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ABSTRACT

The paramagnetism of lanthanide ions offers outstanding op-
portunities for fast determinations of the three-dimensional (3D)
structures of protein—ligand complexes by nuclear magnetic
resonance (NMR) spectroscopy. It is shown how the combination
of pseudocontact shifts (PCSs) induced by a site-specifically bound
lanthanide ion and prior knowledge of the 3D structure of the
lanthanide-labeled protein can be used to achieve (i) rapid assign-
ments of NMR spectra, (ii) structure determinations of protein—
protein complexes, and (iii) identification of the binding mode of
low-molecular weight compounds in complexes with proteins.
Strategies for site-specific incorporation of lanthanide ions into
proteins are summarized.

Introduction

Three-dimensional (3D) structures of proteins are deter-
mined by X-ray crystallography and NMR spectroscopy
at an ever increasing rate. Yet, the structure determination
of protein—protein and, more generally, protein—ligand
complexes is often less straightforward, either because
they defy crystallization or because their molecular weight
is too large for complicated NMR experiments. Therefore,
simple methods for defining the relative position and
orientation of two molecules in a protein—ligand complex
would be of great value. This Account describes lan-
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thanide-based NMR methods to achieve this for proteins
of known 3D structure with a specific lanthanide binding
site.

For the NMR spectroscopist, lanthanides stand out for
their large and varied paramagnetism arising from un-
paired electrons in the f orbitals of their trivalent ions.
The paramagnetism gives rise to pronounced changes in
chemical shifts of the nuclear spins located nearby.? This
effect has been widely exploited in organic chemistry to
resolve overlapping NMR signals of compounds with the
help of lanthanide-induced shifts.3~¢

The effects of paramagnetic metal ions on NMR spectra
are well understood and can be described mathemati-
cally.” Paramagnetic metal ions cause not only paramag-
netic shifts but also enhanced nuclear relaxation, molec-
ular alignment in the magnetic field, and various cross-
correlation effects.””!' Among these, paramagnetic shifts
convey particularly useful long-range structural informa-
tion and are easily measured with high accuracy. Conse-
quently, they have long been used for structure determi-
nations by NMR spectroscopy,'?7¢ including 3D structure
determinations of paramagnetic metalloproteins.!”~20

Lanthanides form stable trivalent ions without any
known essential role in biology. Yet, Ca?* ions of calcium-
binding proteins can be substituted by lanthanide ions,
embedding the lanthanide ion (Ln®") in a rigid and
extended molecular framework of defined three-dimen-
sional structure.’®?! In this way, detailed information
about the spatial anisotropy of the paramagnetic effects
induced by different lanthanide ions has been obtained??
without the extensive motional averaging usually encoun-
tered in complexes with lanthanide shift reagents. A
growing number of recent studies confirms the potential
of lanthanides for NMR applications in structural bio-
logy.?023-28 As one of their most important features,
lanthanides allow the modulation of the paramagnetic
effects by exchange of one lanthanide for another, since
Ln®** ions are chemically similar yet paramagnetically
varied. In particular, diamagnetic lanthanide ions provide
an excellent diamagnetic reference, allowing the measure-
ment of the paramagnetic shifts simply as the difference
in chemical shifts observed in the presence of a paramag-
netic or diamagnetic lanthanide. Finally, the unpaired
electrons reside in inner orbitals with little overlap with
the ligand field, making contact shifts negligible in most
situations and allowing the interpretation of paramagnetic
shifts as pseudocontact shifts.'?

The following overview focuses on the use of pseudo-
contact shifts induced by lanthanide ions for structure
determinations of protein—protein and protein—ligand
complexes from a small set of NMR data. It is shown how
detailed structural information can be derived from
straightforward 1D and 2D NMR spectra, which can be
recorded with acceptable sensitivity also in the case of
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FIGURE 1. Superposition of ®™N HSQC spectra recorded of the
protein complex €186/0 loaded with Th®* and La3™. The cross-peaks
are from the amides of the 185-residue protein €186, which was
labeled with "N: (a) spectra recorded with uniformly "*N-labeled
€186; (b) spectra recorded with €186 selectively labeled with N-
leucine. The diamagnetic spectrum recorded with La®* is plotted in
black. The paramagnetic spectrum recorded with Th3* is plotted in
red. Selected paramagnetic/diamagnetic peak pairs are connected
by lines and labeled with the assignment of the peaks to specific
residues in the protein.

high-molecular weight systems, and how lanthanide ions

can be site-specifically attached to otherwise diamagnetic
proteins.

Pseudocontact Shifts from Lanthanide lons

The pseudocontact shifts (PCSs) induced by a lanthanide
ion can be pronounced (Figure 1). For some paramagnetic
lanthanide ions, PCSs can be measured for nuclear spins
as far as 40 A from the metal ion.232° PCSs arise from
through-space interactions with the unpaired electrons of
the paramagnetic center. It is informative to visualize the
PCSs as shells of constant PCS value (“isosurfaces”) plotted
on the protein structure (Figure 2a). This shows that the
PCS value observed for any particular nuclear spin de-
pends on the spatial location of the spin with respect to
the paramagnetic metal ion.

The spatial PCS distribution shown in Figure 2a is
described by

A= L Ay (3 cos?0—1) +

27

%Axrh sin’ 0 cos 2¢] (1)

where AOFSS denotes the difference in chemical shifts

FIGURE 2. (a) Isosurfaces depicting the pseudocontact shifts (PCSs)
induced by Dy*" plotted on a ribbon representation of the crystal
structure®” of €186. Blue and red surfaces identify the spatial
locations of positive and negative PCSs, respectively, by +3, £1.5,
and £0.5 ppm. The PCS isosurfaces constitute a representation of
the Ay tensor. (b) Schematic representation of the y tensor,
illustrating the electron—nucleus distance r (the nuclear spin being
exemplified by a 'H) and the angles 6 and ¢ (eq 1).

measured between diamagnetic and paramagnetic samples,
r is the distance between the metal ion and the nuclear
spin, Ay.x and Ay, are the axial and rhombic components
of the Ay tensor, and the angles 8 and ¢ describe the
position of the nuclear spin with respect to the principal
axes of the Ay tensor.

The Ay tensor is the anisotropy component of the
magnetic susceptibility tensor y of the metal ion. The y
tensor governs all paramagnetic effects. It can be viewed
as an ellipsoid spanned by the three principal axes, y, x;,
and y,, centered about the metal ion and fixed with respect
to the molecular frame of the protein (Figure 2b). The
anisotropic components, Ay, and Ay, of the Ay tensor
are given by Ayax = x. — (x + x)/2 and Ay = xc — %)
The y and Ay tensors share the same axis system, which
also defines the symmetry axes of the isosurfaces shown
in Figure 2a. In macromolecules and for metal ions with
anisotropic y tensor, the nuclear relaxation enhancements
observed near the paramagnetic center are determined
by the magnitude of the y tensor. In contrast, only a
nonvanishing Ay tensor generates PCS. Most importantly,
PCS measurements readily identify the Cartesian coordi-
nate system defined by the Ay tensor of a site-specifically
attached lanthanide ion. This coordinate system thus
presents a reference frame with respect to which both the
protein and any binding partner can accurately be posi-
tioned using the geometric and distance dependence of
the PCS effects (eq 1). Combined with the long-range
nature of PCSs, this opens many unique opportunities in
structural biology.

Comparison of Lanthanide lons

The radius of trivalent lanthanide ions decreases uniformly
with increasing atomic number from La3* (1.17 A) to Lud*
(1.00 A). Due to the similar size of different Ln3* ions, a
Ln3* binding site of a protein can bind different lan-
thanides with similar, although not identical, affinities,30:3!
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FIGURE 3. Paramagnetic properties of Ln®* ions. Only paramagnetic and nonradioactive lanthanides are included. Representative isosurfaces
are plotted for PCSs by 5 ppm using tensors reported by Bertini et al.22 The radius of the yellow sphere indicates the distance from the
metal ion at which "H NMR signals of macromolecules with a rotational correlation time of 15 ns broaden by 80 Hz due to paramagnetic
relaxation enhancement (PRE) at a magnetic field strength of 18.8 T. Typical electronic relaxation times representative for this field strength®?
are indicated at the bottom. For Eu®™, the estimate of the relaxation enhancement includes a contribution from excited J manifolds.2

and the 3D structure of the protein is only minimally
disturbed when samples are prepared with paramagnetic
and diamagnetic lanthanides. La** and Lu®" provide
suitable diamagnetic references, as well as Y**, which is
not a lanthanide but is chemically closely related. The ion
radius of Y3* is the same as that of Dy%".

All lanthanide ions except La®*t and Lu®** are paramag-
netic. An overview over their paramagnetic properties is
presented by Figure 3. Gd3* is the only paramagnetic
lanthanide with an isotropic environment of the unpaired
electrons, resulting in a long electronic relaxation time that
gives rise to strong relaxation enhancements in the NMR
spectrum without significant changes in chemical shifts.
Due to their outstanding relaxation enhancing properties,
Gd** compounds are the most frequently used paramag-
netic contrast agents in clinical MR imaging®? and have
found applications as probes of solvent accessibility of
protein surfaces.®® In contrast, the electronic relaxation
times of all other paramagnetic Ln3" ions are very short
due to nonisotropic populations of f-orbitals with un-
paired electrons, which lead to low-lying excited states.
In turn, the presence of low-lying excited states leads to
strong magnetic anisotropy and fast electron relaxation,
resulting in pronounced PCSs and less 'H relaxation
enhancement.

Since paramagnetic relaxation enhancements decrease
with 1/7% and PCSs decrease with 1/7° (where r is the
distance of the nuclear spin from the paramagnetic
center), PCSs are readily observable for nuclear spins that
are sufficiently far from the paramagnetic center to escape
strong paramagnetic relaxation enhancements. For ex-
ample, the paramagnetism of Dy*" makes it difficult to
observe 'H NMR signals from protons within about 14 A
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from the Dy** ion, but PCSs are measurable within about
40 A. Less paramagnetic lanthanides, such as Ce3*, cause
smaller PCSs and less relaxation, allowing the measure-
ment of PCSs much closer to the metal ion. The choice
of lanthanide thus provides a mechanism for tuning the
paramagnetic effect to the distance range of interest.?

Determination of the Ay Tensor and
Assignment of the Paramagnetic "SN—'H
Correlation

The position and magnitude of the Ay tensor with respect
to the protein is determined by only eight parameters: the
values of Ay, and Ay, three angles defining the orienta-
tion of the Ay tensor with respect to the coordinate system
of the protein, and the x, y, and z coordinates of the metal
ion. Therefore, as few as eight measured PCS values are
sufficient to position the Ay tensor with respect to the
protein, provided it is known where the corresponding
nuclear spins are located in the 3D structure of the
protein.

15N heteronuclear single quantum coherence (HSQC)
spectra like those of Figure 1 correlate the chemical shifts
of directly bonded 'H and N spins. The cross-peaks can
be assigned to the amide groups of individual residues.
Due to the spatial proximity of the 'H and '®N spin in an
amide group, both spins experience very similar PCSs.
Therefore, each cross-peak in the paramagnetic spectrum
is displaced from its position in the diamagnetic spectrum
by very similar ppm values in both dimensions. This
displacement along diagonal lines greatly facilitates the
identification of paramagnetic—diamagnetic peak pairs
and presents the easiest route to transferring the cross-
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peak assignments in the diamagnetic >N HSQC spectrum
to a corresponding paramagnetic "N HSQC spectrum.

Provided the 3D structure of the protein and the
resonance assignments of the diamagnetic "N HSQC
spectrum are known, the assignment of the paramagnetic
NMR spectrum can be supported by determination of the
Ay tensor and prediction of the PCSs of the remaining
peaks using eq 1. This process has been implemented in
the program Echidna,®* which is capable of automatic
assignment of most paramagnetic cross-peaks in a ®N
HSQC spectrum such as that shown in Figure 1a, including
simultaneous automatic determination of the Ay tensor
parameters. The program also considers that amide
protons too close to the paramagnetic ion become un-
observable due to paramagnetic relaxation enhancements
and takes the small correction terms into account that
arise from residual anisotropic chemical shifts induced by
paramagnetic alignment with the magnetic field.

If the 3D structure of the protein is known and a
selectively 1°N-labeled protein sample is available, the Ay
tensor parameters can also be determined together with
the assignments of the paramagnetic and diamagnetic >N
HSQC cross-peaks using the program Platypus.®® Since the
15N HSQC spectrum of a selectively *N-labeled protein
contains only few cross-peaks, it allows the unambiguous
measurement of a significant number of PCSs (Figure 1b).
The assignments are subsequently obtained from the best
fit between experimental and predicted PCSs found in an
exhaustive grid search over all possible Ay tensor orienta-
tions and physically reasonable magnitudes, which con-
sider any plausible assignment of the cross-peaks to
specific residues of the protein.*®

Apﬁ)lica;ion I: Fast Structure Determination of
a Protein—Protein Complex

PCSs measured in ®N HSQC spectra have successfully
been used for the structure determination of a 30 kDa
complex between two proteins from the Escherichia coli
replisome, the N-terminal domain €186 of the proofread-
ing exonuclease and the subunit .2” The NMR structure
of 6 in complex with €186 was determined by conventional
3D triple-resonance experiments.3® The crystal structure
of €186%” showed the presence of a binding site for Mg**
or Mn?*, which could also bind a single lanthanide ion
with micromolar affinity (A. Y. Park, personal communica-
tion). Samples with selectively '’N-leucine- and !>N-
phenylalanine-labeled €186 were used to determine the
Ay tensors of Dy*" and Er3t with respect to €186 and
uniformly N/3C-labeled 6 provided the Ay tensors with
respect to 6. Since the Ay tensors determined for €186 and
0 arose from the same metal ion bound to €186, super-
position of the tensors determined for the two proteins
yielded the structure of the complex in a single step of
rigid body docking (Figure 4). The result was in full
agreement with intermolecular nuclear Overhauser effects
(NOEs) detected in 3D nuclear Overhauser effect spec-
troscopy (NOESY)—15N HSQC spectra. Repetition of the
docking procedure with slightly varied parameters to

a

FIGURE 4. Rigid body docking of the proteins €186 and 6 by
superposition of the Ay tensors of Dy®* and Er®*™ determined with
respect to the individual proteins. The Ay tensors are represented
by PCS isosurfaces with positive and negative shifts indicated by
blue and red colors, respectively. The 3D structures of €186 and 6
are represented by gray and yellow ribbons. The positions and
orientations of the Ay tensors with respect to the individual proteins
were experimentally determined from PCSs observed with samples
where either €186 or 0 was ""N-labeled: (a) PCS isosurfaces induced
by Dy3* on €186, 6, and the €186/0 complex; (b) same as panel a,
except for isosurfaces induced by Er®+.

reflect the experimental uncertainties resulted in a family
of complex structures, most of which showed no clashes
between backbone atoms.?”

Since the Ay tensor of a single lanthanide ion is
symmetric with respect to the x, y, and z axis (Figure 2b),
data from a single lanthanide ion would lead to four
different, fully equivalent ways in which the tensors
observed in the two proteins can be superimposed. Some
of these solutions would locate the two proteins too close
or too far from each other to be acceptable. A better
approach to resolving these ambiguities, however, is
presented by the use of two different lanthanide ions with
two differently oriented Ay tensors, as generated by Dy**
and Er’". Data from two differently oriented Ay tensors
result in a single docking solution (Figure 4).

Application ll: Fast Determination of the
Binding Mode of a Small Ligand

The paramagnetic effects from lanthanide ions can also
be harnessed for the determination of the 3D structure
of a small ligand molecule bound to its protein target in
solution and, simultaneously, its location and orientation
with respect to the protein. The principle has been
demonstrated for thymidine bound to €186/6 loaded with
Dy3+, Tb3*, or Er3+.28

Thymidine binds only weakly to €186, with a dissocia-
tion constant of about 7 mM. Therefore, the exchange
between bound and free thymidine is fast on the NMR
time scale (i.e., within milliseconds or less), and the NMR
signals observed for thymidine are averaged between both
environments. With a paramagnetic Ln3* ion bound to
€186, concentration-dependent relaxation enhancements
and PCSs were observed (Figure 5) from which the binding
affinity and, hence, fraction of bound thymidine could
readily be derived. This allowed the calculation of the PCSs
in the bound form from the much smaller values experi-
mentally observed in the average NMR spectra. (Notably,
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FIGURE 5. 'H and "C NMR resonances of thymidine in the presence
of diamagnetic €186/0/La®" (black) and paramagnetic €186/6/Th%"
(colored): (a) 'H NMR resonance of the H6 proton of thymidine at
increasing thymidine concentrations. The spectra are labeled with
the ligand/protein ratio. The binding affinity of thymidine can be
derived from the concentration dependence of the paramagnetic
shifts and line broadenings, yielding the values of shifts and
broadenings in the complex. (b) ®C NMR resonances of the
deoxyribose moiety of thymidine at 550-fold excess of thymidine,
illustrating different line broadening and PCSs for '3C spins located
at different positions with respect to the Ay tensor. The signal of
CY' overlaps with a small signal from buffer.

straightforward 1D 'H and *C NMR spectra were sufficient
to record the PCSs of thymidine, because its NMR
resonances were by far the strongest signals in the
presence of a large excess of thymidine.)

Combined with the Ay tensor of the lanthanide ion
determined with respect to €186 (see above), the PCS data
of thymidine could be used to position its 'H and 3C
nuclei with respect to the Ay tensor and, hence, the €186
molecule (Figure 6).28 The structure and location of the
thymidine molecule was found to be very similar to that
determined for TMP in the single crystal.?837 As in the case
of protein—protein docking (see above), the four equiva-
lent orientations of the thymidine molecule with respect
to the Ay tensor of a single lanthanide was reduced to a
single solution by addition of PCS data from further Ln3*
ions with differently oriented Ay tensors. Only in the case
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FIGURE 6. Structure of the ¢186/thymidine complex calculated with
PCS data of thymidine. Pseudocontact shifts were measured for
complexes with Dy3*, Th3", and Er¥* and used as input for a
simulated annealing calculation with Xplor-NIH.53% The backbone
of €186 was kept rigid during the calculations, while the protein side
chains and the thymidine starting conformations and positions were
randomized. The results of seven calculations are shown (thymidine
in yellow using a heavy-atom representation) overlaid onto the crystal
structure of the €186/TMP complex® in gray and the Ay tensor of
Tb3* represented by blue and red isosurfaces for positive and
negative PCSs, respectively.

of nonchiral ligand molecules, data from differently
oriented Ay tensors would allow two equivalent solutions,
which must be discriminated based on steric or other
criteria.

Site-Specific Lanthanide Labeling

In the case where the protein does not contain a natural
lanthanide binding site, methods are available by which
a lanthanide binding site can be crafted onto a protein at
strategic positions. One approach is based on N- or
C-terminal fusion of a lanthanide-binding peptide (LBP),
either using a peptide sequence known to bind Ca*" or a
peptide specifically evolved for high-affinity binding of
lanthanide ions.3%% This approach tends to generate only
small PCSs in the protein of interest because of averaging
of the Ay tensor when the peptide tag moves with respect
to the protein. In addition, the approach restricts the
attachment of a lanthanide ion to the N- or C-terminus
of the protein.

Both problems can be addressed by attaching the LBP
via a disulfide bond to a single cysteine residue in the
protein. Compared with flexible N- or C-terminal polypep-
tide segments, a disulfide bond presents a shorter, more
rigid tether, and site-directed mutagenesis can be em-
ployed to produce a protein sample with a single cysteine
residue at any strategically chosen site on the protein
surface. A 16-residue LBP containing a cysteine residue
can readily be made by chemical peptide synthesis and
the disulfide bond with the protein of interest can be
formed in high yields using Ellman’s reagent for activation
of the protein thiol group (Figure 7).*° This is a generally
applicable method for the attachment of thiol-containing
compounds to cysteine side chains.*! Usually, the peptide
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protein-SH + DTNB = protein-S-TNB + TNB + H'

protein-S-TNB + R-SH == protein-S-S-R + TNB™ + H"

FIGURE 7. Covalent attachment of a thiol-compound to a protein
cysteine side chain via a disulfide bond.®® The cysteine thiol group
is activated by Ellman’s reagent, 5,5'-dithiobis(2-nitrobenzoic acid)
(DTNB), resulting in a mixed disulfide bond with 5-mercapto-2-
nitrobenzoic acid (TNB).*' The mixed disulfide with TNB is readily
exchanged for a mixed disulfide with other thiol-containing com-
pounds. Progress of the reaction can be monitored by the release
of colored 5-mercapto-2-nitrobenzoate in both steps.

is not isotope labeled and does not appear in hetero-
nuclear NMR spectra of isotope- and LBP-labeled proteins.

A variation of the above approach is presented by the
use of chemically synthesized lanthanide-chelating tags
(LCTs) with an activated thiol group. A commercially
available tag based on EDTA has been shown to provide
a high-affinity lanthanide binding site.*>*3 This tag, how-
ever, coordinates lanthanide ions in a chiral fashion, so
the association with a protein results in diastereomers.*
In complex with metal ions with nonisotropic y tensor,
the diastereomers generate different Ay tensor orienta-
tions and therefore induce different PCSs in the protein,
resulting in peak doubling, increased spectral overlap, and
assignment ambiguities.*>** This can be avoided by the
use of chiral LCTs, where the LCT diastereomers resulting
from chiral metal ion coordination are of sufficiently
different energy to lead to preferred population of a single
conformer.**~4¢ Yet, due to the small size of LCTs, mobility
of the disulfide tether between the LCT and the protein
is a common phenomenon that reduces the observable
PCSs by averaging.”” The mobility problem has been
addressed by a tag with attachment points for two cysteine
residues, but multiple diastereomeric forms were observed
in this particular case.*® The synthesis of a readily acces-
sible chiral LCT with specific lanthanide-binding mode
and a short tether is a current challenge.

Concluding Remarks

Lanthanide labeling of proteins is set to become an
important tool in structural biology for establishing 3D
models of protein—protein complexes and in drug dis-
covery for the analysis of the binding mode of small
ligands to proteins. The PCS effects are long range,
scalable by the choice of lanthanide ion, and easy to
measure by the most sensitive NMR experiments available.
The Ay tensor required for back-calculation of PCS is fully
characterized by only eight parameters, which can be
derived from a corresponding number of experimental
PCS values if the position of the respective nuclear spins
with respect to the lanthanide ion is known. The Ay tensor
can thus be determined even if only few of the protein
NMR signals are assigned, with additional assignments
leading to correspondingly increased accuracy of the Ay
tensor, especially if the nuclear spins are distributed
around the metal ion in all three directions of the
coordinate system spanned by the Ay tensor.

Prior knowledge of the 3D structure of the lanthanide-
labeled protein opens exceptionally convenient routes for

resonance assignment of the paramagnetic NMR spectra,
where available computer algorithms can be used to
obtain the assignments and the Ay tensor parameters
simultaneously.?*% Even the resonance assignment of the
diamagnetic NMR signals can be determined in this way,
if a selectively ’N-labeled protein sample is available. The
required protein samples are inexpensive to prepare,
because no '*C-labeling is required. In combination with
perdeuteration, systems with >100 kDa molecular weight
will be amenable to this approach, since 2D N—'H
correlation spectra suffice for PCS measurements.

In the case of small, transiently binding ligand mol-
ecules, even 1D 'H and '3C NMR spectra at natural
isotopic abundance can be sufficient for PCS measure-
ments. The use of *C NMR data is of particular interest
in drug discovery, where more information may be
gleaned from the 13C than from the 'H NMR spectrum due
to greater abundance of carbon than hydrogen in the
molecule and better resolution of the 3C NMR spectrum.
13C spins are also less sensitive to paramagnetic relaxation
enhancements due to their smaller gyromagnetic ratio.”
In situations, where the structure of the protein—ligand
complex cannot be determined by X-ray crystallography,
PCS data may deliver more detailed information about the
ligand binding mode with less effort than any other
technique.

Ongoing efforts in our laboratory attempt to combine
site-specific lanthanide labeling with cell-free protein
synthesis, which is a particularly fast and inexpensive
method for the preparation of selectively 'N-labeled
proteins.*® While this review focused on PCSs as one of
the most striking NMR features of lanthanide ions, greater
use will also be made of the structural information
contained in cross-correlation effects, relaxation enhance-
ments, and residual dipolar couplings associated with the
paramagnetism of lanthanide ions.”!#35 Considering finally
that lanthanide ions also possess highly unusual and
attractive electronic and luminescent properties,®*5! lan-
thanide-labeled proteins carry great potential in many
areas of biological research.

The authors thank Professor Nicholas E. Dixon and his group
members for the continued supply of isotope-labeled samples and
Dr. Thomas Huber for computer programs.
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