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Abstract
In this review, lanthanide chelating tags and their application in pseudocontact shift NMR spectroscopy as well as
analysis of residual dipolar couplings are covered. Including a complete overview of non-DOTA-derived and DOTAderived lanthanide chelating tags, critical points in the design of lanthanide chelating tags as appropriate linker
moieties, stability under reductive conditions e.g. for in-cell applications, magnitude of the transferred anisotropy
from the lanthanide chelating tag to the biomacromolecule under investigation and structural properties as well as
conformational bias of the lanthanide chelating tags are discussed. Furthermore, all currently published DOTAderived lanthanide chelating tags used for PCS NMR spectroscopy are displayed in tabular form including their
anisotropy parameters with all employed lanthanide ions, CB-Ln distances and tagging reaction conditions, i.e.
stoichiometry of lanthanide chelating tag, pH, buffer composition, temperature and reaction time. Additionally,
reported applications of lanthanide chelating tags for pseudocontact shifts and residual dipolar couplings on proteins,
protein-protein and protein-ligand complexes, carbohydrates, carbohydrate-protein complexes, nucleic acids and
nucleic acid-protein complexes are presented and critically reviewed. The vast and impressing field of applications of
lanthanide chelating tags in structural investigations of biomacromolecules in solution clearly illustrates the
significance of this particular field of research and the extension of the repertoire of lanthanide chelating tags from
proteins to nucleic acids holds great promise for the determination of valuable structural parameters and further
developments in characterising intermolecular interactions.
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2. Introduction
2.1 Paramagnetic nuclear magnetic resonance spectroscopy on biomacromolecules
Nuclear magnetic resonance (NMR) spectroscopy is one of the most important analytical techniques for many
different fields in chemistry and biology, from organic synthesis to structural biology. In chemistry, NMR is mainly
used as a routine tool for topology confirmation of small molecules as well as 3D structure elucidation. The
development of more advanced NMR techniques, i.e. homo- and heteronuclear NMR pulse sequences for
establishing through-space and through-bond correlations between nuclei and suitable for complex structural
studies, turned out to be crucial for the understanding of structure and function of biomacromolecules, e.g. proteins
as well as deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). The distance limitation of nuclear Overhauser
effect spectroscopy (NOESY) in the range of 5-8 Å and the unspecific shifts of chemical shift perturbation (CSP)
experiments, however, render long-range paramagnetic effects as highly valuable, complementary tools to measure
distance and orientational restraints in biomacromolecules [1-24]. Paramagnetic effects observed in NMR include
paramagnetic shifts (contact (CS) and pseudocontact shifts (PCS)) [1-3, 6, 8, 10, 14, 23-31], paramagnetic relaxation
enhancement (PRE) [16, 17, 22, 32-36], residual dipolar couplings (RDC) [37-45], dipolar shift anisotropy (DSA), crosscorrelation between DSA and dipolar relaxation (DSA/DD) and residual anisotropic chemical shifts (RACS). The
different effects associated with the introduction of a paramagnetic lanthanide ion yield complementary structural
restraints and therefore present a powerful tool-box for the structure determination of biomacromolecules in
solution. Whereas CSs that are through-bond effects can be neglected for studies of biomacromolecules, PCSs yield
structural restraints up to distance of more than 100 Å due to their favourable distance dependence of R–3 and the
3D spatial information that is encoded in the induced shifts. PRE offers the opportunity to obtain information of the
distance of a nucleus measured from the position of the paramagnetic centre by line broadening and hence signal
intensity decrease. The distance dependence of PRE effects (R–6) is less favourable than for PCSs (R–3) and no angular
information can be obtained, but the magnitude of the observed effect suffers less from motional averaging. RDCs
provide valuable information about the relative orientation of bond vectors in space. To observe RDCs, partial
alignment of the protein is required. This can be obtained by either the introduction of a paramagnetic centre or use
of an alignment medium as e.g. bacteriophages, bicelles or acrylamide gels [46, 47]. Due to the favourable distance
dependence of PCSs (R–3) and RDCs (no distance dependence, but motional averaging can lead to observation of
decreased RDCs at larger distances from the paramagnetic centre) as well as the fact, that PCSs provide not only
distance but also angular information and thus yield valuable positional restraints, this review focuses on tags for the
exploitation of PCSs and RDCs for the structural investigation of biomacromolecules and their complexes.
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Fig. 1. Effects associated with the introduction of a lanthanide ion [48]. A) 3D spatial information obtained by PCS. B)
Orientational restraints obtained by RDCs. C) Distance measurement using PRE.

Soon after a landmark study published by Barry et al. [49], who could quantitatively determine the conformations of
mononucleotides in solution by scanning through molecular geometries and matching them with the lanthanide
induced NMR shifts using a Ferranti Argus 500 computer, the theoretical background of the NMR shifts induced by
paramagnetic lanthanides was established in the 1970s by Bleaney et al. [50, 51]. However, recently also critics and
new findings arose concerning the validity of Bleaney’s theory about the magnetic properties of lanthanide
complexes concerning paramagnetic NMR [52, 53]. The very first applications of paramagnetic NMR include the
europium shift reagents that allow to increase the shift range in order to resolve signal overlap and determine the
enantiomeric ratio of chiral substances by forming a diastereomeric complex in-situ [54-58]. After the successful
exploitation of paramagnetic effects of metal ions contained in proteins by Bertini et al., e.g. in zinc finger moieties
[16], and determination of the associated paramagnetic susceptibility tensors, the next step in the development of
paramagnetic NMR contained lanthanide binding peptides (LBPs) with micro- and nanomolar affinity to lanthanides
mimicking the zinc finger motif in order to incorporate paramagnetic [15, 59] and fluorescent [60, 61] metal ions into
proteins without native metal binding site. Subsequently, the development of single- and double-armed lanthanide
chelating tags (LCTs) that can be attached to a protein of interest and, thus, yield valuable structural restraints for
the determination of the structures of biomacromolecules in solution strongly expanded the field of paramagnetic
NMR [9, 13, 14, 24, 62, 63]. Today, paramagnetic NMR is an established method in structural biology and includes
many different applications, such as refining crystal structures of proteins [64], probing solution dynamics of proteins
[65], localization of ligands on proteins [20, 66-71], study of protein-protein complexes [72], alleviation of signal
dispersion in crowded HSQC spectra [73], facilitating analysis of large sized proteins [12], conformational analysis of
carbohydrates [74], as well as investigation of the solution structure of nucleic acids [30].
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Fig. 2. Localization of a ligand on a protein by PCS (green: averaged NOESY structure, orange: best five obtained structure by
PCS-fitting) [69]. (Reprinted with permission from J.-Y. Guan, P.H.J. Keizers, W.-M. Liu, F. Löhr, S.P. Skinner, E.A. Heeneman, H.
Schwalbe, M. Ubbink, G. Siegal, Small-Molecule Binding Sites on Proteins Established by Paramagnetic NMR Spectroscopy, JACS,
135 (2013) 5859-5868. Copyright 2013 American Chemical Society.)

Besides the application of paramagnetic effects in protein NMR spectroscopy, also detailed research studies on
solvent dependence as well as pH and temperature effects on the magnetic anisotropy caused by paramagnetic
molecules alone and when attached to proteins were performed [28, 75].
Furthermore, computational approaches as e.g. density functional theory (DFT) calculations allow to predict the
structure and conformational bias of lanthanide complexes in vacuo and in solution as well as the anisotropy tensor
for electron paramagnetic resonance (EPR) studies and are therefore under current investigation in order to facilitate
the use of paramagnetic effects by decreasing the experimental work associated with the development of new LCTs
[23, 76-83]. Very recent work proves the semi-empirical approach to be superior in reproducing PCS compared to a
quantum chemistry approach [84].
Comprehensive reviews about lanthanide chelating tags and their applications are available in the literature [1, 7,
85-91]. A very recent article by Su et al. documents his contributions to the field [92]. Furthermore, reviews were
published that give an insight into strategies for measurements of PCSs in proteins [93], prospects of lanthanides in
biomolecular NMR including LCTs [94], analysis of protein-ligand [20] as well as protein-protein complexes [95, 96]
using PCSs and RDCs, the combination of paramagnetic NMR long-range restraints and crystallography [97, 98],
sparse-labelling in combination with long-range restraints obtained by paramagnetic NMR [99] and LCTs used for the
conformational analysis and interactions of oligosaccharides [100]. This review will focus on recent developments in
the synthesis of LCTs and their application for PCS and RDC in structural biology, with an emphasis on DOTA-based
LCTs. As the intricate fundamental physics of PCS and RDC have several times been discussed in great detail [85, 101,
102], we will just summarize the basics in the following chapters.
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2.2 Pseudocontact shift
The dipolar, through-space effect on the shift of signals in NMR associated with the introduction of a paramagnetic
centre is termed pseudocontact shift [101]. The shift perturbation arises from a contribution of the unpaired
electrons of the paramagnetic centre to the effective magnetic field that a specific nucleus experiences. This shift
perturbation is dependent on the distance and angular positioning of the nucleus to the paramagnetic centre.
Considering this 3D spatial information and the distance dependence of the effect of R-3, valuable structural
information can be gained about the molecule in vicinity of the paramagnetic centre. The shift that a nucleus
experiences can be calculated from the following equation that can be displayed in polar or cartesian coordinates
[101]:

PCS (polar coordinates)

PCS (cartesian coordinates)

𝛿 𝑃𝐶𝑆 =

1

3

12𝜋𝑟 3

[∆𝜒𝑎𝑥 (3𝑐𝑜𝑠 2 𝛳 − 1) + ∆𝜒𝑟ℎ 𝑠𝑖𝑛2 𝛳𝑐𝑜𝑠2𝜙]
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1
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𝑟2

3

x2 −y2
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+ ∆𝜒𝑟ℎ

]

Eq. (1)

Eq. (2)

In order to describe the tensor of the anisotropic part of the magnetic susceptibility associated with a paramagnetic
centre, e.g. of an LCT when attached to a protein, 8 parameters are used. Besides the x, y and z position of the metal
centre and the three Euler angles α, β and γ that describe the orientation of the tensor with regard to the protein,
the magnitude of the anisotropy of the magnetic susceptibility is described by the axial component and the shape of
the tensor by the ratio of the axiality to the rhombicity of the anisotropy tensor. The axiality and rhombicity of a
tensor give its directional asymmetry and are defined as follows [101]:

Axiality

Rhombicity

∆𝜒𝑎𝑥 = 𝜒𝑧𝑧 −

𝜒𝑥𝑥 +𝜒𝑦𝑦
2

∆𝜒𝑟ℎ = 𝜒𝑥𝑥 − 𝜒𝑦𝑦

Eq. (3)

Eq. (4)

As depicted in Fig. 3, anisotropic χ-tensors are usually displayed as isosurfaces for given PCS values. For a pronounced,
high axial/rhombic ratio, a tensor resembling a d Z2 orbital is obtained, whereas for a more balanced axial/rhombic
ratio a tensor shape resembling a dxy orbital is obtained.
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Fig. 3. Isosurfaces of the anisotropy parameters generated by the dysprosium (left) and thulium (right) complex of Ln-DOTA-M8(4R4S)-SSPy when attached to ubiquitin S57C (inner layer: 1.0 ppm, outer layer: 0.25 ppm). While Dy3+ induces a tensor with a
more balanced axial/rhombic ratio (∆χax/∆χrh = 2.1), Tm3+ causes a tensor with a pronounced, high axial/rhombic ratio (∆χax/∆χrh
= 6.5).[23]

In order to study proteins by PCS NMR spectroscopy, HSQC experiments with a diamagnetic and a paramagnetic
sample have to be performed. Based on the PCSs observed for the paramagnetic sample when compared to the
diamagnetic sample, ∆χ-parameters can be obtained by application of a Monte-Carlo simulation and the crystal
structure can be refined in solution [103]. In most cases, the pseudocontact shift contribution for both dimensions
of the spectrum is equal when expressed in units of ppm, therefore the shifted signals are found in a 45° angle relative
to the corresponding diamagnetic signal. Due to the distance between the amide nitrogen and hydrogen atom of a
common residue of ~1.0 Å [104], exceptions of this behaviour arise for N-H groups located on nodal planes of the
anisotropy tensor or in regions with a very steep gradient. The obtained spectra are iteratively assigned and the
obtained shifts fitted to an already solved X-ray structure or a Rosetta model.
PCSs give rise to multiple applications from structure refinement to localization of ligands [19, 20, 66-71]. Deviations
from the back-calculated shift from the crystal structure can be used to determine flexible regions in the protein.
Furthermore, a protein with a paramagnetic centre incorporated allows in combination with the Rosetta software
package to perform more elaborate predictions of the protein structure [105]. The required input for the structure
determination of a protein is then reduced to PCS data for all amino protons and the sequence. Based on the
combination of a database containing structures for short oligopeptide fragments and the restraints given by the
dataset of PCSs, a de novo structure determination of a biomacromolecule can be performed. Besides their use as
structural restraints for the investigation of the structure of proteins, PCSs can also be exploited for the localization
of ligands on a protein of interest [20, 66-71]. By determination of the ∆χ-parameters from multiple tagging sites, the
ligand bound to the protein can then be localized based on its PCS. This localization method was among other
examples demonstrated for 1H PCS of weakly bound ligands [69] and for 19F PCS in the intermediate exchange regime
[66] as well as for strongly binding ligands [71].
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2.3 Residual dipolar couplings
RDCs can be observed in NMR experiments, when partial alignment leads to an incomplete averaging of anisotropic
magnetic interactions and a coupling with a dipole of the nuclear spins under investigation, e.g. the N-H bond dipole
in proteins, leads to a splitting of signals [46]. Under isotropic conditions, the protein tumbling in solution results in
an averaging to zero of the dipolar interactions. If dipolar couplings shall be observed, partial alignment is therefore
required. This can be achieved by either introducing a paramagnetic centre covalently attached to the protein and
thus leading to a field-dependent alignment or by the use of alignment media such as polyacrylamide or collagen gels
leading to a field-independent alignment. Using RDCs, as in the case of PCSs, based on a known structure or a
structure prediction, e.g. by Rosetta, the ∆χ-parameters can be fitted and a refined structure will be obtained. Since
in principle the orientation of all N-H bond vectors of the protein can be obtained by RDCs, the gained information is
complementary to NOESY experiments and lead in combination with NOESY restraints to a more precise picture of
the solution structure of the investigated biomacromolecule [106, 107]. In contrast to PCSs (R-3) or PRE (R-6), RDCs
are independent of the lanthanide – spin pair distance.

Dipolar coupling for two spins i and j

with

3

𝐷𝑖𝑗 = 𝑘𝑖𝑗 [𝐴𝑎 (3 cos2 𝛳 − 1) + 𝐴𝑟 sin2 𝛳 cos(2𝜙)]
2

𝑘𝑖𝑗 = −

𝛾𝑖 𝛾𝑗 µ0 ℎ
3
16𝜋3 𝑟𝑖𝑗

Eq. (5)

Eq. (6)

DOTA-based LCTs, e.g. CLaNP-5 [24] or DOTA-M8-(8S)-SSPy [9], can yield such valuable structural restraints. As
recently demonstrated by Müntener et al., using a DOTA-based tag bearing a reduction stable pyridine linker, RDCs
up to 27.7 Hz were observed in in-vitro and in in-cell experiments [3]. These valuable orientation restraints were then
used to perform a de novo structure determination for GB1 in combination with the Rosetta database. The obtained
structure corresponds to the X-ray structure of the protein. For proteins without possibility to record an X-ray
structure or when deviations for the structure in solution from the structure in crystal state are expected, RDCs
present a valuable source of structural restraints.

Fig. 4. RDCs measured on GB1 conjugated to an LCT in Xenopus laevis oocytes acquired at 600 MHz proton frequency [3].
(Reprinted with permission from T. Müntener, D. Häussinger, P. Selenko, F.-X. Theillet, In-Cell Protein Structures from 2D NMR
Experiments, J. Phys. Chem. Lett., 7 (2016) 2821-2825. Copyright 2016 American Chemical Society.)
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RDCs are most valuable as a source of long-range structural restraints and can be used to give insights into specific
biological problems, as e.g. the determination of the relative orientation or exact angle between two helices in
proteins, the extent of bending for a long helix of a protein and the orientation of two subunits of a protein or proteinprotein complex [108]. The combination of RDCs with other methods as X-ray crystallography can lead to highly
refined solution structures of both proteins and nucleic acids, e.g. of a protein-protein complex for which the
structures of the individual subunits have been determined previously by X-ray crystallography. A more exotic
application of RDCs includes the determination of the stereochemistry of natural products [109]. Besides the use of
RDCs for the structure determination of proteins, also the helix curvature, subunit or domain orientation and
stoichiometry of homomultimeric nucleic acid complexes was investigated [110].
To conclude, RDCs provide valuable long-range structural restraints and are able to drive the field of structural biology
to a new level of precision in the structure elucidation of biomacromolecules in solution.
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3. Lanthanide chelating tags
3.1 Introduction & Overview
Paramagnetic NMR using lanthanides started with the exploitation of metal binding sites, particularly Ca 2+ binding
sites, since Ca2+ ions display a similar oxophilicity and ionic radius (112 pm [111]) when compared to Ln3+ ions (Ce-Lu:
114-98 pm [111]). Bertini et al. compared in a comprehensive study the full series of lanthanide ions in a similar
coordination environment in the protein calbindin D9k [112] (tensors of the full lanthanide series depicted in ref.
[20]). Upon successful substitution of the calcium with a lanthanide ion, paramagnetic effects as e.g. PCS can be
measured directly, as shown by Bertini et al. for Calbindin D9k that possesses two calcium binding sites [113].
However, obviously this approach only works for proteins containing a metal binding site. In order to study other
targets by paramagnetic NMR, artificial binding sites have to be introduced or attached to the protein of interest.

Fig. 5. Refined structure obtained using a two-point anchored LBP (metal position is indicated with yellow dots. The cross
indicates the tensor orientation) [59].

Already in 2000, Ma et al. reported an EF-hand motif engineered to the N-terminus of a membrane-associated
protein and showed thereby that the introduction of lanthanides into biomacromolecules without native metal
binding site via LBPs and exploitation of the induced RDCs is possible [114]. LBPs mimic EF hand and zinc finger motifs
in order to incorporate lanthanides into proteins with no natural metal binding site [60, 61, 114-117]. LBPs are
advantageous in regard to tagging efficiency since peptide fusion always gives rise to very high ligation yields.
However, a significant drawback is that the incorporation is only possible on the N- or the C-terminus of the
investigated protein without severely altering the structure of the protein. Furthermore, labelling of the LBP leads to
increased complexity of Protein NMR spectra. In order to gain more flexibility considering location of the attachment
site, LBPs that are conjugated to cysteine residues were developed [118, 119], but often limited affinity to the
lanthanides was problematic.
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In order to circumvent the drawbacks associated with LBPs, synthetic LCTs were developed. Based on chelators as
diethylenetriaminepentaacetic acid (DTPA) [120, 121] and ethylenediaminetetraacetic acid (EDTA) [21, 122],
synthetically produced metal binding sites with high lanthanide affinity can be provided. The tags have to be attached
to a single ligation site on the protein, whereas the thiol group of cysteine stands out as an ideal target due to the
low abundance in protein sequences and the possibility for a chemoselective modification with LCTs. In order to
provide a rigid tagging site in a well-defined region of the protein, typically cysteine residues in alpha-helices are
chosen as attachment point. For the tagging of cysteine residues in proteins, suitable linkers had to be developed.
The most practical systems are pyridine-2-thiol as well as methyl- and phenylsulphonyl activated linkers [1].
Unfortunately, the in biochemistry frequently used maleimides are not suitable for the attachment of LCTs to
proteins because they yield an additional stereo-centre at the linkage site upon tagging reaction resulting in two
diastereomeric species of the protein-tag construct. Recently, also artificial amino acids, e.g. genetically encoded pazido-L-phenylalanine residues, which can be tagged in a bio-orthogonal fashion, were introduced by Otting et al [6].
Bio-orthogonal LCTs allow to investigate proteins that cannot be expressed in a stable form with a single cysteine on
their surface. Furthermore, bio-orthogonal LCTs can be used to characterize proteins that bear multiple cysteine
residues on their surface that are essential to their biological function. Despite the considerable effort to introduce
bio-orthogonal LCT, this is definitively the most general approach and in many difficult cases of multi-cysteine
proteins will be the only viable one.

3.2 Non-DOTA-based lanthanide chelating tags
Already in 2002, Dvoretsky et al. demonstrated the use of a pyridine-2-thiol activated linker moiety in combination
with an EDTA-derived metal chelator for the application in paramagnetic NMR [123]. Upon ligation of the novel
chelator, loaded among other paramagnetic metal ions with Yb 3+, to barnase H102C by formation of a disulphide
linkage, the valuable PCS and RDC long-range structural restraints were analysed and fitted to the crystal structure
of wild-type barnase.
The development of two-armed caged lanthanide NMR probe (CLaNP) LCTs was started in 2004, when Prudêncio et
al. reported the first CLaNP, consisting of a DTPA moiety that is equipped with two reactive groups suitable for ligation
to cysteine residues of the investigated protein [120]. Impressively, CLaNP gave rise to observable PCSs detected on
nuclei farther away than 40 Å from the metal centre. Unfortunately, up to five shifted resonances were detected for
each residue. However, the strong PCSs induced by CLaNP clearly already illustrated at this point in time the potential
of the use of PCSs and RDCs in structural biology.
In 2004, Ikegami et al. developed a novel, enantiomerically pure EDTA-derived LCT that can be attached via a cysteine
residue to a protein of interest [21]. The LCT was then used for a partial alignment of the protein in solution and RDCs
up to a magnitude of 8 Hz were observed at a field strength of 18.8 T. Notably, the LCT was conjugated to the trigger
factor, a ribosome-associated molecular chaperone, and an analysis of the tensors of the anisotropic magnetic
susceptibility was performed. The study identified the drawback of EDTA-derived LCTs, i.e. the peak doubling due to
11

the generation of an additional stereo-centre on the nitrogen atom close to the introduced linker, which becomes
chiral upon metal complexation.

Fig. 6. Structure of EDTA-derived LCTs reported by Ikegami et al. [21] and Leonov et al. [62] While compound 1 yields an
additional stereo-centre upon metal complexation due to formation of a pseudoasymmetric centre, compound 2 is designed with
two identical substituents on both nitrogen atoms coordinating to the lanthanide ion in order to avoid this behaviour.

Leonov et al. developed in 2005 an improved version of the EDTA-derived LCT presented by Ikegami et al. [21], giving
rise to only one set of signals when attached to the protein of interest [62]. The diastereochemically pure compound
can be synthesized in 5 steps and the corresponding (R,R)- and (S,R)-diastereomers were separated by highperformance liquid chromatography (HPLC). Since each of the two nitrogen atoms, which are able to coordinate to
the lanthanide ion, are substituted with two identical groups, neither of them becomes stereogenic upon metal
complexation and only one set of signals is detected in the application of the LCT on the protein, thereby significantly
facilitating analysis of the acquired spectra.
Haberz et al. extended the previous work by the synthesis of two new EDTA chelators in 2006 that were successfully
attached to the trigger factor protein and apo-calmodulin [124]. Thereby the authors of the presented study could
improve the precision of the solution structure of trigger factor and showcase the extremely high affinity of the new
EDTA-derived LCT to lanthanides, exceeding the one observed for the natural metal binding site of apo-calmodulin.
In 2008, Su et al. presented an LCT based on 4-mercaptomethyl-dipicolinic acid (4MMDPA) that can be readily
attached to proteins via a disulphide linkage [125]. 4MMDPA loaded with Yb3+ yields PCSs up to 2 ppm when attached
to a cysteine residue in position 68 of arginine repressor from E. coli. Notably, the LCT is immobilized on the proteins
surface by an additionally coordinating carboxy group of the protein.
Man et al. developed in 2010 a novel small and rigid LCT, i.e. 3-mercapto-2,6-pyridinedicarboxylic acid (3MDPA) [126].
The applicability of the newly developed LCT was showcased by attachment to the N-terminal domain of the arginine
repressor (ArgN) from E. coli and T4 lysozyme C54T C97A Q69C. The LCT yielded anisotropy parameters of ∆χax = 6.6
x 10–32 m3 and ∆χrh = 2.4 x 10–32 m3 for thulium loaded 3MDPA in the ArgN-3MDPA construct. While the simple
12

synthesis and the sufficient induced anisotropy parameters render the tag interesting for studies of protein structure
and dynamics, possible interaction with the Glu21 sidechain of ArgN and the fact that only three donor atoms are
used to coordinate the lanthanide ion constitute the drawback of the presented LCT when compared to rigid and
high affinity ligands.

Fig. 7. Proposed lanthanide chelating mode of the NTA-derived LCTs in an α-helix with a carboxy sidechain in i+4 or i-4 position
developed by Swarbrick et al. [127].

In 2011, Swarbrick et al. developed a small LCT that is attached to the α-helix of a protein of interest via a disulphide
linkage and becomes rigidified directly on the protein by interaction of the lanthanide ion with an Asp residue in the
i+4 position [128]. While the synthesis of the presented iminodiacetic acid-tag (IDA-SH) is extremely simple and
attractive, i.e. three steps in an overall yield of 45%, the requirement of an Asp residue in the i+4 position restricts
the applicability of the LCT exclusively to proteins, where a native or by mutation introduced cysteine is located in an
α-helix with an Asp residue in the i+4 position. Swarbrick et al. further demonstrated that it is possible to use
nitrilotriacetic acid-derived tags (NTA-SH) for the generation and analysis of large PCSs and RDCs [127]. Yagi et al.
then investigated the optimal positioning of the IDA-SH and NTA-SH LCTs [129]. In a systematic study, in which the
authors introduced the mentioned LCTs in an α-helix with either glutamate or aspartate residues in the positions i-4
or i+4, it was found that the largest anisotropy parameters can be observed for a NTA-SH LCT with a glutamate residue
positioned at i-4. Furthermore, it was shown that the NTA-derived LCTs are able to produce sufficiently large PCSs
independent of nearby carboxylate functional groups in the protein. In contrast to the NTA-SH LCT, the IDA-SH LCT
requires an aspartate residue in the i+4 position.
Jia et al. presented in 2011 the use of the dipicolinic acid-derived tags, i.e. 4MDPA, for the generation of structural
restraints induced by the paramagnetism of lanthanides [130]. The switch from 3MDPA to 4MDPA is highly
favourable in order to suppress rotational averaging of the paramagnetic effects, i.e. the short and rigid tether as
well as the symmetric assembly of the chelator and the lanthanide ensure a successful transfer of the paramagnetic
effects from the lanthanide to the protein for 4MDPA. Further advantages are the small size of the tag that ensures
no disturbances of the protein structure and the quantitative tagging yields. However, the anisotropy tensor
parameters of ∆χax = -9.2 x 10–32 m3 and ∆χrh = -5.4 x 10–32 m3 for Tm3+ on the ArgN construct and the possible
interactions of DPA-derived LCTs with other residues of the protein [126] still offered room for further developments
of LCTs.
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In 2011, Peters et al. reported the synthesis of Cys-Ph-TAHA, a highly symmetric LCT based on the tris(2aminoethyl)aminehexaacetic acid (TAHA) chelator [14]. The presented LCT induces PCSs up to 2 ppm and RDCs up to
18 Hz, while providing a metal affinity in the femtomolar range and only one set of signals in 1H-15N HSQC spectra.
Furthermore, the LCT shows a good thermal stability in the temperature range of 278-315 K. However, due to the
carboxylic acid ligands, the LCT is pH-sensitive, i.e. the LCT cannot be used for example to monitor protein unfolding
below pH 4.0. In order to show that the LCT is suitable for analysis of large proteins and their complexes, Cys-PhTAHA was successfully attached to a 90 kDa assembly of a Lac repressor protein in complex with DNA and isopropyl
β-D-1-thiogalactopyranoside (IPTG).

Fig. 8. Structure of the Cys-Ph-TAHA LCT [14].

An LCT ligated via a thiol-ene reaction to the protein was proposed in 2011 by Li et al [131]. The researchers attached
the LCT incorporating a vinylpyridine moiety to ArgN and human ubiquitin and showed that the protein-tag conjugate
is stable in presence of reducing agents as dithiothreitol (DTT) or 3,3′,3′′-phosphanetriyltripropanoic acid (TCEP) due
to the inert thioether linkage. Tagging was achieved in quantitative manner using an eight-fold excess of the LCT and
low molecular weight compounds could subsequently be removed by ion-exchange chromatography leading to the
desired tag-protein conjugate in 80% yield. Sizeable anisotropy parameters of ∆χ ax = 13.8 x 10–32 m3 and ∆χrh = 7.5 x
10–32 m3 were induced on ubiquitin T22C using the Tm3+-loaded LCT.
Yang et al. described in 2012 the synthesis of 4‐vinyl(pyridine‐2,6‐diyl)bismethylenenitrilo tetrakis(acetic acid)
(4VPyMTA) and its use as chelator in paramagnetic NMR [132]. The presented tag shows only one set of signals, the
formed linkage of the LCT to the protein is stable under reducing conditions and the affinity for lanthanides is higher
than the one of EDTA. The induced anisotropy is only in a medium range, i.e. ∆χ ax = -2.3 x 10–32 m3 and ∆χrh = -0.5 x
10–32 m3 for Tm3+ on ubiquitin E64C, however this leads to two advantages: i) convenient assignment of 1H-15N HSQC
spectra, ii) a large number of PCS that can be detected. The development of reduction-stable linker moieties is highly
desirable, however, the ligation yield of 80% still left room for improvement in further developments.
As a further development among the earlier introduced dipicolinic acid LCTs, Huang et al. reported the synthesis and
application of a related 4′‐mercapto‐2,2′: 6′,2′′-terpyridine‐6,6′′‐dicarboxylic acid (4MTDA) LCT [133]. Upon
attachment of the LCT to the protein of interest, interactions of a carboxylate sidechain of the protein with free
coordination sites of the lanthanide in the chelator immobilize the LCT on the proteins surface. When attached to
the protein, the presented LCT yields large PCSs and RDCs up to 13 Hz. Furthermore, the described LCT can also be
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used for fluorescence and EPR studies. Unfortunately, 4MTDA exhibits inferior reactivity than the related, previously
published 4MMDPA [125] and 3MDPA [126] LCTs, resulting in ligation yields of only 50-70%.

Fig. 9. Tagging reaction of the 4PS-DPA and 4PS-PyMTA LCTs bearing a phenylsulphonyl moiety reported by Yang et al [134].

Yang et al. described two LCTs with a phenylsulphonyl leaving group (4-(phenylsulphonyl)-pyridine-2,6-dicarboxylic
acid (4PS-DPA) and 4-phenylsulphonyl-(pyridin-2,6-diyl)bismethylenenitrilo tetrakis(acetic acid) (4PS-PyMTA))
leading to a an extremely short and rigid thioether linkage with the protein of interest [134]. Tm3+ loaded 4PS-PyMTA
leads to large observed anisotropy parameters of ∆χax = 16.6 x 10–32 m3 and ∆χrh = 3.9 x 10–32 m3 when attached to
ubiquitin G47C R72A R74A. Due to the generation of reduction-stable protein-LCT linkages, the authors anticipated
that the phenylsulphonylpyridine moiety finds broad application in structural biology and related fields.
In 2015, Loh et al. presented clickable IDA and NTA tags bearing an alkyne linker moiety that can be ligated in a
copper catalysed azide alkyne click reaction to a site-specifically introduced p-azido-L-phenylalanine (AzF) residue in
ubiquitin and GB1 followed by an analysis of paramagnetic effects and anisotropy parameters [135]. For the thulium
loaded alkyne-NTA LCT, maximal anisotropy parameters of ∆χax = 16.3 x 10–32 m3 and ∆χrh = 7.8 x 10–32 m3 were
observed upon ligation to the GB1 V21 construct. The authors suggest to use 150 mM NaCl during the ligation
reaction, which proved to be beneficial for the AzF mutants of GB1, ERp29, PpiB, the intracellular domain of the p75
neurotrophin receptor and the West Nile virus NS2B-NS3 protease in terms of precipitation of the protein during the
attachment of the LCT.
In line with the findings of Loh et al., Jiang et al. developed diethylene-triamine-tetraacetate propyl-1-yne (DTTA-C3yne) and diethylene-triamine-tetraacetate butyl-1-yne (DTTA-C4-yne) LCTs that were attached in bio-orthogonal
fashion to ubiquitin and the enzyme E II B using a copper catalysed azide-alkyne click reaction [136]. Upon attachment
to ubiquitin incorporating a p-azido-L-phenylalanine (AzF) residue in position 18, the Tb3+ and Tm3+ loaded LCTs
yielded sizeable anisotropy parameters for the analysed PCSs and delivered RDCs up to 8.3 Hz. Furthermore, the
authors presented a refined model of the interactions in the UBA1-ubiquitin complex based on intermolecular PCSs.
Chen et al. reported in 2017 the use of DTPA-derived LCTs, i.e. 4PS-PyDTTA and its methyl-substituted analogue 4PS6M-PyDTTA [137]. Both of the investigated LCTs yield large PCSs and RDCs, more specifically, the methyl-substituted
LCT generally shows larger anisotropy parameters on ubiquitin and SrtA with the thulium loaded LCT, most likely due
to suppressed rotational averaging caused by the additional methyl group. The presented LCT offers a high stability
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of the formed complexes - neither 1.0 eq. of EDTA in the ubiquitin sample, nor the naturally present calcium binding
motif in SrtA was able to interfere with the binding of the lanthanide ions by the DTPA chelator.

Fig. 10. Structure of the DTPA-based two-point anchored LCT CLaNP (dots: coordinating atoms) [120].

The developed EDTA-derived LCTs can lead to peak doubling observed for the protein in HSQC experiments and
therefore to two sets of signals with two associated χ-tensors, since some of the EDTA ligands become chiral upon
metal complexation and lead to two diastereomeric species in the protein-tag conjugate. Furthermore, the obtained
PCSs were only of modest size. Using DTPA-based tags, up to eight different sets of signals can be expected and for
two-armed lanthanide probes, namely CLaNP, up to five different sets of signals were observed in practice [120]. In
order to produce LCTs with a higher affinity of the ligand for the lanthanide ion, increased PCSs observed in HSQC
experiments, more rigid chelation of the lanthanide ion, one set of signals, ability to preload the LCT with metal ions
avoiding the titration of the protein with lanthanide ions until complete loading is achieved, the introduction of
DOTA-based LCTs for paramagnetic NMR spectroscopy was accomplished.

3.3 DOTA-based lanthanide chelating tags
DOTA provides an ideal framework for the chelation of lanthanide ions and development of LCTs. Besides the fact
that DOTA complexes of lanthanide ions display a very high thermodynamic stability (equilibrium constant for the
formation of Gd(III)-DOTA = 1025 M-1 at pH 7 [138]), they can also form neutral lanthanide complexes, when suitably
modified. Due to the excellent properties of DOTA as ligand in Gd3+ complexes, the chelator has found widespread
applications in MRI as well as in radiopharmacy [139, 140].
The first DOTA-based LCT was reported by Häussinger et al. in a conference abstract in the year 2005 [141]. Based
on the DOTA framework that has a binding constant that is 10 orders of magnitude larger when compared to EDTA,
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a lanthanide tag equipped with a short SCH2CH2NH linker between the cysteine sulphur of the protein and the
carboxy group of the DOTA framework was developed and applied to characterize the 50 kDa dimer of the calcium
dependent cell adhesion protein ECAD12. This DOTA-based LCT can be used over a wide pH range and in the presence
of EDTA and phosphate buffer.

Fig. 11. Conformations of DOTA-derived ligands upon metal coordination [142].

However, the complex conformational mobility of the DOTA ligand, i.e. the two different conformations of the basic
ring scaffold (δδδδ and λλλλ) and the two different conformations of the pendant acetate arms of the chelator (∆
and Λ), lead, upon attachment to the protein of interest, in theory to four different conformational isomers (∆(δδδδ),
∆( λλλλ), Λ(δδδδ), Λ( λλλλ)). For certain residues in ubiquitin S57C labelled with the Dy-DOTA-SSPy LCT up to three
different resonances were observed in 1H-15N HSQC spectra. Furthermore, it is reasonable to suspect that the ring
flexibility of Ln-DOTA-SSPy can lead to a significant motional averaging of the PCS in the case of fast conformational
exchange.
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Fig. 12. Structure of the rigidified DOTA-based Dy-DOTA-M8-(8S)-SSPy in TSAP conformation [9]. (Reprinted with permission from
D. Häussinger, J.-R. Huang, S. Grzesiek, DOTA-M8: An Extremely Rigid, High-Affinity Lanthanide Chelating Tag for PCS NMR
Spectroscopy, JACS, 131 (2009) 14761-14767. Copyright 2009 American Chemical Society.)

In order to decrease the ring motions of the DOTA-derived LCT resulting in motional averaging of PCS, methyl
substituents were introduced both on the side arms and the macrocyclic polyamine scaffold [9]. The methyl group
substituents on the nitrogen containing macrocycle adopt an equatorial-upper position [121, 142] when the ligand
is coordinated to a lanthanide metal ion and prevent motional averaging and line broadening of signals by locking
the 12-membered ring in a (δδδδ) conformation [9].

Fig. 13. A) Motional averaging of NMR signals using a non-rigidifying DOTA chelator. At 280 K, the motions are clearly
decreased. B) For the methyl-substituted chelators, even at elevated temperatures the motions are severely decreased when
compared to the non-methyl-substituted analogue. All spectra were acquired at 600 MHz proton frequency [9]. (Reprinted with
permission from D. Häussinger, J.-R. Huang, S. Grzesiek, DOTA-M8: An Extremely Rigid, High-Affinity Lanthanide Chelating Tag
for PCS NMR Spectroscopy, JACS, 131 (2009) 14761-14767. Copyright 2009 American Chemical Society.)
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The strongly paramagnetic, extremely rigidified LCT displayed very large PCSs of over 5 ppm and RDCs over 20 Hz
when attached to ubiquitin S57C. Besides the fact that these properties were unprecedented for a single-point
attached LCT, the tag can be used under extreme buffer conditions, due to the high stability of the lanthanide
complex over a wide pH range and very high affinity of the chelator towards lanthanide ions.
Interestingly, Dy-DOTA-M8-(8S)-SSPy exhibits two sets of signals when attached to a protein of interest resulting in
a complicated analysis of 1H-15N HSQC spectra containing the PCSs and RDCs and hence the structural restraints for
the investigation of the structure of the protein. Opina et al. reported that the two sets of signals originate in the
presence of two different conformational species of the LCT due to repulsive interactions of two methyl groups, so
that the two conformers are interconverted to each other by rotation of the side arms of the Ln-DOTA-M8-(8S)-SSPy
LCT on a timescale of approximately 4 h [142]. Opina et al. further showed that the two conformational species of
the Ln-DOTA-M8-(8S)-SSPy LCTs can be observed in significant amounts for members of the lanthanide series
between Eu3+ and Yb3+ and that the observed ratio of the two conformational species is governed by the ionic radius
of the chelated lanthanide ion [142]. Strickland et al. investigated the temperature and pH-sensitivity of
paramagnetic susceptibility tensor of Ln-DOTA-M8-(8S)-SSPy LCTs [28]. The presented study investigating different
lanthanide complexes showed that the temperature sensitivity depends on the size of the lanthanide ion and the
conformational properties of the ligand. More specifically, a larger lanthanide ion as e.g. Dy 3+ leads to coordination
of an apical water molecule and higher sensitivity towards temperature changes, while for smaller lanthanides as
e.g. Yb3+, 17O NMR experiments showed that no water molecule is coordinated to the LCT and hence the induced
anisotropy does not significantly vary in a temperature range of 288-308 K [28]. The effect on the paramagnetic
susceptibility tensor in a pH range of 5.0-7.4 was shown to be not significant [28]. Since the publication of the DyDOTA-M8-(8S)-SSPy LCT in 2009, it was applied in a range of projects. Among others, the investigated examples
include the localization of inhibitors on proteins [71], the exploration of the metal position of mobile spin labels with
new fitting routines [143] as well as studies of extremely large protein complexes [12].
Joss et al. reported that the Ln-DOTA-M8-(4R4S)-SSPy stereoisomer of the Ln-DOTA-M8-(8S)-SSPy LCT shows only
one conformational species for the whole lanthanide series [23]. Furthermore, the paramagnetic susceptibility of the
lanthanide chelated by the ligand is significantly altered when compared to its predecessor Ln-DOTA-M8-(8S)-SSPy,
a result that provides evidence for the influence of the coordination polyhedron and the ligand-metal interactions
on the magnetic anisotropy as it was proposed earlier by Mironov et al [144].
Besides the inversion of the stereochemistry of the eight-fold methyl substituted LCT, introducing bulky and large
groups on the side arms in a LCT can also lead to suppression of the conformational interchanges of the pendant
arms and basic ring scaffold. Graham et al. presented a DOTA-amide LCT inducing large PCSs and exhibiting only one
conformational species and hence set of signals [63]. The increased anisotropy transferred from the LCT to the
protein when compared to other non-methyl substituted LCTs originates most likely in the strongly suppressed
rotation of the LCT on the proteins surface due to the large and sterically demanding side arms, a result that is
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supported by the surprisingly small intrinsic shift range of 170.5 ppm in 1H spectra of the ytterbium complex when
compared to the anisotropy induced on the protein.
Lee et al. presented a DOTA-derived, compact and hydrophilic LCT with a significantly shorter disulphide linker when
compared to the DOTA-M8-(8S)-SSPy LCT that can be synthesized in 8% overall yield [25]. Although the LCT only
includes methyl substituents on the pendant arms and none on the basic ring scaffold, the presented LCT leads to
observation of large anisotropy parameters (∆χax = 26.6 x 10–32 m3, ∆χrh = 6.0 x 10–32 m3, for Ln = Dy3+) on ubiquitin
A28C. The results obtained by Lee et al. show in an impressive manner the large influence of the tagging site on the
observed anisotropy parameters. While for ubiquitin A28C anisotropy parameters of ∆χax = -19.4 x 10–32 m3 and ∆χrh
= -7.8 x 10–32 m3 for the thulium loaded LCT are observed, on the 20 kDa-sized protein construct HPPK S112C C80A
anisotropy parameters of ∆χax = 54.5 x 10–32 m3 and ∆χrh = 12.5 x 10–32 m3 were reported. The presented LCT
constitutes, due to the large induced anisotropies and the convenient synthesis, a highly promising LCT for a diverse
range of applications.
Based on the presented chelators by Lee et al. [25], Lee et al. developed the corresponding series of two-armed LCTs
[145]. As expected for the switch from a single-armed LCT to a two-armed LCT, the anisotropy parameters induced
by the two-armed LCTs are significantly improved by a factor of ~2.5 (anisotropy parameters on ubiquitin E24C A28C:
∆χax = 47.1 x 10–32 m3 and ∆χrh = 18.6 x 10–32 m3, for Ln = Tm3+). PCSs induced by LCTs bearing hydroxyl donor groups
were reported to depend on pH [25, 146]. However, Lee et al. observed for the mentioned two-armed LCT only a
minor pH-sensitivity.

Fig. 14. Structure of Ln-DOTA-(3R4S)-M7Py suitable for in-cell NMR in oocytes reported by Müntener et al. [3]. (Reprinted with
permission from T. Müntener, D. Häussinger, P. Selenko, F.-X. Theillet, In-Cell Protein Structures from 2D NMR Experiments, J.
Phys. Chem. Lett., 7 (2016) 2821-2825. Copyright 2016 American Chemical Society.)

In order to provide a reduction-stable linkage suitable for in-cell applications of the DOTA-M8 LCT, Müntener et al.
used a pyridine derived linker that reacts with the cysteine residue of the protein to give a stable thioether linkage
(Ln-DOTA-(3R4S)-M7Py) [3]. In order to improve the tagging reaction, an additional fluorine substituent was
introduced on the pyridine in the ortho position of the leaving group, thereby stabilizing the Meisenheimer-Complex
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formed upon reaction of the pyridine linker of the LCT with the cysteine residue of the protein [147]. The observed
magnetic anisotropy parameters for Ln-DOTA-(3R4S)-M7FPy are similar to Ln-DOTA-M8-(4R4S) [23]. This result can
be explained by an improvement of the obtained paramagnetic effects due to the shorter and more rigid linker, but
a simultaneous decrease due to the unfavourable rotation of the LCT on the proteins surface caused by the less
optimal linkage angle [147]. A similar approach was published by Pan et al. shortly after, illuminating the potential of
this method for the investigation of protein structures in living cells [2].
In order to attach DOTA-derived LCTs to unnatural amino acids, Loh et al. presented two LCTs that can yield tagprotein conjugates by a copper catalysed azide−alkyne cycloaddition to a p-azido-L-phenylalanine residue [6]. The
described LCTs induce reasonable PCS on ubiquitin Glu18AzF constructs and the bio-orthogonality of the linkage
presents also an interesting approach for labelling of other biomacromolecules than proteins. However, the sample
should tolerate copper ions, e.g. His6 tags inhibit the copper-alkyne click reaction and hence formation of the tagprotein linkage.
A further approach towards the applicability of the Ln-DOTA-M8 LCTs for measurement of in-cell NMR constitutes
the introduction of a carbamidemethyl linker bearing an iodide leaving group on the acetyl amide moiety that is
reactive in a selective fashion towards thiol nucleophiles [4]. Hikone et al. modified the Ln-DOTA-M8-(8S)-SSPy LCT
accordingly (Ln-M8-CAM-I) and demonstrated the PCS analysis of M8-CAM-tagged ubiquitin mutants that were
incorporated in HeLa cells by electroporation [4]. The stable thioether linkage formed upon tagging enables the
application of the tag under reductive conditions. However, when compared to the original Ln-DOTA-M8-(8S)-SSPy
LCT, the anisotropy is severely decreased by the significantly longer, flexible linker part.

Fig. 15. Comparison of the structure of Ln-DOTA-M8-CAM-I reported by Hikone et al.[4] and Ln-DOTA-M8-SSPy reported by
Häussinger et al. [9].

As a next step in the development of the DOTA-M8 tags, an LCT with isopropyl substituents on the basic ring scaffold
(Ln-P4M4-DOTA) was synthesized and tested with several protein mutants [148]. Since the 1D spectrum shows a
similar shift range as the one of DOTA-M8-(4R4S)-SSPy, the donor atoms were shown by DFT calculations to have a
positional deviation of only 0.11 Å when compared to its eight-fold methyl-substituted predecessor and the metal
centre mobility was shown by the proposed methodology of Suturina et al. [143, 149] to correspond to its
predecessor, it can be concluded that the enhancement of the PCSs by a factor of almost 2 can be most likely
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attributed to a more hindered rotation of the LCT on the proteins surface caused by the isopropyl substituents on
the basic ring scaffold.

Fig. 16. Structure of a lanthanide complex of P4M4-DOTA in SAP conformation [148].

Besides the investigation of isopropyl substituents by Joss et al., a new reductively stable pyridinethiazole linker
moiety was proposed by Müntener et al. and attached to the seven-fold methyl-substituted LCT to obtain the LnM7PyThiazole-SO2Me-DOTA LCT [147]. It was shown that the enhanced rigidity of the linker moiety, when compared
to the rather flexible LCT-CONH-CH2-CH2-S-Cysprot linkage, and the more favourable attachment angle, which leads to
decreased rotational averaging of the induced paramagnetic effects, as well as the improved synthetic access provide
an extremely favourable LCT in terms of synthetic access, stability of the tag-protein linkage under reductive
conditions as well as magnitude of observed PCSs and RDCs [147].
Clearly, it was obvious to test the newly developed linker moiety on an LCT equipped with an isopropyl-substituted
backbone. The synthesized Ln-P4T-DOTA LCT shows large magnetic anisotropies induced by the different lanthanide
complexes upon attachment to ubiquitin S57C, ubiquitin K48C and human carbonic anhydrase II (hCA II) S166C C206S
and hence induces strong paramagnetic effects, i.e. PCS and RDC, in the tag-protein conjugates [150]. Furthermore,
the large paramagnetic effects could also be used under reductive conditions, e.g. to obtain de novo derived in-cell
protein structures from 2D NMR experiments [3].
The currently largest anisotropies induced by DOTA-derived LCTs are induced by a single-armed phenylsulphonated
pyridine derivative of DOTA investigated by Yang et al. that constitutes a rigid and stable paramagnetic tag in analysis
of protein structures and produces very large PCSs [151]. However, no conversion was observed in the tagging
reaction with pH 7.8 or below and the lanthanide complex could only be attached to the protein using harsh
conditions for protein tagging, i.e. pH 9.0 over 16 h or pH 9.3 over 18 h, hampering the general applicability of this
newly developed LCT. While the extremely large PCSs can result in a cumbersome assignment process of the
paramagnetic signals for small- to medium-sized proteins, the presented LCT would be very suitable for applications
on large-sized proteins as well as the localization of ligands within proteins over large distances.
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Fig. 17. Structures of the DOTA-derived LCTs reported by Yang et al. [151] The additional methyl substituent in T1 leads to a
decrease of rotational and motional averaging and thus rise to the extremely large PCSs observed.

Besides introduction of more steric bulk on the basic ring scaffold and more rigid linkers causing less motional
averaging of the paramagnetic effects, the LCT presented by Keizers et al. (ClaNP-5) that bears two linker arms
constitutes an interesting approach [24, 152]. Although the LCTs equipped with two attachment sites to the protein
require more challenging design and engineering of protein double mutants, which contain two cysteine residues in
an optimal distance for the formation of the two disulphide linkages, the LCT presents an important advantage for
its application in the investigation of ligand-protein interactions when compared to single-armed LCTs, i.e. the
induced paramagnetic effects are predictable and independent of the environment of the LCT on the protein surface.
The prediction can be used for a low-resolution model of the localization of a weakly binding ligand within a protein
by PCS, removing the need for isotope labelling of both the ligand and the protein [69]. The initial low resolution
model of the positioning of the ligand can give important structural insights on protein-fragment hit complexes in
fragment-based drug discovery studies. When one wishes to localize strongly binding ligands,
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assignment of 1H-15N HSQC spectra of paramagnetic protein-tag-ligand conjugates can provide the position of the
ligand in a high accuracy [71].
An earlier developed DOTA-derived CLaNP LCT constitutes the CLaNP-3 LCT reported in 2007 by Vlasie et al. [153].
The two-armed LCT exhibits multiple isomers that are in exchange, but to the delight of the researchers only one
signal was observed for the majority of the amides in 1H-15N HSQC experiments, which paved the way for the
determination of one single set of parameters of the induced anisotropy. By using the Yb 3+ loaded LCT, PCSs were
observed over a maximal distance of 35 Å away from the metal centre.

Fig. 18. Structural comparison of CLaNP-5 [24] and CLaNP-9 [154], which incorporates two carboxy groups that decrease the
overall charge of the lanthanide complex.
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In order to reduce the rather high, three-fold positive charge of the CLaNP-5 LCTs that can possibly lead to
interactions with the protein, Liu et al. substituted the N-oxide moieties by nitro-substituted phenol groups, giving
rise to an LCT containing two negatively charged alkoxides upon coordination of the three-fold positively charged
metal centre thus resulting in the single positively charged CLaNP-7 LCT [155]. For the CLaNP-7 LCT, the orientation
of the magnetic susceptibility tensor is pH-dependent when a histidine residue is located in the immediate vicinity of
the binding site, a feature that could originate in interactions of the histidine residue with an apically coordinated
water/hydroxyl molecule. In a further study, Liu et al. presented the CLaNP-9 LCT that delivers large PCSs on a Paz‐
CuII E51C E54C construct and possesses an overall charge of +1 as CLaNP-7 [154].
Lee et al. reported in 2016 an enantiomeric pair of pyridine-2-thiol activated, two-armed LCTs that gives rise to two
different alignments of the magnetic susceptibility tensor [146]. For the thulium loaded LCT, large RDCs of up to
24.8 Hz and large PCSs were observed on an ubiquitin E24C A28C double mutant. Interestingly, the observed PCSs
and associated anisotropy parameters at pH 6.5 are 40% smaller than those obtained at a pH of 8.0. Since the two
LCTs can be readily synthesized in parallel and two different magnetic susceptibility tensors can be obtained using
the same tagging site, the presented LCTs can be conveniently used for studies of protein structure and ligand
binding.
Besides disulphide, pyridine-derived and iodoacetamide linkers, bromoacetamides were shown by Wu et al. to be of
significant value for ligation of an LCT to a phosphorothioate group in DNA [30]. The reduction-stable linkage that is
formed between the LCT equipped with a bromo leaving group and the phosphorothioate offered the possibility for
the authors to detect PCSs on DNA and subsequently fit the corresponding anisotropic ∆χ-parameters. DOTA-derived
LCTs are ideal scaffolds for the development of LCTs that can be attached to nucleic acids, since the strong binding
of the lanthanide ion by the chelator and the inertia of the synthesized complexes ensures that no interferences
between the metal ion and the phosphate backbone of the nucleic acid occur. The stereogenic phosphorus atom
generated by the introduction of a phosphorothioate group leads to different sets of observed PCS. However, it is
possible to separate the diastereomers by reverse-phase HPLC on a semipreparative C18 column leading to only one
set of signals observed [30], thus opening the avenue of the transfer of the PCS methodology from proteins to DNA
and RNA.
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3.4 Tabular overview of DOTA-derived LCTs
In the following, all DOTA-derived LCTs are listed with the reported anisotropy parameters and the corresponding tagging conditions. It is certainly clear, that the
reported ∆χ-values suffer from large variability, as they are usually obtained by the single-point approximation which strictly in no case holds true. In particular,
pronounced mobility can lead to over-estimated -values in combination with elongated metal – attachment site distances [143, 149, 156]. But nevertheless the
-values, especially when obtained for several different proteins, allow a rough estimation of the performance of a LCT – when taken with a pinch of salt. It is
noteworthy, that the extent of anisotropy within the lanthanide metal series for a given LCT varies dramatically with minute differences of the coordination
polyhedron geometry and donor atom set – in many cases Dy causes larger anisotropy than e.g. Tm, but there are also several examples with the reversed order.

Table 1: Overview on DOTA-derived LCTs including tagged protein constructs, PCS- and RDC-derived observed anisotropy parameters, Ln-CB distance as well as the used conditions for
the tagging reaction.
name & structure

protein construct

Ln3+

Ln-DOTA-M8-(8S)-SSPy

Ubi S57C (PDB
1D3Z)
Ubi K6C (PDB 1D3Z)

Ubi S57C (PDB 1UBI)

Ln-DOTA-M8-(4R4S)-SSPy

hCA II S50C C206S
(PDB 3KS3)
hCA II S166C C206S
(PDB 3KS3)

Ln-P4M4-DOTA

Ubi S57C (PDB 1UBI)
hCA II S166C C206S
(PDB 3KS3)

∆χrh, PCS
[10–32 m3]

Dy3+

∆χax, PCS
[10–32
m3]
28

∆χrh, RDC
[10–32
m3]
6

distance
Ln-CB [Å]

tagging conditions & remarks

ref.

17

∆χax, RDC
[10–32
m3]
21

7.9

3.0 eq. LCT, pH 5.0, 10 mM phosphate,
rt, 3 h

[9]

Dy3+

44

19

22

12

9.2

Dy3+
Tm3+
Tb3+
Dy3+
Tm3+
Tb3+
Dy3+
Tm3+

-8.7
19.6
-8.2
-21.0
36.1
-16.7
-21.2
29.7

-4.1
3.0
-3.3
-11.1
11.5
-11.8
-4.5
7.6

-

-

7.2

3.0 eq. LCT, pH 7.0, 10 mM phosphate,
rt, 3 h

[23]

7.6

3.0 eq. LCT, pH 6.8, 10 mM phosphate,
rt, 3 h

6.6
5.9

6.0 eq. LCT, pH 6.8, 10 mM phosphate,
rt, overnight

Dy3+
Tm3+
Dy3+
Tm3+

-16.7
26.0
-29.7
41.9

-7.5
1.0
-11.5
17.1

14.1
20.0
44.1

-4.8
7.3
-11.1

8.7
7.0
7.0
7.2

6.0 eq. LCT, pH 7.0, 10 mM phosphate,
rt, overnight
6.0 eq. LCT, pH 6.8, 10 mM phosphate,
rt, overnight
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[148]

Ln-C1

ArgN C68 (PDB
1AOY)

Ubi A28C (PDB
1D3Z)

Dy3+
Tb3+
Tm3+
Yb3+
Dy3+
Tb3+
Tm3+
Yb3+

-29
-27
37
13
-10.8
-9.0
7.1
2.4

-11
-4
12
3
-3.5
-2.3
1.6
0.5

-

-

8.7

3.0 eq. LCT, pH 7.5, 50 mM HEPES, rt, 5
h

5.8

15.0 eq. LCT, pH 7.5, 50 mM HEPES, rt, 3
h, then 3 °C, overnight

Ln-C5

Ubi A28C (PDB
2MJB)

Dy3+
Tb3+
Tm3+
Yb3+

8.2
9.4
-18.7
-6.7

5.3
2.2
-6.9
-2.1

-

-

7.5
8.2
9.7
8.9

5.0 eq. LCT, pH 8.0, 50 mM HEPES, rt, 2
h

Ln-C6

Ubi A28C (PDB
2MJB)

Dy3+
Tb3+
Tm3+
Yb3+

-9.4
-14.6
11.5
2.0

-5.9
-3.6
4.1
0.9

-

-

10.3
9.0
9.0
10.3

1) 10.0 eq. Ellman’s reagent, pH 8.0, 50
mM HEPES, rt, 1 h
2) PD10 column
3) 5.0 eq. LCT, pH 8.0, 50 mM HEPES, rt,
2h

Ln-C7

Ubi A28C (PDB
2MJB)

Dy3+
Tb3+
Tm3+
Yb3+
Tb3+

26.6
11.7
-19.4
5.8
2.2

6.0
1.7
-7.8
3.0
1.0

-

-

4.4
5.8
6.3
5.0
4.9

5.0 eq. LCT, pH 8.0, 50 mM HEPES, rt, 2
h
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[63]

[25]

Ln-C8

GB1 Q32C (PDB
1PGA)
HPPK S112C C80A
(PDB 3QBC)

Tm3+

-14.2

-4.4

-

-

7.3

Tm3+

54.5

12.5

-

-

7.3

Ubi A28C (PDB
2MJB)

Dy3+
Tb3+
Tm3+
Yb3+
Tb3+
Tm3+

31.2
14.3
-16.3
-4.2
6.1
-14.9

7.1
5.1
-10.2
-1.9
3.1
-6.4

-

-

5.2
5.0
6.1
5.4
7.4
7.1

5.0 eq. LCT, pH 8.0, 50 mM HEPES, rt, 2
h

Ubi E24C A28C (PDB
2MJB)
HPPK K76C C80
(PDB 3QBC)

Tm3+
Yb3+
Tm3+

45.0
-11.8
47.4

18.7
-4.1
19.9

-

-

5.3/6.5

5.0 eq. LCT, pH 8.0, 50 mM HEPES, rt, 1
h
3.0 eq. LCT, pH 8.0, 10 mM MgCl2,
100 µM α,β-methyleneadenosine5’triphosphate, 0 °C, 15 min

Ubi E24C A28C (PDB
2MJB)
HPPK K76C C80
(PDB 3QBC)

Tm3+
Yb3+
Tm3+
Yb3+

-39.9
13.7
57.8
-9.0

-21.0
6.8
15.3
-2.8

-38.2
51.3
-

-12.5
10.8
-

5.4/6.3

Ubi E24C A28C (PDB
2MJB)
HPPK K76C C80
(PDB 3QBC)

Tm3+
Yb3+
Tm3+
Yb3+

49.9
-9.1
41.0
7.1

8.8
-4.2
6.8
4.6

44.1
36.9
-

7.4
1.9
-

6.8/7.6

Tm3+

35.3

4.0

29.6

9.0

5.6/6.1

GB1 Q32C (PDB
1PGA)

Ln-T7

Ln-T8

Ln-T1

Ln-T2
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6.4/7.3

6.2/6.2

5.8/7.8

[145]

5.0 eq. LCT, pH 8.0, 50 mM HEPES, 0 °C,
1h
3.0 eq. LCT, pH 8.0, 10 mM MgCl2,
100 µM α,β-methyleneadenosine5’triphosphate, 0 °C, 15 min

5.0 eq. LCT, pH 8.0, 50 mM HEPES, 0 °C,
3h
3.0 eq. LCT, pH 8.0, 10 mM MgCl2,
100 µM α,β-methyleneadenosine5’triphosphate, 0 °C, 15 min

[146]

Yb3+

5.5

2.1

-

-

Tm3+
Yb3+

58.0
9.5

9.9
5.4

51.2
-

7.3
-

4.6/8.4

GB1 E19C (PDB
2QMT)
GB1 K28C (PDB
2QMT)
GB1 E42C (PDB
2QMT)

Tm3+

33.2

12.3

-

-

7.9

Tm3+

-32.0

-18.2

-

-

7.7

Tm3+

-33.7

-21.9

-

-

6.7

Ubi S57C (PDB 1UBI)
hCA II S166C C206S
(PDB 3KS3)

Tm3+
Tm3+

17.8
-18.4

9.8
-4.4

-

-

6.6
5.4

Ubi E24C A28C (PDB
2MJB)
HPPK K76C C80
(PDB 3QBC)

Ln-M7Py

Ln-M7FPy

5.0 eq. LCT, pH 8.0, 50 mM HEPES, 0 °C,
3h
3.0 eq. LCT, pH 8.0, 10 mM MgCl2,
100 µM α,β-methyleneadenosine5’triphosphate, 0 °C, 15 min

4.0 eq. LCT, pH 7.6, 50 mM phosphate,
0.5 mM TCEP, 40 °C, 24 h

[3]

stable under reductive conditions

6.0 eq. LCT, pH 7.0, 10 mM phosphate,
0.45 mM TCEP, rt, 16 h

[147]

stable under reductive conditions

Ln-M7PyThiazole

Ubi S57C (PDB 1UBI)

Ubi K48C (PDB 1UBI)

hCA II S166C C206S
(PDB 3KS3)

Ln-C3

Ubi G18AzF (PDB
1D3Z)

Tm3+
Dy3+
Tb3+
Tm3+
Dy3+
Tb3+
Dy3+

35.4
41.9
30.8
47.4
58.0
36.0
44.0

11.3
26.1
19.6
8.3
24.6
21.8
24.7

25.7
-36.3
-18.6
46.5
62.8
-39.8
42.9

3.8
-20.0
-8.3
12.8
34.4
-24.3
22.9

5.9

4.0 eq. LCT, pH 7.0, 10 mM phosphate,
0.1 mM TCEP, rt, 15 min

7.4

stable under reductive conditions

Tb3+
Tm3+

9.0
-5.4

2.3
-1.7

-

-

9.1
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7.1

[6]

10.0 eq. LCT, pH 7.5, 50 mM HEPES, 0.2
mM CuSO4, 1.0 mM BTTAA, 5.0 mM
sodium ascorbate, rt, 16 h
stable under reductive conditions

Ln-C4

Ubi G18AzF (PDB
1D3Z)

Tb3+
Tm3+

9.7
-9.7

3.4
-3.0

-

-

8.9

Ln-P4T

Ubi S57C (PDB 1UBI)

Dy3+
Tm3+
Dy3+
Tm3+
Dy3+
Tm3+

54.0
39.3
-53.7
39.6
-46.1
44.3

27.0
14.6
-23.5
13.4
-30.5
4.8

-45.0
-36.5
-

-21.8
-11.5
-

6.1

Ubi K48C (PDB 1UBI)
hCA II S166C C206S
(PDB 3KS3)

6.0 eq. LCT, pH 7.0, 10 mM phosphate,
0.3 mM TCEP, rt, overnight

[150]

6.7
stable under reductive conditions
7.0

10.0 eq. LCT, pH 6.8, 10 mM phosphate,
0.3 mM TCEP, rt, overnight
stable under reductive conditions

Ln-M8-CAM-I

Ubi K6C (PDB 1D3Z)
Ubi S57C (PDB
1D3Z)

Dy3+
Dy3+

23
6.8

12
2.4

-

-

9.9
8.0

2.0 eq. LCT, pH 7.4, 10 mM phosphate,
140 mM NaCl, rt, 1 week
or
10.0 eq. LCT, pH 7.4, 10 mM phosphate,
140 mM NaCl, rt, 24 h
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[4]

stable under reductive conditions

Ln-DO3MA-Py

Ln-DO3MA-6MePy

Ubi G47C (PDB
1UBI)
GB1 T11C (PDB
2QMT)

Tm3+

22.2

13.00

-

-

8.1 (to CA)

Tm3+

21.8

13.1

-

-

8.8

Ubi G47C (PDB
1UBI)

Dy3+
Tm3+
Yb3+
Dy3+
Tm3+

-84.3
65.2
11.6
51.2
22.1

-17.2
31.8
2.5
20.3
12.1

-

-

8.9 (to CA)

GB1 T11C (PDB
2QMT)

3.0 eq. LCT, pH 9.0-9.5, 20 mM Tris, 0.2
mM TCEP, rt, 20 h

[151]

stable under reductive conditions

6.3

CLaNP-3

Paz E51C E54C (PDB
1PY0)

Yb3+

5.9

1.9

-

-

10.0/9.0
(PRE
optimized)

5.0 eq. LCT, pH 7.0, 20 mM phosphate,
4 °C, overnight

[153]

CLaNP-5

Paz L8C K10C (PDB
1PY0)
Paz E51C E54C (PDB
1PY0)

Yb3+

9.0

3.3

7.5

2.3

graphically
displayed

10.0 eq. LCT, pH 7.0, 20 mM phosphate,
150 mM NaCl, 0 °C, 1 h

[24]

Yb3+
Eu3+
Tm3+
Dy3+
Yb3+

9.0
1.5
55.3
-36.2
9.3

2.3
0.1
6.9
-15.0
3.0

8.4
-1.4
44.4
-34.6
5.8

2.0
-0.7
6.9
-11.0
1.7

Yb3+

8.1

2.5

-

-

Paz D100C S104C
(PDB 1PY0)
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7.3/7.7

[157]

Cyt c N56C L58C
(PDB 1YCC)

Tm3+

50.5

6.0

-

-

CLaNP-7

Paz E51C E54C (PDB
1PY0)
Cyt c N56C L58C
(PDB 1YCC)

Tm3+
Yb3+
Yb3+

41.4
4.2
6.3

9.6
5.6
8.0

-

-

graphically
displayed

5.0 eq. LCT, pH 7.0, 20 mM phosphate,
150 mM NaCl, 4 °C, overnight

[155]

CLaNP-9

Paz E51C E54C (PDB
1PY0)
T4 Lys N55C V57C
(PDB 3DKE)

Yb3+
Tm3+
Yb3+
Tm3+

7.5
39.5
6.3
32.5

2.3
10.6
2.2
15.6

-

-

-

10.0 eq. LCT, pH 8.0, 20 mM Tris, 150
mM NaCl, rt, 6 h

[154]
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stable under reductive conditions

3.5 Parameters in the design of LCTs
A unique feature of the structural restraints obtained by attachment of an LCT to a biomacromolecule when
compared to NOESY experiments is the distance range that can be covered. The largest anisotropy parameters
reported by Yang et al. for the Ln-DO3MA-6MePy LCT [151], i.e. ∆χax = -84.3 x 10–32 m3 and ∆χrh = -17.2 x 10–32 m3 for
a dysprosium-loaded LCT attached to an ubiquitin G47C protein construct, yield a distance limit of 207 Å assuming a
threshold of significant chemical shift differences of 0.005 ppm. Based on the intrinsic tensor anisotropies currently
investigated in our research group and a full transfer of the intrinsic anisotropy caused by the lanthanide to the
protein by an ideal, rigid attachment of the LCT to the protein under investigation, it is not unrealistic to monitor
distances over 250 Å in the future, which would greatly extend the versatility for biological applications.
The accuracy and precision in the localization of ligands within biomacromolecules that can be reached using LCTs is
in the best cases comparable to the resolution of X-ray structures. As reported by Zimmermann et al., the localization
of fluorinated inhibitors within human carbonic anhydrase was achieved with an accuracy of up to 0.8 Å [71]. When
using LCTs for the localization of ligands within biomacromolecules, paramagnetic susceptibility tensors that intersect
in a close to orthogonal fashion at the ligand position deliver the best results in terms of accuracy. To judge whether
the isosurfaces of the tensors intersect in a favourable fashion, an angle score was introduced by Zimmermann et al.
that allows to give a quantitative estimate about the accuracy of the ligand localization using a given set of tensors
[71]. Double-armed LCTs that yield predictable tensor orientations and magnitudes [69] are particularly suited for
this approach. The PCS based method opens a route to highly accurate localization of ligands within
biomacromolecules even for cases that are difficult to investigate using X-ray crystallography.
For even further improvement of LCTs for biomacromolecules, three important questions in the design of LCTs
emerge: i.) “What kind of ligand delivers the best framework for the synthesis of LCTs in terms of stability and
inertness of the lanthanide complexes?” ii.) “How is it possible to maximize the intrinsic anisotropy of the lanthanide
complexes?”, iii.) “How is it possible to transfer the full anisotropy caused by the lanthanide complex to the
investigated biomacromolecule?”.
Using a rigid framework as e.g. DOTA-derived chelators, the lanthanide ion can be conveniently accommodated in
the cavity and the tightly chelating ligand ensures chemical stability and inertness towards the environment of the
LCT, which is a unique feature that clearly supersedes the stability of open-chain chelator-based LCTs [9].
The investigation of the intrinsic anisotropies of lanthanide complexes in combination with their structural properties
is subject of current research [52, 53, 158, 159]. Furthermore, Mironov et al. reported quantitative relations between
ligand atom positions and geometries and the observed anisotropies [144]. However, rational design of complexes
with enhanced paramagnetic properties is cumbersome, since it is not straightforward to estimate the position of
the ligand atoms in an LCT that is envisioned to be synthesized. A more convenient approach towards large intrinsic
anisotropy parameters constitute the introduction of sterically demanding substituents on both the basic cyclen ring
moiety as well as on the side-arms of the DOTA chelator. Rigidified DOTA-complexes provide shift ranges in onedimensional 1H spectra of over 1000 ppm for their Tm 3+ and Dy3+ complexes, thereby indicating the large intrinsic
anisotropy of the lanthanide complex [23].
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In order to transfer this large intrinsic anisotropy to the protein, motional and rotational averaging of the LCT on the
protein has to be suppressed or at least reduced. This was successfully achieved using two-armed LCTs [145, 146] as
well as by using large substituents on the basic cyclen ring [148] or on the side-arms of the chelator [63]. In the latter
two examples, the large substituents effectively decrease the rotational averaging on the proteins surface. With the
current data available it is, however, not entirely clear whether substituted cyclen rings like tetramethyl-cyclen lead
to improved anisotropy parameters mainly due to the suppression of the  interconversion or due to the
more efficient immobilization on the protein surface – probably both effects play a vital role.
The introduction of a suitable linker moiety is crucial for the successful design of an LCT. The important factors for
success that have to be addressed in the design of LCTs are: i.) A short and rigid tether between the LCT and the
protein should result from the tagging reaction, ii.) The chosen activator should react in fast and irreversible fashion,
iii.) The resulting linking site should be reduction-stable to enable NMR studies under reductive conditions, e.g. in incell applications.
The LCTs presented by Lee et al. combine a very short linker with the highly reactive pyridine-2-thiol activator, that
is commonly used in PCS NMR spectroscopy [25, 146]. In terms of providing a rigid linker moiety that enables fast
tagging reactions resulting in a reduction-stable linkage, the pyridine-thiazolo linker equipped with a methylsulphone as leaving group reported by Müntener et al. [147] displays favourable properties: i.) Ubiquitin S57C is
tagged within 15 min. in an extent of >95%, ii.) The tagging reaction as well as the NMR experiments can be performed
under reductive conditions, iii.) The rigid linker moiety ensures a successful transfer of the anisotropy from the LCT
to the protein resulting in large observed anisotropy parameters.
Although the limits in the design of LCTs were already pushed very far, in the near future the combination of the
approaches described in this chapter and the invention of novel linker moieties enabling to suppress the remaining
rotational and motional averaging could lead to a significant boost in the observed anisotropy parameters and thus
to an even higher distance range covered by LCTs and a larger accuracy in the localization of ligands within
biomacromolecules due to a larger magnitude of the observed paramagnetic effects.
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4. Applications of lanthanide chelating tags in the structural characterization of biomacromolecules
4.1 Applications of lanthanide chelating tags on proteins I: pseudocontact shift
Since induced paramagnetic effects of LCTs, e.g. PCSs and RDCs, provide three-dimensional structural information,
their use is highly valuable in the structural characterization of targets that are cumbersome to be analysed with
other methods such as cryogenic electron microscopy (cryo-EM), X-ray crystallography and non-paramagnetic NMR.
In a diverse range of cases, the data provided by other methods gives a valuable starting point for the structural
characterization of proteins, since it allows e.g. to start from a solid state structure that can be subsequently refined
to a solution state structure or e.g. flexible parts of the protein in solution can be identified.
Keizers et al. used a ClaNP-5 LCT loaded with Eu3+, Gd3+, Lu3+ and Tm3+ metal ions for the structural investigation of a
protein complex of adrenodoxin and adrenoxodin reductase with a molecular weight of 65 kDa [160]. The observed
PCSs were used as structural restraints in docking studies, in order to evaluate the binding between the two proteins
in solution. The resulting structure closely matched the crystal structure of the investigated complex and the
presented method holds great promise for the investigation of structures of protein complexes even at diluted
conditions, since for the observation of the required PCS only 1H-15N HSQC spectra need to be acquired.
In 2011, Cruz et al. investigated the conformational changes in the Dengue virus NS2B-NS3 protease using PCSs as
structural restraints [161]. The protease was equipped with multiple LCTs on several different tagging sites and the
experimental PCSs were then used for the calculation of the structure of the Dengue NS2B-NS3 protease based on
the crystal structure of the related West Nile virus protease. The results show that for positively charged, lowmolecular weight inhibitors, the Dengue NS2B-NS3 protease adopts a closed state resembling to the one reported
for the West Nile virus protease.

Fig. 19. Open (A) and closed (B) conformation of the C-terminal fragment of the dengue NS2B-NS3 protease investigated by Cruz
et al. [161]. (Reprinted with permission from L. de la Cruz, T.H.D. Nguyen, K. Ozawa, J. Shin, B. Graham, T. Huber, G. Otting,
Binding of Low Molecular Weight Inhibitors Promotes Large Conformational Changes in the Dengue Virus NS2B-NS3 Protease:
Fold Analysis by Pseudocontact Shifts, JACS, 133 (2011) 19205-19215. Copyright 2011 American Chemical Society.)

In order to obtain a more detailed model of the catalytic domain of the matrix metalloproteinase MMP-1, Bertini et
al. attached the ClaNP-5 LCT containing Lu3+, Yb3+, Tm3+ and Tb3+ to the H132C K136C mutant of CAT MMP-1 [162].
Importantly, Bertini et al. showed, based on the observed PCS and RDC data, that the solution structure of CAT
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MMP-1 shows local rearrangements as well as significant secondary structure and domain rearrangements in
solution when compared to the previously obtained crystal structure.
In 2013, it was shown by Li et al. that observation of PCS in combination with the Rosetta software package can yield
3D structures of proteins in a magic angle spinning solid-state NMR approach [163]. GB1 was tagged with 4MDPA,
loaded among other paramagnetic metal ions with Yb3+ and Tm3+. The introduction of the LCT gave rise to long-range
structural restraints and the obtained structures using the observed PCSs in combination with the Rosetta database
yield 3D structures similar to the X-ray structure model.
Yagi et al. attached two different LCTs (C1 and IDA-SH) to the chaperone ERp29, which is known to exhibit significant
differences in the C-terminal domain between the solid state and solution state structures, and observed PCSs from
four different tagging sites [164]. Based on the observed PCS data, the authors showed that the C-terminal domain
of rat ERp29 in solution strongly resembles to the reported crystal structure of the C-terminal domain of human
ERp29. Since only 1H-15N HSQC experiments have to be acquired for the structure refinement, the approach could be
applied to more diluted protein samples. Furthermore, the presented approach is generally applicable for protein
scaffolds, in which the required tagging sites can be mutationally introduced.
In order to get structural insights into the complex of putidaredoxin and P450cam that catalyses the hydroxylation
of camphor using two electron transfers, Hiruma et al. determined both the solution state structure by paramagnetic
NMR as well as the crystal structure using X-ray crystallography [165]. The researchers observed 446 structural
restraints upon tagging of the protein complex using the CLaNP-7 loaded with Yb3+ and obtained an ensemble of 10
structures with an excellent RMSD of 1.3 Å. Furthermore, the authors determined the crystal structure that strongly
resembles the 10 lowest-energy structures in solution.
In 2014, Chen et al. showed that the solution structure of the C-terminal β-hairpin of NS2B in the dengue virus NS2B–
NS3 protease is different from the observed conformation in the crystal structure [166]. Importantly, the C-terminal
segment, which was earlier thought to be located in an open conformation, was shown by analysis of PCSs to adopt
a different structure, i.e. it is closely positioned to the ligand binding site. The results provide important structural
information for the design of new medications against dengue virus.
The single-stranded DNA binding protein (SSB) has two significant roles: on one hand it protects single-stranded DNA
and on the other hand it recruits single-stranded DNA processing enzymes. Although the unstructured C-terminal
peptide segment of SSB was shown to interact with the single-stranded DNA binding domain (OB-domain) by
biochemical experiments with C-terminally truncated SSB, no evidence for competitive binding of the C-terminal
peptide fragment and a single-stranded DNA molecule was found in X-ray structures. Shishmarev et al. investigated
the protein using NMR spectroscopy and showed, based on NOESY data as well as PCSs induced by a lanthanideloaded IDA-SH tag [128], that the C-terminal fragment indeed binds to the OB-domain, suggesting direct competition
between the C-terminal peptide fragment and single-stranded DNA in binding to the OB-domain [167].
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Fig. 20. PCS correlation plot measured on SSB (A, red: Tb3+, blue: Tm3+). Orientation of the isosurfaces of the fitted anisotropy
parameters shown together with the structure of SSB (B) [167].

Inspired by the results of Chen et al. [166], de la Cruz et al. tagged a two-component dengue virus NS2B-NS3 protease
with two different paramagnetic metal tags [168]. In order to validate the earlier results from X-ray crystallography
in solution, i.e. the arrangement of NS3 protease and NS2B, NS3 protease was equipped with paramagnetic LCTs and
PCSs were analysed to yield a magnetic susceptibility tensor. The results clearly show that the reported structures
depict the interaction between NS2B and NS3 protease in a correct fashion. Furthermore, the authors showed that
NMR signals, that were believed to originate from the open state conformation, are artefacts from protein
degradation.
Camacho-Zarco et al. presented in 2014 the use of a reporter protein tagged with a Tm 3+ containing ClaNP-5 LCT
[169]. The paramagnetically labelled PDZ mutants can then be fused to another protein of interest containing a Cterminal TGWETWV peptide sequence, giving rise to observation of paramagnetic effects on the unlabelled protein.
While the sparse nuclear Overhauser effect (NOE) signal sets failed in the 3D structure determination of the 7TM αhelical microbial receptor pSRII, Crick et al. showed that introduction of a paramagnetic metal tag yields PCS restraints
that allow to determine the correct three-dimensional fold of the membrane protein [170]. Since the limitation of
the NOE signal sets displays an often encountered problem in membrane proteins incorporating α-helical structures,
the authors suggest that the acquisition and analysis of PCSs is a general method to overcome this issue.
Analysis of PCSs by Brewer et al. solved a long-standing biological riddle and led to structural characterization of the
neurotransmitter release triggered by Syt1, a Ca2+ sensor that together with the SNARE complex (synaptobrevin,
syntaxin-1 and SNAP-25) is responsible for rapid neurotransmitter release [12]. The NMR data suggest a dynamic
binding mode in which basic residues of the Syt1 C2B-domain β-sandwich bind to a polyacidic part of the SNARE
complex. Furthermore, Pan et al. demonstrated that it is possible to assign the methyl groups of the neuronal SNARE
complex, i.e. the leucine, isoleucine, methionine and valine methyl groups, in a sequence-specific manner based
solely on measurement of lanthanide-induced PCSs [171].
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Fig. 21. Models of Syt C2B bound to the SNARE complex matching the Syt C2B PCSs induced by an LCT bound to residue 166 [12].

In 2015, Saio et al. reported that the detailed conformational characterization of the multidomain protein MurD with
a molecular weight of 47 kDa was enabled by PCS analysis [172]. In order to detect sizeable PCSs, ClaNP-5 loaded
with Yb3+ and Tm3+ was introduced into the protein by ligation to the cysteine residues of the mutant MurD E260C
K262C. Upon analysis of the obtained structural restraints, the researchers found evidence for a novel semi-closed
conformation that can exhibit different binding affinities compared to the open or closed conformation of the
protein. The results are of high importance in the design of novel antibiotics in fragment based drug discovery, since,
based on data from X-ray crystallography, MurD was previously thought to adopt only an open or closed
conformation.
Pilla et al. demonstrated the use of LCTs for the generation of three-dimensional structure models of proteins larger
than 200 residues relying solely on PCSs induced from 4 different tagging sites [105]. The new algorithm that relies
on the Rosetta approach yields fragment libraries that are then refined upon convergence. The generation of threedimensional models of protein structures by PCSs and a Rosetta fragment library as only input holds great promise
for the structural investigation of proteins that are difficult to characterize by X-ray crystallography, cryo-EM and
NOE-based methods.
Chen et al. found that for the bacteriophage T4 lysozyme (T4-L), which shows two subdomains that are arranged in
two different conformations in its crystal structure, only one set of signals is present in NMR experiments, pointing
out conformational homogeneity [173]. In order to validate the results, a 4MDPA-derived LCT was attached to the
protein. The obtained PCSs and RDCs strongly suggest that in absence of the substrate, the T4 lysozyme adapts in
contrast to the X-ray structure a more open conformation.

37

Fig. 22. Increasing the chemical shift dispersion of IDPs using an Yb-DOTA-M8 LCT as demonstrated by Göbl et al (spectra
acquired at 900 MHz proton frequency) [73].

Intrinsically disordered proteins are challenging subjects for the structural characterization by NMR due to the
significant overlap of resonances and motions in the intermediate exchange regime, which can lead to signal
broadening. In order to overcome the severe overlap of signals, Göbl et al. demonstrated in 2016 successfully the
use of an Yb3+ loaded DOTA-M8 LCT and were thereby able to increase the chemical shift dispersion, greatly
facilitating analysis of the otherwise overlapping signals [73].
Although low-populated excited states can yield valuable information about a protein’s function, it can be a
challenging task to monitor these low abundance states and derive structural models from the data set. Ma et al.
demonstrated that PCSs acquired via chemical exchange saturation transfer (CEST) provide a useful tool for both the
acquisition of the signals of the otherwise invisible state as well as the structural modelling of the protein
conformation [174]. The authors applied their approach in the characterization of the bound state of 3 mol% Ark1p
peptides to the Abp1p SH3domain and the detection of transitional conformations of the FF domain.
In order to challenge the potential of LCTs for the determination of three-dimensional structures of proteins, Pearce
et al. demonstrated that with only two different tagging sites and the application of one lanthanide ion, namely Tb 3+,
the three-dimensional structure of the model protein ubiquitin can be investigated [26]. The authors of the study
found that a previously published ensemble structure of ubiquitin fits better to the paramagnetic restraints than
structures with only one conformation, a result that points out that PCSs can be used to detect very subtle changes
in the conformation of biomacromolecules.
Lescanne et al. reported the assignment of methyl groups within the 25 kDa N-terminal domain of Hsp90 achieved
by the analysis of PCSs induced by Yb3+-loaded CLaNP-5 [24] from two or three different tagging sites using a novel
version of the program PARAssign [175]. 60% of the 76 methyl groups were assigned in reliable manner, while for
the majority of the remaining 40% only three or less potential assignments were left. In order to provide a complete
assignment of the methyl groups, the data obtained from PCS analysis can then be combined with additional
restraints, e.g. from NOE experiments or mutagenesis studies. In a further study, the authors demonstrated that the
PCS of the methyl groups can then be used to monitor the reorientation of methyl groups upon binding of a 4-(2fluorophenyl)-2-pyrimidinamine ligand [176]. By application of their method, the authors found displacements of the
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methyl groups in the binding site of 1-3 Å and showed thereby that conformational changes of the side chains within
a protein can be monitored using solely two-dimensional 1H-13C HSQC spectra.

4.2 Applications of lanthanide chelating tags on proteins II: residual dipolar couplings
In 2007, Kamen et al. reported the use of an LCT for the characterization of membrane proteins [177]. Since the NMR
signals are significantly broadened due to the large size of the protein and the use of a phospholipid bicelle or a
solubilizing detergent micelle, deuteration of the investigated protein is required and hence NOE-derived structures
rely only on NOE signals of backbone amides. While polyacrylamide gels cause fewer observed peaks by introducing
additional line-broadening, EDTA-derived LCTs offer a robust method for partial alignment of the investigated
membrane proteins and a successful measurement of 1H-15N,
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C-15N and

13 ’ 13 α

C - C RDCs in 3D-experiments was

demonstrated.
Xu et al. presented the use of an LCT attached to yeast cytochrome c in the study of a cytochrome c-adrenodoxin
complex [178]. The used tag, i.e. CLaNP-5, did not interfere with the binding and showed the highly dynamical nature
of the formed protein complex. While the detected RDCs for cytochrome c led to successful determination of a
magnetic susceptibility tensor, the observed RDCs on adrenodoxin were significantly smaller than expected,
indicating multiple conformation and dynamical averaging.

Fig. 23. Model of the transmembrane domain of the HIV-1 viral envelope protein gp41 modelled using RDCs by Chiliveri et al.
[179]. (Reprinted with permission from S.C. Chiliveri, J.M. Louis, R. Ghirlando, J.L. Baber, A. Bax, Tilted, Uninterrupted, Monomeric
HIV-1 gp41 Transmembrane Helix from Residual Dipolar Couplings, JACS, 140 (2018) 34-37. Copyright 2018 American Chemical
Society.)

Although experimental evidence from cryo-EM and X-ray crystallography suggests a homotrimeric, C3 symmetric
structure of the transmembrane domain of the HIV-1 viral envelope protein gp41, Chiliveri et al. showed by the use
of RDCs observed under three different alignment conditions (neutral and positively charged acrylamide gels as well

39

as paramagnetic alignment using a thulium containing LCT) and DEER EPR, that the transmembrane domain is
monomeric and exhibits a highly ordered element of 32 residues [179].
In 2019, Barnes et al. showed by introduction of a thulium loaded DOTA-derived LCT that the 68-residue long medialtail domain of myosin-VI, which corresponds to a highly charged single α-helical domain (SAH domain), adopts in
solution the structure of a highly ordered α-helix [180]. Residues more distant from the attachment site show a
decrease in alignment and this values were used for an exact calculation of the persistence length (defined as the
distance in a polymer upon which correlations are lost) of the SAH helix. The result of 224 Å assists the hypothesis
that the investigated SAH helix is sufficiently stiff to be a part of the lever arm of myosin-VI.

4.3 Applications of lanthanide chelating tags on proteins III: protein-ligand complexes
Although the localization of ligands within proteins is highly important for any studies relating to drug molecules and
their associated mechanism, still by today it is not straightforward to localize ligands on proteins that are not suitable
for crystallization in complex with the protein and readily subjectable to X-ray crystallography. Ligand positions can
be identified using NMR techniques as CSP or NOESY experiments. While CSP can be misleading or yield ambiguous
results due to conformational changes occurring in the protein upon ligand binding or unexpected intermolecular
interactions, NOESY spectra and their analysis require in most cases a complete NMR assignment of the accordingly
labelled protein of interest. PCS analysis can provide the needed 3D information in a GPS-like approach from simple
one-dimensional NMR experiments.
In 2011, Saio et al. showed that localization of ligands on proteins tagged with an LCT is possible by the structural
restraints obtained by PCS [70]. Upon tagging of the protein of interest and determination of the magnetic
susceptibility tensors associated with the different tagging sites, the observed PCSs on the ligand atoms were
translated in distance restraints. In combination with a docking simulation, Saio et al. successfully localized a highaffinity inhibitor within Grb2 SH2 over a distance of ~10 Å.

Fig. 24. Localization of a ligand on a protein by PCS reported by Guan et al. (green: averaged NOE structure, orange: best five
obtained structure by PCS-fitting) [69]. (Reprinted with permission from J.-Y. Guan, P.H.J. Keizers, W.-M. Liu, F. Löhr, S.P. Skinner,
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E.A. Heeneman, H. Schwalbe, M. Ubbink, G. Siegal, Small-Molecule Binding Sites on Proteins Established by Paramagnetic NMR
Spectroscopy, JACS, 135 (2013) 5859-5868. Copyright 2013 American Chemical Society.)

In contrast to strongly binding ligands, weakly binding ligands can be applied in an excess and hence the needed
signal discrimination between the protein and the applied ligand is more conveniently achieved than in the case of
strong binders. From the fraction of bound ligand, the PCSs can be extracted. Guan et al. demonstrated this
methodology for the localization of weakly binding ligands on a protein using two-point anchored LCTs [69]. Twoarmed lanthanide probes induce, due to their high immobilization on the protein scaffold, large PCSs and provide the
additional advantage that the tensors of the anisotropic part of the magnetic susceptibility can be predicted
computationally in order to yield a low-resolution model of the ligand localization, which can be e.g. used to
discriminate between two binding sites within a protein. The study performed by Guan et al. relied only on onedimensional 1H spectra and the observed PCSs were then used as docking restraints.
In 2015, Brath et al. presented an approach for the localization of ligands within proteins that relies on attachment
of the LCT to the ligand [67]. The applied methodology presents several advantages: i) the solubility in aqueous
solution of hydrophobic ligands can be enhanced and study of their interactions with proteins is facilitated, ii)
engineering of protein cysteine mutants is omitted, iii) multiple binding sites could easily be detected, iv) if the ligand
is sufficiently large, it can be ensured that no structural changes of the protein or the protein-ligand binding complex
occur, and hence the interactions of the ligand with the native protein can be detected. However, chemical
modification/tagging of the ligand renders the presented method less suitable for screening of a large number of
ligands within a protein, in contrast to an approach that relies on tagging of the protein and is able to screen a large
number of ligands with one tagged protein construct.
Chen et al. reported in 2016 an interesting approach to overcome the problem of discrimination between signals of
a strongly binding ligand and the protein [181]. A tert-butyl group was used as a reporter group on the used ligand,
since the tert-butyl group is represented in spectra with an extremely narrow signal and a specific NMR shift, i.e. the
signal lies in the region of 1.0-1.5 ppm. Furthermore, the authors of the published study found that the tert-butyl
group gives rise to significant signals in NOESY spectra, even when protein NOESY correlations are hardly detectable.
The used approach constitutes a very convenient approach for the investigation of complexes of strongly binding,
tert-butyl group containing ligands and a protein of interest.
Gao et al. demonstrated in 2017 the use of a
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F-PCS CEST approach in order to characterize protein-ligand

interactions in the NMR intermediate exchange regime [66]. By scanning through the 19F saturation frequencies and
detection of the free ligand, intensity dips can be measured at the frequency of the resonance of the bound state.
By use of their method, the researchers localized mono- and di-fluorinated inhibitors of the BRM bromodomain by
PCS combined with docking approaches and confirmed the results by analysis of the solved crystal structure.
Importantly, upon initial determination of the magnetic susceptibility tensors, a large number of ligands can be
screened without further need for protein engineering.
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In 2018, Xu et al. presented a method suitable for the localization of ligands exhibiting micromolar affinities [182].
Since ligands with micromolar affinities can fall in the limit of NMR intermediate exchange and 1H CEST usually suffers
from NOE interferences, the authors acquired the required spectra using relaxation dispersion. The researchers
successfully observed the desired PCS and used them as docking restraints for the generation of structures of the
protein-ligand complexes.

Fig. 25. Point cloud of the Monte–Carlo fluorine position calculation for FM-520 within hCA-II (light blue sticks (hidden by red
point cloud): fluorine atoms, blue sphere: Zn2+ion) [71]. (K. Zimmermann, D. Joss, T. Müntener, E.S. Nogueira, M. Schäfer, L.
Knörr, F.W. Monnard, D. Häussinger, Localization of ligands within human carbonic anhydrase II using 19F pseudocontact shift
analysis, Chem. Sci., 10 (2019) 5064-5072. - Published by The Royal Society of Chemistry)

Zimmermann et al. reported that
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F PCS NMR can be used as a method to determine fluorine positions of high

affinity ligands located within hCA II with an accuracy of up to 0.8 Å [71]. Upon determination of 4-5 independent
magnetic susceptibility tensors induced by LCTs attached to different cysteine mutants, least-squares minimization
and a Monte-Carlo approach allowed to localize the ligands within the protein. The unprecedented distance range of
22-38 Å holds great promise for investigation of protein-ligand complexes significantly larger than 30 kDa.

4.4 Applications of lanthanide chelating tags on carbohydrates
Since in sugar molecules often a severe signal overlap of virtually identical domains is encountered and often renders
conventional J-coupling and NOE-based NMR techniques difficult to apply, introduction of LCTs and subsequent
analysis of PCSs and RDCs can increase the shift dispersion and yield structural restraints that result in threedimensional models and complement modelling studies.
In 2011, the first rigid LCT, which was covalently attached to a carbohydrate molecule, was reported by Mallagaray
et al. [183]. In their study, the researchers demonstrated the successful transfer of the methodology, which was
originally developed for proteins, by covalent attachment of an EDTA-based LCT via a rigid linker to 1-βaminochitobiose and subsequent analysis of the observed PCSs.
Erdélyi et al. extended the methodology by attaching an EDTA-based chelator loaded with six different lanthanides
to a lactose molecule, enabling an analysis of the conformational space of lactose [184]. The obtained restraints from
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RDCs and PCSs agree with MD simulations that predicted that lactose is present in several different conformations
of the glycosidic bond in aqueous environment and exclude the possibility that lactose is present in solution in a
single and rigid conformation.
The methodology was then extended by Yamamoto et al. to a typical core structure of N-linked oligosaccharides
(N,N′‐diacetylchitobiose) [185]. Upon attachment of the EDTA-based LCT to the sugar molecule via a peptide coupling
reaction employing HATU as coupling reagent, significant PCSs in 1H-13C HSQC spectra were observed. The
experimentally observed PCSs were used for a comparison with molecular-dynamics simulations and both
approaches suggest a conformational rigidity of the glycosidic linkage in the investigated disaccharide and thereby
of the common innermost part of N-linked oligosaccharides. The authors suggested that the presented method could
be extended and interactions of N-linked oligosaccharides with lectins could be monitored using strongly
paramagnetic lanthanides as Dy3+ and Tb3+.
The attachment of a rigid LCT bound to a branched tetra-saccharide of biological importance, i.e. the branched tetrasaccharide of GM2 ganglioside was presented by Zhang et al. [186]. The combination of molecular dynamic (MD)
simulations and PCS analysis led to a model of the conformational space of GM2 tetra-saccharide. The comparison
with its non-branched derivative, the GM3 trisaccharide, suggests that the additional GalNAc branch restricts the
conformational freedom of the Neu5Ac-Gal glycosidic linkage in the GM2 tetra-saccharide.

Fig. 26. Preparation of the branched tetra-saccharide covalently bound to a chelator reported in Zhang et al. [186].

Intricate N-glycans are important recognition molecules related to a diverse range of physiological pathways and
diseases [187, 188]. The structural investigation of the multiple and almost identical side-chains is challenging by
standard methods as non-paramagnetic NMR and X-ray crystallography. By introduction of an LCT, Canales et al.
could distinguish the two arms of a symmetrical, branched N-glycan, which shows upon attachment of an LCT
individual resonances for the two arms that exhibit otherwise isochronous signals, and thereby confirm the major
conformation and rotamer in solution [189]. Furthermore, the approach allowed to characterize the binding epitopes
of the symmetrical glycan and showed that both of the arms of the N-glycan are involved in the interaction with
human galectin-3. In a further study, Canales et al. showed that it is not only possible to determine carbohydrate
conformations upon attachment of an LCT to a sugar molecule, but also to monitor the interaction site in a protein
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and characterize the topological changes upon binding of a model saccharide equipped with an LCT [190]. Besides
the aspect that the presented method could also easily reveal secondary binding sites, the chemical modification of
the sugar molecule with an LCT omits the need for protein engineering. Canales et al. demonstrated, that
paramagnetic NMR allows to increase the chemical shift dispersion of the virtually identical side-chains and the
identification of the four N-acetyl lactosamine antennae recognized by two N-acetyllactosamine-binding lectins,
specifically Datura stramonium seed lectin and Ricinus communis agglutinin [74]. After successful separation of the
isochronous signals caused by PCS and structural characterization, addition of the lectin allowed the assignment of
the major lectin-carbohydrate interactions by observation of the line broadening on the different branches of the
tetra-antennary N-glycans.

Fig. 27. Increasing the chemical shift dispersion in 1H-13C HSQC spectra for the isochronous signals of the four N-acetyl
lactosamine antennae as demonstrated by Canales et al (acquired at 600 MHz proton frequency) [74].

Mallagaray et al. ligated an LCT via a copper-catalysed azide-alkyne click reaction to L-fucose [191]. Interestingly, the
paramagnetic carbohydrate-LCT conjugate can then be used to aid the backbone assignment of the protruding
domains of a human norovirus strain that constitutes a challenging target to be investigated by NMR spectroscopy
due to the high molecular weight of 70 kDa. The researchers found that the carbohydrate-LCT conjugate at low
concentrations exclusively binds to the primary binding pocket. However, since peak broadening of multiple
resonances was observed and compromised the use for the backbone assignment of this challenging target, synthesis
of ligands with higher binding affinity or the use of covalently bound tags on the biomacromolecule scaffold are highly
desirable.
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4.5 Applications of lanthanide chelating tags on nucleic acids
The structure of nucleic acids in solution is essential to their function and stability [192]. In order to investigate the
structural properties, NMR offers a non-destructive approach to measure the solution state structure of DNA and
RNA that not only allows to measure these biomacromolecules in physiological conditions, but also to tune the buffer
salt concentration, pH value and additives in virtually any possibility [193, 194]. The wide range of LCTs that was
developed for the investigation of structure and dynamics of proteins includes a large variety of different attachment
systems (linker moieties forming disulphide bonds [9, 24], bio-orthogonal linkers for ligation to unnatural amino acids
[6], as well as reductively stable linkers for in-cell NMR [2-4]). Extension of this toolbox by new linkage systems or
exploitation of the currently developed LCTs in order to study the structural properties of DNA and RNA is an
important goal for future developments in the research field of paramagnetic NMR. By paramagnetic labelling of
nucleic acids and derivatives, not only structural restraints for the assessment of computational studies, refinement
of structures obtained by X-ray crystallography and de novo-derived structures can be obtained, also ligand binding
positions and characterization of ligand-nucleic acid complexes can be achieved.
In 1997, Gochin et al. presented the first application of paramagnetic NMR on nucleic acids, when they investigated
the formation of a ternary drug-DNA-divalent cation complex composed of a nucleic acid strand, two chromomycinA3 molecules and a Co2+ (paramagnetic) or Zn2+ ion (diamagnetic) [195]. Subsequently, the signals were assigned and
the magnetic susceptibility tensor parameters were derived [196]. Furthermore, the structural restraints gained by
analysis of the PCSs were used in energy minimization and MD calculations and shown to outperform structural
restraints obtained from NOESY [29].
Further initial examples of the application of paramagnetic NMR applied to nucleic acids and their derivatives include
the Cys-Ph-TAHA LCT, that was covalently attached to a ternary complex of the protein LacR, the O2 operator and
IPTG in 2011 by Peters et al. [14] and the structural investigation of Sμbp2-R3H in complex with deoxyguanosine 5′monophosphate (dGMP) as structural analogue to the 5′ end of single-stranded DNA in 2012 by Jaudzems et al. [197].
In the latter example, paramagnetic NMR allowed an insight into structural changes of the protein upon binding of
the DNA mimic. Strickland et al. presented in 2019 that attachment of DOTA-M8-SSPy LCTs to a spliceosomal U1A
RNA-binding domain allows for the structural characterization of a 232-nt RNA derived from the HIV-1 Rev response
element [198]. Furthermore, the method was validated using a 36-nt RNA with known structural properties. Based
on the fact that the seven nucleotide long U1A binding sites can be readily inserted in hairpin or loop structures, the
authors suggest that the presented method is generally applicable for the atomic-level study of large RNAs.
The mentioned examples differ in the mode of the LCT-biomacromolecule linkage, i.e. in the first three examples
affinity binding of the paramagnetic metal centre is exploited, while Peters et al., Jaudzems et al. and Strickland et
al. attached the LCT covalently to the protein interacting with nucleic acid or to the nucleic acid derivative.
In order to prevent motional averaging of the paramagnetic effects observed in affinity binding, the covalent
attachment of the LCT incorporating the paramagnetic metal centre directly to the nucleic acids constitutes a highly
desirable approach. The covalent labelling of nucleic acids was demonstrated for an EPR application by Song et al.
[199] and Goldfarb [200] via a copper catalysed azide-alkyne click reaction of a DNA strand incorporating an azide
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functionality and an LCT bearing an alkyne functionality as well as by Wu et al. [30] for the analysis of PCSs via
modification of a phosphorothioate group in DNA with an LCT containing an electrophilic bromoacetamide
functionality for alkylation.

Fig. 28. Structure of the bromoacetamide LCT (left) employed by Wu et al. and isosurfaces of the obtained anisotropy parameters
after successful ligation of the LCT to a phosphorothioate modified nucleophilic site in DNA (right) [30]. (Reprinted with
permission from Z. Wu, M.D. Lee, T.J. Carruthers, M. Szabo, M.L. Dennis, J.D. Swarbrick, B. Graham, G. Otting, New Lanthanide
Tag for the Generation of Pseudocontact Shifts in DNA by Site-Specific Ligation to a Phosphorothioate Group, Bioconjugate
Chem., 28 (2017) 1741-1748. Copyright 2017 American Chemical Society.)

Insights into the solution structure and dynamics of RNA and DNA molecules obtained by paramagnetic NMR are
highly desirable not only for fundamental research, but can also give significant inputs for characterization of binding
sites of RNA and DNA targeting molecules in future drug discovery. The information obtained by paramagnetic NMR
can refine X-ray structures as well as complement or support modelling studies of the structure of nucleic acids. Since
the application of LCTs for proteins is well established and documented, it is highly promising to transfer this
knowledge to applications involving nucleic acids in the next decade. Crucial factors for a successful transfer of these
tools from proteins to nucleic acids will be the development of synthetically accessible LCTs bearing linkers suitable
for a covalent attachment of the LCT to the nucleic acid molecule. The structural insights gained by the exploitation
of the paramagnetic effects of LCTs can then provide important data for fundamental research as well as catalyse
the development of DNA and RNA targeting treatments in drug discovery.
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5. Conclusion & Outlook
To conclude, over the last two decades an overwhelming variety of LCTs was developed, each with its own
characteristics and fields of application. In contrast to the initial developments in the field that included LCTs
hampered in application by displaying multiple signal sets and strongly averaged paramagnetic effects, the latest
generations of LCTs available by today comprise LCTs that bear reduction-stable linkers and display only one single
set of peaks. The recently published tags show very large anisotropy parameters (∆χax > 40 x 10–32 m3) and, thus,
provide extremely large PCSs and RDCs, giving rise to precise structural restraints and convenient analysis of the
acquired spectra. Assuming a detection limit of 0.005 ppm for chemical shift differences, current LCTs potentially
provide structural restraints over a distance exceeding 200 Å. In combination with a sufficient number of suitable
protein constructs to achieve the prediction of a spin position with an accuracy of up to 0.8 Å, this constitutes PCS as
a very powerful tool for future applications. The possible spectrum of applications of LCTs is extremely broad and
includes the investigation of protein structures in solution, protein structures in living cells, the structural
characterization of flexible domains and conformations, the identification and investigation of ligand-binding sites,
the structure elucidation of protein-protein complexes, as well as applications on other biomacromolecules, such as
DNA, RNA and oligosaccharides. Most important, LCTs can aid to refine structures of biomacromolecules in solution
under physiological conditions and as demonstrated in various projects, can lead to completely new and surprising
findings that cannot be revealed by X-ray structures or NOE studies. By giving a more detailed mechanistic insight
into enzyme functions and alignment of protein subunits in solution, lanthanide chelating tags contribute significantly
to the current knowledge of the structure of biomacromolecules and can lead to breakthroughs in current drug
development research. In near future, further development of LCTs with suitable linkers for the investigation of DNA
and RNA are highly desirable, as well as the application of the existing LCTs for the solution of long-standing problems
in structural biology, especially those associated with disease mechanisms and biomedical applications. Open
questions on the design of LCTs, however, remain: e.g. there is no systematic study on the influence of donor set
atoms on the anisotropy parameters; the motional degrees of freedom for a given tag are still not entirely understood
and many alternative chelators to DOTA as basic scaffold have not yet been thoroughly tested for PCS – so there is
still work to be done.
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7. Glossary
3MDPA: 3-mercapto-2,6-pyridinedicarboxylic acid
4MDPA: 4-mercapto-2,6-pyridinedicarboxylic acid
4MMDPA: 4-mercaptomethyl-dipicolinic acid
4MTDA: 4′‐mercapto‐2,2′: 6′,2′′-terpyridine‐6,6′′‐dicarboxylic acid
4PS-DPA: (4-(phenylsulphonyl)-pyridine-2,6-dicarboxylic acid
4PS-PyMTA: 4-phenylsulphonyl-(pyridin-2,6-diyl)bismethylenenitrilo tetrakis(acetic acid)
4VPyMTA: 4‐vinyl(pyridine‐2,6‐diyl)bismethylenenitrilo tetrakis(acetic acid)
7TM: seven-helix transmembrane
ArgN: N-terminal domain of the arginine repressor from E. coli
AzF: p-azido-L-phenylalanine
BRM: Brahma (Drosophila protein)
BTTAA: 2-(4-((bis((1-(tert-butyl)-1H-1,2,3-triazol-4-yl)methyl)amino)methyl)-1H-1,2,3-triazol-1-yl)acetic acid
CEST: chemical exchange saturation transfer
CLaNP: caged lanthanide NMR probe
Cryo-EM: cryogenic electron microscopy
CS: contact shift
CSP: chemical shift perturbation
Cyt c: cytochrome c
DEER: double electron-electron resonance
DFT: density functional theory
dGMP: deoxyguanosine 5′-monophosphate
DNA: deoxyribonucleic acid
DOTA: 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
DPA: dipicolinic acid
DTPA: diethylenetriaminepentaacetic acid
DTT: dithiothreitol
DTTA-C3-yne: diethylene-triamine-tetraacetate propyl-1-yne
DTTA-C4-yne: diethylene-triamine-tetraacetate butyl-1-yne
ECAD12: first two domains of epithelial cadherin
EDTA: ethylenediaminetetraacetic acid
EPR: electron paramagnetic resonance
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ERp29: endoplasmic reticulum protein 29
FM-520: 4-sulphamoyl-N-(4-(trifluoromethyl)benzyl) benzamide
GB1: B1 domain of protein G
GM2 and GM3: second and third discovered monosialic ganglioside
GPS: global positioning system
Grb2 SH2: SH2 domain of growth factor receptor-bound protein 2
HATU: 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate
hCA II: human carbonic anhydrase II
HeLa cell: immortal cell line derived from cervical cancer taken from Henriette Lacks
HEPES: 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulphonic acid
HPLC: high-performance liquid chromatography
HPPK: ATP:2-amino-4-hydroxy-6-hydroxymethyl-7,8-dihydropteridine 6'-diphosphotransferase
Hsp90: heat shock protein 90
HSQC: heteronuclear single quantum coherence
HSQC IPAP: heteronuclear single quantum coherence in-phase/anti-phase
IDA: iminodiacetic acid
IPTG: isopropyl β-D-1-thiogalactopyranoside
LacR: lac repressor
LBP: lanthanide binding peptide
LCT: lanthanide chelating tag
MD: molecular dynamics
MMP-1: matrix metalloproteinase 1
MRI: magnetic resonance imaging
MurD: UDP-N-acetylmuramoylalanine--D-glutamate ligase
NMR: nuclear magnetic resonance
NOE: nuclear Overhauser effect
NOESY: nuclear Overhauser effect spectroscopy
NTA: nitrilotriacetic acid
OB-domain: DNA binding domain of single-stranded DNA binding protein
Paz: domain of the proteins Piwi, Argonaut and Zwille
PCS: pseudocontact shift
PDZ domain: domain found in post synaptic density protein, Drosophila disc large tumour suppressor and zonula
occludens-1 protein
PDZ protein: family of proteins containing the PDZ domain
PRE: paramagnetic relaxation enhancement
pSRII: phototaxis receptor sensory rhodopsin II
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RDC: residual dipolar coupling
RMSD: root mean square deviation
RNA: ribonucleic acid
SAH domain: single α-helical domain
SAP: square antiprism
SH2 domain: Src homology 2 domain
SNAP-25: synaptosomal nerve-associated protein 25
SNARE: SNAP receptor
Src: proto-oncogene tyrosine-protein kinase (Src derived from sarcoma)
SrtA: sortase A
SSB: single-stranded DNA binding protein
Syt1: synaptotagmin 1
Sμbp2-R3H: R3H domain of Sμbp2
T4 Lys: T4 lysozyme
TAHA: triaminohexaacetate
TCEP: 3,3′,3′′-phosphanetriyltripropanoic acid
Tris: 2-amino-2-(hydroxymethyl)propane-1,3-diol
TSAP: twisted square antiprism
U1A: small nuclear ribonucleoprotein polypeptide A
UBA1: ubiquitin-like modifier activating enzyme 1
Ubi: ubiquitin
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