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Abstract: A sterically overcrowded lanthanide chelating tag was synthesized in order to investigate the influence on the obtained pseudocontact shifts and the anisotropic part of magnetic susceptibility tensor, when compared to the predecessor DOTA-M8-(4R4S)-SSPy. For the first time, a concise synthetic route is presented for isopropyl-substituted cyclen, the macrocyclic scaffold of the lanthanide chelating tag, delivering the macrocycle in overall yield of 6% over 11 steps. The geometry of the lutetium complex was assigned by ROESY experiments to adopt exclusively a Λ(δδδδ) conformation and DFT calculations confirmed a stabilization of 32.6 kJmol–1 compared to the Δ(δδδδ) conformer. The highly rigidified lanthanide chelating tag induces strong pseudocontact shifts of up to 6.5 ppm on ubiquitin S57C, shows significantly improved tensor properties when compared to its predecessor and constitutes a highly promising starting point for further developments of lanthanide chelating tags.
Introduction
Pseudocontact shifts (PCS) and residual dipolar couplings (RDC) generated by lanthanide chelating tags (LCT) yield valuable structural restraints for the analysis of structure, dynamics and ligand-binding of proteins in solution.1-20 In order to access valuable structural restraints by PCS measurements, stereo-specifically methyl substituted 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)-based chelators present a suitable scaffold.9, 19, 21, 22 As investigated by Ranganathan et al., the methyl substituents on the nitrogen containing macrocycle in a lanthanide complex adopt an equatorial-upper position,23, 24 i.e. the substituents point away from the metal centre in order to accommodate the metal ion in the ligand cavity. In order to obtain only one signal set in 1H-15N HSQC experiments and induce strong paramagnetic effects for the investigation of biomacromolecules in solution, it is mandatory to lock not only the 12-membered ring,9 but also the pendant arms of the chelator in one conformation. As shown by Joss et al., Tm- and Dy-DOTA-M8-(4R4S)-SSPy adopt a Λ(δδδδ) conformation resulting in a single set of peaks in 1H-15N HSQC spectra.19
We supposed that introduction of isopropyl substituents on the macrocyclic scaffold yields a lanthanide chelating tag with improved tensor properties when compared to the DOTA-M8-(4R4S)-SSPy tag, since translational and rotational movements of the tag relative to the protein should be significantly hindered. Furthermore, any remaining small amplitude vibrations of the pendant arms should be decreased by the sterically more compact packing of the isopropyl groups. We therefore envisioned the synthesis of a new isopropyl-substituted lanthanide chelating tag (Figure 1) and its corresponding macrocyclic scaffold based on the presence of already published synthetic routes for related targets.8, 9, 21, 22, 25, 26 



[bookmark: _Ref510451020]Figure 1: Structure of a metal complex of P4M4-DOTA in SAP conformation.

However, published synthetic routes for the tetra-methyl analogue did not yield useful quantities in the case of the tetra-isopropyl cyclen. Therefore, we developed a new synthetic route with two reductive aminations as key steps to overcome the hampered reactivity due to highly sterically crowded substrates. Following the total synthesis of the macrocyclic scaffold, we produced Dy-, Tm-, and Lu-P4M4-DOTA (P4M4-DOTA: (2R,2'R,2''R)-2,2',2''-((2S,5S,8S,11S)-2,5,8,11-tetraisopropyl-10-((R)-1-oxo-1-((2-(pyridin-2-yldisulfaneyl)ethyl)amino)propan-2-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)tripropionate) and conjugated each lanthanide complex to ubiquitin S57C and a selectively 15N leucine labelled human carbonic anhydrase II (hCA II) S166C protein construct. The obtained spectra, tensor sizes and orientations as well as tag mobility of the complexes when attached to the protein were analysed.


Results and Discussion
Synthesis of macrocyclic scaffold
In order to have synthetic access to the macrocyclic scaffold of the P4M4 tag, we attempted its synthesis based on published routes to related targets.21, 22, 25, 26 However, all previously used synthetic routes to related targets failed for our isopropyl-substituted macrocycle or gave only mixtures of products not useful for the generation of a lanthanide chelating tag suitable for PCS NMR spectroscopy. The stepwise aziridine synthesis published in 2009 by Kamioka et al. constitutes an intellectually very appealing approach, but the employed reagents are known to be very toxic and highly cancerogenic.8 We then decided to develop a new route towards this macrocyclic scaffold with the formation of the highly sterically crowded tetravaline-analogue by using reductive aminations as key reactions (Figure 2). For the high yielding macrocyclization, previous knowledge from our group was leveraged.20



[bookmark: _Ref513916185]Figure 2: Retrosynthetic key steps of the synthesis of the new tetraisopropyl-substituted macrocyclic polyamine.

The reductive aminations were envisioned as ideal reactions to couple the different parts of the sterically overcrowded tetravaline-analogue, since a synthetic strategy based on a HATU coupling of two valine-derived dimers did not yield the tetravaline-analogue in sufficient quantities.
The final synthetic route of the new macrocycle comprises 11 steps and is depicted in Figure 3, 4 and 5.



Figure 3: Formation of the required sterically overcrowded tetravaline analogue (Part I).

Cbz protected valine (1) and valine methyl ester (2) were used as inexpensive and readily available chiral building blocks and coupled employing T3P to give dipeptide 3. Subsequent reduction to alcohol 4 and mild oxidation by IBX27, 28 furnished the corresponding aldehyde 5, which is then reacted in a reductive amination with valine tert-butyl ester in order to yield trimeric structure 6.



[bookmark: _Ref513982762]Figure 4: Formation of the required sterically overcrowded tetravaline analogue (Part II).

The trimeric peptide analogue 6 undergoes a Cbz deprotection by hydrogenation and is then reacted with Cbz-valinal in a reductive amination to give tetrameric peptide analogue 8. In order to yield the sterically overcrowded but flexible tetravaline analogue 9, the tetrameric structure 8 was benzylated with benzyl bromide using potassium iodide as catalyst, accelerating the reaction via an in situ Finkelstein reaction of benzyl bromide to benzyl iodide.



[bookmark: _Ref513982776]Figure 5: Cyclization of the flexible tetravaline analogue and subsequent steps towards the final product.

Tetravaline analogue 9 was deprotected using HBr in acetic acid and readily underwent cyclization in order to give bislactam 11. Bislactam 11 was then transformed in two steps, a TMSCl activated lithium aluminium hydride reduction29 and a benzyl deprotection by transfer hydrogenation, to the final product (13).
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[bookmark: _Ref533408876]Figure 6: Crystal structure of isopropyl-substituted cyclen (CCDC 1917602): top view (left), diagonal view confirming the all-(S) configuration and the preferred conformation with all isopropyl substituents in the equatorial position (right).

The crystal structure obtained for the final product shows the positioning of the isopropyl-substituents in four-fold equatorial position (Figure 6). While the pro-(R) methyl group of the isopropyl substituent is arranged in a plus-synclinal conformation, the pro-(S) methyl group is positioned in an antiperiplanar fashion (dihedral angle N-CCH-CCH-CMe).
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Figure 7: Overlay of 1H-15N HSQC spectra of Tm-DOTA-M8-(4R4S)-UbS57C (pos. contours: orange, neg. contours: pale orange) with Tm- (pos. contours: blue, neg. contours: pale blue) and Lu-P4M4-DOTA-UbS57C (pos. contours: black, neg. contours: grey) measured in 10 mM phosphate buffer with pH 6.0 at a temperature of 298 K on a 600 MHz Bruker Avance III NMR spectrometer equipped with a cryogenic QCI-F probe. Annotated cross-peaks highlight large PCS and the increase in PCS when comparing Tm-P4M4-DOTA and Tm-DOTA-M8-(4R4S)-SSPy. Negative peaks with a 1H shift around 7.0 ppm and a 15N shift around 117.5 ppm constitute aliased signals from arginine sidechains.
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Figure 8: Overlay of 1H-15N HSQC spectra of Dy-DOTA-M8-(4R4S)-UbS57C (pos. contours: orange, neg. contours: pale orange) with Dy- (pos. contours: blue, neg. contours: pale blue) and Lu-P4M4-DOTA-UbS57C (pos. contours: black, neg. contours: grey) measured in 10 mM phosphate buffer with pH 6.0 at a temperature of 298 K on a 600 MHz Bruker Avance III NMR spectrometer equipped with a cryogenic QCI-F probe. Annotated cross-peaks highlight large PCS and the increase in PCS when comparing Dy-P4M4-DOTA and Dy-DOTA-M8-(4R4S)-SSPy. Negative peaks with a 1H shift around 7.0 ppm and a 15N shift around 117.5 ppm constitute aliased signals from arginine sidechains.
[bookmark: _Ref510567079]
Table 1: Properties of the induced anisotropy of the magnetic susceptibility tensors of Ln-P4M4-DOTA measured on ubiquitin S57C at 298K and pH 6.0.

	LCT
	No PCS
	Ln3+
	∆χax (10-32 m3)
	∆χrh (10-32 m3)
	Xmetal
	Ymetal
	Zmetal
	α
	β
	γ
	Q (%)
	Ref.

	P4M4-DOTA
	72
	Dy
	-16.658
	-7.464
	16.415
	13.574
	7.093
	149.745
	43.008
	42.652
	5.2
	This
work

	
	70
	Tm
	25.982
	1.026
	17.331
	13.532
	9.620
	161.276
	53.147
	50.696
	1.4
	

	
	No PCS
	Ln3+
	∆χax (10-32 m3)
	∆χrh (10-32 m3)
	Xmetal
	Ymetal
	Zmetal
	α
	β
	γ
	Q (%)
	Ref.

	DOTA-M8-(4R4S)
	74
	Dy
	-8.7
	-4.1
	16.8
	14.6
	9.0
	160.0
	37.6
	37.2
	13.6
	[19]

	
	68
	Tm
	19.6
	3.0
	16.8
	14.6
	9.0
	174.7
	44.9
	83.9
	6.2
	

	
	No RDC
	Ln3+
	∆χax (10-32 m3)
	∆χrh (10-32 m3)
	Xmetal
	Ymetal
	Zmetal
	α
	β
	γ
	Q (%)
	Ref.

	P4M4-DOTA
	72
	Dy
	14.054
	-4.818
	16.415
	13.574
	7.093
	-106.53
	-131.81
	158.00
	31.4
	This
work

	
	70
	Tm
	20.022
	7.336
	17.331
	13.532
	9.620
	-115.2
	-126.3
	160.6
	30.1
	



Synthesis of Ln-P4M4-DOTA
Ln-P4M4-DOTA was synthesized using a similar reaction sequence as in the procedures reported in Häussinger et al. for the Lu-DOTA-M8-(4R4S)-SSPy tag.9 For the alkylation steps, solvents were modified and excess triflate was used. The final tag showed only one species for Lu-P4M4-DOTA, which was assigned by ROESY experiments to adopt a Λ(δδδδ) (SAP) conformation (Spectra in SI, p. 22). The two strongly paramagnetic complexes most likely adopt the same conformation based on the virtually identical retention time in HPLC measurements (HPLC traces in SI, Figure S4-S14) and the energetic bias of the LCT towards a SAP conformation of 26.6-32.6 kJmol‑1 estimated by DFT calculations using an implicit water solvent model (energies in Table S10).

Properties of the isopropyl substituted lanthanide chelating tag when attached to Ubiquitin S57C
In order to test the properties of the new lanthanide chelating tag, we attached it to an ubiquitin S57C construct and subjected it to HSQC experiments. Despite the increased hydrophobicity of Ln-P4M4-DOTA when compared to its methyl substituted predecessor (Ln-DOTA-M8-(4R4S)),19 Ln-P4M4-DOTA is entirely water soluble and causes no precipitation of the proteins investigated upon addition and conjugation of the LCT. In a first step we compared untagged protein to diamagnetic Lu-P4M4-DOTA-UbS57C and found only minor, and very localized shifts in the immediate vicinity of the tagging site (Figure S24). The tag shows pseudocontact shifts up to 6.5 ppm when attached to ubiquitin S57C and the PCS and tensor anisotropies observed for Ln-P4M4-DOTA upon attachment to the protein are significantly increased when compared to its methylated predecessor (Figures 7, 8, Table 1). The magnitude of the obtained PCS and anisotropy parameters as well as the straightforward application places Ln-P4M4-DOTA among the best performing LCT currently available.3, 9, 11, 17, 19, 30, 31
The enhanced PCS could be attributed to one or more of the following factors: (i) decreased small amplitude vibrations of the scaffold, (ii) different positioning of the oxygen donor atoms of the side arms relative to the nitrogen donors of the basal cyclen, which was shown by Mironov et al.32 to significantly affect the observed anisotropies, (iii) altered mobility or rotation of the tag on the proteins surface. As can be seen from the calculated structure of the Lu-P4M4-DOTA complex, the isopropyl groups on the backbone lead to extreme overcrowding of the chelating cage (Figure 9). 



[image: ]
Figure 9: Left: Calculated DFT structure of Lu-P4M4-DOTA, top and side view, SPy activator omitted for clarity; Right: ROE correlations suggesting one preferred conformation of the isopropyl groups of Lu-P4M4-DOTA due to the steric overcrowding.


ROESY experiments support this view and show significantly stronger ROE correlations from the side-arm methyl groups and CH-groups of the basic ring scaffold to the pro-(R) methyl substituents of the isopropyl groups, indicating only one preferred conformation (Figure 9).
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Figure 10: The tensors generated by the thulium (left) and dysprosium complex (right) and their relative orientation to ubiquitin S57C (PCS isosurfaces set to 0.2 ppm (outer layer) and 0.8 ppm (inner layer)).

In terms of the coordination geometry of the ligand, the performed DFT calculations show that the position of the donor atoms differs only by a distance of up to 0.11 Å when comparing the isopropyl and the methyl variant of the LCT (Figures S25, S26). These small changes in the geometry of the LCT are also reflected in the intrinsic proton shift range of Dy-P4M4-DOTA, which is enhanced by 70 ppm when compared with its predecessor, and the intrinsic shift range of Tm-P4M4-DOTA, which is contracted by 50 ppm (Spectra in SI, p. 23). 
In order to investigate the mobility of the newly developed lanthanide chelating tag on the proteins surface, the metal centre distribution was modelled using a method developed by Suturina et al. (Figure 11).33-35 In PCS NMR spectroscopy, usually the point paramagnetic centre approximation is applied. Since the protein is measured in solution at room temperature and LCTs show remaining flexibility, the metal position can be more realistically described by using the probability density of the metal position. The approach by Suturina et al. allows to extract the metal position probability distribution by a Tikhonov-regularised 3D reconstruction and a partial differential equation, which is used to describe the PCS on the basis of a non-point electron probability density.34, 36

[image: C:\Users\Daniel\Desktop\Isopropyl_substituted_Tag\kuprov.png]
Figure 11: Distribution of the metal position for Tm-DOTA-M8-(4R4S)-UbS57C (upper left), Tm-P4M4-DOTA-UbS57C (lower left), Dy-DOTA-M8-(4R4S)-UbS57C (upper right) and Dy-P4M4-DOTA-UbS57C (lower right). The metal position distribution is depicted as colour gradient (red = high occupancy, white = very low occupancy. The metal position is restricted to the boundaries of the red cube. The centre of this cube is given by the initial metal position obtained from the point paramagnetic centre approximation resulting from the fitting of the PCS using Spinach. The blue wireframe represents the ubiquitin structure (PDB 1UBI37).

The obtained results for the calculated metal distribution show that the tag is immobilized to the same extent for both P4M4-DOTA and DOTA-M8-(4R4S)-SSPy (Figure 11). 
We can therefore conclude, that most likely the enhanced tensor properties for the P4M4-DOTA tag have their major origin in less averaging of the PCS by decreased rotation of the tag in its position on the surface of the protein. In addition, most likely the decrease of the remaining small amplitude vibrations of the donor atoms of the pendant arms of the ligand further enhances the size of the shifts obtained with the P4M4-DOTA tag.


[image: ]
Figure 12: Overlay of 1H-15N HSQC spectra of selectively 15N labelled hCA II S166C labelled with Tm-DOTA-M8-(4R4S)-SSPy (pos. contours: orange, neg. contours: pale orange) and Tm- (pos. contours: blue, neg. contours: pale blue) and Lu-P4M4-DOTA (pos. contours: black, neg. contours: grey) measured in 10 mM phosphate buffer with pH 6.8 at a temperature of 298 K on a 600 MHz Bruker Avance III NMR spectrometer equipped with a cryogenic QCI-F probe. Annotated cross-peaks highlight large PCS and the increase in PCS when comparing Tm-P4M4-DOTA and Tm-DOTA-M8-(4R4S)-SSPy. Crosspeaks close to the water resonance are shown in an extra panel to the right with lower contour levels.
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Figure 13: Overlay of 1H-15N HSQC spectra of selectively 15N labelled hCA II S166C labelled with Dy-DOTA-M8-(4R4S)-SSPy (pos. contours: orange, neg. contours: pale orange) and Dy- (pos. contours: blue, neg. contours: pale blue) and Lu-P4M4-DOTA (pos. contours: black, neg. contours: grey) measured in 10 mM phosphate buffer with pH 6.8 at a temperature of 298 K on a 600 MHz Bruker Avance III NMR spectrometer equipped with a cryogenic QCI-F probe. Annotated cross-peaks highlight large PCS and the increase in PCS when comparing Tm-P4M4-DOTA and Tm-DOTA-M8-(4R4S)-SSPy.


[bookmark: _Ref510713626]Table 2: Properties of the induced paramagnetic susceptibility tensors measured on hCA II S166C at 298K and pH 6.8.
	LCT
	No PCS
	Ln3+
	∆χax (10-32 m3)
	∆χrh (10-32 m3)
	Xmetal
	Ymetal
	Zmetal
	α
	β
	γ
	Q (%)

	P4M4-DOTA
	44
	Dy
	-29.698
	-11.539
	-15.527
	-2.893
	-11.375
	144.072
	76.845
	93.570
	3.2

	
	44
	Tm
	41.860
	17.121
	-14.610
	-2.262
	-12.236
	141.687
	73.207
	87.393
	3.6

	
	No PCS
	Ln3+
	∆χax (10-32 m3)
	∆χrh (10-32 m3)
	Xmetal
	Ymetal
	Zmetal
	α
	β
	γ
	Q (%)

	DOTA-M8-(4R4S)
	50
	Dy
	-21.249
	-4.501
	-15.184
	-3.245
	-11.027
	138.379
	71.384
	137.589
	6.7

	
	50
	Tm
	29.719
	7.561
	-14.475
	-3.048
	-10.753
	142.284
	66.493
	117.570
	5.8

	
	No RDC
	Ln3+
	∆χax (10-32 m3)
	∆χrh (10-32 m3)
	Xmetal
	Ymetal
	Zmetal
	α
	β
	γ
	Q (%)

	P4M4-DOTA
	44
	Tm
	44.122
	-11.104
	-14.610
	-2.262
	-12.236
	-156.26
	-158.72
	-10.395
	46.0




Benchmarking on selectively 15N leucine labelled human carbonic anhydrase II S166C
In order to investigate the applicability of the newly developed LCT to larger proteins, we tagged selectively 15N leucine labelled hCA II S166C, a 29 kDa protein construct, with both the dysprosium and thulium complex (Figures 12 and 13). Furthermore, we attached Tm- and Dy-DOTA-M8-(4R4S)-SSPy to hCA II S166C in order to have a comparison of Ln-P4M4-DOTA and its predecessor.
The obtained anisotropy of the tensors on selectively 15N leucine labelled hCA II S166C (Table 2) is enhanced, when compared to the tensors for ubiquitin S57C (Table 1). Furthermore, the observed PCS and tensor anisotropies of P4M4-DOTA when attached to hCA II S166C are significantly enhanced when compared to the hCA II S166C-DOTA-M8-(4R4S)-SSPy construct for both its dysprosium and thulium complex. The anisotropy of the Dy relative to the Tm tensor on the hCA II S166C protein construct remains similar when compared to the ratio obtained for P4M4-DOTA-UbS57C (Table 2, Figure 14). 
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[bookmark: _Ref511821364]Figure 14: The tensors generated by the thulium (left) and dysprosium complex (right) and their relative orientation to human carbonic anhydrase S166C (PCS isosurfaces set to 0.3 ppm (outer layer) and 1.3 ppm (inner layer)).

The obtained results for ubiquitin S57C and hCA II S166C show that the Ln-P4M4-DOTA tag is applicable without restraints for PCS NMR spectroscopy of proteins as large as 29 kDa and shows promise to be also of value for larger proteins, protein-protein complexes and other biomacromolecules.
Conclusions
To conclude, two strongly paramagnetic lanthanide complexes of P4M4-DOTA are reported that adopt both Λ(δδδδ) (SAP) conformation in solution and provide only one set of signals in HSQC experiments when attached to a protein. A synthetic route towards isopropyl-substituted cyclen is presented, that comprises 11 steps, shows an overall yield of 6% and benefits from the use of readily available, inexpensive starting materials. The newly developed tag shows significantly enhanced anisotropy of the obtained tensors upon attachment to ubiquitin S57C and hCA II S166C when compared to its DOTA-M8-(4R4S)-SSPy analogue. Based on the mobility of the tag on the surface of ubiquitin S57C, the already very rigid basic ring scaffold of the predecessor, the similar position of the donor atoms and the similar intrinsic shift ranges in proton spectra, it can be concluded that the improvement can mainly be attributed to less averaging of the PCS by a decreased rotation of the tag when attached to the protein. The tag was shown to be applicable to proteins of 29 kDa in size and yields strong pseudocontact shifts up to 6.5 ppm. In order to enable challenging applications in biomolecular NMR, as e.g. the structural investigation of extremely large proteins, protein complexes and other biopolymers, the development of high-performance lanthanide chelating tags has to be continued.
Experimental Section
Synthesis
Lanthanide complexes were synthesized using a similar reaction sequence as in the procedures reported in Häussinger et al. for the Lu-DOTA-M8-(4R4S)-SSPy tag.9 For the macrocyclic scaffold, a new synthetic route was developed. The complete synthetic procedures as well as analytical data are available in the supporting information.

Expression of ubiquitin S57C and tagging reaction
Ubiquitin S57C was expressed as described previously by Sass et al.38 A sample of ubiquitin S57C (0.1 mM) was incubated with TCEP (2 mM) at pH 7 overnight. The buffer was exchanged to 10 mM phosphate containing 0.1 mM TCEP (pH 7.0 for ubiquitin S57C, pH 6.8 for hCA II S166C) by ultra-filtration (Amicon Ultra-4 Ultracel-3K, cut-off 3 kDa). The remaining minimal amount TCEP was then removed by a PD MiniTrap G-25 column. The obtained protein solution was added to a six-fold excess of Ln-P4M4-DOTA, the mixture was shaken at rt overnight and completion of the reaction was confirmed by ESI-MS. The buffer was exchanged to 10 mM phosphate (pH 6.0 for ubiquitin S57C, pH 6.8 for hCA II S166C) by ultra-filtration (Amicon Ultra-4 Ultracel-3K, cut-off 3 kDa) and the sample was concentrated to 250 µL for NMR experiments.

NMR measurements and determination of the paramagnetic susceptibility tensor
1H-15N HSQC spectra were measured in 10 mM phosphate buffer with pH 6.0 (ubiquitin S57C) or pH 6.8 (hCA II S166C) at a temperature of 298 K on a 600 MHz Bruker Avance III NMR spectrometer equipped with a cryogenic QCI-F probe. 1H‑15N HSQC IPAP spectra were measured in 10 mM phosphate buffer with pH 6.0 at a temperature of 298K on a 900 MHz Bruker Avance III NMR spectrometer equipped with a TXI probe (ubiquitin S57C) and in 10 mM phosphate buffer with pH 6.8 at a temperature of 298K on a 600 MHz Bruker Avance III NMR spectrometer equipped with a QCI-F probe (hCA II S166C). The assignments were transferred to the obtained NMR spectra using CcpNmr Analysis.33, 39, 40 The tensor properties were then obtained by fitting to the residues in secondary structure elements of ubiquitin (PDB 1UBI37) or the leucine residues of hCA II (PDB 3KS341) using Numbat.42 Q-factors were calculated according to the standard equation described by Nitsche et al.1

DFT calculations
DFT calculations were performed with the ORCA program package43 at the sciCORE facility of the University of Basel. For the calculations, BP86 was used as functional,44, 45 SARC-TZVP as basis set for the ligands, while SARC2-QZVP was used as basis set for the lanthanide metal. The calculations were performed using the relativistic ZORA approximation, as well as the RI approximation to speed up the calculations. To model the water solvent, CPCM solvent model was implemented into the calculations.46 
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	Pseudocontact shifts (PCS) generated by lanthanide chelating tags (LCT) yield valuable structural restraints for the analysis of structure, dynamics and ligand-binding of proteins in solution. We present a highly rigidified lanthanide chelating tag that induces strong pseudocontact shifts and residual dipolar couplings when attached to ubiquitin S57C and human carbonic anhydrase II S166C.
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