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Abstract 

NMR chemical shift changes can report on the functional dynamics of biomacromolecules 

in solution with sizes >1 MDa. However, their interpretation requires chemical shift 

assignments to individual nuclei, which for large molecules often can only be obtained by 

tedious point mutations that may interfere with function. 

We present here an efficient pseudocontact shift NMR method to assign biomacromolecules 

using bound antibodies tagged with lanthanoid DOTA chelators. The stability of the antibody 

allows positioning the DOTA tag at many surface sites, providing triangulation of the 

macromolecule nuclei at distances >60 Å. The method provides complete assignments of valine 

and tyrosine 1H-15N resonances of the b1-adrenergic receptor in various functional forms. The 

detected chemical shift changes reveal strong forces exerted onto the backbone of 

transmembrane helix 3 during signal transmission, which are absorbed by its electronic 

structure. The assignment method is applicable to any soluble biomacromolecule for which 

suitable complementary binders exist. 
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Introduction 

The observation of resonances of magnetically active atomic nuclei can provide invaluable 

information on the functional motions of biomacromolecules, which often remain undetected in 

static crystallographic or cryo-EM structures. For the interpretation of the observed resonances, 

the assignment of their frequencies to the corresponding nuclei is a prerequisite. Nuclear 

magnetic resonance (NMR) techniques developed over the last decades can achieve the 

complete backbone assignments for proteins up to about 80 kDa based on scalar couplings 

between 1H, 13C and 15N nuclear spins1. However, this approach is not practical for larger 

proteins due to fast transverse relaxation rates, which render the scalar magnetization transfer 

inefficient. In addition, resonance overlap in large proteins makes it particularly difficult to 

interpret multiple states with similar chemical shifts. Albeit specific isotope labeling can 

effectively reduce spectral complexity, the sparsity of unconnected spins further aggravates the 

problem of resonance assignments. Hence, more effective assignment methods are urgently 

needed for the NMR analysis of large proteins. 

In principle, pseudocontact shifts (PCSs) induced by unpaired electrons onto magnetic 

nuclei may provide such an assignment tool, since they can be easily observed over large 

distances (60 Å and beyond) and depend in a well-defined manner on the relative geometry of 

the electron and the nucleus. Initially, metalloproteins have been explored for this purpose, since 

their natively bound metal can often be substituted with a paramagnetic metal harboring 

unpaired electrons2. Indeed, 1H-15N backbone3 and 1H-13C methyl side chain4 resonance 

assignments of selectively labeled amino acids have been achieved in a 30-kDa complex of a 

metalloprotein based on PCS information. In a considerably larger, 300-kDa metalloprotein 

system, PCS helped the assignment of methyl resonances by resolving ambiguities encountered 

from an NOE approach5. For non-metal-binding proteins, the paramagnets need to be introduced 

by tagging the protein with suitable labels. This may be achieved by genetically encoding metal-

binding peptide sequences into loops or terminal regions6,7 or by chemically coupling synthetic 

paramagnetic tags to the protein surface at introduced cysteines or other residues8,9. A high 

rigidity of the tag itself10 and minimal motion of the tag relative to the protein11 are prerequisites 

for strong PCS. Furthermore, if the PCSs should be useful for ab initio assignments more than 

one paramagnetic position is needed to resolve ambiguities in the three-dimensional geometry 

dependence of the one-dimensional PCS observation. In practice, multiple tagging sites need to 

be screened before a single reasonably rigid tagging site can be found. This may require deleting 

native cysteine residues and inserting new ones or using non-natural amino acids, which is a 

laborious and pitfall-prone process. This problem is aggravated by the fact that sensitive proteins 



 

- 4 - 

may be affected in their function or even denatured by the introduction of the label. Thus, 

paramagnetic labeling at multiple sites constitutes a formidable practical problem. 

G protein-coupled receptors (GPCR) present an important, but challenging target for the 

dynamical analysis by solution NMR. They are transmembrane proteins which regulate many 

vital functions of the human body by recognizing extracellular ligands and transmitting this 

stimulus to intracellular signaling cascades12. Their function is achieved via highly dynamic 

equilibria between multiple active and inactive conformations, which are modulated by the 

ligands13–24. Atomic details of these dynamical equilibria and their driving forces are still largely 

unknown. 

We have recently analyzed these functional conformational equilibria by NMR in a variant 

of the turkey β1-adrenergic receptor (YY-β1AR), which was stabilized by point mutations and 

expressed in insect cells with 15N-valine isotope labeling on a non-deuterated background14,15,25. 

The total mass of the detergent-solubilized receptor exceeds 100 kDa14. Point mutations and 

proximity arguments provided 17 certain and 4 tentative assignments of the 28 observed 1H-15N 

correlations in two-dimensional TROSY spectra of YY-β1AR in an inactive conformation in 

complex with antagonists. Agonist-bound complexes showed a dynamical equilibrium between 

a preactive and an active conformation14. The active conformation largely corresponds to the 

conformation in ternary complexes with G protein or G protein-mimicking nanobodies (Nbs) 

where TM5 and TM6 have moved outward to accommodate the G protein/Nb26. However, only 

8 confirmed or tentative assignments could be obtained for the fully active conformation, since 

many of the introduced point mutations abolished the transition to the active conformation. The 

missing assignments precluded a full analysis of the dynamical equilibrium between the 

preactive and the active conformation. Attempts to obtain assignments by paramagnetic tags 

directly coupled to the receptor via introduced cysteines failed due to receptor instability and 

interference with its intrinsic cysteines and disulfide bridges. 

Here we resolve this problem of the NMR assignment of the β1AR by coupling the thulium-

loaded, rigid DOTA-M7PyridineThiazole variant (Tm-DOTA-M7PT)10,27 via nucleophilic 

aromatic substitution, SNAr, of a cysteine thiolate to nanobodies that specifically bind β1AR in 

various functional states. The robustness of the nanobodies allows easy tagging at multiple 

positions, thereby triangulating the atoms of the receptor and resolving the assignment 

ambiguities. For this reason, we term the method GPS-PCS (Global Positioning System for 

PCS). Using the GPS-PCS approach in combination with the known three-dimensional 

structures of the receptor•nanobody complexes, complete 1H-15N-valine assignments were 

obtained for several functional receptor states, which revealed hitherto undetected forces onto 
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the backbone of TM3 during activation. Once the PCS tensors are determined, the assignments 

are easily extended to other resonances of specifically labeled amino acids, such as 15N-tyrosine. 

The method should be generally applicable to all biomacromolecules for which suitable 

antibody binders exist. 

Results and Discussion 

Efficient selection of DOTA labeling sites on nanobodies 

To obtain large PCS values containing maximally independent information, the Tm-DOTA 

tag should be attached as rigidly as possible via its aromatic linker to cysteine point mutations 

at several distinct positions of the nanobody. Ideal attachment sites must be accessible for 

labeling but will also restrict the motions of the formed pyridine thiazole-cysteine linker. To 

develop a rational and efficient approach for the selection of such optimal attachment sites, we 

created a rotamer library of the Tm-DOTA-M7PT-cysteine residue (Figure 1A) with side chain 

angles at staggered rotamer positions, i.e. χ1/2 = ± 60˚, 180˚ and χ3 = ± 90˚. Nanobody amino 

acid positions were then screened by placing the resulting 18 DOTA-cysteine rotamers (Figure 

1B) with their N, Cα and C’ atoms at the corresponding nanobody backbone positions. Steric 

clashes at every amino acid position were quantified by a simple sum of van der Waals radii 

penetrations (Σvdwp) for every rotamer (Figure 1C). Typically, a Σvdwp < ~100 Å of at least one 

of the 18 rotamers corresponded to an amino acid position on the surface of the nanobody. The 

expected rigidity of the DOTA-cysteine tag was estimated by counting the number of rotamers 

with a Σvdwp below a certain threshold (60 Å proved practical). A low number of such rotamers 

is expected to yield an attached DOTA tag with high rigidity and correspondingly large PCS 

effect. 

Since we were lacking almost all assignments of YY-β1AR in its active conformation, we 

initially screened amino acids within Nb80, which binds to the agonist-bound receptor in a 

similar manner as the G protein28, using the crystal structure of β1AR in complex with the 

agonist isoprenaline and Nb80 (PDB 6h7j)29. From all Nb80 residues with a Σvdwp < 60 Å for at 

least one rotamer, we selected 7 distributed at geometrically distinct positions close to the 

receptor (Figure 1C,D, green). All of these residues could be mutated to cysteines and easily 

tagged by Tm-DOTA-M7PT. The observed 1H PCS size (rms value) of all receptor valine 

residues for the isoprenaline•YY-β1AR complexes with these Nb80 mutants confirmed that the 

number of allowed rotamers below the 60-Å Σvdwp threshold provided a crude first 

approximation of the expected PCS size (Figure 1C). Namely, residues S25 and S70 with ≥ 8 

allowed rotamers had a very small PCS rms, whereas Q39, T57, Y107, and D108 with ≦ 4 

allowed rotamers had a large PCS rms. An exception is N76 with only 1 allowed rotamer but a 
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very small PCS rms. In contrast to the other residues, N76 is located in a turn, which may cause 

additional backbone flexibility as well as large inaccuracies in steric clashes predicted from the 

cryogenic crystal structure due to the flexibility of adjacent side chains under solution 

conditions. Nevertheless, with a success rate of 4/5 this simple computational procedure 

provides a good guideline for the design of suitable nanobody mutants. 

GPS-PCS based assignment strategy 

To develop a robust assignment strategy, we concentrated first on three of the four Tm-

DOTA-tagged nanobody mutants with the largest observed PCS rms, namely Nb80-Q39C, 

Nb80-T57C, Nb80-D108C, which are distributed at distinct positions within the nanobody 

(Figure 2A). 1H-15N TROSY spectra of these mutants in complex with 15N valine-labeled 

isoprenaline•YY-β1AR are shown in Figure 2B-D in comparison with the diamagnetic 15N 

valine-labeled isoprenaline•YY-β1AR•Nb80-wt (wild-type) complex. The peak centers of the 

1H-15N resonances of individual amino acids are located on straight lines with slope 1 for the 

paramagnetic and diamagnetic complexes (Figure 2E) as expected from the relative proximity 

of their amide 1H and 15N nuclei in comparison to the large (20–65 Å) amide-paramagnetic 

center distance. The sparseness and good resolution of the 1H-15N correlations allowed 

unambiguous assignment of almost all paramagnetic and diamagnetic cross peaks to a single 

amino acid resonance. 

To use the observed PCSs for assignment, an accurate definition of the PCS tensors of the 

Tm-DOTA-tagged nanobody mutants is needed. Each tensor is defined by five intrinsic 

parameters as well as the three cartesian coordinates of the paramagnetic center. Due to the large 

distances of the paramagnetic centers to the receptor, their positions are well approximated as 

an average of Tm coordinates from the different DOTA-cysteine rotamers weighted by their van 

der Waals penetrations (see Methods). Initial assignment information for the 1H-15N resonances 

of V621.53, V1223.33, V1293.40, V1724.56, V202ECL2, and V3146.59 [superscripts indicate 

Ballesteros-Weinstein numbering30] of the isoprenaline•YY-β1AR•Nb80 complex was available 

from six point mutations14,15. These were used to obtain starting values for the 1H PCS tensors 

of the three Tm-DOTA-M7PT-tagged Nb80 complexes by fitting the observed PCS values with 

coordinates derived from three-dimensional structures of the complex and the rotamer-averaged 

Tm paramagnetic center positions. Clearly, these tensors are not yet well defined as the five 

intrinsic tensor parameters are derived from only six PCSs. 

For a further refinement of the tensors, we sought assignment of the 10 most well-resolved, 

unassigned resonances in the 1H-15N TROSY spectra (marked in blue in Figure 2K) by the 

following procedure (Figure 2F). We first calculated theoretical PCS values for all 28 valine 1H 
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resonances in the receptor using the initial tensor parameters and the coordinates of the receptor. 

These were then compared by a chi-square cost function relative to all observed 28 PCS values 

for all tensors, yielding a 28x28 cost matrix for possible assignments. For each of the 10 well-

resolved resonances, an assignment candidate was defined as the residue, which yielded the 

smallest chi-square. Each of these tentative assignments was then tested to obtain a tentative 

refined PCS tensor and a new 28x28 cost matrix. Using the latter cost matrix, a tentative total 

assignment of all resonances with minimal total chi-square was obtained by solving the 

respective combinatorial minimization problem (Figure 2G) using an efficient linear 

programing approach31. The definitive next assignment was then taken as the tentative 

assignment with the smallest total chi-square. This procedure was repeated recursively for the 

remaining well-resolved resonances. 

With the assignments augmented to 16, the final assignments of the remaining 12 resonances 

in the crowded region of the spectrum (marked in red in Figure 2K) were derived using again 

the smallest total chi-square solution of the cost matrix obtained by the linear programing 

algorithm. A comparison with previous assignments of the antagonist-bound forms of the 

receptor revealed one single inconsistency, namely an interchange of V1022.64 and V3267.36, 

which are very close in the structure and have nearly identical PCSs. After fixing these two 

assignments to their expected values, the linear programing solution for the smallest total least 

square of the cost matrix provided all other assignments automatically (Figure 2H). The 

agreement between experimental and predicted 1H PCS values is excellent (rmsd < 22 ppb, 

Pearson r > 0.997) for all three Nb80 DOTA-tagged mutants, and a visualization of the 

respective tensors reveals highly distinct spatial distributions of their induced pseudocontact 

magnetic fields (Figure 2J). 

For a quality control of this simultaneous assignment and PCS tensor refinement, it is 

instructive to analyze the development of the tensor parameters during this procedure (Figure 

2I). Whereas the tensor parameters (amplitude and direction cosines) derived from the six initial 

valine assignments deviate very strongly (e.g. more than 10-fold in amplitude for Nb80-Q39C) 

from the tensors of the final assignment of all 28 valines, the parameters quickly converge 

towards their final values after the addition of 3–5 more assignments. It should be noted that the 

automated assignment procedure via the smallest total chi-square solution of the cost matrix 

provided correct results for >80% of the unassigned resonances already with only the first 7–8 

assignments defining the PCS tensors. 
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Complete assignment of backbone valines in multiple states of YY-β1AR 

Using the same GPS-PCS approach as for the active-state YY-β1AR we also sought to 

complete the assignments of the 1H-15N valine resonances of the inactive receptor. Definite or 

tentative assignments had been achieved previously for 21 of the 28 valines by direct point 

mutations and proximity effects14,15. The nanobody Nb60 binds to the inactive form of the 

receptor32. Compared to the binary complex of YY-β1AR with the antagonist carvedilol, the 

ternary carvedilol•YY-β1AR•Nb60 exhibits only minor 1H-15N chemical shift changes, 

appearing for valines located close to the receptor nanobody binding site (Figure S1). Similarly 

only very small 1H-15N chemical shift changes are observed for the 1H-15N tyrosine resonances 

(Figure 2A, see below) of the carvedilol•YY-β1AR complex upon Nb60 binding. Thus, there 

are only very small conformational changes induced by Nb60, which is expected since this 

nanobody was selected as a binder to the inactive conformations of the highly homologous β2AR 

receptor32. 

In silico screening of Nb60 (PDB 5jqh, with β2AR replaced by β1AR PDB 4amj) for good 

DOTA labeling positions revealed similar candidate mutation sites, of which Nb60-Q39C, 

Nb60-N57C, Nb60-D107C (equivalent to residue 108 in Nb80) yielded strong induced PCS in 

the complexes of carvedilol•YY-β1AR with the DOTA-tagged Nb60 variants. Using the 

identical procedure as for the active YY-β1AR, but based on a much larger set of pre-assigned 

resonances, complete assignments besides an ambiguity of the close-by pairs V511.42/V521.43 

and V3096.54/V3126.57 could be obtained for the inactive carvedilol•YY-β1AR complex. During 

this process, previous tentative assignments by proximity effects for V561.47, V621.53, V892.52, 

V1343.45 were also corrected. 

Due to relatively small chemical shift differences, the assignment of the carvedilol•YY-

β1AR 1H-15N valine resonances is easily transferred to spectra of the YY-β1AR apo form as well 

as further binary complexes, such as the preactive isoprenaline•YY-β1AR (Figure 3A, B). In 

contrast, the binding of Nb80 to the isoprenaline•YY-β1AR complex and the subsequent 

formation of the fully active conformation induces significantly larger chemical shift 

perturbations [CSP = "∆δ!
" 25⁄ + ∆δ#!

")
$ "⁄

] throughout the receptor, which had previously 

impeded the assignment by chemical shift proximity (Figure 3C, D). Valines are widely 

distributed in b1AR, including the extracellular ligand binding region, the mid region, and the 

intracellular G protein coupling region (Figure 3E). The availability of almost complete 1H-15N 

valine resonance assignments allows now to track relevant structural backbone perturbations 

throughout YY-β1AR in multiple states (Figure 3A-C), including the highly dynamic apo and 
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agonist-bound intermediate states, which are inaccessible to high-resolution structure 

determination but are key to understanding function. 

Relative to the apo state, significant (>0.1 ppm) CSPs are detected in the orthosteric ligand-

bound forms for many valines surrounding the ligand pocket (V1223.33, V1253.36, V1724.56) and 

extending into the extracellular ends of TM5-7 (V202ECL2, V3146.59, V3267.36), indicating that 

signal initiation by the orthosteric ligand affects the whole extracellular region adjacent to the 

ligand pocket. Remarkably, the apo or isoprenaline-bound preactive receptor forms (Figure 3B) 

have broader line widths than the carvedilol-bound inactive (Figure 3A) and the ternary active 

complexes (Figure 3C), consistent with the notion that the former undergo exchange between 

several conformations on the micro- to millisecond time scale, whereas such exchange is largely 

impeded for the latter14. In the presence of the full agonist isoprenaline, we previously reported 

that backbone valines in the extracellular region undergo slow exchange between the preactive 

(~80% population) and the active conformation (~20% population)14. With the current complete 

assignment in the active state, this phenomenon is observed for many further valines in the 

extracellular and the mid regions (Figure 3D, E). 

Activation by Nb80 induces strong forces on the receptor backbone at specific locations 

Whereas the binary orthosteric ligand complexes show CSPs relative to the apo form of at 

most 0.4 ppm, considerably larger CSPs of up to 1.8 ppm are observed for certain residues when 

Nb80 forms a ternary complex with the isoprenaline-bound YY-β1AR (Figure 3D). Relative to 

the isoprenaline•YY-β1AR complex, the CSPs are particularly strong (0.5< CSP <1.8ppm) for 

valines in TM2, TM3, TM5 and TM6 (Figure 4A, B). These perturbations of the 1H-15N 

chemical shifts report on changes in the electron density surrounding these nuclei, which are 

caused by variations in hydrogen bonding and backbone conformation33,34. Thus, the strong 1H-

15N CSPs give evidence of considerable forces exerted onto the receptor backbone at specific 

locations by Nb80 binding. 

The strong CSPs induced by Nb80 at the intracellular side of TM5 (V2265.57, V2305.61) and 

TM6 (V2986.43) can be rationalized by the large outward motion of TM5 and TM6 away from 

the transmembrane 7-helix bundle that accommodates the G protein or Nb80 binding in the fully 

active conformation28,35. Furthermore, the very strong CSP of V3146.59 at the extracellular end 

of TM6 has been explained previously by a pivoting of TM6 around its center as the Nb80 pries 

the intracellular part of TM6 away from the helix bundle and pushes its extracellular part 

towards TM514. This inward motion of the extracellular end of TM6 compacts the ligand binding 

pocket and increases the affinity for agonists. We now see from the very strong CSP of V2986.43, 

preceding F2996.44 of the PIF motif, that the mid of TM6 also experiences considerable strain 
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during this motion. Further smaller, yet sizeable CSPs (Figure 4C, D) accompany the 

compaction of the binding pocket in its vicinity on TM2 (V892.52, V902.53, V942.56, V952.57, 

V1022.64), TM4 (V1654.49, V1724.56), and ECL2 (V202ECL2) as well as the overall activating 

motion in TM1 (V511.42, V521.43, V601.51, V621.53). 

TM3 is a crucial stabilizing hub absorbing forces exerted by receptor activation in its 

electronic structure 

Surprisingly, we also observe very large CSPs upon Nb80 binding for all valines (V1223.33, 

V1253.36, V1293.40 and V1343.45) in TM3 (Figure 4A-C). The importance of TM3 as a central 

stabilizing hub for the inactive and active conformation was previously postulated based on 

residue-residue contacts36,37. However, no large structural changes are observed in the mid and 

extracellular parts of TM3 of class A receptors upon activation and only its intracellular part 

undergoes a rotation of e.g. 37˚ in the β2AR36. The very strong 1H-15N CSPs induced in the TM3 

of β1AR by Nb80 binding show that the forces exerted onto the TM3 backbone by the activating 

motions extend much beyond its intracellular side and reach V1293.40, V1253.36, and V1223.33 at 

its mid and extracellular side. Thus, TM3 appears to act as central stabilizing hub, which does 

not change significantly its backbone positions upon activation, but rather absorbs the occurring 

forces within its electronic structure as evidenced by the strong 1H-15N CSPs. 

Extension of assignments to other specifically labeled residues 

With the PCS tensors available for the different DOTA-tagged Nb mutants, it is 

straightforward to extend the assignments to other nuclei in the various states of the receptor. 

As an example, we show the assignment of 15N-labeled tyrosines. Tyrosines are essential parts 

of the canonical microswitch network involved in the activation of class A GPCRs, such as 

Y1403.51 within the conserved DRY motif and Y2275.58/Y3437.53 within the TM5/TM7 YY-

bridge/NPxxY motifs14,38,39. In the inactive conformation, the side chain of Y3437.53 orients 

towards the side chain of N3397.49 in the NPxxY motif forming a water-mediated H-bond 

network, while the side chain of Y2275.58 points towards the intracellular opening of the TM 

bundle. In contrast, in the active conformation, the side chains of Y2275.58 and Y3437.53 face 

each other and connect via a water molecule, thereby subtending TM6 and stabilizing its swung-

out conformation14. 

Assignment of the key tyrosines Y2275.58 and Y3437.53  by point mutations in the active 

conformation is impossible since such mutations abolish the formation of the active 

conformation and binding of G protein or Nb8014,15. However, the assignments of all 1H-15N 

resonances of the 15N-tyrosine-labeled receptor in its active conformation were easily obtained 

by the PCSs measured in only two complexes with the paramagnetic Tm-DOTA-M7PT-Nb80-
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Q39C and -T57C (Figure 5A). A comparison to the PCS values predicted from the previously 

derived PCS tensors uniquely identified 8 out of 9 tyrosines (Figure 5B). The only remaining 

unassigned tyrosine resonance of the diamagnetic Nb80-wt complex was very weak, and no 

corresponding resonances were observed in the paramagnetic Nb80 complexes. This resonance 

was tentatively assigned to Y149ICL2 as the only remaining tyrosine. Y149ICL2 is very close to 

the Nb80 interface, its predicted paramagnetic shifts are very strong, and the resonances are 

presumably broadened due to conformational exchange. It is interesting to note that the 1H-15N 

resonances of Y1403.51 and Y2275.58 overlap in the diamagnetic spectrum, but are well separated 

in the paramagnetic spectra providing a clear assignment. The assignment of all tyrosines in the 

inactive carvedilol•YY-β1AR•Nb60 complex was achieved in an analogous way using the PCS 

information from only one paramagnetic complex with Tm-DOTA-M7PT-Nb60-Q39C and the 

proximity of active-state resonances (Figure S2). 

The obtained tyrosine assignments were easily transferred to the binary YY-β1AR 

complexes with carvedilol and isoprenaline by the close proximity of resonances, providing 

comprehensive chemical shift information on the inactive, preactive, and active states of the 

receptor (Figure 5C, D). A comparison between the inactive (carvedilol•YY-β1AR) and 

preactive (isoprenaline•YY-β1AR) complexes reveals a very strong (0.32 ppm) CSP for Y3337.43 

whereas all other resonances are only moderately (<0.15 ppm) shifted (Figure 5E). Y3337.43 

resides very close to the orthosteric pocket and apparently strongly senses the difference 

between the agonist and antagonist chemical structure. Of note, the side chain of the equivalent 

M2877.43 in the chemokine receptor CCR5 has recently been shown to be crucially involved in 

its activation40. Similar to the splitting of some of the 1H-15N valine resonances in the 

isoprenaline•YY-β1AR complex corresponding to the preactive and active conformations, also 

the 1H-15N Y3337.43 resonance is split into a major resonance for the preactive and a minor 

resonance for the active conformation, the latter being very close to the Y3337.43 resonance of 

the ternary isoprenaline•YY-β1AR•Nb80 complex (Figure 5C, D). Finally, the strongest tyrosine 

CSPs are observed between the fully active conformation in the isoprenaline•YY-β1AR•Nb80 

complex and the preactive conformation with CSPs > 0.25 ppm not only for Y1403.51, Y2275.58 

and Y3437.53 of the DRY and YY-bridge/NPxxY motifs, but also for Y2175.48 and Y2315.62 

(Figure 5F) in agreement with the strong structural perturbation of TM5. 

Conclusions 

Due to its ~100 kDa overall size, conventional triple-resonance assignment methods fail for 

the detergent-solubilized, non-deuterated β1AR produced from insect cells. Although a number 

of 1H-15N valine resonances could be assigned by tedious point mutations for the inactive and 
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preactive β1AR14,15, the latter approach proved mostly infeasible for the active receptor as many 

mutations abrogated receptor function and impeded the transition to the active conformation. 

The instability of β1AR also prevented assignments via PCS induced by paramagnetic tags 

directly attached to the receptor via cysteine chemistry. In contrast, tagging the β1AR-binding 

nanobodies by the rigid Tm-DOTA-M7PT is straightforward and very robust. Many tagging 

sites are possible, as nanobodies are evolved to be highly stable. The best tagging positions can 

even be predicted to a certain extent by a simple analysis of sterically allowed cysteine-M7PT-

DOTA side chain rotamers. In this respect, it is interesting to observe that the used tagging sites 

still allow a certain flexibility of the paramagnetic label, since the tensor amplitudes (Azz and 

rhombicity, Table S2) vary appreciably between the sites. This is also consistent with the 

varying number of allowed rotamers according to the rotamer van der Waals clash analysis. An 

improvement of the predictions of suitable tagging sites and a better understanding of DOTA 

flexibility seems possible via full-scale molecular dynamics simulations of the nanobody-

cysteine-M7PT-DOTA system. 

The observed PCSs induced by the thulium-loaded, rigid DOTA-M7PT tag are detectable 

with high sensitivity and accuracy at metal-nuclear distances even beyond 60 Å, while PRE 

effects are very moderate. Even larger distances of up to about 100 Å may become detectable 

using the even more rigid DOTA-M7Nitro tag with dysprosium loading41. It is also noted that 

the inactive conformation of the receptor as monitored by the 1H-15N resonances of valines and 

tyrosines is very little affected by the binding of the Nb60, whereas the receptor conformation 

in the Nb80-bound state is highly similar to the G protein-bond state. This can be expected for 

most antibody binders when they are developed to recognize specific conformations as in the 

case of Nb6032 and Nb8028. 

The information content of the PCS values induced by three different Tm-DOTA-M7PT 

labeling sites was sufficient to automatically assign almost all 28 (besides the interchange of the 

nearby residues V1022.64 and V3267.36) 1H-15N valine resonances of the 15N-valine-labeled 

active isoprenaline∙YY-β1AR∙Nb80 complex from only six pre-assigned valine residues and its 

known three-dimensional structure. The method hinges on the geometric information content of 

the various PCS values observed for a single nucleus. Independence of the information is 

achieved here by the variation of the paramagnetic tag positions. Additional information may 

be obtained by changing the paramagnetic lanthanides within the same DOTA tag leading to a 

change of the tensor amplitudes and directions. However, the latter may provide less 

independent information since the tensor parameters are expected to be linearly dependent. 
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It should be noted that automated assignment from PCS values is much simpler than from 

NOEs, since the function predicting the PCS value depends on the coordinates of only a single 

nucleus and not of a pair of nuclei. This gives the related cost function the form of a matrix 

trace, which can be effectively optimized by a matrix permutation using a linear programming 

approach. An equivalent solution is obtained by the ‘Hungarian method’3,42 Further simple 

extensions of this approach are possible for incomplete or ambiguous observations of PCS 

values. Once the PCS tensor parameters were determined from the 15N-valine resonance, they 

could easily be transferred to obtain full assignments of selectively 15N-tyrosine labeled 

constructs, which hitherto was impossible due to the functional importance of key residues like 

Y2275.58 and Y3437.53. It is obvious that the transfer of the tensor parameters and the same 

assignment strategy can be applied to many other selective or even uniform labeling schemes. 

Hence, GPS-PCS provides efficient assignments for unconnected magnetic nuclei in large 

systems without resorting to laborious and distorting mutagenesis. 

Nanobody binders have been developed against many different proteins for therapeutical 

and analytical purposes43,44. Their use is shown here as attachment points for paramagnetic tags 

to analyze sensitive proteins like GPCRs, which by themselves would not support attachment 

of the labels without loss of function or structure. The Nb80 and Nb60 PCS tensors determined 

for the β1AR complexes should be directly transferrable to β2AR complexes, since β1AR and 

β2AR share very high similarity in their sequences and binding epitopes for both nanobodies. 

As the tagging sites reside in the conserved main scaffold of the nanobody and not in the 

complementarity-determining regions that recognize the specific epitope45,46, the determined 

DOTA tagging sites, which provide large PCS values, can also be transferred across nanobodies. 

This is evident from the successful transfer of the sites from Nb80 to Nb60. We anticipate that 

these tagging sites can also be transferred to other nanobodies, such as Nb6, which has recently 

been introduced as an universal tool to determine the structures of many different GPCRs in 

their inactive state47. 

A further option may be to derive the PCS tensors from the nanobody resonances, instead 

of the GPCR resonances, with the goal that the tensors could be used universally for various 

recognized proteins. However, this approach may suffer from extensive line broadening due to 

PREs as well as from additional mobility between the nanobody and the recognized protein. 

Current efforts are directed to clarify these questions. 

Nanobodies, which are single-domain antibodies derived from llamas, have a molecular 

weight of only 12–15 kDa and do not significantly increase the overall ~100 kDa size of the 

detergent-solubilized GPCR and consequently the NMR linewidths. Depending on the total size 
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of the antibody complex, it may however be even possible to use single-chain variable antibody 

fragments with sizes of ~25 kDa and still achieve reasonable spectral quality. It should also be 

noted that the present β1AR was produced in insect cells in non-deuterated form and the NMR 

observations were carried out on 1H-15N backbone resonances. Considerably higher molecular 

weights as large as 1 MDa are reachable by perdeuteration and observation of 1H-13C methyl 

resonances48. 

The GPS-PCS method is not limited to antibodies obtained by immunization, but can also 

be used with any other stable biomacromolar binder. Thus the ultrastable, designed ankyrin 

repeat proteins (DARPins, 14–18 kDa) with affinities to the client protein in the picomolar 

range49 seem ideally suited for DOTA tagging since they are very easily produced and do not 

contain any disulfide bond. GPS-PCS may also be extended to protein-nucleic acid complexes 

with either the protein or the nucleic tagged by DOTA50. Considering GPCRs, it is conceivable 

to also introduce DOTA tags into the engineered miniG transducer proteins51, which could 

enable assignment of entire GPCR families in the active state. However, the stability of the 

miniG proteins under DOTA tagging and of the respective detergent-solubilized GPCR 

complexes remains to be investigated. 
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Experimental/Methods 

Protein expression and purification 

Expression of 15N-valine-labeled YY-β1AR in baculovirus-infected Sf9 cells (Oxford 

Expression Technologies) and receptor purification were carried out as described previously15. 

15N-tyrosine-labeled YY-β1AR was expressed in a similar manner, but using custom-made 

serum-free medium (SF4, BioConcept) devoid of tyrosine and yeast extract, to which 75 mg/L 

15N-tyrosine were supplemented. 

The original plasmids for Nb80/Nb60 were obtained from Jan Steyaert. Cysteine point 

mutations were introduced to both nanobodies through PCR using PhusionTM DNA Polymerase 

(Thermo Scientific). Nb80/Nb60 and their mutants were expressed in E. coli strain WK6 and 

purified according to the published protocol52. 

Site-specific labelling of single-cysteine nanobody mutants by Tm-DOTA-M7PT 

Site-specific labeling of the single-cysteine nanobody mutants with Tm-DOTA-M7PT was 

performed according to the following procedure exemplified for the mutant Nb80-D108C. A 

strock solution of Tris(2-carboxyethyl)phosphine (TCEP) in base buffer (20 mM Tris, 100 mM 

NaCl, pH 7.5) was added to 2 mL 188 µM nanobody (5.2 mg) in the same buffer to reach a 2:1 

molar TCEP:nanobody ratio. The solution was incubated overnight at 4 °C to reduce cysteine-

glutathione disulfide bonds acquired during E. coli expression. The buffer was then exchanged 

to tagging buffer (20 mM Tris, 100 mM NaCl, 0.2 mM TCEP, pH 7.5) using a 10-kDa cut-off 

Amicon Ultra centrifugal concentrator (Merck Millipore) to reach nanobody concentration of 

200 µM. A 4.5-fold molar excess of Tm-DOTA-M7PT (15 mM in acetonitrile) was then added 

to the solution and incubated in a PCMT Thermo-Shaker (Grant Instruments, Cambridge, UK) 

at 25 °C and 700 rpm until the conversion had reached 95% as monitored by high-resolution 

time-of-flight mass spectrometry (HR-TOF-MS, Figure S3) on a maXis 4G instrument (Bruker, 

Billerica, USA, accuracy ±1 Da). Reaction times varied between 5 and 64 hours (Table S1) 

apparently depending on the accessibility of individual cysteines. After the reaction, excess Tm-

DOTA-M7PT was removed from the tagged nanobody by exchanging with base buffer using a 

10-kDa cut-off Amicon Ultra centrifugal concentrator (Merck Millipore). For NMR, nanobodies 

were then concentrated to a final concentration of about 2 mM using 10-kDa cut-off Vivaspin 

centrifugal concentrators (Sartorius). 

NMR experiments 

NMR samples were prepared at a receptor concentration of 90−130 μM in 20 mM Tris, 100 

mM NaCl, 0.1% DM, 5% D2O, pH 7.5 (NMR buffer). The isoprenaline·YY-β1AR complex was 

formed by adding 1 mM isoprenaline and 2 mM sodium ascorbate to the unliganded receptor. 
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To form the ternary active complex, a 1.2-molar equivalent of wild-type Nb80 or a 1.5-molar 

equivalent of Tm-DOTA-M7PT-tagged Nb80 cysteine mutants were added to the 

isoprenaline·YY-β1AR complex. The sample of the ternary active complex was afterwards 

recycled through ligand exchange by competing out isoprenaline against carvedilol and 

releasing Nb80 to obtain the carvedilol·β1AR complex. For this, the sample was washed three 

times with NMR buffer containing 200 μM carvedilol at tenfold dilution in an Amicon Ultra 50-

kDa cutoff concentrator with 30 min incubation intervals. Wild-type Nb60 or Tm-DOTA-

M7PT-tagged Nb60 cysteine mutants were then added to the carvedilol·YY-β1AR complex at 

1.2 and 1.5-molar ratios, respectively, to form carvedilol·YY-β1AR·Nb60 complexes. 

NMR experiments were performed on a Bruker AVANCE 900 MHz spectrometer equipped 

with a TCI cryogenic probe at 304 K using sample volumes of ~270 μL in 5-mm Shigemi 

microtubes. 2D 1H-15N TROSY spectra were recorded as 80 (15N) x 1024 (1H) complex points 

and acquisition periods of 16 ms (15N) and 43 ms (1H), with total experimental times of 24-48 h 

for non-paramagnetic samples and 58-72 h for paramagnetic samples. For optimal sensitivity, 

the 1H-15N INEPT transfer time was set to 3 ms to reduce magnetization losses from relaxation. 

All NMR data were processed with the NMRpipe software package 53. Spectra were 

displayed and analyzed with the program SPARKY54. 

Generation of β1AR·Nb atom coordinates for structural analysis 

For structural analysis of the isoprenaline·β1AR·Nb80 complex in the active conformation, 

the coordinates were taken from the isoprenaline·β1AR·Nb80 structure (PDB 6h7j, chain A/C). 

A structural model of the carvedilol·β1AR·Nb60 complex in the inactive conformation was 

generated from the carazolol·β2AR·Nb60 complex structure (PDB 5jqh) using its Nb60 

coordinates (chain C) and replacing β2AR (chain A) with β1AR (chain A, PDB 4amj) via the 

PyMOL55 alignment procedure. Hydrogens were added to both structures using MolProbity56.  

Tm-DOTA-M7PT-cysteine rotamer clash analysis 

Coordinates of the Tm-DOTA-M7PT molecule were obtained by DFT calculations as 

described27. This molecule was then fitted by PyMOL55 onto a standard cysteine residue at the 

corresponding Cβ-Sγ bond and merged to form the Tm-DOTA-M7PT-cysteine residue (Figure 

1A). A set 18 staggered side chain rotamers of this residue was then created within PyMOL by 

setting the respective angles χ1/2 = ± 60˚, 180˚ and χ3 = ± 90. Each of these rotamers was then 

moved consecutively onto the residues of the target protein of interest (Nb) by superimposing 

the N, Cα, and C’ backbone atoms using a Python script. Steric clashes were then calculated as 

the sum of the van der Waals penetrations Σvdwp = ΣA,B pAB of all atom pairs A, B from the 

sidechain of the DOTA-cysteine residue and the target protein. The individual penetrations pAB 
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of the two atoms are set to pAB = (Rvdw,A+Rvdw,B) – rAB if rAB < (Rvdw,A+Rvdw,B) and 0 otherwise, 

where Rvdw,A/B represent the atoms’ van der Waals radii and rAB their distance. A very crude 

probability pi of an individual side chain rotamer i was obtained as pi = A exp(-Σvdwp,i/kT) using 

a fictive thermal energy kT and the normalization constant A derived from the condition Σi pi = 

1. Tests in the range kT = 5–100 Å showed that a value kT = 30 Å provided reasonable rotamer 

distributions, i.e. not too tight for larger side chain crevices at the surface, but more constrained 

for narrower crevices. These probabilities were then used to obtain an estimate for the averaged 

position of the paramagnetic Tm center !𝑅#⃗  !"& = ∑ 𝑝#𝑅#⃗#  !",#. 

Fitting of the PCS tensor by SVD 

The PCS tensors were obtained from the measured PCS values (relative to a wild-type Nb 

complex), the estimated averaged position of the paramagnetic Tm center *𝑅,⃗  &'/, and the Nb 

complex coordinates by least-squares fitting with singular value decomposition (SVD) 

implemented in Python using the described linear equations57,58. The tensor parameters were 

then outputted with the Euler angle Paramagpy57 convention by using its subroutines 

(Supplementary Table S2) and visualized by PyMOL55. 

Solution of the best-matching assignment permutation problem 

To obtain the best-matching assignment for a set of N NMR resonances and measured PCS 

values to the theoretical PCS values of the respective N nuclei, an N x N cost matrix C was 

generated containing the χ2
 differences between measured and theoretical values as Cij = 

[PCSmeas(resonance i) – PCStheo(nucleus j)]2 (Figure 2G). The best best-matching assignment is 

then given as the permutation matrix Pmin of all resonances, which minimize trace(P∙C). A 

solution to this problem, which is efficient even for large N, was recently described using a 

simple, linear programing approach31. This approach was implemented using SciPy59. 
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Figure legends 

Figure 1. Rational selection of DOTA labeling sites from steric constraints on side chain 

rotamers. (A) Chemical structure of Tm-DOTA-M7PT-cysteine residue with side chain rotamer 

angles χ1-3. (B) Left: superimposed stick models of the 18 possible side chain rotamers of Tm-

DOTA-M7PT-cysteine. The cysteine backbone heavy atoms are shown as spheres. Right: Tm-

DOTA-M7PT-cysteine side chain rotamers superimposed onto residue position T57 of Nb80 

(PDB 6h7j). The two rotamers with the smallest steric clashes (Σvdwp < 30 Å) are shown as solid, 

colored sticks, the other rotamers with significant steric clashes as grey transparent sticks, and 

the remainder of Nb80 as transparent spheres. (C) Count of rotamers of an individual Nb80 

residue, for which the van der Waals clash sum (Σvdwp) are smaller than 60 Å, plotted against 

the minimal van der Waals clash sum (min. Σvdwp) of all rotamers for the respective residue (left) 

and against the rms of the observed PCS values of the 1HN valine resonances in YY-β1AR. (D) 

Positions of residues in Nb80 that were tested for DOTA tagging by cysteine mutations. The 

residues are shown as green spheres within the β1AR∙Nb80 complex structure (PDB 6h7j). 

 

Figure 2. Detection of PCSs induced by three different Nb80-DOTA variants on YY-β1AR 

valine residues and automated assignment procedure of respective 1H-15N resonances. (A) Left: 

structure of β1AR∙Nb80 complex (PDB 6h7j). Valines are shown as blue spheres within β1AR. 

Right: positions of Tm-DOTA-M7PT-cysteine residues (spheres) in the Nb80-

Q39C/T57C/D108C variants that induced strong PCSs within YY-β1AR (only one sidechain 

rotamer is shown). (B–D) 1H-15N TROSY spectra of 15N-valine isoprenaline∙YY-β1AR in 

complexes with the Nb80-DOTA variants (colored) shown in (A) superimposed onto the 

spectrum of isoprenaline∙YY-β1AR in complex with wild-type Nb80 (black). (E) Superpositions 

of 1H-15N resonance positions of the spectra shown in (B–D) marked by the assigned valine 

residue numbers. (F) Algorithm for automated assignment of all 28 1H-15N valine YY-β1AR 

resonances based on PCS observations from several DOTA sites and 6 initial assignments. (G) 

Illustration of assignment cost matrix. (H) Evolution of the YY-β1AR valine assignments during 

the automated assignment algorithm. (I) Evolution of the PCS tensors for the three Nb80-DOTA 

variants during the automated assignment algorithm. Solid lines depict the amplitudes of the 

tensors relative to their final values obtained from all 28 assignments. Dashed lines depict the 

directional cosines of the tensors relative to their final values. (J) Predicted vs experimental 1H 

valine YY-β1AR PCS values for the three different Nb80-DOTA variants according to the final 

assignments and tensor values. The spatial distributions of the PCS tensors within the 

β1AR∙Nb80 complex structures are shown on the right. Positive (blue) and negative (red) 

isosurfaces indicate a PCS of 1.0/0.2 ppm (inner sphere/outer sphere). (K) Final assignment of 
1H-15N valine resonances marked on the TROSY spectrum of the isoprenaline∙YY-

β1AR∙Nb80(wild-type) complex. The labels are color-coded as black for the 6 initially known 

assignments, blue for the additional 10 most well-resolved resonances, and red for the 

resonances in the crowded region of the spectrum. 

 

Figure 3. NMR response of YY-β1AR to antagonist, agonist and Nb80 binding. (A,B,C) 1H-15N 

TROSY spectra of 15N-valine labeled YY-β1AR complexed with antagonist carvedilol (A, 

magenta), full agonist isoprenaline (B, marine), and isoprenaline/Nb80 (C, orange) 

superimposed onto the spectrum of the apo state (black). Larger peak shifts are indicated by red 
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dashed lines. (D) Combined 1H, 15N chemical shift perturbations CSP of all 28 valine resonances 

observed in carvedilol- (magenta), isoprenaline- (marine), and isoprenaline/Nb80- (orange) 

bound forms relative to the apo form. (E) Structure of β1AR in complex with isoprenaline (PDB 

2y03). The protein backbone and isoprenaline are shown in ribbon and black stick 

representation, respectively. Individual valines are depicted as spheres. Red spheres indicate 

valines, for which resonances corresponding to both the preactive and active conformation are 

observed in the isoprenaline-bound state. These valines are also marked in (D) by red dots 

underneath the residue numbers. Valines, for which the active conformation could not (yet) be 

observed in the isoprenaline-bound state, are shown as blue spheres. Asterisks denote tentative 

assignments. 
 

Figure 4. Global backbone perturbation of YY-β1AR upon Nb80 binding. (A) 1H-15N TROSY 

spectrum of 15N-valine YY-β1AR complexed with isoprenaline and Nb80 (orange) 

superimposed onto spectrum of isoprenaline-bound 15N-valine YY-β1AR. Larger peak shifts are 

indicated as dashed lines, very large shifts (CSP > 0.5 ppm) are highlighted in red. (B) 

Localization of valines (red circles) with very large shifts (CSP > 0.5 ppm) within a schematic 

presentation of YY-β1AR. (C,D) Structural changes and chemical shift difference of valines 

analyzed in individual transmembrane helices and loop regions of β1AR. In (C), transmembrane 

helices of the isoprenaline∙β1AR complex structure (PDB 2y03, grey) are superimposed onto 

the helices of the isoprenaline∙β1AR∙Nb80 complex structure (PDB 6h7j, colored). Backbone 

nitrogens of valines are shown as spheres in red (CSP > 0.5 ppm), orange (0.1 < CSP < 0.5 ppm) 

and grey (CSP < 0.1 ppm). Asterisks denote tentative assignments. 

 

Figure 5. Application of the GPS-PCS method to the assignment of 15N-tyrosines in YY-β1AR. 

(A) 1H-15N TROSY spectra of 15N-tyrosine labeled isoprenaline∙YY-β1AR in complexes with 

paramagnetic Tm-DOTA-M7PT-tagged Nb80-Q39C (blue) and Nb80-T57C (green) as well as 

diamagnetic wild-type Nb80. The PCSs are indicated by solid red lines, except for Y149 

(marked by asterisk), for which the paramagnetic-shifted resonances were not observed. 

Resonances marked by ‘i’ originate from an unidentified low-molecular weight impurity and 

were insensitive to paramagnetic shifts. (B) Experimental 1HN PCSs of the tyrosine residues 

versus 1HN PCSs predicted using the PCS tensors obtained from the valine assignments. (C) 1H-
15N TROSY spectra of 15N-tyrosine labeled YY-β1AR in complex with antagonist carvedilol 

(magenta) and full agonist isoprenaline (marine). The Y333 resonances are connected by a black 

dashed line to highlight the shift from the inactive to the preactive state, as well as the 

coexistence of the preactive (p) and active (a) conformation of the isoprenaline∙YY-β1AR 

complex. (D) 1H-15N TROSY spectra of 15N-tyrosine labeled YY-β1AR in complex with agonist 

isoprenaline (marine), and both isoprenaline and Nb80 (orange). Larger peak shifts are indicated 

as dashed lines, particularly large shifts (CSP > 0.25 ppm) are highlighted in red. (E) CSP 

analysis of all 9 tyrosine 1H-15N resonances in YY-β1AR for the transition from the inactive 

(carvedilol complex) to the preactive (isoprenaline complex) conformation (marine) and from 

the preactive to the active (isoprenaline + Nb80 complex) conformation (orange). (F) Aligned 

structures of isoprenaline∙β1AR complex (PDB 2y03, marine), and isoprenaline∙β1AR∙Nb80 

complex (PDB 6h7j, orange). Backbone nitrogen atoms (spheres) and side chains (sticks) of 

tyrosines are shown in red (CSP > 0.25 ppm) and grey (CSP < 0.25 ppm). 
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Supporting Information 

Supporting Figure and Tables: NMR spectra of Nb60-bound 15N-valine and 15N-tyrosine YY-
β1AR, mass spectra of Tm-DOTA-M7PT labeling reaction, labeling reaction times, parameters 
of fitted PCS tensors. 
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Figure S1. Detection of PCSs induced by three different Nb60-DOTA variants on YY-β1AR 

valine residues. (A) 1H-15N TROSY spectrum of 15N-valine YY-β1AR complexed with 

carvedilol (magenta) superimposed onto spectrum of 15N-valine YY-β1AR complexed with both 

carvedilol and Nb60-wt (black). The labels are color-coded as black for the previously assigned 

valines through point mutations, green for assignments corrected by GPS-PCS, blue for the 

assignments newly established by GPS-PCS. (B) Transmembrane helices of the carvedilol∙β1AR 

complex structure (PDB 4amj, cyan) superimposed onto the helices of the carazolol∙β2AR∙Nb60 

complex structure (PDB 5jqh, green for β2AR and magenta for Nb60). Valines are shown as 

blue spheres. Valines with minor chemical shift changes upon Nb60 binding (see panel A) are 

marked with residue numbers. (C-E) 1H-15N TROSY spectra of 15N-valine carvedilol∙YY-β1AR 

in complex with the Nb60-DOTA variants (colored) superimposed onto the spectrum of 

carvedilol∙YY-β1AR in complex with wild-type Nb60 (black). (F-H) Predicted vs experimental 
1H valine YY-β1AR PCS values for the three different Nb60-DOTA variants according to the 

final assignments and tensor values. The spatial distributions of the PCS tensors within the 

β1AR∙Nb60 complex structures are shown on the top left in each figure. Positive (blue) and 

negative (red) isosurfaces indicate a PCS of 1.0/0.2 ppm (inner sphere/outer sphere). 
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Figure S2. Application of the GPS-PCS method to the assignment of 15N-tyrosines in YY-β1AR 

in the inactive state. (A) 1H-15N TROSY spectrum of 15N-tyrosine YY-β1AR complexed with 

carvedilol (magenta) superimposed onto the spectrum of 15N-tyrosine YY-β1AR complexed 

with both carvedilol and wild-type Nb60 (black). (B) 1H-15N TROSY spectrum of 15N-tyrosine 

carvedilol∙YY-β1AR in complex with the Tm-DOTA-M7PT-tagged Nb60-Q39C variant (blue) 

superimposed onto the spectrum of carvedilol∙YY-β1AR in complex with wild-type Nb60 

(black). The PCSs are indicated by solid red lines. Resonances marked by ‘i’ originate from an 

unidentified low-molecular weight impurity and were insensitive to paramagnetic shifts. (C) 

Transmembrane helices of the carvedilol∙β1AR complex structure (PDB 4amj, cyan) 

superimposed onto the helices of the carazolol∙β2AR∙Nb60 complex structure (PDB 5jqh, green 

for β2AR and magenta for Nb60). The close-up shows the significant reorientation of the 

tyrosine in ICL2 (Y149ICL2 in β2AR, Y149ICL2 in β1AR) that appears induced by the Nb60 

binding. 
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Figure S3: Monitoring of the Tm-DOTA-M7PT labelling reaction of nanobody cysteine 

mutants by high-resolution time-of-flight mass spectrometry. Example of Nb80-D108C before 

(A) and after (B) site-selective spin labelling. A: m/z for [Nb80-D108C+H]+ calculated: 

13753.6426, detected: 13753.6029; B: m/z for [Nb80-D108C-Tm-DOTA-M7PT+H]+ 

calculated: 14509.8420, detected: 14510.4456. 
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Supplementary Tables 

Table S1: Spin labelling reaction times of the different nanobody single-cysteine mutants 

determined by high-resolution time-of-flight mass spectrometry. The reaction times vary 

depending on the accessibility of the cysteine. 
 
nanobody reaction time [h] 
Nb80-S25C 6.0 
Nb80-Q39C 7.3 
Nb80-T57C 21 
Nb80-S70C 6.0 
Nb80-N76C 23 
Nb80-Y107C 18 
Nb80-D108C 12.5 
Nb60-Q39C 7.3 
Nb60-T57C 64 
Nb60-D107C 22 

 

Table S2: Parameters of fitted PCS tensors listed in Paramagpy(Orton et al., 2020) convention: 

amplitude Azz, rhombicity, metal coordinates (x, y, z), and tensor Euler angles (α, β, γ). The 

coordinates are given in the coordinate system of PBD 6h7j (Nb80) and 5jqh (Nb60).  
 

 
Nb80 

  
Nb60 

  

Tm-DOTA-M7PT 

variant 
Q39C T57C D108C Q39C T57C D107C 

Azz
1) 43.305 34.561 62.983 46.534 38.618 56.582 

rhombicity1) 12.258 12.264 8.465 19.2 16.802 14.101 

x2)  64.907 53.542 57.832 8.974 26.106 13.268 

y  -20.276 -33.787 -23.017 -20.226 -42.201 -20.01 

z  -17.98 -44.562 -22.11 -6.344 -18.765 -18.279 

α3) 108.9 30.369 115.353 137.441 133.186 6.869 

β 151.095 53.466 99.92 107.063 68.882 88.426 

γ 0.179 40.743 32.919 79.731 177.003 34.756 

 

1) in 10-32 m3 

2) in Å 

3) in degrees 
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