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Abstract: Lanthanide-binding peptide tags (LBTs) containing a single cysteine residue can be attached to
proteins via a disulfide bond, presenting a flexible means of tagging proteins site-specifically with a lanthanide
ion. Here we show that cysteine residues placed in different positions of the LBT can be used to expose
the protein to different orientations of the magnetic susceptibility anisotropy (∆χ) tensor and to generate
different molecular alignments in a magnetic field. ∆χ tensors determined by nuclear magnetic resonance
(NMR) spectroscopy for LBT complexes with Yb3+, Tm3+, and Er3+ suggest a rational way of producing
alignment tensors with different orientations. In addition, knowledge of the ∆χ tensor of LBT allows modeling
of the protein-LBT structures. Despite evidence for residual mobility of the LBTs with respect to the protein,
the pseudocontact shifts and residual dipolar couplings displayed by proteins disulfide-bonded to LBTs
are greater than those achievable with most other lanthanide binding tags.

Introduction

Site-specific attachment of lanthanide ions to proteins provides a rich source of paramagnetic effects which offer unique
opportunities for NMR studies of the structure and dynamics
of proteins and protein-ligand complexes in solution.1-8 The
attraction of lanthanide ions lies in their chemical similarity but
greatly varying paramagnetic properties. In particular, the ionic
radii of the diamagnetic ions La3+, Lu3+, and Y3+ are very
similar to those of the paramagnetic lanthanides so that a diamagnetic reference state of nearly identical structure can easily
be obtained. Lanthanides with anisotropic magnetic susceptibility anisotropy tensor ∆χ offer particularly valuable structural
information presented by pseudocontact shifts (PCS) and
residual dipolar couplings (RDCs) arising from magnetic-field
induced partial alignment of the lanthanide-labeled molecules.9
PCS are described by
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∆δPCS )
1
[∆χax(3 cos2 θ - 1) + 1.5∆χrh sin2 θ cos 2φ] (1)
12πr3
where r, θ, and φ are the polar coordinates of the nuclear spin
with respect to the principal axes of the ∆χ tensor, and ∆χax
and ∆χrh are the axial and rhombic components of the ∆χ tensor,
respectively.9 The RDC DAB between spins A and B is described
by a very similar equation

DAB )
SγAγBµ0p
[Aax(3 cos2 ∂ - 1) + 1.5Arh sin2 ∂ cos 2φ] (2)
2 3
8π rAB
where ∂ and φ describe the orientation of the internuclear vector
in the principal axes system of the alignment tensor, Aax and
Arh are the axial and rhombic components of the alignment
tensor, S is the generalized order parameter, rAB is the
internuclear distance, p is Planck’s constant divided by 2π, µ0
is the magnetic permeability of vacuum, and γA and γB are the
magnetogyric ratios of spins A and B. In the case of a rigid
molecule that is partially aligned to the magnetic field by virtue
of its paramagnetism, the alignment tensor is directly proportional to the ∆χ tensor:

B02
∆χ
Aax,rh )
15 µ0kT ax,rh

(3)
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where B0 is the magnetic field strength, k the Boltzmann
constant, and T the temperature.
Equations 1 and 2 show that a single PCS or RDC value can
be interpreted by several different sets of angles. The number
of solutions can, however, be reduced by collecting data from
multiple, differently orientated ∆χ and alignment tensors. RDCs
measured for multiple alignments have long been shown to
provide powerful strategies for structure analysis10-15 and studies
of protein mobility.16-20 PCS induced by different lanthanide
ions provide similar advantages for the analysis of the structure
and mobility of proteins.2,6,7,21 In addition, PCS from different
lanthanide ions offer outstanding opportunities for fast NMR
resonance assignments by comparison with the 3D structure of
the protein.4,22,23
Most proteins do not bind lanthanides specifically. Furthermore, the ∆χ tensors of different lanthanide ions at a conserved
binding site tend to be oriented similarly.21,24,25 This problem
can be circumvented by the use of different lanthanide binding
tags with intrinsically different ∆χ tensors5,26 or by attaching
the same lanthanide tag at different sites of the protein.3 In
addition, these strategies yield different molecular alignments
in a magnetic field5,26 which can be difficult to achieve with
conventional alignment media, if the protein is incompatible
with the media.27
Several different lanthanide binding tags have been explored,
including synthetic chelating agents,3,26,28-33 protein fusions with
lanthanide binding peptide motifs,34-36 and a lanthanide binding
peptide tag (LBT) chemically attached via a disulfide bond.37
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Table 1. Amino Acid Sequences of Lanthanide Binding Peptidesa

a Cysteine residues are highlighted in black. Residues in contact with
the metal ion are shown with a gray background. b LBT1 is one of the
peptides optimized for lanthanide binding and luminescence by Imperiali
and co-workers.39 c D-Amino acid.

Most of these tags are not available commercially and/or suffer
from mobility of the tag relative to the protein. The mobility
poses a particularly serious problem, as the magnitudes of the
∆χ and alignment tensors are reduced by averaging,5,33 whereas
paramagnetic relaxation enhancement (PRE) remains highly
effective irrespective of the mobility of the tag. Except for the
protein fusions, all tags are tethered to the protein via disulfide
bonds which tend to be flexible. The design of fusion proteins
without a flexible linker between the protein and the lanthanide
binding peptide is equally difficult.36 Tag mobility is reduced
for tags that are anchored to the protein via two disulfide
bonds,29,32,33 but this requires two appropriately spaced Cys
residues in the protein and only one of the published doubleanchor tags32 avoids the peak doubling arising from diastereomers that form when metal coordination is possible with
different chiralities.5,26,29,38
Among the lanthanide binding tags, peptide tags stand out
for their commercial accessibility, chiral purity, and rigidity of
attachment owing to their bulkiness.37 LBTs can be attached to
any single Cys residue on the protein surface, so that Cys
residues engineered at different sites of the protein can provide
access to different ∆χ tensor orientations. As mutant proteins
are time-consuming to prepare and mutations have the potential
to affect the protein structure in unforeseen ways, it would be
more attractive to achieve the desired variation in the ∆χ tensor
orientation by different tags attached to the same Cys residue.
Here we show that different tensor orientations for PCS and
RDC measurements can readily be obtained by site-specific
lanthanide labeling of the protein using LBT variants with Cys
residues in different positions (Table 1). Large PCS and RDC
values were obtained even with lanthanides of intermediate
paramagnetic strength. Furthermore, knowledge of the ∆χ tensor
orientation in LBT adds control over the tensor orientation with
respect to the protein.
Experimental Section
Sample Preparation. A uniformly 15N-labeled sample of the
N-terminal DNA-binding domain of the E. coli arginine repressor
(residues 1-78, ArgN) was expressed and purified as described.40
Peptides were synthesized chemically by using the 9-fluorenylmethyloxycarbonyl (FMOC) method on a Rainin Symphony/Multiplex peptide
(36) Martin, L. J.; Hähnke, M. J.; Nitz, M.; Wöhnert, J.; Silvaggi, N. R.; Allen,
K. N.; Schwalbe, H.; Imperiali, B. J. Am. Chem. Soc. 2007, 129, 71067113.
(37) Su, X.-C.; Huber, T.; Dixon, N. E.; Otting, G. ChemBioChem 2006, 7,
1599-1604.
(38) Pintacuda, G.; Moshref, A.; Leonchiks, A.; Sharipo, A.; Otting, G. J. Biomol.
NMR 2004, 29, 351-361.
(39) Nitz, M.; Franz, K. J.; Maglathlin, R. L.; Imperiali, B. ChemBioChem 2003,
4, 272-276.
(40) Sunnerhagen, M.; Nilges, M.; Otting, G.; Carey, J. Nat. Struct. Biol. 1997,
4, 819-826.
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synthesizer. The peptides were ligated to Cys68 of ArgN by forming
a disulfide bridge and loaded with lanthanides (Ln3+) by titration with
a 20 mM solution of Ln3+ as described.37 The final NMR samples
contained about 50 µM protein in a buffer of 20 mM MES (pH 6.5)
and 4 mM glycine. The apo-forms of the ArgN-LBT constructs were
reconstituted by dialysis with DTPA. All NMR samples of LBTs
without ArgN contained in addition 4 mM DTT. Samples of free LBTs
and diamagnetic complexes of LBTs with equimolar concentrations of
Lu3+ contained 2 mM LBT at pH 6.5. Complexes between LBT4 and
mixtures of lanthanides contained 1.5 mM LBT4, 0.7 mM LuCl3, and
0.9 mM YbCl3, TmCl3, or Er(OAc)3 (final concentrations) at pH 6.5.
NMR Spectroscopy. All NMR measurements were performed on
a Bruker AV 800 MHz NMR spectrometer equipped with a TCI
cryoprobe. NMR spectra of LBTs were recorded at 10 and 25 °C. 1H
NMR resonance assignments of Lu3+ complexes of LBT2, LBT3, and
LBT4 were obtained by 2D NOESY and TOCSY spectra, using mixing
times of 120 and 60 ms, respectively. EXSY spectra were recorded
using a NOESY pulse sequence with water presaturation and a jumpreturn sequence41 to replace the 90°(1H) pulse following the mixing
time. The EXSY experiments used mixing times of 5 and 10 ms at 25
and 10 °C, respectively. NMR spectra of ArgN-LBT constructs were
recorded at 10 °C. Residual dipolar couplings 1DHN were measured as
the 15N-doublet splitting of the diamagnetic sample minus that of the
paramagnetic sample using the IPAP pulse sequence.42
Data Evaluation. PCS were measured as the difference of the
chemical shifts observed in the presence of a paramagnetic Ln3+ ion
minus the chemical shifts of the corresponding Lu3+ complex. Corrections for residual anisotropic chemical shifts are unimportant for
Tm3+, Er3+, and Yb3+ 43 and were omitted. An in-house program was
used to fit metal ion positions and ∆χ tensors simultaneously by
minimizing the mean square deviations between observed PCS and PCS
that were back-calculated using eq 1. Conformer 8 of the family of
NMR conformers of ArgN (PDB accession code 1AOY40) fits the
experimental RDCs best and was used as the reference structure for
all tensor fits. Conformer 1 of the crystal structure of the LBT1-Tb3+
complex (PDB accession code 1TJB45) was used for fitting the ∆χ
tensors in the LBT4-Ln3+ complexes, centering the ∆χ tensor at the
crystallographically determined metal position. Only PCS of backbone
amide protons were used in the fit to avoid complications from
potentially heterogeneous side chain conformations. In addition, only
paramagnetic shifts from spins removed by at least seven chemical
bonds from the lanthanide ion were considered in the fits in order to
minimize possible contributions from contact shifts.46
Alignment tensors were determined using the program Pales,
assuming an order parameter S ) 1.44 Mean values and standard
deviations of the generalized angles11 between alignment tensors were
calculated by a Monte Carlo approach. For each ArgN-LBT construct,
100 replicate data sets were generated by addition of normal distributed
error (σ ) 1 Hz) to the experimental RDC values and 100 alignment
tensors were fitted, resulting for each of the six ArgN-LBT pairs in a
total of 10 000 alignment tensor comparisons from which the average
and standard deviation of the generalized angle were computed. In the
case of ArgN-LBT3, the variation of RDC values combined with
similar magnitudes of the Azz and Ayy eigenvectors resulted in ∼20%
of the fits in a nearly equivalent alignment tensor where the Azz and
Ayy eigenvectors had interchanged. Since generalized angles are not
invariant to such a swap of axes, these solutions were ignored.
Figures 1 and 4 were prepared with Molmol.47
(41) Plateau, P.; Guéron, M. J. Am. Chem. Soc. 1982, 104, 7310-7311.
(42) Ottiger, M.; Delaglio, F.; Bax, A. J. Magn. Reson. 1998, 131, 373-378.
(43) John, M.; Park, A. Y.; Pintacuda, G.; Dixon, N. E.; Otting, G. J. Am. Chem.
Soc. 2005, 127, 17190-17191.
(44) Zweckstetter, M.; Bax, A. J. Am. Chem. Soc. 2000, 122, 3791-3792.
(45) Nitz, M.; Sherawat, M.; Franz, K. J.; Peisach, E.; Allen, K. N.; Imperiali,
B. Angew. Chem., Int. Ed. 2004, 43, 3682-3685.
(46) Peters, J. A.; Nieuwenhuizen, M. S. J. Magn. Reson. 1985, 65, 417-428.
(47) Koradi, R.; Billeter, M.; Wüthrich, K. J. Mol. Graph. 1996, 14, 51-55.
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Results

∆χ-Tensor Determination of Yb3+, Tm3+, and Er3+ in
LBT4. NOESY spectra of the Lu3+ complexes of LBT2, LBT3,
LBT4, and LBPT5 showed that the metal-binding motif
observed in the crystal structure of the LBT1-Tb3+ complex45
is structurally conserved in solution. Similar chemical shifts of
the Lu3+ complexes further confirmed their structural conservation. 1H chemical shifts of Yb3+ and Tm3+ complexes ranged
over 83 and 117 ppm, respectively, whereas the effective spectral
width for Er3+ complexes was less because the more pronounced
paramagnetic relaxation enhancement associated with this
lanthanide48 broadened the most strongly shifted peaks beyond
detection (Figure S1). Resonance assignments of paramagnetic
complexes of LBT4 were obtained by homonuclear 2D EXSY
spectra using approximately equimolar ratios of paramagnetic
lanthanide ions and diamagnetic Lu3+. Even at low temperature
(10 °C), diamagnetic and paramagnetic lanthanides exchanged
rapidly, allowing the transfer of the resonance assignments from
the diamagnetic to the paramagnetic state in experiments of very
short mixing times.23,25,49 The assignment of the amide proton
resonances in the paramagnetic complexes was further verified
by comparing EXSY spectra recorded in 90% H2O/10% D2O
and 100% D2O.
Using the crystal structure of the LBT1-Tb3+ complex as a
model,45 we determined the ∆χ tensors of Yb3+, Tm3+, and Er3+
in LBT4 (Table 2). The long axes of the tensors were found to
be similarly, but not identically, oriented for all three metal ions
(Figure 1). Greater uncertainties are associated with the tensors
of Tm3+ and Er3+ than with the tensor of Yb3+ due to smaller
numbers of PCS measured (Table S2).
PCS Observed in ArgN Tagged with Different LBTs.
Following the attachment of an LBT to Cys68 of 15N-labeled
ArgN, a diamagnetic complex was formed with Lu3+. 3D
NOESY-15N-HSQC spectra confirmed that the 3D structure of
the protein was maintained with Lu3+ complexes of LBT2 to
LBT5.
15N-HSQC spectra of ArgN-LBT complexes with the
paramagnetic ions Er3+, Tm3+, or Yb3+ showed displacements
of the cross-peaks along nearly parallel lines, which was used
to assign the cross-peaks in the paramagnetic states. The
maximal RDC measured for backbone amides of the ArgNLBT2 complexes with Er3+, Tm3+, and Yb3+ was 12.0, 22.6,
and 7.4 Hz, respectively, at 10 °C. Owing to the larger magnetic
moment, Er3+ causes more pronounced PRE than Tm3+,
resulting in fewer and broader cross-peaks.48 In contrast, the
paramagnetic line-broadening induced by Yb3+ was sufficiently
small to allow the measurement of PCS of Cys68 and neighboring residues, but no PCS value greater than 0.7 ppm was
observed. We subsequently measured PCS and RDC data of
backbone amides for the Tm3+ complexes of all ArgN-LBT
constructs.
Figure 2 shows that Tm3+ generated significant PCS throughout the ArgN molecule for the derivatives with LBT2 to LBT5.
In view of the result that Tyr1 and Leu16 of the LBT-Ln3+
complexes are located in regions of opposite sign of the PCS
(Figure 1), one would expect that attachment to a protein via
(48) Bleaney, B. J. Magn. Reson. 1972, 8, 91-100.
(49) John, M.; Headlam, M.; Dixon, N. E.; Otting, G. J. Biomol. NMR 2007,
37, 43-51.
(50) Golding, R. M.; Halton, M. P. Aust. J. Chem. 1972, 25, 2577-2581.
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Table 2. ∆χ-Tensor Parameters of LBT4 Complexes with Yb3+, Tm3+, and Er3+

a

temperature

Ln3+

∆χax

∆χrh

∆χxx

∆χyy

∆χzz

tensor axis

25 °C

Er3+

8.1

4.3

-0.6

-4.8

5.4

x
y
z

0.665
-0.507
0.548

0.555
0.827
0.091

-0.499
0.244
0.832

25 °C

Tm3+

25.3

4.9

-6.0

-10.9

16.9

x
y
z

0.699
-0.509
0.501

0.517
0.845
0.137

-0.493
0.163
0.854

25 °C

Yb3+

5.9

2.2

-0.9

-3.1

4.0

x
y
z

0.092
-0.656
0.749

0.796
0.501
0.341

-0.599
0.564
0.568

10 °C

Er3+ b

10 °C

Tm3+

30.1

4.2

-7.9

-12.1

20.1

x
y
z

0.714
-0.478
0.512

0.478
0.866
0.143

-0.512
0.143
0.847

10 °C

Yb3+

8.1

1.4

-2.0

-3.4

5.4

x
y
z

0.260
-0.634
0.728

0.779
0.583
0.231

-0.571
0.507
0.646

coordinates of tensor axes

a The tensor parameters are in units of 10-32 m3. The tensor axes refer to conformer 1 of the crystal structure (PDB code 1TJB45). b The 1H NMR signals
of the LBT4-Er3+ complex were too broad at 10 °C to assign a sufficient number of cross-peaks that can be assumed to be unaffected by contact shifts.
(Er3+ causes larger contact shifts than Tm3+ or Yb3+.50)

Figure 1. PCS isosurfaces of LBT4 complexed with (a) Yb3+ (10 °C), (b)
Tm3+ (10 °C), and (c) Er3+ (25 °C) at pH 6.5. The isosurfaces represent
PCS of (10 and (0.5 ppm for the Er3+ and Yb3+ complexes and (20 and
(1 ppm for the Tm3+ complex. Blue: positive PCS. Red: negative PCS.

Figure 2. Superposition of 15N-HSQC spectra of uniformly 15N-labeled
ArgN derivatized at Cys68 with Tm3+ complexes of LBT2 (cyan), LBT3
(magenta), LBT4 (green), and LBT5 (red). The superposition also displays
the spectrum of the ArgN-LBT5-Lu3+ complex (black) with the assignment of some of the resolved cross-peaks. The spectra were recorded at
10 °C and pH 6.5.

the N- or C-terminal ends of the LBT should endow the protein
with PCS of opposite sign. This is indeed the case, as
demonstrated by the 15N-HSQC cross-peaks of the paramagnetic
ArgN-LBT2-Tm3+ and ArgN-LBT3-Tm3+ complexes which
are generally displaced in opposite directions relative to those
of the diamagnetic ArgN-LBT2-Lu3+ complex (Figure 2). As
expected for exposure of the protein to different aspects of the
tag’s ∆χ tensor, the PCS were largely but not completely
1684 J. AM. CHEM. SOC.
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anticorrelated (Figure 3a). Therefore, LBT2 and LBT3 present
a suitable pair to resolve ambiguities arising from multiple
solutions of eq 1.
RDCs Observed in ArgN Tagged with Different LBTs.
RDCs of the ArgN-LBT constructs were measured by comparison of the one-bond 1H-15N splittings observed with Tm3+
and Lu3+. RDCs of up to 22 Hz were measured in an 18.8 T
magnet (800 MHz). Only the ArgN-LBT3 complex showed
somewhat reduced RDC magnitudes (Table S4), indicating
greater mobility of the peptide with respect to the protein. The
axial and rhombic components of the alignment tensors determined from the backbone 15N-1H RDCs (Table 3) reflected
the shape of the ∆χ tensor determined for free LBT4 (Table 2).
As expected, their orientations differed between different
ArgN-LBT constructs (Figure 4a). The generalized angle
between the alignment matrices11 was close to orthogonal
between ArgN-LBT3 and the other ArgN-LBT constructs and
∼14° between all other pairs (Table 4). These differences were
sufficient to yield significantly different RDCs (Table S4).
Structure of the ArgN-LBT Complexes from ∆χ and
Alignment Tensors. Owing to the distance of the lanthanide
from the protein (greater than about 10 Å) combined with the
limited size of ArgN, each LBT exposed almost all of the amide
protons of ArgN to PCS of the same sign (Figure 2, Table S4).
As a result, the ∆χ-tensor parameters and metal positions relative
to the ArgN molecule could not be fitted as accurately as the
alignment tensors which are independent of the metal position
and for which both positive and negative RDC values could be
measured. The fitting of the PCS by a single ∆χ tensor is further
obstructed by any motions of the peptide tag relative to the
protein. Nonetheless, the ∆χ tensors determined from the PCS
were similarly oriented as the alignment tensors (Figure S2)
and the Tm3+ positions found by the fitting algorithm were
within a plausible distance (10.6 to 14.9 Å) of the sulfur of
Cys68 of ArgN (Figure 4a).
We subsequently built structural models of the ArgN-LBT
complexes by simple superpositions of the ∆χ tensor determined
for the LBT4-Tm3+ complex at 10 °C with the alignment
tensors observed for ArgN centered at the metal positions
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of Tyr1 in LBT2 could readily be bridged by the additional
N-terminal Cys residue.
Discussion

Figure 3. Correlations of the PCS measured for backbone amide protons
of ArgN derivatized with different LBTs. The plots correlate amide-proton
PCS of the Tm3+ complexes of (a) ArgN-LBT3 versus ArgN-LBT2, (b)
ArgN-LBT4 versus ArgN-LBT2, and (c) ArgN-LBT5 versus ArgNLBT2.

determined from the ∆χ-tensor fits of ArgN. Using the crystal
coordinates of LBT145 to represent the LBTs, the tensor
superpositions yielded a unique orientation for each LBT which
fulfilled the criteria that (i) the presumable position of the Cys
residue in the LBT must be within appropriate distance of the
Cys68 thiol group and (ii) no steric clashes must be present
that could not be relieved by minor adjustments of side chain
conformations (Figure 4b). Considering the simplicity of the
approach, the distance of 1.8 Å between Cys68 Sγ and the Cys16
side chain of LBT3 (approximated by the Cγ atom of Leu16 in
the LBT1 structure45) is remarkably close to the length of a
S-S bond. Also the Cys2 side chain of LBT5 (approximated
by the Cγ1 atom of Ile2 in LBT1) is within 4.7 Å of Cys68 Sγ.
Finally, the gap of 6.4 Å between Cys68 Sγ and the CR atoms

Paramagnetic LBTs provide exceptionally flexible tools for
inducing different alignment tensors, offering many distinctive
advantages over conventional alignment media, fusion proteins,
and chemical lanthanide tags. (i) LBTs are commercially
available in chirally pure form; (ii) protein-LBT constructs
achieve molecular alignments in the absence of alignment media,
keeping the chemical environment the same for aligned and
unaligned samples, avoiding the possibility of chemical incompatibilities with the alignment media, and facilitating the
recovery of the protein; (iii) LBTs can be attached with high
yield to any free cysteine residue using well-established thiol
chemistry;37 (iv) the relatively large distance between the
lanthanide and the target protein minimizes PRE of the protein
spins; (v) unlike fusion proteins, LBTs are not isotope labeled
together with the target protein, avoiding the introduction of
additional cross-peaks in the diamagnetic reference state; (vi)
LBTs allow modification of the ∆χ and alignment tensors by
using different lanthanide ions,37 by attachment to cysteine
residues engineered at different surface locations of the protein
or, more importantly, by different attachment modes to a single
cysteine as shown in the present work; (vii) knowledge of the
∆χ tensor with respect to free LBT allows strategic positioning
of the ∆χ tensor with respect to the protein by choosing an
LBT-Ln3+ complex with a suitably positioned cysteine residue;
(viii) LBTs are less prone to motional averaging than most other
lanthanide-binding tags, resulting in large PCS and RDC effects
with lanthanide ions associated with only moderate PRE.
The short tether presented by a disulfide bond limits the
mobility of LBTs due to steric interactions between the rather
bulky LBT-Ln3+ complex and the protein. This advantage is
easily lost in fusion proteins, if LBTs are attached to already
flexible N- or C-terminal polypeptide segments.34-36 The
similarity of the alignment tensors observed for the ArgN
constructs with LBT2, LBT4, and LBT5 (Figure 4) demonstrates
that steric interactions are more important determinants of the
tensor orientation than linker conformations.
In principle, knowledge of the ∆χ tensor of an LBT-Ln3+
complex provides prior knowledge of the axial and rhombic
components of the ∆χ and alignment tensors measured for the
protein in a protein-LBT-Ln3+ complex. Proportionality
between alignment and ∆χ tensors can, however, strictly be
expected only for rigid molecules9 and any motion of the LBT
moiety relative to the protein results in average tensors. Notably,
however, the averaging over different alignment tensors results
in a new effective alignment tensor, whereas the average of
different ∆χ tensors with different metal positions can only
approximately be represented by an effective ∆χ tensor because
PCS depend on the distance of the lanthanide ion from the
nuclear spins (eq 1). As a consequence, the parameters of a
single effective ∆χ tensor determined by fitting experimental
with back-calculated PCS can particularly be influenced by data
from protein spins located near the LBT.
In the case of the ArgN-LBT-Tm3+ complexes, the orientations of the ∆χ and alignment tensors derived from the backbone
amide groups of ArgN were similar but not identical (Tables 3
and S5 and Figures 4 and S2). The differences may in part be
J. AM. CHEM. SOC.
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Table 3. Alignment Tensor Parameters Determined from RDCs of ArgN Backbone Amide Protons in Complexes with LBT2 to LBT5 and
Tm3+ a
construct

104 Aax

104 Arh

∆χxx

∆χyy

∆χzz

tensor axis

ArgN-LBT2

10.4

3.0

-4.1

-10.3

14.4

x
y
z

-0.816
0.071
0.573

0.470
0.658
0.588

-0.335
0.750
-0.570

ArgN-LBT3

5.0

3.2

-0.1

-6.8

6.9

x
y
z

-0.506
0.810
0.296

0.689
0.585
-0.427

-0.519
-0.012
-0.855

ArgN-LBT4

8.4

1.6

-4.2

-7.4

11.6

x
y
z

-0.885
-0.154
0.439

0.199
0.728
0.656

-0.421
0.668
-0.613

ArgN-LBT5

9.2

0.8

-5.5

-7.2

12.7

x
y
z

-0.767
-0.034
0.640

0.422
0.725
0.544

-0.483
0.688
-0.542

coordinates of tensor axes

a The tensor axes refer to conformer 8 of the ArgN solution structure (PDB code 1AOY). Equivalent ∆χ tensor parameters (in units of 10-32 m3) are
shown for comparison with the data of Table 2. Aax and Arh values were translated into equivalent ∆χax and ∆χrh values using eq 3, and the ∆χxx, ∆χyy, and
∆χzz components were calculated using ∆χax ) ∆χzz - (∆χxx + ∆χxx)/2, ∆χrh ) ∆χxx - ∆χyy, and ∆χxx + ∆χyy + ∆χzz ) 0.

Figure 4. Alignment tensors and structures of ArgN-LBT-Tm3+ complexes. (a) Stereoview of a ribbon representation of ArgN illustrating the alignment
tensor axes resulting from magnetic alignment by different LBT-Tm3+ complexes. The tensor axes are centered at the positions of the metal ions as
determined by a ∆χ-tensor fit of the PCS, showing the x-, y-, and z-axes in cyan, blue, and red, respectively. The numbers refer to the LBT numbering in
Table 1. The side chain of Cys68 is highlighted in yellow, with the sulfur atom shown as a yellow sphere. (b) Stereoview of the ArgN backbone with the
backbone of LBT2 (cyan), LBT3 (blue), and LBT5 (red) superimposed. The LBTs were positioned by superimposing the ∆χ tensor of LBT4-Tm3+ with
the alignment tensors shown in (a). All LBTs are represented by the crystal structure of LBT1.45 The following atoms are highlighted as spheres to identify
reference points for the attachments of LBT2, LBT3, and LBT5 to Cys68 Sγ (yellow sphere) of ArgN: Tyr1 CR (cyan), Leu16 Cγ (blue), Ile2 Cγ1 (red).
LBT4 is located and oriented very similarly as LBT2 (not shown).

attributed to the lesser accuracy of the ∆χ-tensor determination
that resulted in a much greater variation of the rhombic
components (Table S5) than for the alignment tensors (Table
3). In the case of the ArgN-LBT3-Tm3+ complex, the ∆χtensor fit even led to a swap of the y and z tensor axes (Table
S5 and Figure S2). This is probably a consequence of the
increased mobility of LBT3 with respect to the ArgN molecule
which is evidenced by a reduced magnitude of the Aax and Arh
values of this complex compared with the other LBT constructs
1686 J. AM. CHEM. SOC.
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Table 4. Mean Generalized Angles between the Alignment
Tensors of ArgN Generated by Tm3+ Complexes of LBT2-5a

ArgN-LBT2
ArgN-LBT3
ArgN-LBT4

ArgN-LBT3

ArgN-LBT4

ArgN-LBT5

60 ( 1

13 ( 4
71 ( 2

14 ( 4
68 ( 2
16 ( 4

a Values given in degrees. Error estimates were obtained from 100
replicate RDC data sets with random normal variations of 1 Hz (see
Experimental Section).

Lanthanide-Binding Peptides for NMR Measurements

(Table 3). Clearly, mobility also affects the accuracy of the
ArgN-LBT structures (Figure 4b), although only largeamplitude motions could probably conceal the predominant
conformation.
It may ultimately prove difficult to prevent all averaging
effects, as even a recently published chemical tag that was
attached to the protein via two disulfide bridges showed
differences between the alignment and ∆χ tensors.33 Nonetheless, it will be possible to use the ∆χ-tensor parameters
determined with the assumption of a rigid system for studies
of intermolecular interactions by measurement of PCS induced
in the binding partner,6,21 provided that the interaction site is
far from the LBT attachment site and the tensor parameters are
determined from PCS of nuclear spins that are located not too
close to the LBT. Similar to the ArgN-LBT models built in
the present study, increased accuracy in the structure determination of intermolecular complexes can be expected if, in
addition, RDC data are available to determine the alignment
tensor associated with the ∆χ tensor. When using LBTs to obtain
different molecular alignments, it may be worthwhile to exploit
the different extent of motional averaging associated with
different tethers to achieve different effective alignment tensors.
Finally, since paramagnetically induced molecular alignment
is, to first order, independent of molecular weight (eq 3),
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lanthanide labeling presents a particularly attractive tool for
measurements of RDCs in large molecules. The new capability
of exposing proteins to differently oriented ∆χ tensors greatly
enhances the information content of these experiments.
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