 2012.5 704.0 76.5 18.1 144.1 25.6 634.5 137.0
TS-β1AR(A227Y/L343Y) atenolol 21.2 7.25 112.41 3018.7 861.5 114.7 12.9 301.7 43.6 964.3 309.5
TS-β1AR(A227Y/L343Y) carvedilol 14.1 7.31 115.62 2012.5 1803.1 76.5 18.1 30.0 3.8 1793.3 22.4
TS-β1AR(A227Y/L343Y) carvedilol 21.2 7.28 115.56 3018.7 2668.0 114.7 12.9 42.9 5.3 2693.9 49.8
TS-β1AR(A227Y/L343Y) cyanopindolol 21.2 7.26 115.22 3018.7 2470.7 114.7 12.9 38.6 11.5 2470.7 38.6
TS-β1AR(A227Y/L343Y) dobutamine 21.2 7.28 113.15 3018.7 1285.9 114.7 12.9 95.3 9.6 1286.0 95.3
TS-β1AR(A227Y/L343Y) isoprenaline 21.2 7.24 112.56 3018.7 946.4 114.7 12.9 117.6 16.3 946.4 117.6
TS-β1AR(A227Y/L343Y) isoprenaline + Nb80 21.2 6.96 105.73 3018.7 -2968.7 114.7 15.6 47.3 12.2 -2968.3 47.3

construct ligand χ2 k1 Δk1 k2 Δk2 E1-E2 ΔE2-E1 ETS-E1 ΔETS-E1
TS-β1AR alprenolol 5.8E-01 1.08E+02 1.62E+01 3.05E+03 6.80E+02 3.34 0.10 24.79 0.15
TS-β1AR apo 7.9E-07 4.20E+02 1.85E+02 3.61E+03 1.97E+03 2.15 0.61 23.44 0.44
TS-β1AR atenolol 6.5E-07 8.54E+03 1.17E+03 1.94E+04 1.77E+03 0.82 0.10 20.42 0.14
TS-β1AR carvedilol 1.1E-08 6.99E+02 8.48E+02 1.78E+04 1.17E+04 3.24 0.66 22.93 1.21
TS-β1AR cyanopindolol 3.6E+00 2.96E+03 8.75E+02 4.41E+04 6.64E+03 2.70 0.18 21.49 0.30
TS-β1AR dobutamine 1.3E-07 1.14E+04 2.25E+03 3.81E+04 5.05E+03 1.20 0.10 20.13 0.20
TS-β1AR isoprenaline 1.7E-07 1.42E+04 1.97E+03 3.91E+04 4.38E+03 1.01 0.09 19.92 0.14
TS-β1AR(A227Y/L343Y) alprenolol 2.0E-07 9.93E+02 8.96E+02 2.07E+04 8.45E+03 3.04 0.39 22.58 0.90
TS-β1AR(A227Y/L343Y) apo 3.9E-07 4.83E+03 1.18E+03 2.28E+04 4.39E+03 1.55 0.15 20.99 0.24
TS-β1AR(A227Y/L343Y) atenolol 1.7E+00 9.20E+03 1.14E+03 1.75E+04 1.96E+03 0.65 0.05 20.35 0.12
TS-β1AR(A227Y/L343Y) carvedilol 5.8E+00 2.05E+03 1.01E+03 3.53E+04 8.26E+03 2.84 0.28 21.85 0.49
TS-β1AR(A227Y/L343Y) cyanopindolol 3.8E-08 7.11E+03 5.04E+03 7.08E+04 3.15E+04 2.30 0.26 20.61 0.71
TS-β1AR(A227Y/L343Y) dobutamine 4.7E-07 2.25E+04 3.64E+03 5.58E+04 6.17E+03 0.91 0.11 19.45 0.16
TS-β1AR(A227Y/L343Y) isoprenaline 4.9E-08 2.41E+04 2.96E+03 4.59E+04 4.97E+03 0.65 0.07 19.39 0.12
TS-β1AR(A227Y/L343Y) isoprenaline + Nb80 1.0E-05 6.31E+03 8.10E+03 1.00E+02 2.28E+02 -4.14 0.33 20.73 1.28

Column legend

construct β1AR construct
ligand ligand(s) used for experiment
Field magnetic field strength [T]
1H V314 1H chemical shift [ppm] 
15N V314 15N chemical shift [ppm] 
Δω (ω1 - ω1)/2 [rad/s]
ωexp-ω̅ deviation of experimental 15N frequency ωexp from center frequency ω̅ [rad/s] 
Δωexp - ω̅ estimated error in ωexp - ω̅ [rad/s] 
R2,0 theoretical exchange-free transverse relaxation rate based on τc [1/s] 
Rex, exp experimental exchange contribution to R2 (Table S2, Rex = R2-R2,0) [1/s]
ΔRex,exp estimated error in Rex  from Monte Carlo analysis [1/s] 
ωfit-ω̅ deviation of fitted 15N frequency ωfit from center frequency ω̅ [rad/s] 
Rex,fit fitted exchange contribution to R2 [1/s]

χ2 chi-square (normalized to estimated errors) of fit to two-state exchange model to Rex and Δωexp - ω̅ 
k1 fitted k1 [1/s]
Δk1 estimated error in k1 from Monte Carlo analysis [1/s]
k2 fitted k2 [1/s]
Δk2 estimated error in k2 from Monte Carlo analysis [1/s]
E1-E2 difference of free energy of states S1 and S2 [kT]
ΔE2-E1 estimated error in E1-E2 from Monte Carlo analysis [kT]
ETS-E1 Eyring activation barrier for S1->S2 transition calculated from k1 [kT]
ΔETS-E1 estimated error in ETS-E1 from Monte Carlo analysis [kT]
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3.2 Additional dynamics data on the β1-adrenergic receptor 
 
The following data on β1AR dynamics have so far not been included in a publication. 

Results 

V172 reveals active conformation in the binary agonist complex 
Valine 172(4.56) is located below the orthosteric ligand binding pocket of β1AR, close to 

the ligand head group. The residue was described in the initial work on TS-β1AR (114), 
showing that its resonance position clusters according to the substitution pattern of the ligand 
head group. As compared to complexes with antagonists containing ortho‑, meta-substitutions, 
distinct chemical shifts were observed for the agonist isoprenaline and partial agonist 
dobutamine with meta-, para-substitutions. 

 
Figure 3.1 Evidence for two-site exchange of V172 in agonist-bound form. Resonance in binary complexes of 
TS-β1AR (grey) or TS-β1AR(A227Y/L343Y) (blue) with isoprenaline as well as in ternary 
TS‑β1AR(A227Y/L343Y)•Nb80•isoprenaline complex (orange). 



 

 
70 

In isoprenaline-bound TS-β1AR and TS-β1AR(A227Y/L343Y) the 1H-15N resonances of 
V172 had the same position (Figure 3.1). Interestingly, an additional weaker 1H-15N resonance 
appeared 0.23 ppm upfield shifted in the 1H dimension for the TS-β1AR(A227Y/L343Y) 
construct. Its position was identical with V172 in the ternary 
TS‑β1AR(A227Y/L343Y)•isoprenaline•Nb80 complex. Hence, two conformations were 
observed for V172 in TS-β1AR(A227Y/L343Y)•isoprenaline, with the downfield shifted 
resonance representing the inactive state S1 and the upfield shifted resonance representing the 
active state S2. This observation is striking, because for all local dynamics analyzed so far in 
Chapter 3.1 only a single peak was detected. In these cases, the conformational exchange was 
too fast to resolve separate peaks for active and inactive state. 

The peak intensities of V172 in the TS-β1AR(A227Y/L343Y)•isoprenaline complex 
(7.1*106 a.u. for S1 and 2.7*106 a.u. for S2) correspond to relative populations of 73 % inactive 
and 27 % active state. The two observed peaks for V172 are characteristic for exchange in the 
slow time regime. Therefore, the exchange rate for V172 in 
TS‑β1AR(A227Y/L343Y)•isoprenaline is slower than 1.3*103 s-1 based on the chemical shift 
separation of 0.23 ppm at 900 MHz (1H field strength). This is considerably slower than the 
exchange rates of 7*104 s-1 determined from the line shape analysis of V314 in the 
TS‑β1AR(A227Y/L343Y)•isoprenaline complex (Chapter 3.1). 

In contrast for the TS-β1AR•isoprenaline complex, only one V172 resonance corresponding 
to the inactive state S1 with an intensity of 9.9*106 a.u. was observed. Since the noise level is 
1.4*106 a.u., the population of the active state S2 must be smaller than 12.3 %. Thus, the 
mutations Y227A(5.58) and Y343L(7.53) at the intracellular side of TM5 and TM7 shift the 
conformational equilibrium of V172 located close to the ligand binding pocket towards the 
inactive state S1. 

Interestingly, for TS-β1AR(A227Y/L343Y) in complex with the partial agonist dobutamine, 
also only one V172 resonance was detected corresponding to the inactive state S1 (intensity 
5.3*106 a.u., noise 7.8*105 a.u., data not shown). Thus, the active S2 state population must be 
below 12.8 % and is therefore smaller than for the complex with the full agonist isoprenaline. 

Investigation of Nb60 binding to TS-β1AR(A227Y/L343Y) 
GPCRs are in a dynamic equilibrium and sample several conformations in any particular 

functional state (107, 113, 116). Ligand binding shifts these functional equilibria as 
exemplarily shown for residue V226(5.57) in TS-β1AR (Figure 1.4b) (114). Stabilization of 
the fully active state requires simultaneous agonist and intracellular effector site binding from 
G protein or G protein mimicking nanobody Nb80 (91, 114). Recently, the nanobody 60 
(Nb60) has been developed, which stabilizes an inactive conformation of the β2AR (200). 
19F NMR experiments of β2AR bound to the antagonist carazolol showed that the 
conformational equilibrium shifted from an inactive receptor with mostly closed ionic lock 
between R131(3.50) and E268(6.30) towards a disengaged ionic lock. Crystal structures 
revealed a similar binding site for Nb60 in complex with β2AR•carazolol as for Nb80 in the 
β2AR agonist complex, which is located between the intracellular ends of TM3, TM4 and 
TM6 (91, 200). 

We tested whether binding of Nb60 to TS-β1AR(A227Y/L343Y) in complex with the 
antagonist carvedilol or the inverse agonist atenolol would change the conformational 
equilibrium. 



 

 
71 

 
Figure 3.2 Effect of nanobody Nb60 on 1H-15N TROSY spectra of 15N-valine-labeled TS-β1AR(A227Y/L343Y). 
(a) Binary TS-β1AR(A227Y/L343Y)•carvedilol complex before (red) and after (orange) addition of Nb60. 
(b) Binary TS-β1AR(A227Y/L343Y)•atenolol complex before (cyan) and after (green) addition of Nb60. 

(c) Weighted chemical shift differences ∆𝜹𝒂𝒗 = F∆𝜹𝑯
𝟐 + (∆𝜹𝑵/𝟓)𝟐Q

𝟏/𝟐
 between 

TS‑β1AR(A227Y/L343Y)•carvedilol and TS‑β1AR(A227Y/L343Y)•carvedilol•Nb60. (d) Average chemical shift 
difference between TS‑β1AR(A227Y/L343Y)•atenolol and TS-β1AR(A227Y/L343Y)•atenolol•Nb60. 

Only minor spectral changes were observed upon addition of Nb60 to the binary complexes 
of TS-β1AR(A227Y/L343Y) with the antagonist carvedilol (Figure 3.2a) or the inverse agonist 
atenolol (Figure 3.2b), respectively. The chemical shift changes upon Nb60 addition are very 
similar for the carvedilol and atenolol complexes (Figure 3.2c, d). For residue V226(5.57), 
whose chemical shift correlates linearly with G protein efficacy (114), no significant change 
state is observed. In contrast V230(5.61) and V298(6.43) at the intracellular side of the receptor 
shows significant chemical shift changes. However, it cannot be distinguished whether Nb60 
induces a significantly different conformation of the receptor or whether the chemical shift 
changes originate from very limited local structure changes due to the nearby Nb60. No 
significant changes for V172, V202 or V314 at the extracellular side were observed upon 
binding of Nb60. Interestingly, thermostabilizing mutations in TS-β1AR shifted V314 slightly 
towards the inactive conformation compared to TS-β1AR(A227Y/L343Y) (Chapter 3.1). Thus, 
binding of Nb60 to TS-β1AR(A227Y/L343Y) does not seem to stabilize the inactive state of 
V314 in the same way as the thermostabilizing point mutations. Furthermore, the two-site 
exchange of V314 is modulated by ligand affinity. It has been shown for β2AR that Nb60 has 
a negative allosteric effect on the affinity of agonists and a negligible effect on antagonists 
(200). Therefore, it would be interesting to study V314 in the agonist 
TS‑β1AR(A227Y/L343Y)•isoprenaline complex upon addition of Nb60. Due to time 
restrictions and the presumed low-affinity of isoprenaline for the unstable 
TS‑β1AR(A227Y/L343Y) sample, these experiments have not been carried out yet. 
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Variation in 1HN T2 for different ligand states 
Routinely, 1D proton spectra were recorded to assess quality and stability of the samples 

during the NMR analysis of TS-β1AR and TS-β1AR(A227Y/L343Y) in various ligand-bound 
states. A field dependence and variation between ligands was observed for the amide proton 
T2 times as determined by the jump-return spin-echo sequence (Figure 3.3) (201). The 
differences are close to the error estimates of the measurements and need to be carefully 
interpreted.  

 
Figure 3.3 1HN T2 times of (a) TS-β1AR(A227Y/L343Y) and (b) TS-β1AR in various ligand-bound forms at 14.1 
and 21.2 T determined from jump-return spin-echo experiment recoded with relaxation delays of 0.2 ms and 
4.2 ms. The signal decay was analyzed at 8.0, 8.4 and 9.0 ppm and errors of 0.25 ms were estimated. 

Interestingly, 1HN T2 times for the complex of TS‑β1AR(A227Y/L343Y) with the low-
affinity ligand atenolol (pKD 4.3) were decreased by almost 1 ms relative to the high-affinity 
ligand carvedilol (pKD 8.7) (Figure 3.3a) at 14.1 T. This trend was also observed at 21.2 T, but 
less pronounced. The amide T2 times decreased overall at the higher field. A similar effect was 
observed for TS-β1AR (Figure 3.3b) where the 1HN T2 time was reduced by about 0.5 ms in the 
alprenolol (pKD 7.3) relative to the cyanopindolol (pKD 10.0) complex. We can only speculate 
on the reasons for these trends. Possibly high-affinity ligands stabilize a slightly more compact 
structure than low-affinity ligands, thereby reducing dynamics and solvent exchange. 

Residue-specific dynamics 
To further investigate these effects, 1HN R2 rates were determined from line shape fitting of 

1H-15N TROSY spectra as described for the 15N dimension in Chapter 3.1 (Figure 3.4). The 
proton rates especially for the TS-β1AR(A227Y/L343Y) construct were associated with 
considerable errors due to the low signal-to-noise ratio caused by the low stability of the 
samples.  

Nevertheless, V172 (atenolol), V103 (apo), V226 (apo) and V320 (apo) in 
TS‑β1AR(A227Y/L343Y) showed significantly increased 1HN R2 rates compared to others. The 
variation was not observed in the TS-β1AR construct indicating that this construct is more rigid. 
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Figure 3.4 Residue-specific 1H R2 rates of 15N-valine TS-β1AR(A227Y/L343Y) and TS-β1AR in various states. 
1H R2 rates are derived from line shape fitting of 1H-15N TROSY spectra of (a) TS-β1AR(A227Y/L343Y) in apo 
form, orthosteric binary and ternary isoprenaline•Nb80 complexes at 21.2 T and (b) TS-β1AR in apo form and 
orthosteric binary complexes at 18.8 T. Data for the various forms are color coded. Assignments marked by 
asterisks (V60, V320) are tentative. 

In addition, also peak intensities were determined for various TS-β1AR and 
TS‑β1AR(A227Y/L343Y) states (Figure 3.5). The peak intensities were normalized relative to 
the tentatively assigned resonance of V320, located in extracellular loop 3. The latter resonance 
is the most intense resonance in the spectrum due to high nanosecond mobility as evidenced 
by increased 15N R1 rates (Chapter 3.1).  
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Figure 3.5 Relative peak intensities of individual 15N-valine resonances of TS-β1AR(A227Y/L343Y) and 

TS‑β1AR in various states relative to V320. (a) TS-β1AR(A227Y/L343Y) in apo form, orthosteric binary and 

ternary isoprenaline•Nb80 complexes at 21.2 T and (b) TS-β1AR in apo form and orthosteric binary complexes 

at 18.8 T. Data for the various forms are color coded. Assignments marked by asterisks (V60, V320) are tentative. 

The largest variations in peak intensity between different receptor forms were observed for 
V172, V202 and V314, which corresponds to their variations in 15N R2 rates (Chapter 3.1). 
Relative peak intensities are strongly reduced for V172, V202 and V314 in the atenolol-bound 
receptor, indicating the flexibility of the extracellular side in the low-affinity ligand state. The 
relative peak intensities increased for V202 and V314 in the ternary 
TS‑β1AR(A227Y/L343Y)•isoprenaline•Nb80 complex compared to the binary 
TS‑β1AR(A227Y/L343Y)•isoprenaline complex, revealing the stabilization of the extracellular 
region by allosteric coupling from Nb80. 

The peak intensity was very low for V95(2.58). This resonance also showed increased 15N 
and 1H R2 rates. V95 is located in the middle of TM2, facing towards the exterior, and might 
experience increased solvent exchange. Overall, the variation in peak intensities for valine 
resonances seems to be reduced in TS-β1AR compared to the TS‑β1AR(A227Y/L343Y) 
construct corroborating the higher flexibility of the TS‑β1AR(A227Y/L343Y) construct. 

Conclusions and perspectives 
The turkey b1AR solubilized in DM micelles was established as a model to study backbone 

dynamics of GPCRs by solution NMR. It is hoped that the methods for analysis can be used 
for more challenging receptor systems (see Chapter 4 and 7). Besides the global and site-
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specific 15N relaxation rates describing the dynamics in Chapter 3.1, further details on the 
intrinsic flexibility of β1AR derived from additional experiments were presented here. 

V172 below the ligand binding pocket revealed a two-site exchange in the binary agonist-
bound TS-β1AR(A227Y/L343Y)•isoprenaline complex, in which conformation S1 corresponds 
to the inactive receptor state and S2 to the active form as observed in the ternary complex with 
Nb80. The exchange rate is slower than 1.3*103 s-1and the states S1 and S2 are populated by 
77 % and 23 %, respectively. In contrast, the exchange for V314 occurs with a rate of 7.0*104 
s-1, and the populations are 66 % and 34 %, respectively. Apparently, the relative populations 
of inactive and active states are similar for the resonances V172 and V314, but the exchange 
rates differ by a factor of 60. Thus, the receptor motions at the extracellular end of TM6 and in 
TM4 below the ligand head group clearly occur on different time scales. A similar behavior 
has been postulated based on MD simulations describing the inactivation process of β2AR 
(108). In the latter, transitions in the microsecond range occurred asynchronously in different 
parts of the receptor. This led the author to propose that different regions of the receptor are 
connected only as a loosely coupled network. 

The binding of Nb60 to TS-β1AR(A227Y/L343Y) in complex with carvedilol or atenolol 
did not lead to major spectral changes. From the data available so far, it is not clear whether 
Nb60 shifts the conformational equilibrium towards a different inactive state of β1AR as shown 
for β2AR (200). Future experiments with a ternary complex of Nb60 with the agonist 
isoprenaline would be of high interest, because Nb60 is described as a negative allosteric 
regulator in contrast to the positive allosteric regulator Nb80 (200). 

Differences in the amide proton T2 times of TS-β1AR and TS-β1AR(A227Y/L343Y) for 
various ligand states indicate that exchange dynamics are also observable in the 1H dimension, 
but the relaxation properties of protons are more difficult to interpret due to the solvent 
influence. 

All relaxation experiments on β1AR have been conducted in decyl maltoside (DM) micelles. 
It could be that the spectral appearance changes in a different detergent such as lauryl maltose 
neopentyl glycol (LMNG), especially for residues facing the exterior. Studies of b2AR have 
shown that the choice of detergent influences the observable exchange regime for side-chain 
reporter sites on the intracellular end of TM6 (202). Additionally, dynamics may be different 
in a lipid environment as compared to detergents. The exchange rates between active and 
inactive states are slower in lipid-filled nanodiscs than in dodecyl maltoside (DDM) micelles, 
and the relative active state population is increased as shown for a 13C-methyl group of 
methionine below the orthosteric ligand binding pocket in β2AR (117). Quantifying 15N 
backbone dynamics in a lipid environment will be the next experimental challenge for the 
understanding of GPCRs. Another layer in the complex regulation of GPCRs could be added 
by varying the lipid composition. In particular charged lipid headgroups have been shown to 
be allosteric regulators of the human b2AR (203). 
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Materials and Methods 

Expression and Purification of Nb60 
The plasmid for Nb60 was a generous gift from Prof. Jan Steyaert, Vrije Universiteit 

Brussel, Belgium, and the Nb60 protein was purified according to the described 
procedures (200). 

TS-β1AR and TS-β1AR(A227Y/L343Y) expression and purification 
Detailed protocols are presented in Chapter 3.1. 

NMR experiments and data analysis 
NMR samples were prepared and 1H-15N TROSY spectra were recorded as described in 

Chapter 3.1. Nb60 was added in equimolar (relative to the receptor) amounts to binary 
TS‑β1AR(A227Y/L343Y)•atenolol or TS-β1AR(A227Y/L343Y)•carvedilol complex samples. 

Amide proton T2 times were determined from a jump-return spin-echo experiment (201). 
All NMR spectra were processed with NMRPipe (204) and evaluated with SPARKY (205) or 
NMRPipe (204). 

1H R2 rates were determined by time-domain line shape fitting of H-15N TROSY using the 
nlinLS program contained in NMRPipe (204). The procedure is explained in more detail in 
Chapter 3.1.  
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3.3 Improved relaxation behavior of a deuterated β1-adrenergic 
receptor 

Introduction 
In the previous chapters amino acid-specific labeled β1AR was used to analyze the receptor 

by backbone NMR due to the reduced spectral complexity for such a large protein. So far, 
14 valines were used, which may give only partial insight into the complex behavior of a 
protein with over 300 residues. The amino acid-specific labeling also required initial resonance 
assignment by tedious point mutations (114), because the backbone connectivity necessary for 
conventional triple-resonance assignment is lost. Additionally, the transverse relaxation of the 
protonated receptor with an apparent molecular weight of 100 kDa is very fast. As a 
consequence, even TROSY versions of triple-resonance assignment experiments like HNCO, 
HNCA, HNCOCA are of limited use for assignment due to the low transfer efficiency and 
sensitivity. Deuteration diminishes the relaxation losses during such experiments by reducing 
the effect of dipolar relaxation from nearby protons. Progress in isotope labeling and especially 
deuteration of proteins expressed in insect cells has made it possible to obtain uniformly 
2H,15N-labeled β1AR (112) (Chapter 3.1). Here, the improved relaxation properties of this 
deuterated β1AR sample are presented. 

Results 

1H-15N TROSY spectra of TS-β1AR at two magnetic field strengths 
TS-β1AR was uniformly isotope labeled by growing insect cells on 2H,15N yeastolate and 

protonated 15N2‑glutamine. 1H-15N TROSY spectra of a 160 µM alprenolol-bound, partially 
deuterated 2H (55 %)/15N (78 %) TS-β1AR sample were recorded at 14.1 T and 21.2 T 
(Figure 3.6). Well-resolved spectra were observed at both field strengths, although the spectral 
dispersions is obviously lower at 14 T. Between 230 and 260 out of the expected 304 backbone 
resonances for TS-β1AR were observed. The receptor was expressed using protonated 
15N2‑glutamine. Therefore, glutamine and the amino acids alanine, asparagine, aspartate, 
glutamate and glycine, which metabolically interconvert with it, were partially protonated and 
not detected due to lower sensitivity. In the future, the spectral quality can be further improved 
by using deuterated glutamine. 
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Figure 3.6 1H-15N TROSY spectrum of 160 μM 2H (55 %)/15N (78 %), alprenolol-bound TS-β1AR in DM 
micelles recorded at 304 K for 3 hours at (a) 21.2 T and (b) 14.1 T. 

The 1H-15N TROSY spectra of alprenolol-bound 2H (55 %)/15N (78 %) TS-β1AR recorded 
at 14.1 T and 21.2 T are very similar in appearance. Yet the signal intensity was somewhat 
lower (average 0.88) at 21.2 T than at 14.1 T (Figure 3.7), indicating that for some resonances, 
fast to intermediate exchange occurs. The average 15N R2 rates, used to describe the global 
backbone dynamics of β1AR measured on 2H (55 %)/15N (78 %) TS-β1AR (Chapter 3.1), also 
indicated a slightly higher exchange contribution at 21.2 T than at 14.1 T. 
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Figure 0.1 Comparison of signal amplitudes in 1H-15N TROSY spectra of 2H (55 %)/15N (78 %), alprenolol-bound 
TS-β1AR in DM micelles recorded at 14.1 T and 21.2 T. Histogram of relative peak heights from 1H-15N TROSY 
spectra at 14.1 T and 21.2 T. Only well-resolved peaks were used for the analysis. The average peak height ratio 
is 0.88. 

T2 times for protonated and deuterated TS-β1AR 
Even partial deuteration improved already the transverse relaxation properties of the 

receptor-detergent complex (Table 3.1) Measurement of amide proton T2 times showed an 
increase from 4.3 (3.7) ms at 14.1 (21.2) T for a protonated receptor to 6.8 (5.7) ms at 14.1 
(21.2) T for the (55 %)/15N (78 %) TS-β1AR sample. Likewise, 15N TROSY (15Nx1Hβ) T2 times 
increased by one third from 23.1 (21.0) ms at 14.1 (21.2) T for the protonated receptor to 30.3 
(28.5) ms at 14.1 (21.2) T for the partially deuterated TS-β1AR. The 1H-15N TROSY spectra 
for the partially deuterated TS-β1AR were recorded within 3 hours, which reduced the 
measurement time by a factor of ~3.5 as compared to protonated NMR samples, due to the 
resulting higher sensitivity. 
Table 3.1 Effect of partial deuteration on the transverse relaxation times of alprenolol-bound TS-β1AR 
at 14.1 T and 21 T. 1HN and 15Nx1Hβ T2 times were determined for 13C,15N-glycine, 13C,15N-valine, 
15N‑leucine-labeled or 2H (55 %)/15N (78 %)-labeled receptor. 1HN T2 were determined from the signal 
decay above 8.4 ppm. 15Nx

1Hβ T2 times were determined from the average signal decay of 1D 
1H‑detected 15N experiments. 

Isotope labeling Field [T] 1HN T2 [ms] 15Nx
1Hβ T2 [ms] 

13C,15N-Gly, 13C,15N-Val, 15N-Leu 14.1 4.3 23.1 
13C,15N-Gly, 13C,15N-Val, 15N-Leu 21.2 3.7 21.0 

2H (55 %)/15N (78 %) 14.1 6.8 30.3 
2H (55 %)/15N (78 %) 21.2 5.7 28.5 
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Conclusions and perspectives 
The partially deuterated 2H (55 %)/15N (78 %)-labeled TS-β1AR yielded high-quality NMR 

spectra at two field strengths. The spectral quality may be further improved by increasing 
isotope incorporation. The incorporation levels of 2H (55 %)/15N (78 %) are lower than the 
previously reported ≥60 % for 2H and 90 % for 15N (112). This lower labeling was the result 
of a variation in the isotope labeling of the used yeastolate. It can obviously be increased by an 
improved yeastolate preparation as well as by the use of deuterated glutamine. 

Nevertheless, already the partial deuteration has very favorable effects on amide proton and 
15N TROSY T2 relaxation times as compared to the protonated receptor. It indicates that 
conventional triple-resonance experiments may become feasible for resonance assignment 
instead of the point-mutation strategy used so far. Deuteration has a high impact on sensitivity, 
resolution and magnetization transfer efficiency for those heteronuclear experiments.  

At the moment, TS-β1AR was studied in DM micelles with an apparent molecular weight 
of 100 kDa, which is at the upper limit for backbone NMR studies of a fully protonated system. 
A next step towards the understanding of β1AR dynamics would be the reconstitution in a 
membrane mimetic such as nanodiscs, which are more similar to the natural lipid environment, 
but have molecular weights in the 150 to 200 kDa range (206). Very likely for such 
experiments, deuteration will be required to reduce the fast transverse relaxation caused by the 
slow tumbling of the high-molecular-weight complex. 

Materials and Methods 

Isotope labeling and purification of TS-β1AR 
Preparation of 2H,15N yeastolate and expression of uniformly labeled TS-β1AR in insect 

cells by supplementation of 2H,15N-yeastolate and 15N2-glutamine was carried out by Christian 
Opitz as previously described (112). 13C,15N-glycine-, 13C,15N-valine- and 15N-leucine-labeled 
TS-β1AR was expressed by Shin Isogai (114). 

TS-β1AR solubilized in DM was purified by Shin Isogai as described previously (114). The 
NMR samples were prepared in a Shigemi tube with concentrations of 160 μM (2H,15N-
labeled) or 400 μM (13C,15N-Gly, 13C,15N-Val, 15N-Leu-labeled) in a volume of 250 μl in 20 
mM TRIS (pH 7.5), 1 mM of alprenolol, 100 mM NaCl, 0.1 % DM, 0.02 % NaN3 and 5 % 
D2O. 

NMR experiments and data analysis 
All NMR experiments were performed on Bruker AVANCE 14.1 T (600 MHz 1H 

frequency) or 21.2 T (900 MHz) spectrometers equipped with a TCI cryoprobe at a temperature 
of 304 K. Amide proton T2 times were determined from a jump-return spin-echo experiment 
(201). 15N TROSY spin-echo T2 times were determined from 1D 1H-detected experiments with 
relaxation delays of 0.2 ms, 30.2 ms (2H,15N) or 0.2 ms, 18.2 ms (15N) with 1H-15N transfer 
times of 3.6 ms (2H,15N) or 3 ms (15N). 1H-15N TROSY experiments were recorded as 140 (15N) 
x 1024 (1H) complex points and acquisition times of 28 ms (15N) and 42 ms (1H). For optimal 
sensitivity, the 1H-15N transfer time was reduced to 3.6 ms and the interscan delay set to 1 s. 

All NMR spectra were processed with NMRPipe (204) and evaluated with SPARKY (205) 
or NMRPipe (204). 
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4 Insect cell expression and characterization of CCR5 
 

Organization of the chapter 
After a short introduction to the chemokine receptor CCR5, the first section (4.1) describes 

its expression in insect cells, its detergent optimization for solution NMR studies, protocols for 
amino acid-specific and uniform 2H,15N isotope labeling, the initial characterization by 1H-15N 
TROSY and relaxation experiments, as well as initial cryo-EM studies. The second section 
(4.2) is a reprint of the original publication by Franke, Opitz, Isogai, Grahl et al. (19) containing 
some of the NMR data on CCR5 of the first section. 
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Introduction 
CCR5 is a member of the class A GPCRs, which all share the seven a-helical 

transmembrane architecture. As a chemokine receptor, it is involved in inflammation and 
immune response, and it is the major coreceptor for HIV-1 entry. CCR5 requires 
posttranslational modifications such as tyrosine sulfation and O-glycosylation of the 
N‑terminus for high-affinity ligand binding (161, 162). In addition, two extracellular disulfide 
bonds stabilize the receptor and increase its ligand affinity (160). Such posttranslational 
modifications are obtainable in higher eukaryotes such as insect cells, a well-established 
expression system for functional GPRCs (84). However, heteronuclear NMR requires isotope-
labeled proteins. As insect cells have only a limited capacity to synthesize amino acids, the 
labeling must be achieved by supplementing isotope-labeled amino acids to the medium. 
Therefore, insect cells are not as commonly used for NMR applications as E. coli, where 
labeling can be achieved in inexpensive minimal medium (19, 207). In the last years, affordable 
isotope-labeling strategies have been developed for insect cells based on depleting amino acids 
and other proteinaceous material from the medium and supplementing isotope-labeled amino 
acids (19). For amino acid-specific labeling, an isotope-labeled amino acid can be added to a 
minimal medium depleted of that specific one, resulting in labeling incorporation above 90 % 
(208). For uniform labeling of proteins, inexpensive isotope-labeled algae extract or yeast 
extract can be supplemented to the medium (112, 209).  

Prior studies have shown that isotope-labeled wild-type CCR5 can be expressed in insect 
cells, but the NMR spectra of the detergent-reconstituted receptor had very broad lines (210). 
The low stability of the wild-type receptor outside of its natural environment precluded 
extensive structural studies (211). Engineering of CCR5 has led to increased sample 
homogeneity and stability in detergent micelles (153). This approach culminated in the crystal 
structures of CCR5 in complex with the small molecule maraviroc (inverse agonist) and the 
chemokine analog 5P7-RANTES (antagonist) (153, 191).  

Albeit tremendous structural insight has been obtained for CCR5, its underlying dynamics, 
which allow binding of ligands ranging from small molecules to proteins and triggering distinct 
intracellular responses, are not understood. These features can be studied by NMR and make 
CCR5 an interesting and challenging target. In the following section, protein engineering and 
improved isotope-labeling strategies in insects were combined to make CCR5 accessible to 
backbone NMR studies. 
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4.1 Characterization of CCR5 expressed in insect cells 

Results 

Construct design 
The design of a CCR5 construct for NMR studies was based on the engineered CCR5 used 

in crystallographic studies (153). The stabilized CCR5 construct carries four point mutations 
C58Y(1.60), G163N(4.60), A233D(6.33) and K303E(8.49) as well as N- and C-terminal 
modifications (Figure 4.1). The A233D mutation was reported to keep CCR5 in an inactive 
state, abolish G protein signaling and decrease the affinity for its endogenous ligand MIP1-α 
(153). C58Y, G163N and K303E mutations increased the stability in detergent micelles and 
receptor homogeneity. The four mutations together increase the melting temperature from 59 
to 66 ℃.	The C-terminus is truncated after the soluble helix 8, removing 32 amino acids 
(Δ320‑352). FLAG and His10x tags are incorporated at the C-terminus, allowing the detection 
of CCR5 by Western blot and the purification by immobilized ion affinity chromatography 
(IMAC). The affinity tags can be removed using PreScission protease. A hemaglutinin signal 
sequence for targeting membrane insertion during insect-cell expression is inserted 
N‑terminally prior to CCR5’s natural sequence (212). For crystallization, a rubredoxin fusion 
protein was placed in the intracellular loop 3 (ICL3) to reduce flexibility and increase crystal 
contacts. This construct will be called CCR5-rub in the following chapters. For NMR studies, 
the ICL3 was left intact, and the construct will be referred to as CCR5-4m. 

 
Figure 4.1 Sequence and topology of engineered CCR5-4m. Residues are colored as follows: mutations in red, 
linker from HA hemaglutinin signal sequence in orange, PreScission recognition site in blue, FLAG tag in green 
and His10x tag in bright green. Two distinct disulfide bonds in the extracellular space are shown as solid lines. 
Posttranslational modifications by tyrosine sulfation or O-glycosylation of serine are indicated. The red line 
indicates truncation of the C-terminus after residue 319. 
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Small-scale expression of CCR5 in insect cells 
CCR5-4m was expressed in Sf9 insect cells in small cultures to determine the optimal virus 

titer to cell ratio. Western blot analysis using a poly-His antibody was performed of samples 
taken at 24, 48 and 72 hours post infection (hpi) (Figure 4.2a). A strong band above 25 kDa 
corresponding to CCR5-4m was increasing over time, with the highest yield at 48 to 72 hpi 
using a virus titer of 10 mL/L. Due to ‘gel shifting’, which is often observed for membrane 
proteins interacting with sodium dodecyl sulfate during SDS PAGE (213), CCR5-4m appeared 
around 25 kDa and not at its expected molecular weight of 40 kDa. The weaker band above 
50 kDa corresponds to a CCR5-4m dimer. 

 
Figure 4.2 (a)Western blot analysis of Sf9 small-scale cultures to determine functional virus titer. CCR5-4m was 
detected using a poly-His antibody. Cells were infected with virus stocks corresponding to 2, 10 and 20 mL per 
1 L of cell culture. Samples were taken at 24, 48, 72 hpi. (b) Immunoprecipitation with antibodies recognizing 
CCR5-4m. Lane 2 (all) contains solubilized CCR5-4m in DDM/CHS micelles. Supernatant (S) and 
immunoprecipitate (IP) fractions are shown for the C-terminal-specific poly-His antibody (His), the N-terminal-
sequence-specific CCR5 antibody T21/8 (T21/8) and the conformation-specific CCR5 antibody 2D7 (2D7). 

The structural integrity of CCR5-4m expressed in insect cells was tested after solubilization 
by immunoprecipitation with antibodies recognizing different regions of the receptor (Figure 
4.2b). Both T21/8, an antibody recognizing an N-terminal sequence of CCR5, and a poly-His 
antibody, recognizing the C-terminal His tag, pulled CCR5-4m in the experiment, proving that 
neither N-terminal nor C-terminal truncation occurred. CCR5-4m was also 
immunoprecipitated by the 2D7 antibody, which recognizes a conformation-dependent epitope 
in the extracellular loop 2 and proves the conformational integrity of the receptor (214, 215). 

Large-scale expression and purification 
CCR5-4m was expressed in large-scale insect-cell cultures, and the membrane preparation 

and purification were adapted from Tan et al. (153). Membranes containing CCR5-4m were 
isolated from the cell material by several rounds of homogenization and ultracentrifugation. 
Membrane solubilization in presence or absence of maraviroc was achieved in two detergent 
conditions. Mixed dodecyl maltoside (DDM)/cholesteryl hemisuccinate (CHS) micelles were 
used as in the crystallographic studies (153), benefitting from the micelles’ high stability due 
to the incorporation of the cholesterol homolog and the induced bicelle-like shapes (216). Pure 
DDM micelles were also tested due to their lower molecular weight being more favorable for 
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NMR studies. Purification of detergent-solubilized CCR5-4m was achieved by IMAC, yielding 
a 95 % pure protein as judged from samples on Coomassie-stained SDS-PAGE (Figure 4.3a). 
Additional to the monomeric state, a weaker dimer band was detected (Figure 4.3a, lanes 9 and 
22). A size-exclusion chromatography (SEC) step was introduced to further increase the 
sample homogeneity (Figure 4.3b). CCR5-4m in DDM/CHS micelles showed a high level of 
aggregates and a monomeric peak corresponding to ~194 kDa, which was not fully resolved. 
CCR5-4m in DDM micelles contained less aggregates, and the monomeric peak eluted at a 
volume corresponding to ~104 kDa. The procedure yielded ~0.3 mg maraviroc-bound CCR5 
in DDM micelles per liter of insect-cell culture. The structural integrity after purification was 
validated by immunoprecipitation with the 2D7 antibody (Figure 4.3c). 

 
Figure 4.3 Purification and quality control of CCR5-4m in DDM and DDM/CHS micelles. (a) Coomassie-stained 
SDS-PAGE of CCR5-4m solubilized in DDM/CHS (1-11) and DDM (14-24 at various steps of the purification. 
Initial solubilized material (1 and 14), supernatant of solubilization (2 and 15), flow-through (3 and 16), wash 
fractions 1-3 (5-7 and 18-20) and elution fractions 1-3 (9-11 and 22-24). Molecular-weight marker in lane 14 and 
empty lanes 4, 8, 13, 17 and 21. (b) Size-exclusion analysis of CCR5-4m in DDM/CHS (red) and DDM (blue) 
micelles. Both samples contain oligomeric species and a monomeric fraction indicated by an asterisk. 
(c) Immunoprecipitation with conformation-specific CCR5 antibody 2D7. Supernatant (S) and immunoprecipitate 
(IP) fractions for CCR5-4m purified in DDM and DDM/CHS.  

Thermostability of CCR5-4m 
The stability of CCR5-4m in various detergents was characterized by the CPM microscale 

fluorescence stability assay (Figure 4.4). The assay probes temperature-induced unfolding of 
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GPCRs in detergent micelles by detecting the exposure of free cysteines (217). The thiol-
specific fluorochrome N-[4-(7-diethylamino-4-methyl-3-coumarinyl)phenyl]maleimide 
(CPM) reacts with cysteines forming a fluorescent thiol adduct whereas the free dye has almost 
no fluorescence signal (218).  

Melting temperatures of 66.4 °C in the apo form and 78.4 °C in complex with maraviroc 
were obtained for CCR5-4m in DDM/CHS micelles, which are higher than the previously 
reported 59.9 °C and 67.3 °C, respectively (153). These differences may be related to 
differences in the microscale fluorescence stability assay and the heating rate used to determine 
the thermal unfolding. The melting temperature of 48.5 °C (apo form) and 69.1 °C (maraviroc-
bound) is lower in pure DDM micelles, but still sufficient for NMR experiments. DM, a short-
chain detergent used for NMR studies of β1AR (114), would be advantageous due to a lower 
molecular weight of the solubilized receptor complex. However, the melting temperature of 
maraviroc-bound CCR5-4m in DM was only 49 °C. Hence the receptor was significantly 
destabilized in this detergent. As a consequence, DM was not considered further. 

 
Figure 4.4 CPM assay reveals temperature-induced unfolding of CCR5-4m in different detergent conditions. 
Melting curves are shown for apo form (filled square) or maraviroc-bound (filled circle) CCR5-4m in DDM/CHS 
(red), DDM (blue) and DM (green). The melting temperature was determined as the maximum of the computed 
derivative of the melting curve. 

Analysis of secondary structure by NMR 
The integrity of the protein structure for CCR5-4m in DDM or DDM/CHS was further 

assessed by NMR using a jump-return spin-echo sequence (201). The one-dimensional 
1H NMR spectra were analyzed for signal dispersion in the amide region (6-10 ppm) (Figure 
4.5a, b). Broad lines were observed, which are caused by the large size of the protein-micelle 
complex and exchange broadening (see below). Narrow lines might arise from flexible regions. 
Compared to the preparation in DDM/CHS, CCR5-4m in DDM showed more fine structure 
and more intensity above 8.4 ppm. Amide transverse relaxation 1HN T2 times at 298 K were 
estimated by recording the spin-echo 1D experiment with two relaxation delays (0.2 and 2.2 
ms) in a buffer containing 10 % (v/v) glycerol. The estimated relative intensity ratios above 
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8.6 ppm revealed a 1HN T2 time of ~1.7 ms in DDM micelles and <1.3 ms in DDM/CHS 
micelles. The difference might be caused by the increased molecular weight by incorporation 
of CHS in the micelle. Compared to β1AR (1HN T2 ~4 ms), the transverse relaxation time is 
largely reduced, but this could be improved later by a change of glycerol content, temperature, 
and magnetic field strength (see below). 

 
Figure 4.5 NMR analysis of unlabeled CCR5-4m using proton NMR at 298 K on a 900 MHz spectrometer. The 
jump-return spin-echo 1H spectra of maraviroc-bound (a) 110 μM CCR5-4m in DDM/CHS and (b) 90 μM CCR5-
4m in DDM. The experiments were recorded using effective relaxation delays 2Δ of 0.2 and 2.2 ms to estimate 
the 1HN T2 time. 2D-NOESY spectra with jump-return detection of (c) 110 μM CCR5-4m with maraviroc in 
DDM/CHS and (d) 90 μM CCR5-4m with maraviroc in DDM. 

To obtain more insight into the spectral quality of unlabeled CCR5-4m in DDM and 
DDM/CHS micelles, 2D 1H-1H NOESY experiments were recorded, where cross peaks arise 
from dipolar coupling between protons close in space (<5 Å) (Figure 4.5c, d). Despite the low 
resolution and strong detergent signals, the amide region was well dispersed, and clear 
amide/aliphatic and amide/amide (HN-HN) cross peaks were observed. The latter indicate 
α‑helical regions, which is the dominant secondary structure in CCR5.  

The spectral quality was better for CCR5-4m reconstituted in DDM than in DDM/CHS 
micelles as judged by the increased spectral dispersion in the amide region and higher number 
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of HN-HN cross peaks. Thus, the reconstitution of CCR5-4m in DDM micelles appeared better 
suited for further NMR characterization. 

CCR5-4m in LMNG micelles 
CCR5-4m was also reconstituted in LMNG, which has been reported to increase the stability 

of GPCRs while retaining a small micelle size (219). The molecular weight of the monomeric 
fraction from size-exclusion chromatography and protein yield were similar to the preparation 
in DDM (Figure 4.6a). The 1HN T2 was determined as ~2 ms (without glycerol in the buffer). 
The fold of CCR5-4m was assessed by 2D a 1H-1H NOESY experiment with HN-HN cross 
peaks indicative for α-helices (Figure 4.6b).  

CCR5-4m in LMNG micelles was also analyzed by the CPM thermostability assay (Figure 
4.6c). The melting temperatures were increased in LMNG to 72 °C and 56 °C in the maraviroc-
bound and apo states, respectively, as compared to DDM micelles (69 °C and 49 °C, 
respectively). The derivative of the melting curve revealed no clear transition for the thermal 
unfolding of CCR5-4m in LMNG (Figure 4.6d). This may be caused by aggregation.  

Size-exclusion chromatography and initial NMR analysis of maraviroc-bound CCR5-4m 
did not show a difference between DDM and LMNG micelles. However, due to the unusual 
melting behavior in LMNG we continued the further studies with CCR5-4m in DDM micelles. 

 
Figure 4.6 Characterization of CCR5-4m in LMNG micelles. (a) Size-exclusion analysis of CCR5-4m in LMNG, 
which contains oligomeric species and a monomeric fraction indicated by an asterisk. (b) 2D-NOESY spectrum 
with 1-1 detection of 75 μM CCR5-4m at 298 K on a 900 MHz spectrometer. (c) Temperature-induced unfolding 
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of CCR5-4m in LMNG. Melting curves are shown for apo form (filled square) or maraviroc-bound (filled circle) 
receptor. The melting temperature was determined as the maximum of the computed derivative of the melting 
curve. (d) Derivative of the melting curve for CCR5-4m in LMNG for apo form (filled square) or maraviroc 
bound (filled circle). 

Initial specific 15N-valine-labeling of CCR5-4m 
As a next step, we wanted to compare CCR5-4m to β1AR, our model GPCR for backbone 

NMR, which is well characterized in its 15N-valine-labeled form. CCR5-4m also contains 27 
valines (~8 % of the sequence), which are spread throughout the structure (Figure 4.7). 
Labeling can be achieved by supplementing isotope-labeled valine to a valine-depleted, yeast 
extract-free medium (220), since valine is an essential amino acid and no scrambling is 
observed.  

 
Figure 4.7 Location of valine residues in the structure of CCR5. Crystal structure of CCR5 in complex with 
maraviroc (4MBS, chain A). The protein backbone and maraviroc are shown in cartoon and stick respectively. 
The individual valines are depicted as grey spheres. Valine 5 and Valine 323 are not resolved in the crystal 
structure. 

For expression of 15N-valine-labeled CCR5-4m, insect cells were cultured in full medium 
and transferred to valine-depleted, yeast extract-free medium (ΔVal SF-4) supplemented with 
15N-valine prior to virus infection. The expression level of CCR5-4m was significantly reduced 
in the valine-labeled cultures (~0.15 mg/L) as compared to that in full medium (~0.3 mg/L) 
containing all amino acids and yeast extract (Figure 4.8a). The two preparations also showed 
differences in the amide region of 1D 1H NMR spectra with less fine structure observed for the 
valine-labeled sample (Figure 4.8b, c). A 1H-15N TROSY experiment on 80 μM 15N-valine-
labeled, maraviroc-bound CCR5-4m in DDM micelles was recorded for 36 hours (Figure 4.8d), 
which should be sufficient for a good signal-to-noise ratio (see Chapter 3.1). However, only 5 
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out of 27 expected resonances were observed, and the low spectral dispersion in the proton 
dimension indicated improperly folded CCR5-4m. 

 
Figure 4.8 Initial expression and characterization of valine-labeled CCR5-4m in yeast extract-free insect-cell 
medium. (a) Insect-cell expression of CCR5-4m in full medium (full) and valine-depleted, yeast extract-free 
medium (ΔVal SF-4) supplemented with valine (Val) analyzed at 55 hpi by Western blot using a poly-His 
antibody. (b) HN region from jump-return spin-echo spectrum of 80 μM 13C,15N-valine-labeled, maraviroc-bound 
CCR5‑4m in DDM at 298 K on a 900 MHz spectrometer. The sample was expressed using ΔVal SF-4 medium 
supplemented with 15N-valine. (c) HN region from jump-return spin-echo spectrum of 75 μM unlabeled, 
maraviroc-bound CCR5‑4m in DDM at 298 K on a 900 MHz spectrometer. The sample was expressed using full 
medium containing all amino acids and yeast extract. (d-e) 1H-15N TROSY spectra of 15N-valine-labeled, 
maraviroc-bound CCR5‑4m in DDM micelles. (d) CCR5-4m was expressed using ΔVal SF-4 medium 
supplemented with 15N-valine. The spectrum of a 80 μM sample was recorded at 298 K on a 900 MHz 
spectrometer for 36 hours. (e) CCR5-4m was expressed using ΔVal SF-4 medium supplemented with 15N-valine 
and 0.6 g/L yeast extract. The spectrum of a 25 μM sample was recorded at 308 K on a 600 MHz spectrometer 
for 100 hours. 

The presence of yeast extract seems to have an influence on the expression of CCR5-4m in 
insect cells. Therefore, another approach for valine labeling was tested. It has been reported 
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that addition of 10 % of the commonly used amount of unlabeled yeast extract to the ΔVal 
SF-4 medium restores the protein yield without reducing the incorporation level of the isotope-
labeled amino acid below 90 % (221). Addition of 0.6 g/L unlabeled yeast extract (~10 % of 
the normally used 6-8 g/L) to ΔVal SF-4 medium for expression of 15N-valine-labeled 
CCR5‑4m recovered the yield to 0.25 mg/L. 1H-15N TROSY spectra were recorded at 308 K, 
an increase in temperature to reduce the rotational correlation time and achieve more favorable 
transverse relaxation (Figure 4.8e). More resonances were observed than in the spectrum 
without yeast extract supplementation (Figure 4.8d), and the peaks appear at a wider chemical 
shift range, indicative of a well-folded protein. Their location shows similarities to the pattern 
of the valine spectrum of β1AR (Chapter 3.1). However, only 10 out of the expected 27 valine 
resonances of CCR5-4m could be observed with a low signal-to-noise ratio. Therefore, the 
method was still not satisfying, and further efforts were undertaken to improve the protocol for 
amino acid-specific labeling of CCR5-4m. 

The influence of yeast extract components on the expression of CCR5 in insect cells 
To improve the amino acid-specific labeling of CCR5-4m further labeling conditions were 

tested. Preparation of a NMR sample for every condition is time-consuming and expensive. 
Therefore, flow cytometry assays with phycoerythrin (PE) conjugated antibodies were 
developed which enable small-scale culturing and rapid quantification during the expression. 
First, the influence of different components of yeast extract was investigated. Therefore, 
CCR5-4m was expressed in: (i) full medium (SF-4, containing yeast extract and all amino 
acids), (ii) amino acid-depleted, yeast extract-free medium (ΔSF-4) supplemented with 30 % 
of the amino acid composition of IPL‑41 medium (222), which will be called 30 % IPL mix 
from now on, and (iii) ΔSF-4 medium supplemented with 30 % IPL mix and 8 g/L dialyzed 
yeast extract. Due to the dialysis, the latter does not contain free amino acids and small 
metabolites. This would be a suitable as supplement for amino acid-specific labeling, because 
it does not dilute the isotope incorporation.  

The viral infection was comparable for all three conditions, as tested by the gp64 assay (data 
not shown), where an AcV1 antibody recognizes the baculovirus envelope protein gp64 on the 
insect-cell surface 6 hpi. Cell viability and cell diameter were similar within the first 48 hpi. 
However, 72 hpi the viability and cell count decreased in both ΔSF-4 media (Figure 4.9a, b). 
Flow cytometry with CCR5-specific antibodies was used to determine the CCR5 expression 
on the cell surface (Figure 4.9c, d). The fraction of cells binding the conformation-specific 2D7 
antibody increased in full medium from 86 % at 48 hpi to 98 % at 72 hpi (Figure 4.9c). In the 
ΔSF-4 medium supplemented with 30 % IPL mix, the fraction of cells recognized by the 2D7 
antibody reached only 65 % at 72 hpi, but the level could be restored to that of full medium by 
supplementation of dialyzed yeast extract. The cells were also tested with T21/8 antibody 
recognizing an N-terminal sequence of CCR5. In full medium, the fraction of cells recognized 
by the T21/8 antibody corresponds well to the data observed for 2D7 (Figure 4.9d). In contrast, 
in the ΔSF-4 medium supplemented with 30 % IPL mix, the fraction of cells recognized by the 
T21/8 antibody was lower than the fraction recognized by 2D7 antibody, only 32 % at 72 hpi. 
Supplementation of dialyzed yeast extract recovered the fraction only to 79 % at 72 hpi. 
Western blot analysis of the whole cell fractions using a poly‑His antibody indicated a 
reduction in CCR5-4m expression for the media not containing the full yeast extract (Figure 
4.9e, IPL and Dia). 



 

 
94 

 
Figure 4.9 Analysis of CCR5-4m expressed in different medium compositions. Expression was tested in full 
medium (full), ΔSF-4 medium supplemented with 30 % IPL mix (IPL) and ΔSF-4 medium supplemented with 
30 % IPL mix and 8 g/L of dialyzed yeast extract (IPL + dialyzed YE or Dia). Cells were changed from full 
medium to expression medium prior to virus infection and expression. Samples were taken at 24, 48, and 72 hpi. 
(a) Cell viability, (b) cell count, (c) flow cytometry with sequence-specific T21/8 PE-conjugated antibody, (d) 
flow cytometry with conformation-dependent 2D7 PE-conjugated antibody, (e) Western blot analysis of the cell 
samples using a poly-His antibody. 

The insect-cell experiments showed that the viability of insect cells is decreased in medium 
without yeast extract. Furthermore, the amount of CCR5-4m expressed and inserted in the cell 
membrane is reduced as shown by Western blot analysis and flow cytometry experiments. 
However, the supplementation of dialyzed yeast extract only partially restored the yield and 
cell viability obtained in the full medium, making the method therefore not suitable for amino 
acid-specific isotope labeling. 

Time point of medium change is essential for expression of CCR5 
Therefore, another procedure was tested to overcome the limitations of isotope-labeled 

CCR5-4m expression. In this method, initial virus infection is performed in full medium, and 
cells are transferred to labeling medium only 16 hpi (209). This still provides efficient isotope 
labeling since the pool of unlabeled amino acids is small enough (207) and strong protein 
expression starts only around 24 hpi (223). The insect cells were infected with virus in SF-4 
full medium and transferred 16 hpi to the media described above: full, ΔSF-4 supplemented 
with 30 % IPL mix or ΔSF‑4 supplemented with 30 % IPL and 8 g/L dialyzed yeast extract. 
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Cell viability and cell count at 65 hpi were comparable in full medium and ΔSF-4 media 
supplemented with 30 % IPL mix (Figure 4.10a, b). 2D7 and T21/8 antibodies recognized 
~95 % cells expressed in full medium (Figure 4.10c, d). A slightly lower fraction of cells 
(~80 %) was recognized in the ΔSF-4 medium supplemented with 30 % IPL mix. The 
additional supplementation of dialyzed yeast extract did not further increase the amount of 
CCR5 presented on the cell surface. Western blot analysis using a poly-His antibody of the 
whole cell fractions indicated similar expression levels among the three media compositions 
(Figure 4.10e). 

 
Figure 4.10 Analysis of CCR5-4m expression with a change from full medium to a different medium at 16 hpi. 
At 16 hpi, the change was performed to full medium (full), ΔSF-4 medium supplemented with 30 % IPL mix 
(IPL) and ΔSF-4 medium supplemented with 30 % IPL mix and 8 g/L dialyzed yeast extract (IPL + dialyzed YE 
or Dia). Samples were taken at 24, 48, and 67 hpi. (a) Cell viability, (b) cell count, (c) flow cytometry with 
sequence-specific T21/8 PE-conjugated antibody, (d) flow cytometry with conformation-dependent 2D7 
PE‑conjugated antibody. (e) Western blot analysis of the cell samples using a poly-His antibody. 

In conclusion, the difficulties in the amino acid-specific labeled CCR5 expression could be 
resolved by culturing the insect cells in full medium containing yeast extract for the first 16 
hours after virus infection and only changing at 16 hpi to the labeled medium. This later change 
causes only a small decrease in the expression yield of CCR5-4m. Additional supplementation 
of dialyzed yeast extract, depleted of free amino acids and small metabolites, did not further 
improve the expression.  
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Improved 15N-valine-labeled CCR5-4m spectrum 
The improved amino acid-specific labeling protocol in insect cells was used to express 

15N‑valine-labeled CCR5-4m. For this, insect cells were infected with virus in SF-4 medium 
and the medium exchanged after 16 hours to ΔVal SF‑4 medium supplemented with 15N-valine. 
Flow-cytometry analysis of the cells at 48 hpi revealed that ~98 % of the cells on the surface 
were recognized by the 2D7 antibody and ~91 % by the T21/8 antibody. Solubilization and 
purification in DDM micelles yielded monomeric CCR5-4m comparable to full-medium 
expression. The amide proton T2 time was determined to be ~3.2 ms, which is higher than the 
initially determined 1HN T2 times, due to the increase in temperature from 298 to 308 K, 
reduction of the glycerol content from 10 to 5 % (v/v) and change from a 900 to a 600 MHz 
spectrometer. A 1H‑15N TROSY experiments on 200 μM 15N-valine-labeled, maraviroc-bound 
CCR5-4m in DDM micelles was recorded (Figure 4.11) revealing a much higher spectral 
dispersion and sensitivity than observed previously (Figure 4.8). The spectral dispersion is also 
is comparable to 15N‑valine-labeled β1AR (Chapter 3.1), albeit sensitivity is still somewhat 
reduced. Despite broad lines and partial overlap, 20 out of the 27 expected resonances for valine 
in CCR5-4m were observed. Two strong peaks [8.0 (1H) and 121.6 (15N) ppm, respectively 7.2 
(1H) and 114.2 (15N) ppm] were may be tentatively assigned to valine 5 and valine 323 in the 
flexible N- and C‑termini, respectively. In the future, residue-specific assignments need to be 
established for further analysis. 

 
Figure 4.11 1H-15N TROSY spectrum of 200 μM 15N-valine-labeled, maraviroc-bound CCR5-4m in DDM 
micelles at 308 K recorded for 3 days on a 600 MHz spectrometer. Asterisks indicate the tentatively assigned 
resonances for valine 5 and valine 323.  
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Uniformly labeled CCR5-4m 
In contrast to the amino acid-specific labeling, uniform isotope-labeling was much easier. 

For this, CCR5-4m was expressed in insect cells grown in ΔSF-4 medium supplemented with 
uniformly 15N-labeled yeastolate and 14N2-glutamine as reported previously (112), and CCR5-
4m expressed. Solubilization and purification of CCR5-4m in DDM micelles yielded 
0.35 mg/L, which is comparable to the expression in full medium. The C-terminal affinity tags 
were cleaved after purification to remove strong signals from this flexible region. The amide 
proton T2 time was determined to be 3.9 ms at 600 MHz (Figure 4.12a). The 1H-15N TROSY 
spectrum of 105 μM 15N-labeled CCR5-4m shows well dispersed resonances typical of a 
mostly α-helical protein (Figure 4.12b). Valine-labeled and uniformly labeled spectra are 
similar (Figure 4.11). Three out of the expected 5 tryptophan indole resonances were observed. 
Tryptophans are located in TM2, ECL1, TM4, TM5 and TM6 showing that observable 
resonances do not only belong to flexible non-membrane regions (Figure 4.12c). The spectral 
quality still suffers from signal overlap in the center of the spectrum, due to broad lines and 
low chemical shift dispersion for resonances in α-helical structures. 

 
Figure 4.12 Spectra of 105 μM maraviroc-bound, 15N-labeled CCR5-4m in DDM micelles recorded at 308 K on 
a 600 MHz spectrometer. (a) Jump-return spin-echo 1H spectra recorded using effective relaxation delays 2Δ of 
0.2 and 3.2 ms to estimate the 1HN T2 time. (b) 1H-15N TROSY spectrum recorded for 68 hours. The dashed box 
highlights the tryptophan indole region. (c) Location of tryptophan residues in the crystal structure of CCR5 in 
complex with maraviroc (4MBS, chain A). The protein backbone and maraviroc are shown in cartoon and grey 
sticks, respectively. Tryptophans residues are depicted as blue sticks. 

This problem can be partially overcome by deuteration of proteins to reduce transverse 
relaxation, resulting in decreased linewidth. Therefore, CCR5-4m was expressed as described 
above with supplementation of 2H,15N yeastolate and protonated 14N2-glutamine. 

The isotope incorporation level in CCR5-4m was determined to be 39 % for 2H and 66 % 
for 15N using mass spectrometry (19), which is lower than the previously reported uniform 
90 % (15N) and >60 % (2H) labeling by yeastolate in insect cells (112). This may have been 
caused by the unlabeled glutamine and a low isotope incorporation of the used yeastolate batch. 
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However, the partial deuteration already increased the HN T2 time to 5.4 ms and allowed the 
INEPT transfer time to be extended to 3.6 ms for optimal magnetization transfer.  

Within 17 hours, 1H-15N TROSY spectra were recorded at 600 and 900 MHz (Figure 4.13). 
The spectra were well dispersed, and even individual resonances were resolved in the center. 
However, some signals, for example in the tryptophan indole and glycine backbone region, are 
missing compared to the uniformly 15N-labeled receptor. This may be due to the lower isotope 
incorporation (Figure 4.12b). Between 160 and 190 out of the expected 316 backbone 
resonances for CCR5‑4m were detected. The receptor was isotopically labeled and expressed 
using protonated 14N2-glutamine. Therefore, glutamine and the amino acids alanine, 
asparagine, aspartate, glutamate and glycine, which metabolically interconvert with it, may not 
be labeled. This reduces the number of expected resonances to 238. 

 
Figure 4.13 1H-15N TROSY spectrum of 80 μM 2H (39 %)/15N (66 %)-labeled, maraviroc-bound CCR5-4m in 
DDM micelles recorded at 308 K for 17 hours on a (a) 900 MHz or (b) 600 MHz spectrometer. 
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Spectra of CCR5-4m did not provide the sensitivity and linewidth as observed for β1AR in 
DM micelles (Chapter 3.3). This may be due to the smaller size of the β1AR micelle complex 
and higher isotope incorporation levels [2H (55 %)/15N (78 %)] for the latter. 

A remarkable observation was made that the spectral quality was better at 600 than 
900 MHz besides the more pronounced signal overlap due to lower frequency separation. Less 
resonances are observable, and the signal intensity was lower (average 0.77) at 900 MHz than 
at 600 MHz (Figure 4.14) in contrast to what is expected for a 1H-15N TROSY experiment. The 
reduction in peak intensity and fewer resonances observed at 900 MHz compared to 600 MHz 
are indicative of exchange in the micro- to millisecond regime. This suggests that the spectral 
quality is affected by line broadening from exchange contributions. 

 
Figure 4.14 Comparison of signal amplitudes in 1H-15N TROSY spectra of 2H (39 %)/15N ( 66 %), maraviroc-
bound CCR5-4m in DDM micelles recorded at 600 and 900 MHz. Histogram of relative peak heights from 1H‑15N 
TROSY spectra at 900 and 600 MHz field strength. Only well resolved peaks were used for analysis. The average 
peak height ratio is 0.77 

Global characterization of CCR5-4m by NMR 
The global behavior of 2H (39 %)/15N (66 %)-labeled, maraviroc-bound CCR5-4m in DDM 

micelles was further characterized by 15N relaxation experiments as described for β1AR 
(Chapter 3.1). 15N relaxation rates at 14.1 T (600 MHz proton frequency) and 21.2 T 
(900 MHz) were extracted from 1D proton traces (Figure 4.15, Table 4.1). 
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Figure 4.15 Global backbone dynamics of CCR5-4m determined from 1D 1H-detected 15N relaxation 
experiments. Experiments were carried out on 2H (39 %)/15N (66 %)-labeled, maraviroc-bound CCR5-4m in DDM 
micelles at 308 K on 21.2 T (a, c, e) and 14.1 T (b, d, f) spectrometer. Relaxation rates were determined from 
intensity ratios of attenuated (blue) vs. reference spectra (black). Determined relaxation rates and relaxation delays 
for R1 and R2 experiments are indicated. (a, b) 15N longitudinal (R1) relaxation experiments. (c, d) 15N-1H dipolar 
coupling/15N CSA cross-correlation experiments using a transfer time of 12 ms. (e, f) 15N transverse (R2) 
relaxation experiments. 

The determined longitudinal 15N R1 rates decreased from 0.30 s-1 at 14.1 T to 0.18 s-1 at 
21.2 T as expected from the field dependence in the slow-tumbling limit. These relaxation rates 
correspond to an isotopically tumbling particle with a rotational correlation time τc of 41.5 ns 
(41.2 ns) at 14.1 T (21.2 T). The 15N-1H dipolar coupling/15N CSA cross-correlation rate η 
increased from 40.3 s-1 at 14.1 T to 51.1 s-1 at 21.2 T, corresponding to τc values of 45.9 
(38.8) ns at 14.1 (21.2) T. The average rotational correlation time τc from all four 15N relaxation 
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rates is 41.9 ± 3.5 ns. This agrees within the error range with a τc of 45.1 ns, calculated 
independently using the Stokes-Einstein relation for a 130-kDa molecular weight complex as 
determined by multi-angle light scattering (MALS) of CCR5‑4m in DDM micelles (Figure 
4.16). The similar rotational correlation times determined by NMR on CCR5-4m and derived 
from light-scattering data of the receptor-micelle complex indicate that CCR5 rotates at the 
same speed as the micelle, and additional nanosecond motions of the receptor relative to the 
micelle can be excluded.  

 
Figure 4.16 MALS chromatograms showing complex, protein, and detergent masses of CCR5-4m in DDM 
micelles. 

Average transverse R2 relaxation rates were determined as 58.5 (96.4) s-1 at 14.1 (21.2) T, 
which is significantly increased compared to the values of 51.4 (67.4) s-1 at 14.1 (21.2) T, 
expected for a spherical molecule tumbling at a τc of 41.9 ns. This indicates an exchange 
contribution (Rex) of 7 (29) s‑1 at 14.1 (21.2) T stemming from motions in the micro- to 
millisecond time range. The increase of Rex at higher field indicates that these motions occur 
in the intermediate-to-fast exchange range. 
Table 4.1 Average relaxation data and molecular weight of 2H (39 %)/15N (66 %)-labeled, maraviroc-
bound CCR5-4m in DDM micelles. 

Field 
[T] 

R1 [s-1] R2 [s-1] η [s-1] τc [ns] 
from R1 

τc [ns] 
from η 

<τc> 
[ns] 

τc [ns] from 
MALS 

21.2 0.18±0.03 96.4±14.5 51.1±10.2 41.2±6.2 38.8±7.8 
41.9±3.5 45.1 

14.1 0.30±0.05 58.5±8.8 40.3±8.1 41.5±6.2 45.9±9.2 

Cryo-EM 
With the recent progress in electron detection and image processing, cryo-EM reaches near-

atomic resolution and provides insights into large protein structures (224). Cryo-EM has a 
lower size limit due to the limited image contrast of small particles. The structure of 64 kDa 
human hemoglobin at 3.8 Å resolution has been reported (225). It is expected that high-
resolution structures of proteins in the ~50 kDa range can be obtained in the near future (226). 
CCR5 might be within these limits of cryo-EM analysis. For this reason, we have started a 
collaboration with the group of Prof. Henning Stahlberg, University of Basel. Within this 
collaboration currently CCR5 is being used as a test protein to develop imaging and processing 
strategies for proteins smaller than 100 kDa. In the future, this may serve as a basis to study 
biologically relevant complexes of CCR5. 
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For these studies, CCR5-rub, the construct with rubredoxin fusion in ICL3, was prepared as 
described for CCR5-4m. Initially, sample quality, homogeneity and particle distribution of 
CCR5-rub was assessed by negative-stain micrographs. CCR5-rub was reconstituted in mixed 
DDM/CHS micelles, because their large size and oblate shape was expected to facilitate 
particle identification. However, the sample appeared very heterogeneous and was therefore 
not further analyzed (Figure 4.17a). As a next step, CCR5-rub was reconstituted in LMNG, 
which has an about 10-fold lower critical micelle concentration (0.01 mM) than DDM (219). 
This allows to reduce the content of empty micelles in the sample. Homogenous samples were 
obtained even at high sample concentrations (Figure 4.17b). These samples then also provided 
high-quality cryo-EM micrographs, which are very promising for a full structural analysis 
(Figure 4.17c). 

 
Figure 4.17 Electron microscopy images of CCR5-rub. Negative-stain images of CCR5-rub in (a) DDM/CHS 
and (b) LMNG micelles. (c) Cryo-electron micrograph of CCR5-rub in LMNG. All images were taken by Kenneth 
Goldie, University of Basel.  

Conclusions and perspectives 
In this chapter, an engineered construct of the human CCR5, CCR5-4m, was expressed in 

insect cells and reconstituted into different detergent micelles. The material obtained in DDM 
had high stability, homogeneity and a small complex size suitable for solution NMR studies. 
0.3 mg/L pure, monomeric CCR5-4m in complex with the inverse agonist maraviroc was 
obtained. Initially, the recorded 1H-15N TROSY spectrum of 15N-valine-labeled CCR5-4m 
showed low spectral quality. The comparison of different media compositions indicated that 
the presence of yeast extract during the first 16 hpi is essential for expression of properly folded 
CCR5-4m in insect cells. Gossert et al. (221) have proposed that yeast extract leads to higher 
expression yields due to an influence on virus infection and cell viability. Interestingly, no 
difference in expression was observed for β1AR in full medium or medium depleted of yeast 
extract for 15N-valine labeling. The main differences in these GPCR constructs are that CCR5 
contains sites for posttranslational modifications like tyrosine sulfation and O-glycosylation 
whereas the N-glycosylation site was removed in TS‑β1AR. Additionally, CCR5-4m contains 
a signaling sequence for targeting membrane insertion. 

 Based on these observations, possible reasons for the need of yeast extract supplementation 
are that it (i) influences viral infection, (ii) is required for correct posttranslational modification, 
or (iii) contains metabolites required for expression and membrane trafficking. 

Supplementation of 15N or 2H,15N yeastolate enabled expression of uniformly labeled 
CCR5-4m in insect cells. Well-dispersed 1H-15N TROSY spectra of the 38 kDa receptor with 
an apparent molecular weight of 130 kDa were obtained. However, only 160 - 190 out of 316 
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backbone resonances were resolved. This may be a result of the low isotope incorporation of 
the NMR sample (39 % 2H/ 66 % 15N). Furthermore, differences in the spectra obtained at 600 
and 900 MHz indicate line broadening due to micro- to millisecond exchange, which may 
broaden resonances below the detection limit. Average 15N R1 and η relaxation rates revealed 
an overall global rotation correlation time of 42 ns, agreeing within experimental error with the 
45 ns derived from static light scattering data. This suggests that significant motion of the 
protein relative to the detergent micelle is not occurring. However, conformational exchange 
within the protein on the micro- to millisecond time range is clearly evident from the increased 
15N R2 relaxation rates. 

Exchange broadening was also observed for the thermostabilized mutant of β1AR 
(Chapter 3.1 indicating a high intrinsic flexibility. Apparently, the exchange contributions for 
CCR5 are larger than for β1AR. Therefore, the amplitudes and time scales of motion must be 
different. This may be caused by the different structure of the ligand recognition site, the 
different degree of inactive-state stabilization (TS-β1AR has been highly thermostabilized, 
whereas CCR5 has many fewer modifications), as well as the different detergent micelles. 

So far, the dynamics of CCR5 have been globally characterized since no residue-specific 
assignments are available. Future studies should aim at insights into specific backbone sites. 
Successful expression of 15N-valine-labeled CCR5-4m has been shown here. The next step will 
be resonance assignments. Besides the identification by point mutations, improvement in 
isotope incorporation would allow other strategies. In the PhD thesis of Christian Opitz, it was 
shown that sequential information could be obtained using 15N-edited 3D NOESY experiments 
on 2H,15N-labeled TS-β1AR due to the characteristic peak patterns of α-helical structures (227). 
The favorable effects of deuteration on relaxation might also enable heteronuclear triple-
resonance assignment experiments (Chapter 3.3)  

Once the receptor sites are assigned, backbone dynamics can be analyzed in the apo form, 
with small molecule ligands such as maraviroc, stabilizing CCR5 in an inactive state, and 
protein ligands such as RANTES analogs. Amino acid-specific labeled CCR5-4m would 
enable time-domain fitting to extract 15N R2 rates from 2D 1H-15N TROSY spectra. This 
approach has been established for β1AR (Chapter 3.1). Due to spectral overlap such an 
approach will be difficult for uniformly labeled CCR5-4m. 

Initial cryo-EM studies on CCR5 appear promising and may enable high-resolution 
structural studies in the future. This could open a new perspective to study CCR5 protein 
complexes with chemokines and effector proteins (Chapter 6). 
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Materials and Methods 

Generation of expression construct 
The CCR5 constructs were derived from the engineered human CCR5 mutant used in 

crystallographic studies (153). 
 
The final CCR5-4m sequence is: 

GAPDYQVSSPIYDINYYTSEPCQKINVKQIAARLLPPLYSLVFIFGFVGNMLVILILINYKR
LKSMTDIYLLNLAISDLFFLLTVPFWAHYAAAQWDFGNTMCQLLTGLYFIGFFSGIFFIILL
TIDRYLAVVHAVFALKARTVTFGVVTSVITWVVAVFASLPNIIFTRSQKEGLHYTCSSHFPY
SQYQFWKNFQTLKIVILGLVLPLLVMVICYSGILKTLLRCRNEKKRHRDVRLIFTIMIVYFL
FWAPYNIVLLLNTFQEFFGLNNCSSSNRLDQAMQVTETLGMTHCCINPIIYAFVGEEFRNYL
LVFFQKHIAKRLEVLFQGPDYKDDDDKHHHHHHHHHH 

 
 
and the final CCR5-rub sequence is: 

GAPDYQVSSPIYDINYYTSEPCQKINVKQIAARLLPPLYSLVFIFGFVGNMLVILILINYKR
LKSMTDIYLLNLAISDLFFLLTVPFWAHYAAAQWDFGNTMCQLLTGLYFIGFFSGIFFIILL
TIDRYLAVVHAVFALKARTVTFGVVTSVITWVVAVFASLPNIIFTRSQKEGLHYTCSSHFPY
SQYQFWKNFQTLKIVILGLVLPLLVMVICYSGILKTLLRMKKYTCTVCGYIYNPEDGDPDNG
VNPGTDFKDIPDDWVCPLCGVGKDQFEEVEEEKKRHRDVRLIFTIMIVYFLFWAPYNIVLLL
NTFQEFFGLNNCSSSNRLDQAMQVTETLGMTHCCINPIIYAFVGEEFRNYLLVFFQKHIAKR
FCKCCSIFQQEAPERASSVYTRSTGEQEISVGLGRPLEVLFQGPDYKDDDDKHHHHHHHHHH 

with the green residues corresponding to the CCR5 sequence. 

Preparation of recombinant baculovirus 
Maintenance Sf9 cultures were subcultured in mid-log phase and grown in full SF-4 medium 

(Bioconcept) or Insect Xpress medium (Lonza) at 27 ºC and shaken at 160 rpm. Baculovirus 
for insect-cell expression was generated using the Bac-to-Bac system (Invitrogen) in E. coli 
DH10Bac cells using a pAB1G-Cter plasmid (Invitrogen). Baculovirus was generated in 
adherent cultures as described previously by O’Reilly et al. (222). In short, 2 mL 
5x105 cells/mL Sf9 cells were infected with 5 µl of the bacmid construct using FuGene HD 
(Promega) as transfection agent. P0 viral stock was isolated 3 days post infection. 
Subsequently, high-titer virus stocks for expression were produced by two additional 
amplification rounds in suspension cultures. 50 ml with 1.5x106 Sf9 cells/mL were infected 
with 1 mL of P0 virus and cultured until the viability decreased to <90 %. The supernatant (P1) 
was harvested by centrifugation at 1,500 g for 15 min. For the P2 virus stock, 100 ml of cells 
with 1.5x106 were infected with 200 μl P1 and processed as before. 

Functional titration of the P2 virus stock was performed in small-scale cultures to find the 
optimal virus titer for expression. Expression tests were performed in 20 ml Sf9 at 
2.5x106 cells/ml and infected at concentrations of 2, 10 and 20 mL/L of P2 virus. Viability, 
total cell count and cell diameter were measured and cell samples were taken for Western blot 
analysis at 24, 48 and 72 hpi.  
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Large-scale expression  
For large-scale expression, Sf9 cells were grown to a density of 2.5x106 cells/ml in SF-4 or 

Insect Xpress medium and infected with 10 ml/L P2 virus stock. 0.25x of a 100x 
Antibiotic‑Antimycotic solution (Sigma-Aldrich) was added during expression. CCR5-4m was 
expressed until the viability decreased to 75-65 %, usually at 48-72 hpi. Cells were harvested 
by centrifugation at 1,500 g for 15 min, and the cell pellet resuspended in 30 ml 10 mM HEPES 
(pH 7.5), 10 mM MgCl2 and 20 mM KCl (lysis buffer) and EDTA-free Complete protease 
inhibitor mix (Roche) and frozen at -80 °C until further usage. 

Gel electrophoresis and Western blotting 
Protein samples for SDS-PAGE were mixed with 4x non-reducing SDS sample buffer and 

directly loaded onto 4-20 % gradient gels (Bio-Rad). Staining was carried out using Coomassie 
brilliant blue.  

For Western blots, the protein was blotted to nitrocellulose membranes using a Trans-Blot 
Turbo system (Bio-Rad). The transfer time was 3 min at 1.3 A and 25 V for a Mini-PROTEAN 
TGX gel (Bio-Rad). The membrane was blocked for 1 h using 3 % (w/v) BSA in Tris-buffered 
saline with 0.1 % Tween-20 (TBST). Subsequently, the membrane was incubated (1 hour) with 
a 1:5000 dilution of horseradish peroxidase (HRP)-conjugated His1 antibody (Sigma-Aldrich). 
Washing was performed for 3 x 5 min using TBST. Protein bands were visualized using a 
chemiluminescent HRP substrate (Roche) according to the manufacturer’s instructions. 

Purification of maraviroc 
Maraviroc was isolated from Celsentri® tablets (Pfizer). In brief, tablets were pestled and 

dissolved in DMSO. Following removal of the solvent, maraviroc was recrystallized from 
toluene/hexane. 

Membrane preparation and purification 
The membrane preparation and purification of CCR5-4m was adapted from Tan et al. (153). 

In detail, the cell pellet corresponding to a 1-L expression culture was filled up to 80 ml with 
lysis buffer (10 mM HEPES (pH 7.5), 10 mM MgCl2 and 20 mM KCl) and the cells disrupted 
for 10 s with an electric disperser. Membranes were spun down at 142,000 g at 4 °C for 1 h. 
The process was repeated twice with high osmotic buffer (lysis buffer supplemented with 1 M 
NaCl) and once again with lysis buffer to remove the salt. The membrane fraction was then 
resuspended in 15 ml 10 mM HEPES (pH 7.5), 30 % (v/v) glycerol, 10 mM MgCl2, 20 mM 
KCl and EDTA-free Complete protease inhibitor mix (Roche) and flash-frozen at -80 °C. 

For solubilization, 15-ml aliquots of membrane fractions were thawed and incubated with 
10 ml lysis buffer containing EDTA-free Complete protease inhibitor mix (Roche), 200 μM 
maraviroc and 2 mg/ml iodoacetamide for 1 h at 4 °C. Then 25 ml solubilization buffer 
[100 mM HEPES (pH 7.5), 300 mM NaCl, 1 % (w/v) n-dodecyl-D-maltopyranoside (DDM, 
Anatrace), and 100 μM maraviroc] were added and incubation continued for 3 hours at 4 °C. 
After ultracentrifugation for 1 h at 140,000 g, the supernatant was added to a 2-ml Talon 
Superflow metal affinity resin (GE Healthcare, per 1 L of culture) and incubated overnight at 
4 °C. 
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The talon resin was then washed with 10 column volumes (CV) 25 mM HEPES (pH 7.5), 
150 mM NaCl, 10 % (v/v) glycerol, 0.05 % (w/v) DDM, 30 mM imidazole and 100 μM 
maraviroc, followed by 10 CV 25 mM HEPES (pH 7.5), 150 mM NaCl, 10 % (v/v) glycerol, 
0.05 % (w/v) DDM, 5 mM ATP, 10 mM MgCl2, 100 μM maraviroc, and then 5 CV 25 mM 
HEPES (pH 7.5), 150 mM NaCl, 10 % (v/v) glycerol, 0.05 % (w/v) DDM, 100 μM maraviroc. 
CCR5 was eluted with 6 CV 25 mM HEPES (pH 7.5), 150 mM NaCl, 10 % (v/v) glycerol, 
0.05 % (w/v) DDM, 300 mM imidazole and 300 μM maraviroc and concentrated to 500 μl 
using an Amicon Ultra 50 kDa MWCO (Millipore) at 4 °C and 2,500 g. 

Monomeric CCR5 was obtained by size-exclusion chromatography (Superdex 200 Increase 
10/300 GL, GE Healthcare) in 25 mM HEPES (pH 7.5), 150 mM NaCl, 5 (v/v) glycerol, and 
0.05 % (w/v) DDM. CCR5 was supplemented with an equimolar amount of His-tagged 
PreScission protease (homemade) and incubated overnight at 4 °C to remove the FLAG and 
His tags. The sample was then incubated with a Ni-NTA superflow resin (Qiagen) for 3 hours 
at 4 °C. The unbound material was concentrated using an Amicon Ultra-3 filtration device 
50 kDa MWCO (Millipore), and buffer exchanged with the final buffer 25 mM HEPES 
(pH 7.5), 150 mM NaCl, 5 % (v/v) glycerol, and 0.05 % (w/v) DDM. The NaCl concentration 
was reduced from 150 mM to 75 mM for the deuterated NMR sample. 

For reconstitution of CCR5-4m in DDM/CHS or LMNG micelles, the protocol was 
modified as follows. DDM/CHS: solubilization of CCR5-4m was carried out in 1 % (w/v) 
DDM and 0.2 % (w/v) CHS (cholesteryl hemisuccinate TRIS salt, Anatrace) and all following 
buffers were supplemented with 0.05 % (w/v) DDM/0.01 % (w/v) CHS. The purified receptor 
was concentrated in an Amicon centrifugal device with a 100 kDa MWCO (Millipore). LMNG: 
CCR5-4m was solubilized in 1 % (w/v) LMNG (lauryl maltose neopentyl glycol, Anatrace) 
and IMAC buffers supplemented with 0.1 % (w/v) LMNG. The LMNG concentration was 
subsequently reduced to 0.01 % (w/v). 

Immunoprecipitation 
Structural integrity of CCR5-4m following solubilization and purification was analyzed by 

immunoprecipitation using the conformation-specific 2D7 (BD Pharmingen) and sequence-
specific T21/8 (eBioscience) CCR5 antibodies as well as the His6x antibody (Sigma-Aldrich). 

Antibodies were incubated with CCR5-4m for 1 hour at 4 °C. The solution was mixed with 
Protein G Mag Sepharose (GE Healthcare). Following incubation for 2 hours at 4 °C, the 
supernatant was removed. Protein G Sepharose was washed three times with 25 mM HEPES 
(pH 7.5), 150 mM NaCl, 5 % glycerol, 100 μM maraviroc, 0.05 % DDM/0.01 % CHS or 
0.05 % DDM (all w/v). Supernatant and bead fractions were analyzed by Western blot as 
described above. 

CPM thermal-shift assay 
Detergent-solubilized, purified apo or maraviroc-bound CCR5-4m was adjusted to 1 mg/ml 

concentration. 2 μl of protein were diluted with 58 μl 25 mM HEPES (pH 7.5), 150 mM NaCl, 
detergent (see below) and 50 μM maraviroc for the maraviroc-bound CCR5-4m and incubated 
for 1 hour on ice. 5 μl CPM dye (75 μg/μl) were added and samples were heated from 25 to 
95 °C at a rate of 2 °C/min in a Rotor-Gene Q (Qiagen) real-time PCR thermal cycler. Melting 
temperatures were determined as the maximum of the computed first derivative. 
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The following detergent concentrations were used: 0.05 % (w/v) DDM, 0.01 % (w/v) 
LMNG or 0.05 % (w/v) DDM with 0.01 % (w/v) CHS. The melting temperature in DM 
micelles was determined in the presence of 2 % (w/v) DM to achieve an efficient exchange of 
the micelle composition of CCR5-4m prepared in 0.05 % (w/v) DDM.  

Flow cytometry 
Virus infection and expression of CCR5 in Sf9 cells were monitored by flow cytometry with 

PE-coupled antibodies. 75 μl samples were taken from the insect-cell culture, washed three 
times with 100 μl PBS (Sigma-Aldrich), incubated 15 minutes in the dark with the appropriate 
antibody and washed another three times with 100 μl PBS. Cells were resuspended in 75 μl 
PBS and flow cytometry (Moxi Flow™, ORFLO Technologies) measurements were 
performed at 532 nm excitation with PE-conjugated antibodies. Virus infection was checked 
at 6 hpi using the baculovirus envelope gp64 monoclonal antibody [(AcV1), PE 
(eBioscience™)]. Cells expressing CCR5-4m were analyzed with the CCR5 sequence-specific 
antibody T21/8 (PE, eBioscience™) or the conformation-specific antibody 2D7 (PE, BD 
Pharmingen). 

Test of different labeling strategies 
Different media compositions were tested for the expression of CCR5-4m using the protocol 

from Gossert et al. (221). Amino acid-depleted, yeast extract-free SF-4 medium (ΔSF-4, 
Bioconcept) was supplemented with either 30 % IPL amino acid mix only or 30 % IPL amino 
acid mix and 8 g/L dialyzed yeast extract (SnakeSkin Dialysis tubing, 3.500 MWCO cutoff, 
Thermo Fisher™). pH and osmolarity were adjusted to the values determined for the full 
medium. 30 mL of Sf9 cells were cultured in SF-4 medium to a cell density of 2.5x106 cells/ml. 
Cells were transferred from full medium to the expression medium by centrifugation prior to 
virus infection or 16 hpi. Samples for the analysis of cell parameters, expression and flow-
cytometry measurements were taken at several time points during expression. 

Valine labeling 
For selective valine labeling, Sf9 cells were cultured in SF-4 or Insect Xpress medium to a 

cell density of 3x106 cells/ml. 
For the initial trial, cells were centrifuged at 500 g for 10 min and resuspended in valine-

depleted, yeast extract-free SF-4 (ΔVal SF-4, Bioconcept) supplemented with 100 mg/L 
15N‑valine (Sigma-Aldrich) and infected at the same time with virus. The second test with yeast 
extract supplementation was carried out in the same manner, but ΔVal SF-4 was supplemented 
with 120 mg/L 15N-valine and 0.6 g/L yeast extract (BD Bacto™). 

The final optimized protocol for amino acid-specific labeling uses virus infection for 16 h 
in full medium. Cells are then centrifuged at 300 g for 4 min, washed in ΔSF-4 medium with 
pH and osmolarity adjusted to the values determined for the full medium and spun down again 
before transfer to ΔVal SF-4 medium supplemented with 100 mg/L 15N-valine. 

Uniform labeling with yeastolate 
Uniform labeling of CCR5-4m in Sf9 cells was achieved by supplementing isotope-enriched 

yeastolate (112). Sf9 cells were cultured in Insect Xpress medium to a cell density of 
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3x106 cells/ml, centrifuged at 500 g for 10 min and starved in ΔSF-4 medium for 2 hours. 
Afterwards cells were centrifuged at 500 g for 10 min and resuspended in ΔSF-4 medium 
supplemented with 1 g/L 14N2-glutamine and 8 g/L of 15N yeastolate or 6 g/L of 2H,15N 
yeastolate. pH and osmolarity were adjusted to the values determined for the full medium. 

NMR experiments and data analysis 
NMR samples of typically 25-200 μM CCR5-4m were prepared in 25 mM HEPES (pH 7.5), 

150 mM NaCl, 5 % (v/v) glycerol, 0.05 % (w/v) DDM, 5 % D2O and 0.02 % NaN3 with two 
molar equivalents of maraviroc and concentrated to 250 μl in a Shigemi tube. For initial 1D 
and 2D experiments, CCR5-4m was prepared in 0.01 % LMNG, 0.05 % DDM or 0.05 % 
DDM/0.01 % CHS. For the deuterated sample, the NaCl concentration was reduced to 75 mM 
to shorten the proton pulse length. 

All NMR experiments were performed on Bruker AVANCE 14.1 T (600 MHz 1H 
frequency) or 21.2 T (900 MHz) spectrometers equipped with a TCI cryoprobe at an initial 
temperature of 298 K, which was later increased to 308 K to reduce the rotational correlation 
time. Amide proton T2 times were determined from a jump-return spin-echo experiment (201). 
1H-15N TROSY experiments were recorded as 140 (2H,15N) or 80 (all other samples) (15N) x 
1024 (1H) complex points and acquisition times of 28 ms or 16 ms (15N) and 42 ms (1H). For 
optimal sensitivity, the 1H-15N transfer time was reduced to 3.6 (2H,15N) or 3.0 ms and the 
interscan delay set to 1.5 (2H,15N) or 1 s. 15N R1 and R2 relaxation rates were determined using 
standard HSQC-based 15N relaxation experiments (228, 229) on 2H,15N CCR5-4m with 
relaxation delays of 20, 2004 ms (20, 3004 ms) at 14.1 (21.2) T for R1 and 2, 6 ms for R2. 
15N‑1H dipolar-coupling/15N CSA cross-correlation rates h were determined from a 
quantitative comparison of in-phase and anti-phase 15N magnetization (230) using a cross-
relaxation delay of 12 ms. 

All NMR spectra were processed with NMRPipe (204) and analyzed with SPARKY (205) 
or PIPP (231).  

Multi-angle light-scattering and viscosity measurements 
SEC-MALS and buffer viscosity measurements were carried out as described in Chapter 

3.1 with the following adjustments. SEC-MALS measurements on maraviroc-bound CCR5‑4m 
in DDM micelles were carried out at 299 K using a GE Healthcare Superdex 200 Increase 
10/300 size-exclusion column on an Agilent 1260 HPLC with a column buffer of 25 mM 
HEPES (pH 7.5), 75 mM NaCl, 5 % (v/v) glycerol, 0.05 % (w/v) DDM. Weight-averaged 
molar masses (Mw) for the protein-detergent complex (130 kDa), and for the protein 
(35.5 kDa) and detergent components (94.5 kDa) of the complex were calculated using the 
protein conjugate method in the ASTRA 6 software (Wyatt Technology). 

The viscosity of the receptor-micelle suspension was estimated from a viscosity 
measurement of 25 mM HEPES (pH 7.5), 75 mM NaCl, 5 % (v/v) glycerol, and 0.05 % (w/v) 
DDM suspension using an Anton Paar AMVn rolling-ball viscometer yielding a value of 
0.8590 cP at 308 K corresponding to the temperature of NMR experiments. 
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Theoretical relaxation rates and determination of rotational correlation times 
Theoretical 15N relaxation rates and rotational correlation times τc were obtained as 

described in Chapter 3.1. Theoretical 15N R2(Nx) (229) rates were calculated for τc = 41.9 ns at 
14.1 and 21.2 T. An independent estimate of the rotational correlation time τc was obtained 
from the 130 kDa molecular weight of the CCR5-4m DDM micelle complex determined by 
SEC-MALS. Using literature values (232) for the partial specific volumes of protein (average 
value 0.735 ml/g, 0.27 mass fraction) and DDM (0.815 ml/g, 0.73 mass fraction), the specific 
volume for the complex can be calculated as 0.792 ml/g. The non-hydrated radius rNH of an 
assumed spherical detergent micelle is then 34.4 Å. Assuming a hydration layer thickness rW 
of 3.2 Å, the isotropic rotational correlation time τc of the hydrated receptor-detergent complex 
is 45.1 ns using the Stokes-Einstein equation 𝜏? = 	

b�����
�

-� 
 with rH = rNH + rW and 𝜂¡ being the 

viscosity of the receptor-micelle suspension. 

Cryo-EM 
CCR5-rub was prepared in 25 mM HEPES (pH 7.5), 150 mM NaCl with 0.01 % LMNG or 

0.05 % DDM/0.01 % CHS. Samples (≤ 2 mg/ml) were prepared for cryo-EM by adsorbing 4 μl 
of the sample suspension onto lacey carbon film mounted on 300-mesh copper grids (Ted Pella, 
Inc). Prior to adsorption, the grid was rendered hydrophilic by glow discharge. The specimen 
was applied and after 1 min of incubation on the surface, the grid was blotted and snap-frozen 
in liquid ethane using a Leica EM GP automated plunging device (Leica Microsystems). The 
frozen grids were transferred under liquid nitrogen and loaded into a Gatan 626 cryo-holder 
(Gatan). The cryo-holder was then inserted into the stage of a FEI Talos transmission electron 
microscope (FEI Company) operated at 200 kV. 

Imaging was performed at cryogenic temperatures (approx. -170 °C) in low-dose, bright-
field mode. Electron micrographs were recorded digitally on a CETA 16M 4k x 4k CMOS 
Camera (FEI Company) at given defocus values of approximately –2.5 μm. The electron dose 
for imaging was maintained at 20 eÅ-2 
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4.2 Production of isotope-labeled proteins in insect cells for NMR 
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Summary 
Baculovirus-infected insect cells have become a powerful tool to express recombinant 

proteins for structural and functional studies by NMR spectroscopy. This article provides an 
introduction into the insect cell/baculovirus expression system and its use for the production 
of recombinant isotope-labeled proteins. We discuss recent advances in inexpensive isotope-
labeling methods using labeled algal or yeast extracts as the amino acid source and give 
examples of advanced NMR applications for proteins, which have become accessible by this 
eukaryotic expression host. 

Introduction 
Proteins expressed in E. coli dominate structural and biophysical studies due to the ease of 

genetic manipulation, rapid growth, and high expression yields. This is reflected in the large 
fraction of entries in the Protein Data Bank (PDB) derived from this system, which presently 
(12/2017) amounts to 74% (Table 1). The simple, efficient, and inexpensive 15N, 13C, and 2H 
isotope labeling in this expression host from only ammonium chloride, glucose and water 
make E. coli-expressed proteins particularly accessible to analysis by heteronuclear NMR. 

However, for more complex proteins originating from higher organisms, heterologous 
E. coli expression often fails to provide properly folded and functional material suitable for 
structural analysis. These proteins frequently require the complex machineries for protein 
folding, post-translational modification, or membrane insertion of higher eukaryotes, which 
are less developed or absent in E. coli. For this reason, the use of eukaryotic expression hosts 
like yeast, mammalian, or insect cells has increased steadily over the last 25 years (Figure 1) 
and accounts now for about 8% of all PDB entries. Half of these (4.3%) derive from insect 
cell expression, whereas much smaller fractions account for yeast and mammalian cells. For 
proteins with molecular weights higher than 100 kDa or of human origin, the fraction from 
insect cell expression increases to 7.3% and 10.4%, respectively, whereas for the ‘notoriously 
difficult to make’ G protein-coupled receptors (GPCRs), it even dominates with 70.5% 
(Table 1). 

Despite this clear success for structure determination, the insect cell expression system has 
not seen wide use in NMR. Thus, the PDB currently comprises only two entries (1T50, 
1QLO) derived from NMR data using insect cell-expressed, but unlabeled proteins. This is 
certainly due to the required more elaborate expression protocols as well as the higher costs 
for the incorporation of isotopes, which need to be provided as isotope-labeled amino acids. 
Nevertheless, insect cell expression with isotope-labeling has now been used successfully in a 
number of NMR studies on complex eukaryotic proteins, not accessible from E. coli, to 
provide valuable mechanistic insights into protein kinases1-3 and GPCRs4-7. This is concomitant 
with the development of robust expression and isotope labeling protocols1,2,8-17, which are easy 
to apply in a typical NMR protein production lab. 

In this article, we give an introduction into the basic concepts of protein production for 
NMR using the insect cell system, highlight recent developments of inexpensive 15N, 13C, and 
2H-labeling methods and give several examples of advanced NMR applications. 



-3- 

The baculovirus expression vector system: baculovirus and insect 
cell lines 

The baculovirus expressing vector system (BEVS) emerged in the 1980s as a novel 
technology for heterologous protein production18. It is based on insect cell lines in suspension 
cultures, which are infected by recombinant baculoviruses (BVs) to express the protein of 
interest.  

The baculovirus 
The best studied BV is the Autographa californica multiple nuclear polyhedrosis virus, 

which has been isolated from the alfalfa looper Autographa californica18,19. Once inside a cell, 
the BV infection cycle spans three major phases – termed the early, late and very late phase. 
During the early phase, the budded baculovirus enters the cell by absorptive endocytosis. The 
late phase occurs 6 hours post infection (hpi) and is accompanied by viral DNA replication 
and gene expression as well as budded BV production. In the very late phase at 24–96 hpi, 
the cell starts to express the highly abundant polyhedrin, an envelope protein forming the so-
called BV occlusion bodies that protect virus particles from the environment once they have 
been released from the host cell. In most BEVS, the viral polyhedrin gene is replaced by the 
gene of interest. The expression of the latter is then driven by the strong polyhedrin promoter 
in the very late phase of baculovirus gene expression in virus-infected cells. Alternatively, 
there is a second viral promoter with very similar characteristics, the p10 promoter. It is 
typically used when expressing multiple proteins on a single bacmid (e.g. MultiBacTM, Geneva 
Biotech), as repeated use of the polyhedrin promoter may increase the risk of gene instability 
due to recombination20. Historically, the polyhedrin promoter was favored, because replacing 
the polyhedrin gene leads to a visible phenotype lacking occlusion bodies, which allows 
identifying recombinant virus plaques. Replacing the p10 gene, however, has the advantage 
that the Baculovirus does not lyse the cells towards the end stage of infection, potentially 
leading to higher expression yields and expression times beyond 72 hours.  

Generation of recombinant baculovirus 
Today two main BEVS platforms are available: (i) the original baculovirus shuttle vector 

system21, commercially available under the name Bac-to-BacTM (Invitrogen). This system is 
based on a modified E. coli strain (DH10BacTM), which produces recombinant, viral DNA (the 
bacmid) from a donor plasmid containing the gene of interest. The purified bacmid is then 
used to transfect insect cells that generate the virus particles. For production of multi-
component protein complexes, a modified version of the Bac-to-Bac system (MultiBacTM, 
Geneva Biotech) can be used, which provides expression of multiple proteins on a single 
bacmid20. (ii) The flashBACTM system (Oxford Expression Technologies) allows direct 
transfection of insect cells simultaneously with a bacmid and a vector containing the target 
DNA. Recombination then occurs directly in the insect cells22.  

In both approaches, recombinant virus particles are collected from the supernatant of 
cultures and amplified by repeated rounds of infection. Usually three rounds (V0, V1 and V2) 
are sufficient to obtain ~200 mL of a high-titer virus stock. The titer is determined by adding 
diluted virus stock to insect cells grown in an adherent monolayer and counting the plaques 
of lysed cells caused by the infection. The titer value is the number of plaque forming units 
(pfu) per volume of virus, which for a high-titer V2 amounts to typically ~2 x 108 pfu/mL. 
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The virus stocks can be stored at 4°C for several weeks without reduction in titer. 
However, to achieve stability for several months and even years, the recombinant BV can be 
stored in form of cryo-preserved baculovirus-infected insect cells (BIICs)23. The following 
protocol works well in our hands. Insect cells are infected at a density of 2.0 x 106 cells/mL 
with V1 and harvested when the cell diameter increases by 20-30%, i.e. usually after 24-48 h. 
Cells are then centrifuged at 200 g for 10 min at room temperature and dissolved at a density 
of 107 cells/mL in a mixture of 45% of the used medium, 45% fresh medium, and 10 % 
DMSO for cryo storage. Expression yields of insect cells infected with either freshly made 
virus or BIICs are typically comparable within 20%. 

Cell lines and their characteristics 
At present, three main types of insect cells are used in research and biotechnological 

applications with BV infection – Sf21, Sf9 and Tn5. (Drosophila melanogaster S2 cell lines 
can also be used for stable transfection with target genes for protein production, but we limit 
this article to transient transfection.) Sf21 cells were originally isolated from primary explants 
of the American fall army worm’s (Spodoptera frugiperda) ovarian pupal tissue and their 
clonal derived isolates were named Sf924. Tn5 (also called high fiveTM) cells originate from the 
ovarian tissue of the cabbage looper (Trichoplusia ni)25. These three strains have different 
characteristics in terms of growth rate, virus production capacity and protein expression. Tn5 
cells have faster doubling times than Sf9 and Sf21 cells (18–24 h vs. 24–30 h, respectively), 
but produce less BV. Sf9 cell lines are regarded as the cell line with highest virus production. 
They form excellent monolayers due to their small size, making virus plaque determination 
easier in the initial steps of virus production. With respect to protein expression yield, the 
larger Sf21 cells may express more cytosolic protein compared to Sf9, whereas Tn5 cells 
have been reported to express 5–10-fold higher levels of secreted proteins than the Sf cell 
lines. Despite these general trends, both Sf and Tn cells should be tested in order to determine 
the highest expression yields for an individual protein construct. 

Expression 
Suspension cultures of insect cells can be grown in media containing a complex 

formulation of inorganic salts, carbohydrates, lipids, vitamins, and amino acids26. Commercial 
media with optimized performance are further supplemented with algal or yeast extracts and 
possibly other components of plant or animal origin such as fetal calf serum. Typically, the 
cultures are grown at a temperature of 27°C in conical flasks or centrifugal tubes shaken at 
~90 rpm and ~50 mm shaking diameter. Maintenance requires weekly serial passaging with 
about ten-fold dilution, and cells are kept in exponential growth phase (≤4 x 106 cells/ml). 
Prior to infection, cells are grown to a density of 1.5–2.0 x 106 cells/ml. To optimize large-
scale expression, functional titers of the virus stock should be determined using freshly made 
V2 stocks or BIICs in small-scale cultures in order to determine the optimal virus-to-cell ratio 
– the multiplicity of infection – which yields the highest amounts of expressed protein. Cell 
diameter and viability should be checked every 24 hpi with an inverted microscope or a 
suitable automated cell counter. A functional virus infection leads to an increase in cell 
diameter from ~16 μm to above 20 μm, whereas a too strong virus infection is detected by a 
fast decline in viability (e.g. as assayed by trypan blue) to below 90% within less than 48 hpi. 

Heterologous protein expression usually starts 24–48 hpi and peaks around 72 hpi. For 
optimal protein yield, insect cells should be harvested when cell viability drops to 80–90%. 
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The green fluorescent protein (GFP) is convenient to establish optimal expression conditions 
in small cell cultures without any purification by quantifying protein levels from the intrinsic 
fluorescence. In our hands, the truncated, cycle3 variant27 of GFP provided high expression 
and at the same time high-quality NMR spectra, which are not affected by the exchange 
broadening present in other GFP variants.  

The implementation of the baculovirus/insect cell system within a standard structural 
laboratory environment requires only a sterile hood, but no further modifications or 
expensive additional equipment, e.g. the same type of shaker incubators as for E. coli can be 
used. This is an important advantage over mammalian cell cultures, which are cultivated at 
5% CO2 and 75% humidity, requiring special incubators. Although BV is pathogenic to insect 
cells, it does not pose any threats to vertebrates allowing handling at standard biosafety 
level 1. 

Isotope labeling 
Since insect cells have a very limited capacity to synthesize amino acids from simpler 

precursors, the production of isotope-labeled proteins from insect cells is usually based on the 
supplementation of entire labeled amino acids to growth media depleted in amino acids and 
other proteinaceous material. Complete formulations of media for uniform 15N and 13C labeling 
are commercially available (BioExpress, CIL), but very costly. For in-house preparation of 
labeling media, custom-made media without amino acids, carbohydrates, yeast extracts or 
other sera from biological sources can be purchased from a variety of suppliers (e.g. 
Bioconcept, Lonza, Expression Systems, Gibco). In the simplest case, commercially available 
isotope-labeled amino acids are added to these media1-8,11,12,14,17. This is very efficient for selective 
labeling of a few amino acids with specific labeling patterns, but becomes prohibitively 
expensive for uniform labeling. In particular, deuterated amino acids are very expensive and 
at the moment some are not even commercially available in 2H,13C,15N-labeled form. As a more 
economical alternative, the supplementation of labeled algal or yeast extracts as an amino 
acid source (Figure 2) has been developed in recent years9,10,13-16. In this way, deuteration can 
also be achieved at moderate extra costs. 

Selective labeling 
Selective labeling of a few amino acid types with specific isotope patterns has the 

advantage of reducing spectral complexity and simplifies resonance assignments. However, 
due to the loss of backbone connectivity, application of conventional triple resonance NMR 
assignment strategies may not be possible. Not all amino acid types lend themselves equally 
well for selective isotope labeling. High labeling efficiency (>90%) can be achieved for a 
limited set of essential or semi-essential amino acids of the insect cell metabolism (i.e. 
isoleucine, leucine, lysine, methionine, phenylalanine, tyrosine, threonine, cysteine, 
tryptophan, and valine). Some further non-essential amino acids can be labeled with 
acceptable levels of scrambling, e.g. in a pioneering study on Abelson kinase 15N-glycine was 
incorporated to 78% and produced 7 additional signals on top of 16 expected ones1. 
Scrambling values for serine, proline, arginine and histidine have not been reported so far. In 
contrast, amino acids directly related to glycolysis and the citric acid cycle (i.e. alanine, 
asparagine, aspartate, glutamine, and glutamate) are significantly affected by scrambling, 
which also causes 13C dilution if carbohydrates such as glucose are not provided in their 
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labeled form. For these amino acids, selective labeling can be achieved by suppressing 
unwanted metabolism (see section on amino acid metabolism below). 

The selective labeling approach in combination with solution NMR has provided 
interesting functional information for a number of systems. In one of the first applications, 
the Abelson kinase domain, a drug target for chronic myelogenous leukemia (CML), was 
labeled uniformly and selectively in various isotope patterns by the addition of pure isotope-
labeled amino acids1,2,28. Due to the lack of deuteration, the sensitivity of NMR experiments 
involving 13Cβ or other side chain nuclei was very low for this 277-amino acid protein, but 
almost complete backbone assignment was achieved. The hitherto unknown conformation of 
the kinase activation loop in solution could then be derived from 1H-15N RDC data for various 
inhibitor complexes (Figure 3a)3. In a further study using backbone NMR, 26 1H-15N 
resonances could be observed for the G protein-coupled turkey β1-adrenergic receptor (β1AR), 
which was selectively labeled by 15N-valine7. Due to the 100-kDa molecular weight of the 
receptor-detergent micelle and the absence of deuteration, the sensitivity of triple resonance 
assignment experiments was too low, but 21 1H-15N resonances could be assigned from point 
mutations. The response to six different agonist and antagonist ligands as well as the binding 
of a G protein mimetic nanobody could be followed on these valine resonances, revealing in 
particular the activating motion induced by the agonists (Figure 3b). 

The favorable relaxation properties of methyl groups29 provide higher sensitivity of NMR 
detection than backbone resonances albeit at the cost of a less clear correlation between 
chemical shift and the underlying structural determinants. Selective labeling by (methyl-13C)-
methionine has been applied to the β2-adrenergic receptor (β2AR) revealing changes in the 
equilibrium populations of methionine-82, which correlate to modulations of the signal 
transduction level in several ligand-receptor complexes4. More recently, (methyl-13C)-
methionine labeling has also been applied to the β1AR30, and multiple equilibria of ligand-
bound and G protein mimetic nanobody-bound forms as well as respective changes in 
receptor dynamics could be detected. Extending this approach, labeling by (αβγ-2H, methyl-
1H-13C)-methionine has been combined with the use of commercial, highly deuterated algal 
amino acid mixtures to obtain selectively (methyl-1H-13C)-methionine labeled β2AR on a 
deuterated background. The protocol requires the careful supplementation of several, 
additional deuterated amino acids at well-defined time points during expression and achieved 
incorporation levels of 2H into side chain and non-exchangeable backbone hydrogen positions 
as high as 90% for 14 amino acids. The approach enabled studies of the β2AR dynamics in 
nanodiscs6 and has also been applied to the μ-opioid GPCR31. 

Uniform labeling using algal and yeast extracts 
To overcome the high costs for uniform labeling that arise from adding pure isotope-

labeled amino acids to the insect cell medium, several protocols have been described, which 
use isotope-labeled algal15 or yeast9,10,13,16 extracts as the principal amino acid source (Figure 2). 

Algal extract 
13C-labeling of algae is cost-effective since 13CO2 can be used as the sole carbon source. 

However, algae cultivation requires special bioreactors equipped with a light-source32 and for 
13C-labeling a closed supply of 13CO2. Algal extracts are commercially available in all 
combinations of uniform 15N, 13C, and 2H labeling (e.g. ISOGRO® Sigma-Aldrich, Celtone® 
Cambridge Isotope Laboratories). Due to the acid hydrolysis during the commercial 
production, the amino acids cysteine and tryptophan are lost, whereas asparagine and 
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glutamine are hydrolyzed to the corresponding aspartic and glutamic acids. Supplementing 
the missing four amino acids in labeled form would be very costly. However, insect cells can 
produce cysteine from methionine and serine, which both are present in the medium. 
Furthermore, glutamine and asparagine can be produced upon addition of ammonium (see 
below) from glutamate and aspartate, respectively, which are abundant in the extract. In 
contrast, tryptophan is an essential amino acid and needs to be supplemented. A recent 
approach exploits this idea15 using commercially available algal extract (10 g/L), tryptophan 
(20 mg/L), glucose (5 g/L), and ammonium chloride (250 mg/L) with the desired isotope-
labeling patterns as supplements to a serum-free medium depleted in amino acids and glucose 
(Figure 2). Incorporation levels of 80% were achieved for uniform 15N-labeling, 77% for 
15N,13C-labeling, and ∼73% for 2H,15N and 2H,13C,15N-labeling. Yields ranged between 2–5 mg/L 
for the tested membrane protein and 12–22 mg/L for various soluble human proteins. Using 
labeled ammonium as a substrate for producing labeled glutamine and asparagine in insect 
cells is cost-effective, but has the disadvantage that ammonium hinders virus entry into the 
cell. Therefore, when using this protocol, cells need to be infected in full medium and are 
only transferred to the labeling medium at 16 hpi, before the protein is expressed. 

Yeast extract 

Isotope-labeled yeast extracts as the amino acid source for insect cells can be produced 
with moderate effort using standard protein expression equipment9,10,16 or obtained 
commercially13 (Cortecnet). A step-by-step procedure to produce such yeast extracts from 
wild type Pichia pastoris has been described recently16. The yeast is grown in a fermenter 
under control of glucose feed, oxygen, pH, and temperature using a minimal medium based 
on glucose, ammonium, and water as the sole carbon, nitrogen and hydrogen sources. All 
desired isotope-labeling patterns can be achieved using these basic ingredients in suitable 
isotope-labeled forms (Figure 2). In particular, yeast growth is possible on 100% 2H2O. After 
fermentation, yeast cells are autolysed during a high-temperature (50°C, 5 days) incubation 
step with papain before being micro-filtered with a 10 kDa cut-off and lyophilized to yield 
yeastolate. This procedure avoids the harsh acid hydrolysis used for commercial algal lysates 
and largely preserves all amino acids including asparagine and tryptophan (cysteine was not 
quantified) as determined by quantitative amino acid analysis16. In addition to free amino 
acids, yeastolate also contains incompletely cleaved polypeptides, sugars, and other cellular 
compounds, which may be metabolized by the insect cells. About 6.6 g yeastolate is obtained 
per liter of yeast culture from 27.5 g glucose and 4.3 g ammonium chloride. Although 
glutamine is present in low concentration in the yeast extract, its supplementation 
considerably boosted expression levels (see below). Thus a supplement of 8 g/L of 13C, 15N-
yeastolate and 1 g/L of 15N2-glutamine to the drop-out medium provided high yields (40–80 
mg/L for soluble proteins such as the human Abl kinase domain or GFP, 1–2 mg/L for 
GPCRs) and high (~90%) uniform-15N/13C incorporation16. Deuterium incorporation levels of 
∼60% were achieved when supplementing 2H-labeled yeastolate obtained from yeast grown 
on 100% 2H2O, but protonated glucose. Figures 3c,d show as examples the 1H-15N TROSY and 
one-dimensional 15N T1 and T2 relaxation data obtained on the 15N/2H-labeled HIV coreceptor 
CCR5. 

Algal vs yeast extracts 

Both algal and yeast extracts have respective advantages and disadvantages when used as 
isotope-labeled amino acid sources. Commercial extracts provide a good starting point for 
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initial uniform labeling experiments. At the moment, only 15N-labeled yeast extracts are 
commercially available (Cortecnet). In contrast, commercial algal extracts can be obtained in 
all uniform labeling patterns including 2H, 13C and 15N at high isotope incorporation levels 
(98%). As they are a byproduct of commercial 13C glucose production from 13CO2, 13C-labeled 
algal extracts are relatively inexpensive. However, we observed batch-to-batch variations 
within the commercial extracts, which occasionally resulted in significant reductions of 
expression levels. The acid hydrolysis step during the production destroys several amino 
acids, which need to be supplemented. In principle, the harsh hydrolysis could be avoided by 
producing the lysate from suitable algal starting material in the home laboratory or by an 
adaptation of the commercial production process. However, home growth of isotope-labeled 
algae itself seems very demanding. 

In contrast, the production of yeast and yeastolate is less complicated and requires only 
standard equipment. Once established, it provides full control over all ingredients for the 
labeling. In particular, the mentioned acid hydrolysis can be avoided and most amino acids 
preserved. Furthermore, increased capabilities for customization of the labeling scheme 
become available. For example, yeast extracts with protonated methyl groups on a deuterated 
background may be produced from yeast cultures grown on 2H2O and protonated pyruvate as 
described for E. coli33. 

Due to the commercial production process, algal extracts from Spirulina contain a higher 
total fraction of amino acids (~65% dry weight) than yeast extracts (~33% dry weight). In the 
published protocols, algal extracts were added at 10 g/L concentration with the aim of highest 
isotope incorporation. This is close to the maximally tolerated concentration of about 12 g/L, 
at which the too high osmolarity of the medium severely affects the cell viability. In contrast, 
the yeast extracts were added at 8–10 g/L, which corresponds to about half of the 
concentration of amino acids in the final insect cell medium derived from algal extracts. 
Nevertheless, high 15N and 13C incorporation rates of ~90% are achieved under these 
conditions from the yeast extracts.  

In our experience, expression of soluble proteins such as Abelson kinase and GFP and also 
of membrane proteins such as GPCRs worked well with either algal or yeast extracts, but we 
have not carried out a systematic analysis. It appears worth testing both extracts as well as 
their combination to obtain optimal expression of a certain protein. 

Amino acid metabolism 
While the glucose metabolism can be ignored for 15N labeling, it must be considered for 13C 

labeling and 2H labeling. Glucose acts as precursor for alanine, glutamate/glutamine, and 
aspartate/asparagine through the citric acid cycle and further for serine and glycine through 
glycolysis. Therefore, 13C labeling is considerably reduced for these amino acids, when 
glucose is supplemented in 12C-labeled form to the medium, with isotope dilution being most 
severe for alanine, and decreasingly important for glutamate/glutamine, aspartate/asparagine, 
serine, and glycine. 

For 2H-labeling, the situation is further complicated, since deuterated glucose considerably 
reduces viability of insect cells. We have not systematically tried to adapt insect cells to 2H-
glucose, but initial results were discouraging. Thus, the 2H incorporation level cannot easily 
be increased further by the use of deuterated glucose in the medium. This also represents a 
challenge for increasing deuteration levels using yeast extracts, since protein expression 
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levels in insect cells decreased considerably using extracts from yeast grown on deuterated 
glucose and 2H2O as compared to protonated glucose and 2H2O. 

Of the amino acids that are directly linked to carbohydrate metabolism, alanine is 
particularly strongly affected by isotope dilution. Incorporation levels of 13C are typically 
below 30% if unlabeled glucose is used. However, 13C-incorporation levels of alanine can be 
restored to ~80% for growth on 13C-labeled algal extracts in the presence of unlabeled glucose 
when cycloserine is added to inhibit the pyruvate-alanine transaminase15.  

Like glucose, glutamine acts as a metabolic precursor for glutamate, aspartate/asparagine 
as well as alanine and should be added in isotope-labeled form to obtain high labeling 
efficiencies for these amino acids. 

Analysis of isotope incorporation by mass spectrometry 
Detailed, quantitative knowledge on the isotope incorporation level of all amino acids is 

crucial as quality control and as input for strategies to improve labeling efficiencies. Total 
isotope incorporation of an entire biomolecule is best studied by ESI mass spectrometry, 
which provides the indiscriminate mass increase due to all 15N,13C, and 2H isotopes1,2,6,16. In 
principle, atom-specific isotope incorporation levels may be obtained on intact proteins from 
a careful analysis of J-coupling transfer or splitting effects in NMR spectra2,6,16. In practice, the 
NMR approach is limited by the spectral resolution and becomes rapidly insensitive for 
higher molecular weight biomolecules. Acid hydrolysis to single amino acids improves the 
spectral resolution in NMR34, but still both sensitivity and resolution remain serious problems 
for the detection of the various isotopologues and isotopomers. 

We found that separation of single amino acids by liquid chromatography coupled to mass 
spectrometry (LC/MS) is the most efficient and sensitive way to determine their isotope 
composition16. For this, the free amine groups of amino acid acids are derivatized by 
phenylisothiocyanate (PITC, Edman’s reagent) to phenylthiocarbamyl-amino acids and 
separated via an HPLC column (Figure 4a) before being injected into an ESI mass 
spectrometer. The HPLC step separates single amino acids according to their type and also 
from higher peptides and other compounds. Thus the method can be used to detect single 
amino acids in crude cellular extracts. Besides cysteine, all amino acids are detectable by this 
method. The high resolution of modern Fourier transform mass spectrometers (Orbitrap 
EliteTM, Thermofisher) separates the amino acids into individual isotopologues by the distinct 
mass differences of hydrogen, carbon, and nitrogen isotopes (Δm(2H-1H) = 1.00628, Δm(13C-
12C) = 1.00335, Δm(15N-14N) = 0.99704). It is thus possible to simultaneously analyze 2H, 13C 
and 15N incorporation in a single experiment. Figure 4b shows as an example the separation of 
phenylthiocarbamyl-histidine into 2Hn1

1Hn2
15Nn3

14Nn4 isotopologues. The entire analysis of the 
2H,15N incorporation of the free amino acids present in yeastolate grown on 98% 15N 
ammonium chloride, 98% 2H2O, and protonated glucose is depicted in Figure 4c. For almost 
all amino acids, the 15N incorporation is around 95%. However, due to the protonated glucose 
the average 2H incorporation is only about 70% and varies strongly for the different amino 
acid types. 

The identical analysis can be carried out on acid-hydrolyzed proteins. During the acid 
hydrolysis asparagine and glutamine are converted to aspartate and glutamate, respectively, 
whereas tryptophan is destroyed. Typical results are shown in Figure 4d for hydrolyzed GFP 
expressed in Sf9 insect cells grown on 2H,15N-yeastolate and 15N2-glutamine. Uniformly high 
(>85%) 15N incorporation is achieved for all detected amino acids. Conversely, 2H 
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incorporation is lower (~60% average) and strongly amino acid-dependent. Consistent with 
their metabolic reactions within the citric acid cycle, nearly complete protonation is observed 
for alanine, asparagine/aspartate and glutamine/glutamate. Glycine and methionine are also 
strongly protonated to about 60–70%. The remaining amino acids show only moderate 
(~50%, serine, threonine, phenylalanine, tyrosine, proline) to low (<40%, isoleucine, leucine, 
valine, arginine, lysine, histidine) protonation levels. 

Such an analysis has not yet been carried out for expression based on algal extracts, where 
the starting deuteration level is 98% and higher overall incorporation of ~74% is achieved. 
The relatively low 2H incorporation of about half of the amino acids in the yeast extract and 
the subsequently lower incorporation into the target protein is the result of the protonated 
glucose used for yeast growth. As indicated before, yeast can be grown on 100% 2H2O and 
deuterated glucose, but this caused a severe reduction in insect cell growth. It remains to be 
tested whether a suitable further fractionation of the fully deuterated yeast extract can yield 
higher deuteration levels. Furthermore, the citric acid cycle clearly causes additional loss of 
deuteration in insect cells growing in media containing protonated glucose. Suitable 
inhibitors may reduce this loss to some extent. Current efforts in our groups are directed to 
clarify these questions. 

Costs 
Uniform labeling can be achieved using commercial or homemade media for insect cells. 

Commercial media (BioExpress, Cambridge Isotope Laboratories) remain prohibitively 
expensive and so far, no deuterated media are available. The commercial labeling media have 
a very similar composition as standard full media. This allows passaging of insect cells for 
several times, thereby potentially increasing the isotope incorporation. However, such an 
approach is presently not affordable. In contrast, the discussed homemade media are cost-
optimized by using bulk extracts as the amino acid source instead of purified amino acids. 
These roughly 10-fold less expensive media are designed for protein expression but not for 
continuous culture. Therefore they only sustain one or two passages. 

Homemade labeling media are based on commercial unlabeled dropout media depleted in 
individual amino acids or devoid of all amino acid sources and carbohydrates. Such custom 
media can be presently obtained for about 50–100 € per L, depending on the vendor. For 
amino acid-type specific backbone or side chain labeling, the total costs comprise this base 
medium and the labeled target amino acid. In many cases, the costs for the labeled amino 
acid can be moderate, e.g. ~200 € per L for 15N-valine, 15N leucine, 15N, phenylalanine or 
[methyl-13C]-methionine, of which ~60–200 mg/L are supplemented. The total costs of 
homemade media for uniform labeling are dominated by the algal or yeast extracts (Table 2). 
While the prices for individual components are subject to change, a few general observations 
can be made. 

Obviously, 15N labeling is the cheapest since inexpensive 15NH3/15NH4Cl can be used as the 
nitrogen source for algae/yeast. Glutamine is required for strong expression in insect cells 
and presents a source of isotope scrambling through its metabolism. Commercial prices for 
15N2-labeled glutamine are currently about ~700 €/g, which presents a considerable cost factor 
if high 15N labeling of all amino acids connected to the glutamine metabolism is desired. The 
cost for 15N-labeled glutamine may be reduced to negligible levels (≤30 €/g) by enzymatic 
synthesis via 15N-glutamate, which can be produced by glutamate dehydrogenase from 15N-
labeled ammonium and 2-oxoglutaric acid35 and subsequently be converted to 15N-glutamine 
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by glutamine synthetase under the addition of 15N-labeled ammonium36. With this procedure, 
15N labeling with homemade yeast extract and 15N-glutamine supplementation is considerably 
cheaper (~100 €/L) than with commercial algal extract (~500 €/L, Table 2). 

As mentioned, insect cells can synthesize glutamine from glutamate and added 
ammonium. This pathway was exploited by Meola et al.13 who supplemented the amino acid 
depleted medium with 10 g/L of commercial labeled yeast extract and 5 mM 15NH4Cl or 2 mM 
glutamine, respectively. No difference was reported for protein expression in stably 
transfected S2 cells. Sitarska et al.15 confirmed that supplementation of 5 mM 15NH4Cl instead 
of glutamine together with 10 g/L of algal extract did not affect cell growth and viability in Sf 
cell lines. However, NH4Cl had an inhibitory effect on virus infection. For optimal 
expression, insect cells were therefore infected in full medium and transferred only 16 h after 
infection into labeling medium containing NH4Cl. In both cases, expression yields were 
below 25 mg/L for all tested proteins. Using 1 g/L of 15N2-glutamine as a supplement to yeast 
extract, Opitz et al.16 reported expression yields ≥40 mg/L for several soluble proteins, but the 
yield dropped below 10% when substituting up to 10 mM NH4Cl for glutamine. In the latter 
case, NH4Cl had been added together with virus and likely inhibited virus entry. Recent 
ongoing experiments, however, confirm that even when supplying NH4Cl only 16 h after 
infection, expression yields are more than two-fold lower compared to the glutamine 
supplementation. 

Compared to 15N-labeling, the additional costs for producing partially deuterated 15N-
labeled proteins are relatively small (~500 €/L) for both algal and yeast extracts. Since the 
additional costs for the yeast extract arise solely from D2O, they may be reduced substantially 
by recycling D2O via distillation. These cost estimates for deuterated yeast extracts are based 
on the use of protonated glucose, resulting in the mentioned lower overall deuteration of the 
yeast amino acids and leading to final deuteration levels in insect cell-expressed proteins of 
~60% (Figure 4c,d). In contrast, commercial algal extracts have 98% enrichment for all 
isotopes, including 2H. However, a significant part of this high deuteration is lost due to the 
insect cell metabolism, leading to final deuteration levels in insect cell-expressed proteins of 
≤75%, making its impact more limited, unless the unwanted dilution can be suppressed by 
further improvements of labeling protocols. 

Commercial 13C-labeled algal extracts are by-products of 13C-glucose production from algae 
grown on 13CO2 as the sole carbon source. Thus, they are intrinsically cheaper as a source of 
13C-labeled amino acids than yeast grown on 13C-glucose. This is reflected in the costs for 
13C,15N-labeled growth media derived from the two extracts (Table 2), which amount to ~1800 
€/L and ~3200 €/L for algal and yeast extracts, respectively. The additional costs for 
producing partially deuterated 13C,15N-labeled proteins are again only small for the homemade 
yeast extract (~450 €/L), but considerably larger for the commercial algal extract (~1400 
€/L). 

Further improvements may reduce the discussed costs. E.g. roughly double the 
concentration of amino acids was used for the algal extract media as compared to the yeast 
extract media. Thus it may be possible to reduce the added amount of either the algal extracts 
alone or in combination with yeast extract. Furthermore, 13C-glucose dominates the cost of 13C-
labeled yeast extracts, which may be reduced to some extent via alternative carbon sources. 
Finally, bacterial production of glutamine37,38 may make this important supplement available in 
all desired isotope-labeled forms at very low cost. 
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Conclusion 
Eukaryotic expression systems in combination with simple, inexpensive labeling protocols 

have a great potential to make biologically interesting, but difficult-to-express proteins 
accessible for NMR analysis. They are relatively easy to apply, since insect cell expression 
platforms are often already present in neighboring X-ray crystallography or electron 
microscopy laboratories, which may readily incorporate the described protocols for integrated 
structural biology projects with NMR. The current labeling procedures may be further 
improved and enhanced. In particular, it seems possible to (i) further increase deuteration 
levels via a proper understanding of the isotope dilution and scrambling, (ii) expand the 
described protocols to mammalian cell cultures, given the similarity between the expression 
systems. It is also hoped that inexpensive, commercial media for uniform labeling based on 
algal and yeast extracts will become available in the near future, which may further reduce 
the effort of isotope labeling in eukaryotic expression hosts. 
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Figure Legends 
Figure 1: Timeline of the number PDB entries expressed in eukaryotic hosts. The 
number of these entries structures shows a strong increase over the last 25 years. Half of the 
structures derive from insect cell expression, with Spodoptera frugiperda (Sf9, Sf21) being 
the most used organism. 

Figure 2: Overview of isotope-labeled protein expression in insect cells based on isotope-
labeled commercial algal (top) or homemade yeast (bottom) extracts. The principal 
nitrogen, carbon, and hydrogen sources for the amino acids and their pathways are indicated. 

Figure 3: NMR analysis of proteins expressed in isotope-labeled form in insect cells. (a) 
Comparison of 1HN-15N residual dipolar couplings (RDCs) obtained experimentally (red) or 
derived from crystallographic structures (black) of Abelson kinase domain expressed in Sf9 
cells and selectively labeled by 15N-FGMY amino acids. Top: complex with imatinib 
inhibitor, bottom complex with dasatinib inhibitor. The good agreement between 
experimental solution NMR RDCs and their prediction from the crystal structures indicates 
that the activation loop adopts a similar conformation in solution as in the crystal for both 
imatinib (inactive conformation) and dasatinib (active conformation). Data replotted from 
Vajpai et al.3 (b) 1H-15N-TROSY spectra of detergent-solubilized β1-adrenergic receptor 
expressed in Sf9 cells and selectively labeled by 15N-valine. Differences in the spectra of the 
complexes with the agonist isoprenaline (red) and the antagonist atenolol (blue) indicate 
allosteric signal transmission from the ligand binding site (V172) to the G protein binding 
site (V226). Data replotted from Isogai et al.7 (c) 1H,15N-TROSY spectrum (600 MHz, 308 K) 
of 2H,15N-labeled CCR5 solubilized in n-dodecyl-β-D-maltopyranoside. 2H,15N-labeled CCR5 
was expressed in Sf9 cells grown on 2H,15N-yeastolate and 14N2-glutamine. (d) Determination 
of average 15N T1 and T2 relaxation times of 2H,15N-labeled CCR5 (900 MHz, other conditions 
as panel (c)). The relaxation times are determined from the intensity ratios of one-
dimensional, 1H projections of standard 1H-15N-edited 15N relaxation experiments carried out at 
two different relaxation delays Δ. 

Figure 4: LC/MS analysis of isotope content of individual amino acids in yeast extracts 
and proteins. (a) HPLC separation of amino acids obtained by PITC derivatization of a 
2H,15N-labeled yeast extract. Peaks are annotated by the corresponding amino acid. The 
derivatized amino acids were separated by HPLC (Agilent) using a Phenomenex Kinetex 
XB-C18 column (75 mm x 4.6 mm, 2.6 μm, 100 Å) with a buffer gradient from 0.05% 
formic acid (FA)/water to 0.05% FA/100% acetonitrile at 50°C and detected by UV 
absorbance at 254 nm. (b) LC/MS spectrum of histidine obtained by acid hydrolysis of 2H,15N-
GFP. The different 2Hn1

1Hn2
15Nn3

14Nn4 isotopologues are indicated. The protein hydrolysate was 
derivatized by PITC and then separated on an EASY-nLCTM nano-HPLC system 
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(Thermofisher) coupled to an Orbitrap EliteTM (Thermofisher) mass spectrometer. HPLC 
separation was performed at room temperature using a silica (ReproSil-Pur 120 C18-AQ) 
self-packed column (150 mm x 75 µm, 1.9 μm, 120 Å) with a buffer gradient from 0.05% 
FA/water to 0.05% FA/80% acetonitrile. (c) 2H,15N incorporation of individual amino acids of 
autolysed 2H,15N-labeled yeast obtained by the LC/MS protocol described in (b). The yeast 
had been grown on 15N ammonium, D2O, and protonated glucose. Due to the mild autolysis 
conditions, all amino remain intact, but cysteine is lost during PITC derivatization. (d) 2H,15N 
incorporation of individual amino acids obtained from acid-hydrolyzed GFP expressed in Sf9 
cells using 2H,15N-labeled yeast extract supplemented by 15N2-glutamine. The same LC/MS 
protocol as in (b) was used. During the acid hydrolysis of the protein, asparagine and 
glutamine are converted to aspartate and glutamate, respectively, and tryptophan is degraded 
to undetected compounds.   
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Tables 
Table 1: Protein structures obtained from samples produced in different expression hosts 

queried from the Protein Data Bank (PDB) (12/2017). Structures have been filtered for size 
(>100 kDa), human origin as well as G protein-coupled receptors (GPCRs). 
 

 All structures >100 kDa Human GPCRs 

Total 135359 (100.0a) 29791 (100.0) 37859 (100.0) 220 (100.0) 

Bacterialb 99765 (73.7) 21639 (72.6) 27169 (71.8) 18 (8.2) 

Yeastc 2353 (1.7) 582 (2.0) 1052 (2.8) 3 (1.4) 

Insectd 5811 (4.3) 2174 (7.3) 3945 (10.4) 155 (70.5) 

Mammaliane 3093 (2.3) 1190 (4.0) 2062 (5.4) 19 (8.6) 
 

a in percent 
b E. coli 
c P. pastoris, S. pombe and S. cerevisiae 
d S. frugiperda, T. ni and D. melanogaster 
e H. sapiens, M. musculus and C. griseus 
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Table 2: Costs (in €) for uniform isotope labeling in insect cells per liter of growth medium. 
 

  Amount/L 15N 2H,15N 13C,15N 2H,13C,15N 

A
lg

al
 

ex
tra

ct
 Commercial AEa 10 g 465 925 1150 2575 

15NH4Clb 250 mg 4 4 4 4 
Tryptophanc 20 mg 42 100 250 250 
13C6-Glucosed,e 5 g     400 400 
Total AE  511 1029 1804 3229 

       

Y
ea

st
 e

xt
ra

ct
 

13C6-Glucose for YEe,f 33.3 g   2667 2667 
15NH4Cl for YEb 5.2 g 73 73 73 73 
D2O for YEg 1 L  448  448 
15N2-Glutamineh 1 g 30 30 30 30 
13C6-Glucosed,e 5 g     400 400 
Total YE  103 551 3170 3618 

 
a Prices for ISOGRO algal extract (AE, Sigma-Aldrich) with the respective isotope labeling 
pattern at 98% incorporation. A 50% quantity discount on list prices is used, which was 
obtained when ordering material for 5 L of insect cell medium in 2017. 
b Assuming a price of 14 €/g 
c Current catalogue prices 
d Labeled glucose is added for obtaining higher incorporation of 13C for amino acids linked to 
carbohydrate metabolism (see text). 
e Assuming a price of 80 €/g 
f Cost of isotope labeled substrates for producing the amount of yeast extract (YE, 8 g) 
required for 1 L of insect cell medium. No costs for work or equipment are included. For 
reasons described in the text non-deuterated glucose is used for 2H labeling. Using deuterated 
glucose would result in considerably higher costs for 2H,15N and 2H,13C,15N labeling. 
g Assuming a price of 370 €/L. Costs can be reduced by recycling D2O.  
h Costs of homemade glutamine are assumed as 30 €/g, using the enzymatic reactions 
described in the main text. For all labeling patterns, only 15N2-labeled glutamine was used. 
Commercial prices are considerably higher, e.g. ~700 €/g for 15N2-labeled glutamine. 
  



-17- 

References 
1. Strauss, A., Bitsch, F., Cutting, B., Fendrich, G., Graff, P., Liebetanz, J., Zurini, M. & 

Jahnke, W. Amino-acid-type selective isotope labeling of proteins expressed in 
Baculovirus-infected insect cells useful for NMR studies. Journal of Biomolecular 
NMR 26, 367-372 (2003). 

2. Strauss, A., Bitsch, F., Fendrich, G., Graff, P., Knecht, R., Meyhack, B. & Jahnke, W. 
Efficient uniform isotope labeling of Abl kinase expressed in Baculovirus-infected 
insect cells. Journal of Biomolecular NMR 31, 343-349 (2005). 

3. Vajpai, N., Strauss, A., Fendrich, G., Cowan-Jacob, S.W., Manley, P.W., Grzesiek, S. 
& Jahnke, W. Solution conformations and dynamics of ABL kinase-inhibitor 
complexes determined by NMR substantiate the different binding modes of 
imatinib/nilotinib and dasatinib. Journal of Biological Chemistry 283, 18292-18302 
(2008). 

4. Kofuku, Y., Ueda, T., Okude, J., Shiraishi, Y., Kondo, K., Maeda, M., Tsujishita, H. 
& Shimada, I. Efficacy of the β2-adrenergic receptor is determined by conformational 
equilibrium in the transmembrane region. Nature Communications 3, 1045 (2012). 

5. Nygaard, R., Zou, Y., Dror, R.O., Mildorf, T.J., Arlow, D.H., Manglik, A., Pan, A.C., 
Liu, C.W., Fung, J.J., Bokoch, M.P., Thian, F.S., Kobilka, T.S., Shaw, D.E., Mueller, 
L., Prosser, R.S. & Kobilka, B.K. The dynamic process of β2-adrenergic receptor 
activation. Cell 152, 532-542 (2013). 

6. Kofuku, Y., Ueda, T., Okude, J., Shiraishi, Y., Kondo, K., Mizumura, T., Suzuki, S. 
& Shimada, I. Functional dynamics of deuterated β2-adrenergic receptor in lipid 
bilayers revealed by NMR spectroscopy. Angewandte Chemie International Edition in 
English 53, 13376-13379 (2014). 

7. Isogai, S., Deupi, X., Opitz, C., Heydenreich, F.M., Tsai, C.-J., Brueckner, F., 
Schertler, G.F.X., Veprintsev, D.B. & Grzesiek, S. Backbone NMR reveals allosteric 
signal transduction networks in the β1-adrenergic receptor. Nature 530, 237-241 
(2016). 

8. Brüggert, M., Rehm, T., Shanker, S., Georgescu, J. & Holak, T.A. A novel medium 
for expression of proteins selectively labeled with 15N-amino acids in Spodoptera 
frugiperda (Sf9) insect cells. Journal of Biomolecular NMR 25, 335-348 (2003). 

9. Egorova-Zachernyuk, T.A., Bosman, G.J.C.G.M., Pistorius, A.M.A. & DeGrip, W.J. 
Production of yeastolates for uniform stable isotope labelling in eukaryotic cell 
culture. Applied Microbiology and Biotechnology 84, 575-581 (2009). 

10. Egorova-Zachernyuk, T.A., Bosman, G.J.C.G.M., DeGrip, W.J. & Shvets, V.I. Stable 
isotope labelling of human histamine receptor H1R: prospects for structure-based 
drug design. Doklady Biochemistry and Biophysics 433, 164-167 (2010). 

11. Gossert, A.D., Hinniger, A., Gutmann, S., Jahnke, W., Strauss, A. & Fernández, C. A 
simple protocol for amino acid type selective isotope labeling in insect cells with 
improved yields and high reproducibility. Journal of Biomolecular NMR 51, 449-456 
(2011). 

12. Saxena, K., Dutta, A., Klein-Seetharaman, J. & Schwalbe, H. Isotope labeling in 
insect cells. Methods in Molecular Biology 831, 37-54 (2012). 

13. Meola, A., Deville, C., Jeffers, S.A., Guardado-Calvo, P., Vasiliauskaite, I., Sizun, C., 
Girard-Blanc, C., Malosse, C., van Heijenoort, C., Chamot-Rooke, J., Krey, T., 
Guittet, E., Pêtres, S., Rey, F.A. & Bontems, F. Robust and low cost uniform 15 N-
labeling of proteins expressed in Drosophila S2 cells and Spodoptera frugiperda Sf9 
cells for NMR applications. Journal of Structural Biology 188, 71-78 (2014). 

14. Skora, L., Shrestha, B. & Gossert, A.D. Chapter Eleven - Isotope Labeling of Proteins 



-18- 

in Insect Cells. in Methods in Enzymology, Vol. 565 (ed. Kelman, Z.) 245-288 
(Academic Press, 2015). 

15. Sitarska, A., Skora, L., Klopp, J., Roest, S., Fernández, C., Shrestha, B. & Gossert, 
A.D. Affordable uniform isotope labeling with 2H, 13C and 15N in insect cells. 
Journal of Biomolecular NMR 62, 191-197 (2015). 

16. Opitz, C., Isogai, S. & Grzesiek, S. An economic approach to efficient isotope 
labeling in insect cells using homemade 15N-, 13C- and 2H-labeled yeast extracts. 
Journal of Biomolecular NMR 62, 373-385 (2015). 

17. Zhang, Y., Wei, H., Xie, D., Calambur, D., Douglas, A., Gao, M., Marsilio, F., 
Metzler, W.J., Szapiel, N., Zhang, P., Witmer, M.R., Mueller, L. & Hedin, D. An 
improved protocol for amino acid type-selective isotope labeling in insect cells. 
Journal of Biomolecular NMR 68, 237-247 (2017). 

18. Smith, G.E., Summers, M.D. & Fraser, M.J. Production of human beta interferon in 
insect cells infected with a baculovirus expression vector. Molecular and Cellular 
Biology 3, 2156-2165 (1983). 

19. Kelly, D.C. Baculovirus Replication. Journal of General Virology 63, 1-13 (1982). 
20. Berger, I., Fitzgerald, D.J. & Richmond, T.J. Baculovirus expression system for 

heterologous multiprotein complexes. Nature Biotechnology 22, 1583-1587 (2004). 
21. Luckow, V.A., Lee, S.C., Barry, G.F. & Olins, P.O. Efficient generation of infectious 

recombinant baculoviruses by site-specific transposon-mediated insertion of foreign 
genes into a baculovirus genome propagated in Escherichia coli. Journal of Virology 
67, 4566-4579 (1993). 

22. Possee, R.D., Hitchman, R.B., Richards, K.S., Mann, S.G., Siaterli, E., Nixon, C.P., 
Irving, H., Assenberg, R., Alderton, D., Owens, R.J. & King, L.A. Generation of 
baculovirus vectors for the high-throughput production of proteins in insect cells. 
Biotechnology and Bioengineering 101, 1115-1122 (2008). 

23. Wasilko, D.J., Edward Lee, S., Stutzman-Engwall, K.J., Reitz, B.A., Emmons, T.L., 
Mathis, K.J., Bienkowski, M.J., Tomasselli, A.G. & Fischer, D.H. The titerless 
infected-cells preservation and scale-up (TIPS) method for large-scale production of 
NO-sensitive human soluble guanylate cyclase (sGC) from insect cells infected with 
recombinant baculovirus. Protein Expression and Purification 65, 122-132 (2009). 

24. Vaughn, J.L., Goodwin, R.H., Tompkins, G.J. & McCawley, P. The establishment of 
two cell lines from the insect Spodoptera frugiperda (Lepidoptera; Noctuidae). In 
Vitro 13, 213-217 (1977). 

25. Hink, W.F. Established insect cell line from the cabbage looper, Trichoplusia ni. 
Nature 226, 466-467 (1970). 

26. O'Reilly, D.R., Miller, L.K. & Luckow, V.A. Baculovirus expression vectors: a 
laboratory manual, (Oxford University Press, 1994). 

27. Huang, J.-R., Craggs, T.D., Christodoulou, J. & Jackson, S.E. Stable intermediate 
states and high energy barriers in the unfolding of GFP. Journal of Molecular Biology 
370, 356-371 (2007). 

28. Vajpai, N., Strauss, A., Fendrich, G., Cowan-Jacob, S.W., Manley, P.W., Jahnke, W. 
& Grzesiek, S. Backbone NMR resonance assignment of the Abelson kinase domain 
in complex with imatinib. Biomolecular NMR Assignments 2, 41-42 (2008). 

29. Sprangers, R., Velyvis, A. & Kay, L. Solution NMR of supramolecular complexes: 
providing new insights into function. Nature Methods 4, 697-703 (2007). 

30. Solt, A.S., Bostock, M.J., Shrestha, B., Kumar, P., Warne, T., Tate, C.G. & 
Nietlispach, D. Insight into partial agonism by observing multiple equilibria for 
ligand-bound and Gs-mimetic nanobody-bound β1-adrenergic receptor. Nature 
Communications 8, 1795 (2017). 



-19- 

31. Okude, J., Ueda, T., Kofuku, Y., Sato, M., Nobuyama, N., Kondo, K., Shiraishi, Y., 
Mizumura, T., Onishi, K., Natsume, M., Maeda, M., Tsujishita, H., Kuranaga, T., 
Inoue, M. & Shimada, I. Identification of a Conformational Equilibrium That 
Determines the Efficacy and Functional Selectivity of the µ-Opioid Receptor. 
Angewandte Chemie International Edition in English 54, 15771-15776 (2015). 

32. Ugwu, C.U., Aoyagi, H. & Uchiyama, H. Photobioreactors for mass cultivation of 
algae. Bioresource Technology 99, 4021-4028 (2008). 

33. Rosen, M.K., Gardner, K.H., Willis, R.C., Parris, W.E., Pawson, T. & Kay, L.E. 
Selective methyl group protonation of perdeuterated proteins. Journal of Molecular 
Biology 263, 627-636 (1996). 

34. Hochuli, M., Szyperski, T. & Wuthrich, K. Deuterium isotope effects on the central 
carbon metabolism of Escherichia coli cells grown on a D2O-containing minimal 
medium. Journal of Biomolecular NMR 17, 33-42 (2000). 

35. Kragl, U., Gödde, A., Wandrey, C., Kinzy, W., Cappon, J. & Lugtenburg, J. 
Repetitive batch as an efficient method for preparative-scale enzymatic-synthesis of 
5-azido-neuraminic acid and N15-L-glutamic acid. Tetrahedron: Asymmetry 4, 1193-
1202 (1993). 

36. Hansen, A.P., Petros, A.M., Mazar, A.P., Pederson, T.M., Rueter, A. & Fesik, S.W. A 
practical method for uniform isotopic labeling of recombinant proteins in mammalian 
cells. Biochemistry 31, 12713-12718 (1992). 

37. Kusumoto, I. Industrial production of L-glutamine. Journal of Nutrition 131, 2552S-
5S (2001). 

38. Li, J., Ma, C., Ma, Y., Li, Y., Zhou, W. & Xu, P. Medium optimization by 
combination of response surface methodology and desirability function: an 
application in glutamine production. Applied Microbiology and Biotechnology 74, 
563-571 (2007). 

 



19
95

20
00

20
05

20
10

20
15

0

20
00

40
00

60
00

80
00

10
00

0

S
. f

ru
gi

pe
rd

a

T.
 n

i
D

. m
el

an
og

as
te

r
P

. p
as

to
ris

S
. c

er
ev

is
ia

e

H
. s

ap
ie

ns

C
. g

ris
eu

s
M

. m
us

cu
lu

s

ye
ar

# PDB structures Fi
gu

re
 1



Ac
id

 h
yd

ro
ly

si
s

Po
ly

sa
cc

ha
rid

e 
ex

tra
ct

io
n

N
eu

tra
liz

at
io

n
Ly

op
hi

liz
at

io
n

gl
uc

os
e

NH
4C

l
gl

uc
os

e
Tr

p

Au
to

ly
si

s
U

ltr
af

ilt
ra

tio
n

Ly
op

hi
liz

at
io

n

G
ln

gl
uc

os
e

N
H

4C
l

gl
uc

os
e

H
2O

In
fe

ct
io

n
Ex

pr
es

si
on

C
O

2
H

2O

N
H

3

ba
cu

lo
vi

ru
s

ye
as

to
la

te

al
ga

l e
xt

ra
ct

Fi
gu

re
 2

H
2O



11 8.75 6.511 8.75 6.5 1H ppm

Δ = 2 ms
Δ = 6 ms
15N T2 = 9.3 ms

Δ = 0.02 s
Δ = 3.00 s
15N T1 = 5.0 s

120

110

9.0 8.0 7.0

V314

V103

V226

V122

V280

V202

V125V230

V89

V172

V95

V298

V102

antagonist
agonist

15N

1H
ppm

 a

b c

d

Figure 3

b1AR

CCR5

Abelson kinase

220 240 260 280 300 320 340 360 380 400 420 440 460 480 500
Residue number

Imatinib 1IEP

Dasatinib 2GQG
-30
0
30

-30
0
30

R
D

C
 H

N
 [H

z]

Activation loop

10 9 8 7

120

110

15N

1H
ppm

CCR5



Fi
gu

re
 4

c

isotope incorporation

Ye
as

to
la

te

0

0.
5

1.
0

A
D

E
G

T
S

M
I,L

V
P

R
K

H
F

Y
W

N
Q

15
N

2 H

29
2

29
4

29
6

29
8

30
0

m
/z

0

0.
2

0.
4

0.
6

0.
8

1.
0

relative abundance

29
8.

10
66

29
9.

11
15

29
7.

10
09

29
1.

09
13

29
6.

09
48

1 H
514

N
3

2 H
515

N
3

 1 H
12 H

415
N

3

 1 H
22 H

315
N

3

 1 H
32 H

215
N

3

b

R
P

YV

IL

FW
K

M

tim
e 

[m
in

]

DE

S
G

N
HTA

absorbance254 [au]

Q

PI
TC

 a
1.

6

1.
2

0.
8

0.
4 0

2
4

6
8

10
12

d
G

FP
15

N
2 H

isotope incorporation

0

0.
5

1.
0

A
D

E
G

T
S

M
I,L

V
P

R
K

H
F

Y



 

 
135 

  



 

 
136 

 
 
 
 
 
 



 

 
137 

5 Detergent and heparin disaccharide interactions of 
5P12‑RANTES-E66S 

Introduction 
Previous structural characterizations of wild-type RANTES were mostly carried out at low 

pH, because it heavily aggregates at pH ≥4.0 (233). These aggregates consist of long, 
oligomeric structures, which are stabilized by the interaction with glycosaminoglycan (234). 
The linear oligomers are formed from monomeric RANTES by two distinct interactions. While 
an intermolecular β-sheet is formed between the N-termini of two monomers providing the 
dimerization interface, higher oligomerization occurs by the interactions of the second β-sheet 
of one monomer with the C‑terminal α-helix of a monomer from another dimer. Introduction 
of the C-terminal E66S mutation (235) suppresses this higher oligomerization (236). 
RANTES-E66S still exists in a pH-, temperature and concentration-dependent monomer-dimer 
equilibrium (237). RANTES-E66S retains CCR5 binding and Gi-dependent signaling, but loses 
the ability for leukocyte activation and migration through protein tyrosine kinase activation 
(171). The RANTES analog 5P12-RANTES shows very promising features as microbicide for 
HIV-1 prevention (167, 219). The non-aggregating mutant 5P12‑RANTES‑E66S was 
previously characterized by NMR (238). The core structure is preserved, but 
5P12‑RANTES‑E66S comprises a more flexible N-terminus. The N-terminal intermolecular 
β-sheet is disturbed due to mutations, and the protein is monomeric. 

Albeit the interaction of CCR5 with RANTES is less pH-sensitive than for other GPCR-
ligand complexes, the complex still dissociates at a pH lower than 4 (239). The physiological 
interaction occurs in the extracellular space at pH 7.4. For this reason, the following chapter 
describes the characterization of 5P12-RANTES-E66S at this physiological pH. 

Results 

NMR characterization of 5P12-RANTES-E66S at pH 7.5 
The 1H-15N HSQC spectrum of 2H,15N-labeled 5P12-RANTES-E66S at 310 K and pH 3.8 

is well dispersed, characteristic for β-sheet secondary structures, and all 63 observable 
backbone resonances (sequence contains 5 prolines) were detected (Figure 5.1a). At the 
increased pH of 7.5, only 42 peaks were observed (Figure 5.1b) due to fast amide exchange 
with water. Lowering the temperature to 298 K led to the appearance of 6 additional resonances 
(Figure 5.1c). Resonance assignment was obtained using standard 3D experiments (HNCO, 
HNCA, HNCACB). Resonances affected by fast amide exchange with water are located in less 
stable secondary elements like the flexible N-terminus, but also in the N-loop, 30s-loop, 
40s‑loop and at the start of the C-terminal α-helix (Figure 5.1d, e). Significant chemical shift 
changes between pH 3.8 and 7.5 occur only for a few resonances in the first β‑sheet, which 
might be caused by their ionizable side chains. The overall fold of 5P12-RANTES-E66S is not 
affected by the increase in pH. 
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Figure 5.1 Effect of pH and temperature on 1H-15N HSQC spectrum of 5P12-RANTES-E66S on a 900 MHz 
spectrometer. Backbone amide resonances are labeled with the assignments. The N-terminal glutamine Q0 is 
cyclized to pyroglutamate (238). The resonances G1f and G1c correspond to the free and cyclized N-terminus. 
Spectra of 50 μM 2H,15N-labeled 5P12-RANTES-E66S were recorded at 310 K with (a) pH 3.8 and (b) pH 7.5 or 

(c) at 298 K with pH 7.5. (d) Weighted chemical shift differences ∆𝜹𝒂𝒗 = F∆𝜹𝑯
𝟐 + (∆𝜹𝑵/𝟓)𝟐Q

𝟏/𝟐
 for 

5P12-RANTES-E66S at pH 7.5 relative to pH 3.8. Significantly perturbed residues (Δδav >0.1 ppm) are marked 
in orange. Resonances not observable at pH 7.5 are highlighted in red and resonances detected only at 298 K are 
shown in green. Prolines without observable 1H-15N resonance are left blank. (e) Surface representation of a 
RANTES monomer (1B3A, chain A). Residues, for which no resonances can be observed at pH 7.5, are depicted 
in red. Resonances significantly perturbed upon change from pH 3.8 to pH 7.5 are highlighted in orange according 
to panel c. Prolines are depicted in dark grey. 

Interaction of 5P12-RANTES-E66S with the detergent micelle 
To make CCR5 accessible for interaction studies with 5P12-RANTES-E66S by solution 

NMR, the receptor must be solubilized in detergent. However, it was shown previously that 
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RANTES-E66S and 5P12-RANTES-E66S also interact with detergent micelles, leading to 
inconclusive results in the interaction studies with CCR5 (240, 241). The detergent fos-choline-
12 (FC-12) disturbed the secondary structure of 5P12-RANTES-E66S, whereas maltoside 
detergents such as DDM showed a much weaker effect. The increase of the pH from 3.8 to 6.0 
alleviated the detergent effect. 

To investigate the effect of DDM or mixed DDM/CHS micelles as used for the 
reconstitution of CCR5 (Chapter 4.1), HSQC spectra of 5P12-RANTES-E66S in the absence 
and presence of detergent were recorded at pH 7.5 (Figure 5.2a, b). No significant chemical 
shift changes were observed, which indicates that the structure of 5P12‑RANTES‑E66S is not 
perturbed by the presence of these detergents. As minor effects, the resonance of glycine 1 
became observable, and also the signal intensity of further resonances increased (Figure 5.2c). 
Mapping the intensity changes onto the structure of RANTES (Figure 5.2d) revealed that 
mainly residues in the N-terminus and N-loop are affected. In these regions, fast amide 
exchange with water at pH 7.5 was observed in the detergent-free case. Apparently, the 
presence of detergent decreases this exchange. The effect was stronger for mixed DDM/CHS 
micelles, but it was not further investigated whether it arises from the higher concentration of 
micelles used in the experiment or by a specific contribution from CHS. 

 
Figure 5.2 Interaction of 5P12-RANTES-E66S with DDM or mixed DDM/CHS micelles. The 1H-15N TROSY 
spectrum of 50 μM 2H,15N-labeled 5P12-RANTES-E66S recorded at 298 K on a 900 MHz spectrometer is shown 
in black. (a) Spectra after the addition of 7 mM DDM are shown in green or (b) of 14 mM DDM/1.4 mM CHS in 
red. (c) Intensities of 5P12-RANTES-E66S backbone resonances in the presence of detergent relative to the ones 
without. Residues with significantly increased intensities upon addition of detergent micelles are marked in red. 
The resonance G1 was only observed in the presence of detergent and is marked with red stripes. Residues without 
observable 1H-15N resonance are not shown. (d) Intensity changes due to detergent mapped onto the RANTES 
surface (1B3A, chain A). Strongly affected residues are highlighted in red according to panel c. 
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Interaction of 5P12-RANTES-E66S with heparin disaccharide 
Besides the binding to chemokine receptors, the interaction with glycosaminoglycan is 

fundamental for the biological function of RANTES (167). Glycosaminoglycans are long, 
linear, sulfated saccharides and RANTES shows a high affinity for heparin, a highly charged 
glycosaminoglycan (242). Short-chain heparin saccharides allow the analysis in solution 
whereas RANTES aggregates upon addition of longer saccharides (243). The complex 
structure of dimeric RANTES with heparin disaccharide I-S was solved by crystallography 
(244). We wanted to test whether the physiologically relevant glycosaminoglycan interaction 
can also be observed with monomeric 5P12-RANTES-E66S.  

 
Figure 5.3 Heparin disaccharide I-S induced changes on 5P12-RANTES-E66S. (a) 1H-15N HSQC spectrum of 
50 μM 2H,15N-labeled 5P12-RANTES-E66S recorded at 310 K on a 600 MHz spectrometer is shown in black. 
Addition of 1:1 or 2:1 molar amount heparin disaccharide I-S is shown in orange or red, respectively. The 
resonances for H23 and E54 were not analyzed because the assignment upon titration of heparin disaccharide I-S 
is ambiguous. (b) Intensities of 5P12-RANTES-E66S backbone resonances in the presence of heparin 
disaccharide I-S relative to the ones without. Residues with significantly increased intensities upon addition of 
heparin are marked in red and decreased ones in yellow. The resonances of C11 and R21 appeared only in the 
presence of heparin disaccharide and are marked with red stripes. Residues without observable 1H-15N resonance 
are not shown. (c) Weighted chemical shift differences between 5P12-RANTES-E66S in the presence and absence 
of heparin disaccharide I‑S. Significantly perturbed residues (Δδav >0.1 ppm) are marked in orange. 
(d) 5P12‑RANTES-E66S residues perturbed by heparin disaccharide are mapped on the RANTES surface (1B3A, 
chain A, colored according to panels b and c). (e) Chemical structure of heparin disaccharide I-S. 
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The HSQC spectrum of 5P12-RANTES-E66S (Figure 5.3a) showed changes upon addition 
of 1:1 or 2:1 molar amounts of heparin disaccharide I-S (Figure 5.3e). Several residues 
experienced a change in signal intensity (Figure 5.3b) or chemical shift (Figure 5.3c). An 
extended interaction surface can be mapped on the chemokine structure mostly comprising the 
N-loop, 40s-loop and the third β-strand (Figure 5.3d). Significant changes were observed for 
R44, N46 and R47 (K45 is not observable in the spectrum). The residues of the BXBB motif 
(R44-R47) in the 40s-loop are essential for high-affinity RANTES glycosaminoglycan 
interaction (244, 245). The 40s-loop is also important for the high-affinity interaction with 
CCR5 (237, 246). Residues C11, Y14, I15 R17, and R21 were also affected by the presence of 
heparin disaccharide. These N-loop residues, in particular R17, have also been shown to be a 
second binding epitope for glycosaminoglycan (243). As a caveat it needs to be mentioned that 
the experiments were conducted in the absence of salt. Thus, the interaction may be weakened 
at physiological salt concentrations 

Conclusions and perspectives 
In this chapter, NMR studies on 5P12-RANTES-E66S at physiological pH 7.5 were 

described. Resonances of the N-terminus and loops are not observable due to the fast exchange 
of the amide protons with water. In contrast to previous studies with FC-12 (238), DDM 
micelles had no effect on the 5P12-RANTES-E66S structure. However, the amide exchange 
for the 5P12-RANTES-E66S N-terminus is reduced in the presence of detergents. 

The interaction of the monomeric RANTES analog with heparin disaccharide can be 
measured at physiological pH and may serve as model for the general RANTES 
glycosaminoglycan interaction. The sulfated disaccharide interacts mostly with two basic 
patches on the 5P12-RANTES-E66S surface. The regions overlap with the binding surface for 
the chemokine receptor CCR5 (191, 237). 

Further detailed studies of the RANTES glycosaminoglycan interaction should be 
interesting for several reasons. The interaction is essential for immobilizing RANTES at 
inflammatory sites and to present the chemokine for recognition by CCR5. The transition from 
the oligomeric state, stabilized by the glycosaminoglycan, to the CCR5-bound chemokine 
monomer is not well understood. Furthermore, a glycosaminoglycan-bound form of 
5P12‑RANTES is being proposed for long-term drug delivery of this microbicide (247). 

Materials and Methods 

Expression and purification 
15N-, 2H,15N- or 2H,13C,15N,-labeled 5P12-RANTES-E66S was expressed and purified as 

described previously (237, 238). The N-terminal glutamate residue was cyclized to 
pyroglutamate at 37 °C for ~24 h in 100 mM NaH2PO4 (pH 6.0). 

NMR experiments and data analysis 
For assignment, NMR samples of 50 μM 5P12-RANTES-E66S were prepared in 25 mM 

HEPES (pH 7.5) or 25 mM NaH2PO4 (pH 3.8) with 5 % D2O and 0.02 % NaN3. All NMR 
experiments were performed on Bruker AVANCE 600 MHz or 900 MHz spectrometers 
equipped with a TCI cryoprobe at a temperature of 298 K or 310 K (the temperature used for 
each experiment is indicated in the respective figure caption). Resonances of 13C,15N-labeled 
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5P12‑RANTES‑E66S were assigned using HNCACB, HNCO and HNCA spectra at 298 K. 
All NMR spectra were processed with NMRPipe (204) and analyzed with SPARKY (205) or 
PIPP (231).  

For characterizing the interaction with the detergent, 1H-15N TROSY experiments were 
recorded on 70 μM 2H,15N-labeled 5P12-RANTES-E66S in 25 mM HEPES (pH 7.5), 150 mM 
NaCl with 5 % D2O and 0.02 % NaN3 at 298 K on a 900 MHz spectrometer. Detergent micelles 
were added from stock solutions (10 % DDM or 10 % DDM, 2 % CHS) to final concentrations 
of 0.35 % (7 mM) DDM or 0.7 % (14 mM) DDM/0.07 % (1.4 mM) CHS.  

For characterizing the interaction with heparin disaccharide I-S, 1H-15N HSQC experiments 
were recorded on 70 μM 15N-labeled 5P12-RANTES-E66S in 25 mM HEPES (pH 7.5) with 
5 % D2O and 0.02 % NaN3 at 310 K on 600 MHz spectrometer. Heparin disaccharide I-S 
(Dextra Laboratories Ltd) was added as 1:1 or 2:1 equimolar amounts relative to 
5P12‑RANTES-E66S. 
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6 Interaction of 5P12-RANTES-E66S with CCR5 

Introduction 
The identification of CCR5 as the major HIV-1 coreceptor has made CCR5 a very 

interesting drug target for HIV prevention and therapy. Initial observations indicated that the 
wild-type chemokine RANTES has weak anti-HIV potency accompanied by activation of the 
immune response (174). Further studies with RANTES peptides have proven that the antiviral 
activity can be uncoupled from the proinflammatory effect of the endogenous ligand (179). 
RANTES-derived peptides show potential as HIV-1 entry inhibitors (246), but the highest anti-
HIV potency is achieved by N-terminal modifications of full-length RANTES (180, 182, 248). 
RANTES analogs, identified as efficient HIV-1 entry inhibitors, are ranging from antagonists 
(e.g. 5P12‑RANTES) to agonists (e.g. 6P4‑RANTES) effecting CCR5 signaling and 
internalization (182). The CCR5 binding mode and interaction surface with the chemokine 
protein ligands is considerably more complex than for most other class A GPCRs, which bind 
only small molecules. For these reasons, a detailed understanding of the CCR5•RANTES 
interaction and its functional consequences is of high interest. 

 
Figure 6.1 Insight into the RANTES interaction surface with CCR5. (a) RANTES-E66S residues significantly 
perturbed upon binding of the sulfated CCR5 N-terminal peptide (residues 1-25) (237) are highlighted in red on 
the monomer surface (1B3A, chain A). Prolines are indicated in dark gray. (b) Crystal structure of the 
5P7‑RANTES•CCR5 complex (5UIW) (191). CCR5 is shown in blue and the N-terminal residues 16 to 25 are 
highlighted in green. Residues 1‑15 are not visible in the crystal structure. 5P7-RANTES residues observed to 
interact with CCR5 are highlighted as red spheres in the structure. 

A two-site binding model for chemokine-receptor interaction has been proposed based on 
biophysical data and mutational analysis (249-251). Chemokine recognition site (CRS) 1 is 
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formed by the receptor N-terminus, which interacts with the core of the chemokine and 
positions it above the transmembrane region. CRS1 is considered a high-affinity binding 
determinant (161, 162, 237, 252). CRS2 is formed by the transmembrane helix bundle 
accommodating the chemokine N-terminus and is assumed to trigger different receptor 
responses depending on the chemokine N-terminal sequence (190). The model has been refined 
further to include CRS1.5 acting as a hinge between the CRS1 and CRS2 and forming one 
extended binding surface on the chemokine (168).  

Previous NMR analyses of RANTES-E66S with CCR5-derived peptides representing 
CRS1, comprised of the soluble N-terminus (residues 1-25) and the extracellular loops, have 
shown that monomeric RANTES is the relevant state for interaction with CCR5 and confirmed 
the significance of N-terminal sulfation of CCR5 for high-affinity binding (237, 253). The 
studies have revealed an extensive, basic surface on RANTES interacting with CRS1 (Figure 
6.1a). The interaction of the chemokine N-terminus, which determines the pharmacological 
specificity, was not detected due to the absence of the transmembrane helix bundle (CRS2). 
Recently, the crystal structure of CCR5 with the chemokine analog 5P7‑RANTES has been 
solved, and high-resolution insight has been obtained for this chemokine•receptor complex 
(191). The binding interface on 5P7-RANTES partially overlaps with the interaction sites 
obtained on RANTES-E66S by NMR and shows additionally the interaction of the chemokine 
N‑terminus with the transmembrane helix bundle (CRS2) (Figure 6.1b). CRS1.5 packs against 
the conserved disulfide bonds of the chemokine. However, information on the interaction with 
the basic patch on the RANTES core mediating high-affinity binding is missing, because the 
N-terminal residues of CCR5 (1-15) (part of CRS1) are not resolved in the structure, either due 
to sample heterogeneity, flexibility or crystal packing (191, 254). Based on the crystal structure 
and mutation analysis, the complex of CCR5 with wt-RANTES was obtained by molecular 
modeling (191). The contacts of the N-terminus of either 5P7- or wt-RANTES with the CCR5 
transmembrane binding pocket are mostly mediated by water and hydrogen bonds, which may 
allow to accommodate very diverse N-terminal chemokine sequences. These previous studies 
have provided partial structural insights into the interactions of CCR5 with various RANTES 
forms. However, detailed insights how the various RANTES forms elicit distinct CCR5 
responses are still missing. 

The objective of this work is to develop solution and solid-state NMR methods to study 
RANTES analogs in complex with CCR5 based on the results from Chapter 4.1 (CCR5) and 
Chapter 5 (5P12-RANTES-E66S). 

Results 

CCR5 interaction with RANTES analogs as tested by co-immunoprecipitation 
The interactions of detergent-reconstituted wild-type CCR5 with the chemically modified 

PSC‑RANTES, oligomerization-deficient RANTES-E66S and the antagonist 
5P12‑RANTES‑E66S had been studied earlier by surface plasmon resonance (data not shown, 
Sébastien Morin, unpublished results). Here, the interaction of the CCR5 constructs CCR5-4m, 
intact ICL3, and CCR5-rub, rubredoxin fusion in ICL3, (further description in Chapter 4.1) 
with these RANTES analogs was tested by co-immunoprecipitation. Detergent-solubilized 
CCR5 was incubated with RANTES analogs and subsequently immunoprecipitated with 
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FLAG-specific antibody beads targeting its C-terminus. Supernatant and immunoprecipitated 
fractions were analyzed by Western blot using a RANTES-specific antibody (Figure 6.2). 

 
Figure 6.2 Interaction of CCR5 with RANTES analogs analyzed by co-immunoprecipitation. Western blot 
analysis of (a) supernatant and (b) immunoprecipitated fractions with a RANTES-specific antibody 
(AF‑278‑NA). CCR5-4m (4m) and CCR5-rub (rub) constructs were immunoprecipitated with Anti-FLAG M2 
affinity gel and the interactions with PSC-RANTES (PSC), RANTES-E66S (E66S) and 5P12-RANTES-E66S 
(5P12) were tested. Samples without RANTES analogs (-) were tested as well. Samples containing RANTES 
analogs in buffer (buf) only without CCR5 were used as controls.  

In all supernatant fractions, a prominent band for RANTES below 10 kDa was observed 
(Figure 6.2a). 5P12-RANTES-E66S (5P12) was also detected in the immunoprecipitated 
fraction of CCR5-4m and CCR5-rub. This suggests the formation of a stable, specific 
5P12‑RANTES-E66S•CCR5 complex. PSC-RANTES (PSC) was detected in the 
immunoprecipitated fraction (Figure 6.2b), but a strong band in the buffer control indicated 
precipitation or unspecific interactions with the detergent. A low-intensity band was observed 
in the immunoprecipitated fraction of RANTES-E66S (E66S), indicating a very weak 
interaction with CCR5. Presumably, the experimental conditions, pH 7.5 and 4 °C, favored the 
formation of dimeric RANTES-E66S, which is the binding-incompetent form of CCR5 (237). 
Additionally, the CCR5 constructs contained the A233D(6.33) mutation, which reduces 
affinity for the endogenous ligands and stabilizes the inactive state of CCR5 (153). The 
formation of RANTES-E66S•CCR5 complex should be repeated in the future with an 
activatable CCR5 construct at lower concentration and elevated temperature to favor the 
interaction with monomeric RANTES-E66S. 

Purification and characterization of the 5P12-RANTES-E66S•CCR5-4m complex 
As a next step, a homogenous sample of 5P12-RANTES-E66S in complex with CCR5-4m 

was prepared for NMR studies. Isotope-labeled 5P12-RANTES-E66S was chosen for NMR 
detection, because its preparation in E. coli is established, and the resonance assignments are 
available (Chapter 5) (238). CCR5-4m was expressed in insect cells, solubilized in DDM and 
purified by IMAC as described in Chapter 4.1 without addition of maraviroc. Subsequently, 
5P12-RANTES-E66S was added to the CCR5-4m sample, incubated and further purified by 
size-exclusion chromatography (Figure 6.3a, b). CCR5-4m and 5P12-RANTES-E66S eluted 
together in one peak corresponding to a molecular weight of ~110 kDa. The procedure yielded 
~0.25 mg of the 5P12-RANTES-E66S•CCR5-4m complex in DDM micelles per liter of insect 
cell culture. 
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The stability of the chemokine•receptor complex was tested by the CPM thermal shift assay 
(Figure 6.3c). Thermal unfolding of CCR5-4m in complex with 5P12-RANTES-E66S 
indicated a melting temperature of 60 °C, which is higher than for the apo form (48.5 °C) and 
lower than the maraviroc-bound state (69 °C) (Chapter 4.1). The stability of the complex should 
be suitable for extended NMR measurements. 

 
Figure 6.3 (a) Size-exclusion analysis of the 5P12-RANTES-E66S•CCR5-4m complex in DDM micelles 
revealing oligomeric species, monomeric complex and free 5P12-RANTES-E66S. (b) Coomassie-stained 
SDS‑PAGE of the size-exclusion fractions: before column (before), CCR5 aggregates (aggregates), CCR5-4m + 
5P12-RANTES-E66S (monomer) and 5P12-RANTES-E66S (free). (c) Temperature-induced unfolding of 
5P12‑RANTES-E66S•CCR5-4m in DDM micelles. The melting temperature (Tm) was determined as the 
maximum of the computed derivative of the melting curve. 

Solution NMR characterization of 2H,15N-labeled 5P12-RANTES-E66S in complex with CCR5 
Compared to free 5P12-RANTES-E66S in the presence of detergent micelle, the 1H-15N 

TROSY spectrum of 2H,15N-labeled 5P12-RANTES-E66S in complex with CCR5-4m showed 
large changes (Figure 6.4a, b). For the complex, fewer backbone resonances were observed 
and the signal intensity of the peaks varied more than in the free form. This indicates different 
dynamics within 5P12-RANTES-E66S bound to CCR5. The complex formation changes the 
apparent molecular weight of 5P12-RANTES-E66S from 8 kDa to over 100 kDa, which was 
shown by the reduction of 15N TROSY T2 times from 120 ms (free) to 30 ms (in complex). 
This is in agreement with the tumbling of such a molecular weight since the 15N TROSY T2 
time for partially deuterated TS-β1AR was ~30 ms (Chapter 3.3). 

19 amide backbone resonances were broadened beyond detection. The extreme linewidth 
cannot be attributed to the slow tumbling of the complex as similar experiments can observe 
resonances of protonated CCR5-4m bound to maraviroc (see Chapter 4.1). The reason must be 
additional dynamics at the 5P12-RANTES-E66S•CCR5-4m interface in the micro- to 
millisecond time range. 

The specificity of the complex was analyzed using the small-molecule ligand maraviroc, 
which has been shown to promote the dissociation of chemokines from CCR5 (157). Maraviroc 
also competes with 5P12-RANTES for CCR5 binding (Sébastien Morin, unpublished results). 
This is apparently due to overlapping binding sites for CCR5 (191). Following the addition of 
two molar equivalents of maraviroc to the chemokine•receptor complex, a TROSY spectrum 
corresponding to the free 5P12-RANTES-E66S was observed, indicating its release from 
CCR5 (Figure 6.4c). 
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Figure 6.4 1H-15N TROSY-HSQC spectra of 90 μM 2H,15N-labeled 5P12-RANTES-E66S (a) free, (b) in complex 
with CCR5-4m in DDM micelles and (c) after addition of two molar equivalents of maraviroc recorded on a 
900 MHz spectrometer at 298 K. 
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Triple-resonance experiment for assignment  
With the exception of the C-terminal resonances S66, M67 and S68, resonance assignments 

of the free 5P12-RANTES-E66S were not transferable to the complex-bound state. Thus triple-
resonance experiments were attempted to obtain assignments. However, a TROSY-HNCO 
experiment carried out on 230 μM 2H,13C,15N-labeled 5P12-RANTES-E66S•CCR5-4m gave 
only one peak after 24 h of measurement time, which correlated the NH group of S68 to the 
carbonyl of M67 (Figure 6.5). Due to the limited sample stability (see below), the experiment 
could not be continued further. Apparently, the C-terminal resonance could be detected due to 
its increased mobility, but the sensitivity of the experiment was not high enough to permit 
further resonance assignments. This must be attributed to the high molecular weight and the 
additional dynamics in the complex 

 
Figure 6.5 TROSY-HNCO experiment recorded on 230 μM 2H,13C,15N-labeled 5P12-RANTES-E66S•CCR5-4m 
for 20 hours on a 900 MHz spectrometer at 298 K. 2D projections onto (a) the 1H and 15N plane and (b) the 1H 
and 13C plane. The asterisk marks an unidentified impurity. 

Chemical shift mapping of the CCR5 binding interface  
In the absence of assignments, the minimal chemical shift change criterion was used to gain 

insights into the 5P12-RANTES-E66S interface with CCR5 by chemical shift mapping 
(Figure 6a) (255, 256). In brief, a peak in the complex spectrum is linked to the resonance of 
free 5P12-RANTES-E66S, which has the smallest combined 1H and 15N chemical shift 
distance. The assignment of this resonance in the free form is taken as the tentative assignment 
for the resonance in the complex. The obtained chemical shift difference then presents a lower 
limit of its true value. The procedure leaves a number of residues detected in the free form 
unassigned. These residues were assumed to be broadened beyond detection in the complex. 

The combination of resonances that disappeared due to line broadening and resonances 
undergoing significant chemical shift changes (>0.1ppm) revealed an extended CCR5 binding 
surface on the RANTES structure (Figure 6.6b, c), which agrees with interaction sites 
determined previously (Figure 6.1) (191, 237). 

Resonances of N-terminal residues L4 to C11 were strongly affected by CCR5 binding, 
which corresponds to the interaction site observed in the peptide NMR studies and the crystal 
structure. The interaction with the core of 5P12-RANTES-E66S is larger than previously 
described and extends even to the C-terminal helix. Residues in the first and third β-sheet 
experience strong chemical shifts changes. Disappearance and chemical shift changes of 
resonances in the N-, 30s- and 40s-loop illustrate their role in the binding of CCR5 and indicate 
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a dynamical binding interface. The basic patch created by the BXBB motif (R44‑R47) is very 
likely involved in the interaction with the negatively charged CCR5 N-terminus. This patch 
covers a region, which was shown in Chapter 5 to be crucial for the interaction with heparin 
disaccharide as a proxy for probing the glycosaminoglycan interaction. Additionally, basic 
residues such as H23, K25 and K33 are part of the interaction site indicating the importance of 
surface charge for the formation of the chemokine•receptor complex.  

 
Figure 6.6 Analysis of the CCR5-4m binding surface on 5P12-RANTES-E66S using chemical-shift 
perturbations. (a) Combined 1H and 15N chemical shift changes between free 5P12-RANTES-E66S and 
5P12‑RANTES-E66S in complex with CCR5-4m as a function of residue number. Assignments could not be 
transferred from the free to the complex spectrum except for a few resonances, and chemical shift deviations are 
estimated by the minimal distance procedure (see text). Negative values (orange) correspond to residues 
broadened beyond detection in the complex. Residues without observable 1H-15N resonance in the free form and 
prolines are left blank. (b) Binding surface of CCR5-4m on 5P12-RANTES-E66S derived from chemical shift 
perturbation data. Significantly perturbed residues (Δδav >0.1 ppm) are highlighted in red on the RANTES surface 
(1B3A, chain A) and residues broadened beyond detection are shown in orange. Prolines and residues not 
observable in the free form are depicted in dark gray. Residues not significantly perturbed upon binding of CCR5 
are shown in light grey. (c) Ribbon diagram of RANTES (1B3A, chain A) color-coded as in panel b. 

The full extent of the 5P12-RANTES-E66S interaction with CCR5-4m was not revealed by 
this chemical shift perturbation analysis, because resonances of the N-terminus and loop 
regions are not observed in the free form due to fast exchange with water under physiological 
conditions (Chapter 5). 
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Stability of the 5P12-RANTES-E66S•CCR5-4m complex in solution 
A more detailed analysis of 5P12-RANTES-E66S•CCR5-4m by solution NMR was not 

possible due to the low stability of the complex. After 20 h, more than 10 % of the signal 
decayed as judged from 1D experiments (Figure 6.7a), and precipitate was observed in the 
NMR tube. A 1H-15N TROSY spectrum recorded after ~3 days even led to the detection of 
weak signals arising from free 5P12-RANTES-E66S (Figure 6.7b). Analysis of the precipitate 
by Coomassie-stained SDS-PAGE revealed the presence of both 5P12-RANTES-E66S and 
CCR5-4m, and the latter showed signs of aggregation (Figure 6.7c).  

In summary, the 5P12-RANTES-E66S•CCR5-4m complex is very difficult to study by 
solution NMR due to limited sample stability and strong line broadening at the interaction 
surface. However, the precipitated 5P12‑RANTES-E66S•CCR5-4m complex shows very good 
prospects for analysis by solid‑state NMR (see below). 

 
Figure 6.7 Stability of the 230 μM 2H,13C,15N-labeled 5P12-RANTES-E66S•CCR5-4m complex during solution 
NMR measurements. (a) Decrease of signal intensity after 20 hours observed in the amide region of the 1D 
1H spectrum. (b) 1H-15N TROSY-HSQC spectra after 0 hours (red) and 2 days 20 hours (orange). Resonances 
belonging to free 5P12-RANTES-E66S are shown in a dashed circle. (c) Precipitate after NMR measurement 
analyzed by Coomassie-stained SDS-PAGE. 
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Analysis of precipitated 5P12-RANTES-E66S•CCR5-4m by solid-state NMR 
Solid-state NMR provides a tool for the analysis of immobilized, large molecules. Unlike 

solution NMR, the method is not affected by rapid transverse relaxation for such challenging 
objects. MAS spinning frequencies above 60 kHz, which remove strong homonuclear 1H 
dipolar couplings, allow to record proton-detected experiments of a quality similar to solution 
NMR (257).  

In the following, solid-state NMR experiments are described on the 2H,13C,15N-labeled 
5P12‑RANTES‑E66S•CCR5-4m complex. These experiments were recorded in the group of 
Prof. Józef Lewandowski, University of Warwick.  

 
Figure 6.8 1D 1H solid-state NMR spectra of precipitated 2H,13C,15N-labeled 5P12-RANTES-E66S•CCR5-4m 
recorded on a 600 MHz spectrometer at ~298 K and 60 kHz MAS frequency. (a) Direct 1H excitation spectrum. 
(b) 15N-1H cross-polarization spectrum. 

1D proton-detected spectra of the precipitated, 2H,13C,15N-labeled 
5P12‑RANTES‑E66S•CCR5-4m complex from solution were recorded at 60 kHz MAS 
frequency. In the amide proton region of a direct excitation spectrum, protein signals were 
detected. (Figure 6.8a). In contrast, 15N-1H (Figure 6.8b) or 13C-1H (not shown) cross-
polarization (CP) experiments did not yield any signal. CP transfer is based on heteronuclear 
dipolar couplings, which transfer magnetization from one spin-locked nucleus to another. 
Polarization transfer occurs if the Hartmann-Hahn conditions between both nuclei are matched 
during the contact time (258). CP is only efficient for immobile molecules since rotational 
motion averages dipolar couplings to zero. No detectable protein signal in 15N-1H or 13C-1H 
CP-based experiments indicates that isotope-labeled 5P12-RANTES-E66S is not fully 
immobilized in the precipitate 

2D solid-state NMR spectra of sedimented 5P12-RANTES-E66S•CCR5-4m 
Lipid bilayers are commonly used to study membrane proteins in a close-to-natural 

environment by solid-state NMR. The embedded membrane proteins are strongly immobilized. 
Such preparations would have required time-consuming sample optimization for 
5P12‑RANTES‑E66S•CCR5-4m. Sedimentation by ultracentrifugation was shown to be an 
alternative method to immobilize large soluble proteins for solid-state NMR (259). We tested 
whether this method would immobilize the chemokine•receptor complex in detergent micelles 
sufficiently for solid-state NMR.  

1H [ppm]
8 6 4 2

1H [ppm]
8 6 4 2

a 1H direct excitation b 15N - 1H CP



 

 
152 

 
Figure 6.9 Stability of the 5P12-RANTES-E66S•CCR5-4m complex during ultracentrifugation. (a) Coomassie-
stained SDS-PAGE of samples taken during ultracentrifugation: before, after 24 h and 48 h from the top and the 
bottom (bot) of the tube. (b) Integrity of the 5P12-RANTES-E66S•CCR5-4m complex after sedimentation, tested 
by co-immunoprecipitation with Anti-FLAG M2 affinity gel. Coomassie-stained SDS-PAGE of 
immunoprecipitate (IP) and supernatant (S) fractions of the sample before ultracentrifugation and the sediment 
after ultracentrifugation. 

Initial tests showed that CCR5 and 5P12-RANTES-E66S could be detected in a gel-like 
pellet at the bottom of the ultracentrifugation tube after ultracentrifugation at 300,000g for 24 
or 48 h (Figure 6.9a). The integrity of the 5P12-RANTES-E66S•CCR5-4m complex after 
ultracentrifugation in this pellet was confirmed by co-immunoprecipitation (Figure 6.9b). 
Samples for solid-state NMR were then prepared by ultracentrifugation of 2H,13C,15N-labeled 
5P12‑RANTES‑E66S•CCR5-4m for 20 hours at 700,000 g. The obtained sediment was 
transferred to the MAS rotor. CP-based experiments on the sediment gave detectable NMR 
signals, thereby proving that 5P12-RANTES-E66S was immobilized in the sediment.  

 
Figure 6.10 Comparison of solid-state 1H-15N CP-based (cyan) and solution 1H-15N TROSY-HSQC (blue) spectra 
of 5P12-RANTES-E66S•CCR5-4m. The solid-state experiment was recorded on 1.8 mg sedimented 
2H,13C,15N‑labeled 5P12-RANTES-E66S•CCR5-4m on a 700 MHz spectrometer at ~298 K and 60 kHz MAS 
frequency. The solution experiment was recorded on 90 μM 2H,15N-labeled 5P12-RANTES-E66S •CCR5-4m on 
a 900 MHz spectrometer at 298 K. The tentative assignment of G1 is indicated by an asterisk. 
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2D proton-detected 1H-15N CP experiments revealed very good spectral quality for solid-
state NMR at 60 kHz spinning speed (Figure 6.10). Still, the 1H linewidths of ~100 Hz led to 
spectral overlap and complicated the identification of single resonances. Approximately 40 
cross peaks were detected in the solid-state spectrum. Many resonances were similar to the 
peaks in the solution TROSY spectrum, and small shifts between solid-state and solution 
spectra might be caused from slightly different sample temperatures.  

In the solid-state spectra, ~10 resonances were detected which are not observable in solution 
due to line broadening or exchange with water. Two peaks at 5.6 and 5.0 ppm in the 1H 
dimension were observed, which could be assigned to V58 and L19 from the free 
5P12‑RANTES-E66S spectrum in solution. Furthermore, a resonance strongly upfield shifted 
in the 15N dimension at 100 ppm was observed and predicted to be glycine 1. Hence the 
chemokine N‑terminus, invisible in solution, seems to be observable by solid-state NMR, 
which may give insight into this crucial CCR5 interaction site. The C-terminal resonances M67 
and S68 were both missing in the CP solid-state spectrum compared to the one from solution 
NMR. They might be too flexible for CP-based coherence transfer. 

INEPT-based correlation solid-state experiments were also recorded, which can report on 
mobile regions in a solid sample. In the INEPT experiment, the magnetization transfer is based 
on scalar coupling. The efficiency of INEPT-based experiment depends on the transverse 
magnetization, and completely immobilized nuclei relax too fast for an efficient magnetization 
transfer. 

 
Figure 6.11 Solid-state 1H-15N INEPT-based spectrum of 1.8 mg sedimented 2H,13C,15N-labeled 5P12-RANTES-
E66S•CCR5-4m on a 850 MHz spectrometer at ~298 K and 60 kHz MAS frequency. Cross-peaks observable only 
in the INEPT-based experiment are marked with a dashed circle. 

In the INEPT-based 1H-15N spectrum of 5P12-RANTES-E66S•CCR5-4m (Figure 6.11), 
only two new weak cross peaks were detected compared to the CP-based experiment (Figure 
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6.10). The resonance at 8.0 (1H) and 122.5 (15N) ppm very likely belongs to the C-terminal 
S68, which was not detected in the CP-spectrum. Overall, CP- and INEPT-based experiments, 
with the former having a higher sensitivity, show almost identical resonances. The 5P12-
RANTES-E66S•CCR5-4m complex seems to be immobilized by sedimentation, but retains 
some dynamics.  

3D heteronuclear solid-state experiments  
No changes in the spectra of 5P12-RANTES-E66S•CCR5-4m were observed over weeks, 

which indicated that the complex was more stable in the sediment compared to the sample in 
solution. In conjunction with the good quality of the 2D spectra, this made it possible to record 
1H-detected triple-resonance experiments for assignment (260).  

 
Figure 6.12 3D CP-based experiments of 4.1 mg sedimented 2H,13C,15N-labeled 5P12-RANTES-E66S•CCR5‑4m 
recorded on a 850 MHz spectrometer at ~298 K and 60 kHz MAS frequency. 2D projections onto (a) the 1H and 
15N plane and (b) the 1H and 13C plane of an (H)CANH experiment. 2D projections onto (c) the 1H and 15N plane 
and (d) the 1H and 13C plane of an (H)CONH experiment. 

Three-dimensional CP-based (H)NCAH (Figure 6.12a, b) and (H)NCOH (Figure 6.12c, d) 
experiments were recorded for 2.5 and 3 days, respectively. In both experiments, ~15 cross 
peaks were observed as estimated from the 2D projections onto the 1H-15N plane (Figure 
6.12a, c) with the signal intensity being higher in the (H)NCOH experiment than in the 
(H)NCAH. The dispersion in the carbon dimensions of (H)NCAH and (H)NCOH was good 
and will allow to identify single resonances due to the increased separation by the third 
dimension. 

These data suggest that resonance assignment of 5P12-RANTES-E66S in complex with 
CCR5 will be feasible by solid-state NMR. Longer measurement times will still be required to 
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detect all the cross peaks in the 3D experiments which were observed in the 2D spectrum. 
(H)NCAH and (H)NCOH experiments would allow the identification of resonances based on 
the carbon chemical shift of free 5P12-RANTES-E66S in solution. In order to gain backbone 
connectivity for sequential-resonance identification, less sensitive experiments such as 
(H)(CO)CA(CO)NH or (H)(CA)CB(CACO)NH will be required. MAS spinning rates at 
100 kHz may improve the sensitivity of the experiments due to the increased coherence 
lifetimes and reduced proton linewidths. However, the sample amount and thus the sensitivity 
will be decreased due to the requirement of a 0.8 mm rotor instead of the 1.3 mm rotor used 
for the 60 kHz experiments. 

Conclusions and perspectives 
A stable complex of CCR5-4m with 5P12‑RANTES‑E66S, an antagonistic RANTES 

analog, was prepared. Initially, the chemokine•receptor interaction was studied on 
2H,15N‑labeled 5P12-RANTES-E66S in complex with unlabeled CCR5‑4m by solution NMR. 
Large spectral changes were observed between free and complex-bound 5P12-RANTES-E66S. 
Several resonances disappeared in the spectrum, which indicates severe line broadening due to 
dynamics in the micro- to millisecond time range. Resonance assignment of 
5P12‑RANTES‑E66S in complex with CCR5-4m was not feasible, due to low sensitivity of 
the triple-resonance experiments and the limited stability of the complex in solution. Still, an 
interaction surface with CCR5 could be derived using the minimal-chemical shift change 
procedure. This surface comprises almost the entire chemokine and is larger than what was 
observed previously in NMR studies of RANTES with CCR5 peptides (237, 253, 254) as well 
as within the crystal structure of the 5P7-RANTES•CCR5 complex (191). Obviously the 
interaction of the full CCR5 with the chemokine covers a larger surface (in particular β-sheet 
1 and the C-terminal α-helix) than observed in previous CCR5 peptide NMR studies (237, 253, 
254). Although the soluble peptides were covalently linked in one study (253), they apparently 
do not fully mimic the three-dimensional arrangement of the receptor. Furthermore, the current 
NMR experiments were carried out at the physiological pH 7.5, which further increases the 
strength of the interaction (237). The binding surface observed in the present work is also larger 
than in the crystal structure (191). This is due to the missing electron density for the CCR5 
N‑terminus in the latter. Unfortunately, we could not fully observe the highly interesting 
chemokine N-terminus by solution NMR due to fast amide exchange and line broadening 

Solid-state NMR was applied to get further insights into the chemokine•receptor interaction. 
Precipitated 5P12-RANTES-E66S•CCR5-4m from solution was not sufficiently immobilized 
for CP-based solid-state experiments. However, sedimentation of 5P12-RANTES-
E66S•CCR5-4m in DDM micelles by ultracentrifugation provided sufficient immobilization 
for solid-state NMR experiments. The quality of the proton-detected CP spectra of the 
sedimented complex is very good for a solid-state NMR spectrum at 60 kHz MAS frequency. 
More resonances were observed than in the solution NMR spectrum. The tentative assignment 
for glycine 1 indicates that structural information on the N‑terminus of 5P12-RANTES-E66S 
in complex with CCR5‑4m can be obtained. The broad 1H linewidths complicated the 
identification of single resonances in the spectrum. This could be partially resolved by 
recording triple-resonance experiments to increase the frequency separation through a third 
dimension. Preliminary 3D experiments indicate that a complete resonance assignment will be 
feasible. The spectral quality might be further increased by spinning at 100 kHz MAS 
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frequency. The next step of this project will be to assign 5P12-RANTES-E66S in complex with 
CCR5‑4m by solid-state NMR. 

The sedimented 5P12-RANTES-E66S•CCR5-4m complex still retained some dynamics, 
because most chemokine resonances observed in CP-based experiments were also detected by 
INEPT-based experiments. In contrast, chemokine resonances in a recent MAS solid-state 
NMR study of the interleukin-8•CXCR1 complex were detected either by CP- or INEPT-based 
experiments, but not in both cases (261). The different dynamics of 5P12-RANTES-E66S and 
interleukin-8 in their receptor complexes may be due to genuine differences of these receptor 
systems, but could also result from the different membrane mimetics used, i.e. detergent 
micelles in the case of CCR5 and phospholipid bilayers for CXCR1. It will be interesting to 
study the influence of lipids on the dynamics of the 5P12-RANTES-E66S•CCR5-4m complex 
in lipid bilayers or nanodiscs. 

The work presented here establishes a framework to investigate structural and dynamic 
features of isotope-labeled 5P12-RANTES-E66S in complex with CCR5 by NMR. As a next 
step an in-depth analysis of this complex should be carried out using detection on the easy-to-
label 5P12-RANTES-E66S. However, it will also be very interesting to observe the CCR5 part 
of the interaction. The strategies to achieve isotope labeling of CCR5 expressed in insect cells 
have been established in Chapter 4.1. Amino acid-specific labeling with tyrosine might provide 
the most interesting backbone reporter sites giving insights into several important interactions: 
(i) N-terminal sulfated tyrosines are essential for high-affinity interaction with the RANTES 
core (162, 237), (ii) tyrosines in the ligand binding pocket interact with RANTES N-terminal 
residues (190, 191, 262, 263), and (iii) tyrosines are conserved switches for receptor activation 
(264-266). 

After an in-depth analysis of the 5P12-RANTES-E66S•CCR5-4m complex, future work 
could address complexes with other RANTES analogs, which are different by 3-6 mutations in 
the proximal N-terminus compared to 5P12‑RANTES. They have similar biochemical 
properties, because the dimerization interface is also broken compared to wt-RANTES, but act 
as agonist (6P4-) or biased agonist (5P14-) compared to the antagonist 5P12-RANTES. The 
comparison of the interactions with the different RANTES analogs may reveal the underlying 
structural mechanism how N-terminal modifications trigger different functional CCR5 
behavior.  

The initial cryo-EM analysis of CCR5 (Chapter 4.1) indicated the feasibility of such 
structural studies for CCR5. In the future, it will be of high interest to investigate CCR5 
complexes with RANTES analogs and intracellular effector proteins like G protein or arrestin 
by this method. Especially a ternary complex with RANTES and arrestin is of high interest due 
to its role in biased signaling and internalization of various RANTES analogs. 

In summary, initial work on 5P12-RANTES-E66S•CCR5-4m is presented here, which will 
allow future extensive structural and dynamic characterization of RANTES analogs in complex 
with CCR5 to understand their pharmacological effects on CCR5 signaling and internalization. 
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Materials and Methods 

Expression and purification of RANTES 
Unlabeled RANTES-E66S and unlabeled, 2H,15N- or 2H,13C,15N-labeled 

5P12‑RANTES‑E66S were expressed and purified as described previously (237, 238). 
PSC-RANTES was a generous gift from Prof. Oliver Hartley, University of Geneva. 

Co-immunoprecipitation 
CCR5-4m or CCR5-rub were solubilized as described in Chapter 4.1 The receptors in 

25 mM HEPES (pH 7.5), 150 mM NaCl, 10 % (v/v) glycerol, 0.05 % (w/v) DDM, 0.01 % 
(w/v) CHS were incubated with PSC-RANTES, RANTES-E66S or 5P12‑RANTES-E66S for 
10 minutes at room temperature. The mixture was then added to Anti-FLAG M2 affinity gel 
(Sigma). After 2 hours of incubation the supernatant was removed and the gel washed three 
times with 25 mM HEPES (pH 7.5), 150 mM NaCl, 10 % (v/v) glycerol, 0.05 % (w/v) DDM, 
0.01 % (w/v) CHS. Supernatant and immunoprecipitated fractions were analyzed by Western 
blot with a RANTES-specific antibody AF-278-NA (R&D systems) and secondary HRP-
coupled anti-goat antibody (Abcam). 

Purification of 5P12-RANTES-E66S•CCR5-4m complex 
CCR5-4m was expressed in insect cells, solubilized in DDM and purified by IMAC as 

described in Chapter 4.1 except that maraviroc was not added during the procedure. 
5P12-RANTES-E66S was added in equimolar amount to the CCR5-4m IMAC elution 

fraction (yield ~1.3 mg per 1 L expression culture) and incubated for 20 min at 4 °C. The 
solution was concentrated to 500 μl using an Amicon Ultra 50 kDa MWCO (Millipore) at 4 °C 
and 2,500 g. The monomeric complex was separated by size-exclusion chromatography 
(Superdex 200 Increase 10/300 GL, GE Healthcare) in 25 mM HEPES (pH 7.5), 150 mM 
NaCl, 5 % (v/v) glycerol, 0.05 % (w/v) DDM. The complex was then concentrated with an 
Amicon Ultra-3 filtration device 50 kDa MWCO (Millipore) to the desired concentration in 
25 mM HEPES (pH 7.5), 150 mM NaCl, 5 % (v/v) glycerol, 0.05 % (w/v) DDM. 

CPM thermal-shift assay 
Protein thermal stability was measured by the microscale fluorescent stability assay as 

described in Chapter 4.1. For this 0.6 mg/mL 5P12-RANTES-E66S•CCR5-4m complex were 
prepared in 25 mM HEPES (pH 7.5), 150 mM NaCl, 5 % (v/v) glycerol, 0.05 % (w/v) DDM. 

Solution NMR and binding interface 
NMR samples (250 μl volume) of 90 μM 2H,15N- or 230 μM 2H,13C,15N-labeled 

5P12‑RANTES-E66S•CCR5-4m, 25 mM HEPES (pH 7.5), 150 mM NaCl, 0.05 % (w/v) 
DDM, 5 % (v/v) glycerol, 5 % D2O and 0.02 % NaN3 were prepared in Shigemi tubes. All 
NMR experiments were performed on a Bruker AVANCE 900 MHz spectrometer equipped 
with a TCI cryoprobe at 298 K. 

1H-15N TROSY experiments were recorded as 120 (15N) x 1024 (1H) complex points and 
acquisition times of 24 ms (15N) and 42 ms (1H). For optimal sensitivity, the 1H-15N transfer 
time was reduced to 3.6 ms and the interscan delay set to 1.3 s. Maraviroc was added in 2:1 
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stoichiometry to the complex. 15N TROSY spin-echo T2 times were determined from 1D 
1H‑detected experiments with relaxation delays of 0.2 ms, 120.2 ms (free) or 0.2 ms, 40.2 ms 
(complex) with 3.6 ms 1H-15N transfer time. The TROSY version of a 3D HNCO (267) was 
recorded with 76 (15N), 72 (13C), and 1024 (1H) complex points and acquisition times of 15.2 
ms (15N), 16.5 ms (13C), and 42.5 ms (1H) for a total experimental time of 20 hours. All NMR 
spectra were processed with NMRPipe (204) and analyzed with SPARKY (205). 

Average chemical shift differences for backbone 1H and 15N were calculated for every cross 
peak in the spectrum of free and CCR5-4m-bound 5P12-RANTES-E66S as	

∆𝛿²³ = ´∆𝛿\
+ + µ

∆𝛿W
5
·
+

 

Minimal chemical shift change differences were used for the tentative assignment of 
5P12‑RANTES-E66S in the complex (see main text). 

Initial sedimentation tests 
For initial sedimentation tests, 150 μl of 15 μM complex were centrifuged at 4 °C and 

300,000 g. 10 μl samples were taken from the top and bottom of the tube after 24 and 48 hours, 
respectively, for analysis by Coomassie-stained SDS-PAGE. The integrity of the 5P12-
RANTES-E66S•CCR5‑4m complex was tested subsequently by co-immunoprecipitation 

Solid-state NMR 
For solid-state NMR analysis of the solution precipitate, 0.3 mg of the precipitate of 

2H,13C,15N-labeled 5P12-RANTES-E66S•CCR5-4m was taken up in 15 μl 25 mM HEPES (pH 
7.5), 150 mM NaCl, 0.05 % (w/v) DDM, 5 % (v/v) glycerol, 2 % DSS (dimethyl silapentane 
sulfonate),5 mM Gd(DTPA-BMA) and filled into a 1.3 mm MAS rotor. 

For solid-state NMR analysis of sedimented receptor 500 μl of 1.9 mg/ml 2H,13C,15N-
labeled 5P12‑RANTES-E66S•CCR5-4m in 25 mM HEPES (pH 7.5), 150 mM NaCl, 0.05 % 
DDM, 5 % glycerol, 1.5 % DSS were spun for 20 hours at 700,000 g at 5 °C. The pellet was 
the transferred into a 1.3 mm MAS rotor. 

All solid-state NMR experiments were recorded by Prof. Józef Lewandowski, University of 
Warwick, United Kingdom. The experiments were performed on Bruker AVANCE 700 or 
850 MHz spectrometers equipped with Bruker 1.3 mm triple resonance probes at MAS 
frequencies of 60 kHz. The internal sample temperature was adjusted to ~298 K from the 
position of water relative to the internal standard DSS. 

2D proton-detected 1H-15N heteronuclear correlation spectra with INEPT- or CP- based 
transfer were recorded, as well as the 3D CP-based experiments (H)CONH and (H)CANH. CP 
contact times were optimized for every sample and were typically: 1H-15N 0.8-1.5 ms, 1H-13C 
~2 ms, and 13C-15N ~5 ms. 
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7 Initial characterization of 15N-valine-labeled human β2-adrenergic 
receptor by NMR 

Introduction 
The human β2-adrenergic receptor is one of the best characterized GPCRs, both by 

molecular biology and structural biology. The crystal structure of β2AR in complex with 
heterotrimeric G protein was a breakthrough in the understanding of GPCR signaling (90). 
Biophysical methods such as single-molecule fluorescence spectroscopy, double electron-
electron resonance (DEER) spectroscopy and progress in MD simulations have been used to 
characterize dynamic features of human β2AR. The results also serve as a model for other class 
A GPCRs (103, 106-108). Side-chain NMR studies of β2AR have given insights into local 
dynamics and conformational diversity (113, 115, 268, 269). So far, no backbone NMR studies 
reporting on long-range motions have been published for this receptor. Compared to turkey 
β1AR, human β2AR displays a higher stability in detergent micelles and requires less protein 
engineering. In the following, some initial experiments are described to make β2AR accessible 
for backbone NMR experiments and to establish a comparison to β1AR.  

Results 

Construct design and expression 
For the following characterization, the same β2AR construct was used as described by Liu 

et al. for 19F NMR experiments (116). The full sequence is given in the Methods section. 
Compared to the wild-type receptor, residues 245 to 259 in the third intracellular loop were 
deleted, the C-terminus was truncated after residue 348 and an N-terminal FLAG tag as well 
as a C-terminal His10x tag were added. The mutation E122W was introduced to obtain a higher 
expression yield and stability (270). 

15N-valine labeled β2AR was expressed in insect cells using valine-depleted, yeast extract-
free medium supplemented with 15N-valine as described previously for the thermostabilized 
turkey β1AR (114). 

Purification 
β2AR was solubilized in mixed DDM/CHS micelles and further purified in pure DDM 

micelles. Coomassie-stained gel after IMAC purification showed a prominent band below 
37 kDa, which is smaller than the expected molecular weight of 40 kDa due to ‘gel shifting’ 
(Figure 7.1a) (213). An additional band occurs at a slightly lower molecular weight and might 
be the result of partial proteolysis (271) or heterogenous N-glycosylation (272). 

N-glycosylation of β2AR occurs by the covalently attachment of oligosaccharides to N6 and 
N15 in the N-terminus as well as N187 in the ECL2 (273, 274). Glycosylation of β2AR was 
analyzed using PNGaseF, which hydrolyzes the N-linked oligosaccharide between the 
proximal N‑acetylglucosamine and asparagine. Western blot analysis with an antibody against 
the C‑terminal His tag revealed the heterogeneity of the β2AR sample. Treatment with 
PNGaseF resulted in a reduction of the molecular weight by ~5 kDa (Figure 7.1b), indicating 
that the β2AR expressed in insect cells was glycosylated. However, the sample still remained 
heterogenous with two bands on the Western blot.  
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An additional affinity purification step using the N-terminal FLAG tag was introduced to 
further polish the β2AR protein sample. The fractions were analyzed by Western blot using an 
antibody against the C-terminal His tag (Figure 7.1c). The low-molecular-weight species was 
detected in the wash fractions whereas the higher-molecular-weight species was bound to the 
affinity material and eluted by competition with FLAG peptide. Detection of both species by 
the poly-His antibody, but binding of only the higher-molecular-weight species to the 
M1 FLAG affinity material, indicated that proteolytic degradation of β2AR occurred at the 
N-terminus. 

 
Figure 7.1 (a) Coomassie-stained SDS-PAGE showing fractions of the IMAC purification of β2AR. (b) Western 
blot analysis of β2AR samples before and after treatment with PNGaseF using a poly-His antibody. (c) Fractions 
of the M1 FLAG affinity chromatography exploring the N-terminal FLAG tag were analyzed by Western blot 
with a poly-His antibody specific for the C-terminal tag. 

NMR characterization 
A homogeneous sample of 20 μM 15N-valine-labeled β2AR in DDM micelles was obtained 

by FLAG affinity purification and characterized using 1D and 2D NMR experiments. The 
amide region in the 1D 1H NMR spectra showed broad lines mixed with sharp signals, probably 
arising from flexible regions of the receptor (Figure 7.2a). The amide proton T2 time for folded 
parts of the protein was determined as 2.7 ms from resonances above 8 ppm. This relaxation 
time is in the expected range for an apparent molecular weight above 100 kDa experiencing 
fast transverse relaxation. The receptor signals only span a range between 6 to 9 ppm. In 
contrast, the 1H spectrum of the well-folded β1AR also contains signals above 9 ppm. The low 
spectral dispersion of β2AR is similar to the initial CCR5 samples expressed in the absence of 
yeast extract (Chapter 4.1), which was then considerably improved by the addition of yeast 
extract. This comparison seems to indicate that the β2AR preparation is not properly folded.  

This suspicion was confirmed by the appearance of the 2D 1H-15N TROSY spectrum (Figure 
7.2b), in which only a single, strong resonance was observed instead of the 32 resonances 
expected for all valines in β2AR. This single resonance has a similar chemical shift as the single 
resonance observed in the initial 15N-valine labeling attempts of CCR5 without yeast-extract 
supplementation during the insect-cell expression (Chapter 4.1).  
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Figure 7.2 Spectra of 20 μM 15N-valine-labeled β2AR in DDM micelles recorded at 298 K on a 900 MHz 
spectrometer. (a) Jump-return spin-echo 1H spectra recorded using effective relaxation delays 2Δ of 0.2 or 2.2 ms 
to estimate 1HN T2 time. (b) 1H-15N TROSY spectrum recorded for 21 hours. 

Conclusions and perspective 
The initial attempt to establish human β2AR as a comparison for the thermostabilized turkey 

β1AR was not successful. The 1H-15N TROSY spectrum of 15N-valine-labeled β2AR was of 
low spectral quality and indicated an improperly folded receptor. 15N-valine-labeled β2AR was 
expressed in insect cells using a yeast extract-depleted medium, whereas yeast extract was 
shown to be an essential component for functional expression of CCR5 (Chapter 4.1). Most 
probably β2AR is also not functionally expressed under these conditions. This indication is 
supported by biochemical data, since 15N-valine-labeled β2AR did not bind to the alprenolol 
ligand-affinity chromatography column (personal communication Shin Isogai) (275) and was 
not capable to activate G protein (personal communication Dmitry Veprintsev). Due to time 
restrictions, insect cell expression of β2AR in full medium to study the influence of yeast extract 
and to validate the purification protocols has not been performed so far. 

For future studies, human β2AR should be expressed under conditions optimized for amino 
acid-specific labeling of CCR5 (Chapter 4.1). Backbone NMR characterization could be 
integrated with biophysical data and side-chain NMR studies to understand the full extent of 
dynamics and conformational diversity. Especially, a comparison with the thermostabilized 
β1AR would be interesting. The β2AR construct is close to a wild-type GPCR and it should be 
investigated whether it gives similar spectral quality. 
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Materials and Methods 

Generation of the expression construct 
The β2AR construct was derived from the human β2AR mutant used in NMR studies (116). 

The final β2AR sequence for NMR studies is:  
DYKDDDDAGQPGNGSAFLLAPNGSHAPDHDVTQQRDEVWVVGMGIVMSLIVLAIVFGNVLVI
TAIAKFERLQTVTNYFITSLACADLVMGLAVVPFGAAHILMKMWTFGNFWCEFWTSIDVLCV
TASIWTLCVIAVDRYFAITSPFKYQSLLTKNKARVIILMVWIVSGLTSFLPIQMHWYRATHQ
EAINCYAEETCCDFFTNQAYAIASSIVSFYVPLVIMVFVYSRVFQEAKRQLQKIDKSEGRFH
VQNRSSKFCLKEHKALKTLGIIMGTFTLCWLPFFIVNIVHVIQDNLIRKEVYILLNWIGYVN
SGFNPLIYCRSPDFRIAFQELLCLRRSSLKHHHHHHHHHH 

with the green residues corresponding to the β2AR sequence. 

Expression in insect cells 
Preparation of recombinant baculovirus and expression of 15N-valine-labeled β2AR were 

carried out as described in Chapter 4.1 and according to Isogai et al. (114). 

Membrane preparation and purification 
The membrane preparation and purification of β2AR was adapted from Liu et al. (116). In 

detail, the cell pellet corresponding to 1 L expression culture was filled up to 80 ml with lysis 
buffer (10 mM HEPES pH (7.5), 10 mM MgCl2, 20 mM KCl) and cells were disrupted for 10 s 
with an electric disperser. Membranes were spun down at 142,000 g for 1 h at 4 °C. This 
membrane wash was repeated a second time with lysis buffer, a further three times with high 
osmotic buffer (lysis buffer supplemented with 1 M NaCl), and once again with lysis buffer to 
remove salt. The membrane pellet fraction was resuspended in 15 ml 10 mM HEPES (pH 7.5), 
40 % (v/v) glycerol, 10 mM MgCl2, 20 mM KCl and EDTA-free Complete protease inhibitor 
mix (Roche) and flash frozen at -80 °C. 

For solubilization, a 15-ml membrane fractions was thawed and incubated with 15 ml lysis 
buffer containing EDTA-free Complete protease inhibitor mix (Roche), 1 mM atenolol and 
2 mg/ml iodoacetamide for 1 h at 4 °C. Then 25 ml solubilization buffer [100 mM HEPES 
(pH 7.5), 300 mM NaCl, 1 % (w/v) DDM, 0.2 % CHS (w/v)] was added and incubation 
continued for 3 hours at 4 °C. After ultracentrifugation for 1 h at 140,000 g, the supernatant 
was added to 2 ml (per 1 L of culture) Talon Superflow metal affinity resin (GE Healthcare) 
and incubated overnight at 4 °C. 

The Talon resin was then washed with 10 CV 25 mM HEPES (pH 7.5), 800 mM NaCl, 
10 % (v/v) glycerol, 0.05 % (w/v) DDM, 10 mM MgCl2, 8 mM ATP, 5 mM imidazole, and 
subsequently with 5 CV 25 mM HEPES (pH 7.5), 150 mM NaCl, 10 % (v/v) glycerol, 0.05 % 
(w/v) DDM, 5 mM imidazole. β2AR was then eluted with 10 CV 25 mM HEPES (pH 7.5), 
150 mM NaCl, 10 % (v/v) glycerol, 0.05 % (w/v) DDM, 200 mM imidazole. 

β2AR was further purified by M1 FLAG affinity chromatography. For this, the sample was 
supplemented with 5 mM CaCl2, added to an Anti-FLAG M1 agarose affinity gel (Sigma-
Aldrich) and incubated overnight at 4 ℃. After a wash step with 25 mM HEPES (pH 7.5), 
150 mM NaCl, 0.05 % (w/v) DDM, 5 mM CaCl2, β2AR was eluted with 25 mM HEPES 
(pH 7.5), 150 mM NaCl, 0.05 % (w/v) DDM, 5 mM EDTA and 0.1 mg/ml FLAG peptide. The 
protein was concentrated using an Amicon centrifugal device with a 50 kDa MWCO 
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(Millipore) at 4 °C and 2,000 g. β2AR was deglycosylated by incubation with 2 μl PNGase F 
(75,000 units, NEB) for 1 h at 4 ℃. 

Gel electrophoresis and Western blotting 
Gel electrophoresis and Western blot analysis with poly-His antibody were performed as 

described in Chapter 4.1. 

NMR experiments and data analysis 
An NMR sample containing 20 μM receptor was prepared in 25 mM HEPES (pH 7.5), 

150 mM NaCl, 0.05 % (w/v) DDM and concentrated to 250 μl in a Shigemi tube and 
supplemented with 5 % D2O and 0.02 % NaN3. All NMR experiments were performed at a 
temperature of 298 K on a Bruker AVANCE 900 MHz spectrometer equipped with a TCI 
cryoprobe. Amide proton T2 times were determined from a jump-return spin-echo experiment 
(201). 1H-15N TROSY experiments were recorded with 80 (15N) x 1024 (1H) complex points 
and acquisition times of 16 ms (15N) and 42 ms (1H). For optimal sensitivity, the 1H-15N transfer 
time was reduced to 3.0 ms and the interscan delay set to 1 s. All NMR spectra were processed 
with NMRPipe (204) and analyzed with SPARKY (205). 
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