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Introduction

Long-range-distance information is required for solution
structure determination of flexible molecules, such as nucle-
ic acids or multidomain proteins, as well as for complexes of
macromolecules.
Paramagnetic NMR effects, such as pseudocontact shifts

(PCS), paramagnetic relaxation enhancement (PRE), and

paramagnetic cross-correlated relaxation, are caused by the
presence of unpaired electrons and are felt by the nuclear
spins situated up to tens of $ngstrçms away. These effects
are well understood and provide useful tools in structure de-
termination.
Paramagnetic effects can be used in protein NMR analysis

by addition of transition metals,[1,2] lanthanide ions,[3,4] lan-
thanide chelates,[5–10] stable radicals, such as 2,2,6,6-tetra-
ACHTUNGTRENNUNGmethylpiperidine-1-oxyl (TEMPO),[11–16] or dioxygen,[17] to
decrease the signal overlap of the resonances observed, to
probe the molecular surface of these large molecules, or to
align macromolecules for residual dipolar-coupling measure-
ments.
A wealth of structural information was obtained from the

paramagnetic NMR on proteins that contain a paramagnetic
metal, or in which a diamagnetic metal could be substituted
for a paramagnetic one.[18–34] As was first demonstrated for
the cytochrome f–plastocyanin complex,[35–38] paramagnetic
effects can also be used for structure determination of pro-
tein complexes.[39] Metal substitution can also be used effec-
tively for this purpose.[40] Although there are quite a few ex-
amples for which a paramagnetic metal exists or can be en-
gineered inside the core of a protein, there are numerous
others for which this is not possible. This disadvantage can
be eliminated by the construction of paramagnetic probes

Abstract: A two-thiol reactive lantha-
nide–DOTA (1,4,7,10-tetraazacyclodo-
decane-N,N’,N’’,N’’’-tetraacetic acid)
chelate, CLaNP-3 (CLaNP = caged
lanthanide NMR probe), was synthe-
sized for the rigid attachment to cys-
teine groups on a protein surface, and
used to obtain long-range-distance in-
formation from the {15N,1H} HSQC
spectra of the protein–lanthanide com-
plex. The DOTA ring exhibits several
isomers that are in exchange; however,
single resonances were observed for

most amide groups in the protein, al-
lowing determination of a single, ap-
parent magnetic-susceptibility tensor.
Pseudocontact shifts caused by Yb-con-
taining CLaNP-3 were observed for
atoms at 15–35 $ from the metal. By
using Gd-containing CLaNP-3, relaxa-

tion effects were observed, allowing
distances up to 30 $ from the para-
magnetic center to be determined accu-
rately. Similar results were obtained
with a Gd–DTPA (diethylene-triamine-
pentaacetic acid) chelate, CLaNP-1,
bound in the same bidentate manner to
the protein. This study demonstrates
that bidentate attachment of a para-
magnetic probe enables determination
of long-range distances.

Keywords: cage compounds ·
lanthanides · NMR spectroscopy ·
paramagnetic relaxation ·
pseudocontact shifts

[a] Dr. M. D. Vlasie, Dr. C. Comuzzi, A. M. C. H. van den Nieuwendijk,
Dr. M. PrudÞncio, Dr. M. Overhand, Dr. M. Ubbink
Leiden Institute of Chemistry
Gorlaeus Laboratories Leiden University
P.O. Box 9502, 2300 RA Leiden (The Netherlands)
Fax: (+31)71-5274-349
E-mail : m.ubbink@chem.leidenuniv.nl

[b] Dr. C. Comuzzi
On leave from Dipartimento di Scienze e Tecnologie Chimiche
Via del Cotonificio 108, UniversitaJ di Udine 33100 Udine (Italy)

[c] Dr. M. PrudÞncio
Present address: Unidade de MalKria
Instituto de Medicina Molecular, Universidade de Lisboa
1649–028 Lisboa (Portugal)

[d] Dr. M. D. Vlasie, Dr. C. Comuzzi
These authors contributed equally to this work.

Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.

Chem. Eur. J. 2007, 13, 1715 – 1723 N 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1715

FULL PAPER



for covalent attachment to the protein. One possibility is to
use N- or C-terminal fusion peptides engineered to bind a
paramagnetic metal for co-expression with the protein of in-
terest, however, this limits the choice for the location of the
metal.[41–45]

Another possibility is to attach site-specific probes onto
the surface of the macromolecule by chemical methods. In
this way, different paramagnetic centers, such as nitroxide
spin labels,[46–54] coordinated divalent metals,[55–58] and lantha-
nide chelates,[59–64] were created and can be used for struc-
ture refinement. Lanthanides are strong paramagnetic
agents and, therefore, particularly useful in providing a
range of effects that can be fine-tuned over large distances.
Most lanthanide chelates were synthesized and specifically
attached to the proteins through one reactive arm. Depen-
ACHTUNGTRENNUNGding on the number of bonds between the lanthanide and
the protein backbone, such probes can have considerable
flexibility. In our laboratory, a paramagnetic probe was de-
signed [60] with two attachment
points on the protein surface
and, consequently, reduced
mobility. A drawback of this
probe is the presence of sever-
al isomeric forms of the lan-
thanide chelate that cause sev-
eral resonances for a spin that
experiences a PCS.
PCS values can provide

long-range-distance informa-
tion, of 5–40 $ from the para-
magnetic center,[20] by exploit-
ing the magnetic-anisotropy
properties of different lantha-
nides with fast electron-spin
relaxation. The magnitude of
the PCS is proportional to the
inverse cube of the distance,
providing quite a sensitive tool
for obtaining distance re-
straints. The anisotropic nature
of the PCS, described by the
magnetic-susceptibility tensor
(c), requires the metal to ex-
hibit a single type of coordina-
tion. In particular, Ln com-
plexes often show isomers that are in exchange, which result
in multiple c tensors and, thus, multiple resonances for a nu-
cleus.[59, 60] In contrast, PRE are isotropic to a good approxi-
mation and are proportional to the inverse sixth power of
the distance between the paramagnetic metal ion and the
nucleus observed. Among the lanthanides, Gd3+ is a useful
PRE agent because of its long electronic relaxation time.
Here, we report the synthesis and characterization of a

DOTA-based (DOTA=1,4,7,10-tetraazacyclododecane-
N,N’,N’’,N’’’-tetraacetic acid) lanthanide chelate that is at-
tached to a protein through two disulfide bridges. Single res-
onances were obtained for most of the residues in the Yb3+

chelate and the observed PCS can be fitted well with a
single apparent c tensor. Furthermore, the Gd3+ chelate of
this probe, as well as of an earlier DTPA-derived (DTPA=

diethylene-triaminepentaacetic acid) form,[60] are shown to
produce PRE with reliable distance dependencies in the
range of 20–30 $, making them useful spectroscopic tools
for macromolecular structure determination.

Results and Discussion

Synthesis and properties of the caged lanthanide NMR
probe (CLaNP) molecule : The strategy to synthesize the
modified DOTA derivative 3b, capable of ligation to two
proximate engineered cysteine residues of a protein, is de-
picted in Scheme 1. Commercially available cyclen was
transformed in three synthetic steps[65] to obtain the bis(tert-
butyloxycarbonylmethylene) derivative, compound 1. Reac-

tion of 1 with benzyl bromoacetate in the presence of potas-
sium carbonate gave compound 2 in moderate yield after
silica-gel column chromatography. Liberation of two carbox-
ylic acid functionalities was accomplished by removal of the
two benzyl groups of 2 by using a catalytic amount of palla-
dium on carbon under a hydrogen atmosphere. The resulting
dicarboxylic acid intermediate was coupled to 2-(amino-
ACHTUNGTRENNUNGethyl)methanethiosulfonate with the aid of 1-(3-dimethyl-
aminopropyl)-3-ethylcarbodiimide-HCl (EDCI) to provide
compound 3a in 26% yield over the two steps after purifica-
tion by HPLC. Removal of the tert-butyl ester groups was
accomplished with 33% trifluoroacetic acid in di-

Scheme 1. Synthesis of the CLaNP-3 molecule: i) BrCH2CO2Bn, K2CO3/MeCN; ii) Pd–C/H2, EtOH; iii) EDCI,
H2NCH2CH2SSO2CH3, TFA.

www.chemeurj.org N 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 1715 – 17231716

www.chemeurj.org


chloromethane to give compound 3b in 36% yield after
HPLC purification.

Attachment of the CLaNP molecules to E51C/E54C-Paz :
The CLaNP molecules (Figure 1A and B) were attached to

the test protein in a bidentate fashion through two engi-
neered cysteine residues (Figure 1C), limiting the rotational
freedom of the lanthanide ion with respect to the protein.
We found that attachment of the bidentate CLaNP mole-
cules does not depend critically on the position or distance
of the two Cys residues. Various proteins were tagged suc-
cessfully with Cys–Cys CB distances within the range of 5–
10 $ (not shown). The minimal distance between the sulfur
atoms should be large enough to avoid intramolecular disul-
fide-bridge formation. Generally, exposed polar residues are
selected for mutation to minimize effects on protein struc-
ture.
A variant of pseudoazurin (Paz) with mutations E51C and

E54C[60] was used to test the effects of the CLaNP mole-
cules. Paz is a small copper-containing protein (14 kDa) and
does not contain any exposed cysteine residues. The only
cysteine in the wild-type protein provides one of the four li-
gands to the copper.
Attachment of the CLaNP-3 molecule to the protein was

checked by mass spectrometry. Mass spectroscopy analysis
(TOF, ES+ ) revealed a mass of 14316�2 Da for the

YbCLaNP-3 bound to 15N-Paz, consistent with binding of the
probe to the protein through both reactive arms (expected
mass 14317 Da for a 99% incorporation of 15N in YbCLaNP-
3–Paz). The attachment of the CLaNP-1 molecule to Paz in
a bidentate manner was confirmed previously.[60]

The {15N,1H} HSQC spectra of the YCLaNP-1, the diamag-
netic control probe, bound to this mutant exhibited only
small chemical-shift perturbations for several residues in the
neighborhood of the attachment site, relative to the wild-
type Paz spectra, however the remaining amide resonances
remained unaffected. The overall similarity between these
two structures was also confirmed by X-ray crystallography
results.[60] The differences in chemical shift between YClaNP-
1 and YCLaNP-3 bound to this Paz mutant, for most of the
amide protons, are less than 0.02 ppm (see Figure S1 in the
Supporting Information). This indicates that CLaNP-3 bind-
ing also does not affect the overall three-dimensional struc-
ture of Paz. Notably, similar to the case of CLaNP-1 bound
to this mutant Paz, the resonances for C51, C54, and the res-
idues in their immediate vicinity are not observed in the
HSQC spectra of the diamagnetic sample. The disappear-
ance of these signals might be attributed to line broadening
due to a slow exchange process in the residues on the loop
to which the CLaNP is attached.

Pseudocontact shifts caused by YbCLaNP-3 : Lanthanide-sub-
stituted DOTA exhibits several isomers in solution, differing
in conformation and water coordination.[66] The Ln–DOTA
conformers represent two enantiomeric pairs of diastereo-
isomers. Two sets of peaks are generally observed in NMR
spectra due to slow conversion of the DOTA isomers.[67, 68]

In the HSQC spectra of the diamagnetic YCLaNP-3–Paz,
single peaks are observed for all residues, indicating that the
protein amide groups are too far from the probe to sense
possible exchange processes. In the case of the paramagnetic
Paz–YbCLaNP-3, nearly all peaks exhibit changes in chemi-
cal shift that are of about the same size in the proton and ni-
trogen dimensions. This is a hallmark of PCS because the
shifts are independent of the type of nucleus when ex-
pressed in ppm. Most residues show single peaks, some ex-
hibit a small splitting in the 1H dimension only, and some
amides close to the probe (<18 $) are not observed at all
(Figure 2A). We attribute these observations to the DOTA
isomers, as will be discussed below.
Due to the attachment of CLaNP-3 to the protein through

its two reactive arms, the symmetry in the coordination com-
plex is altered, resulting in four distinguishable isomers,
giving rise to four possible c tensors. The peaks that are
split in the 1H dimension represent the effects of two c ten-
sors, caused by exchange between two conformers of the
CLaNP molecule.[69] The fact that the splittings are small
and even absent for most peaks suggests that these two con-
formers have c tensors with similar orientations.
Resonances due to the amide group at >10 $ from the

metal should be observable, in agreement with the results
obtained with YbCLaNP-1–Paz.[60] The absence of resonances
from amides close (<18 $) to the metal cannot be caused

Figure 1. Chemical structures of A) the bis ACHTUNGTRENNUNG(MTS) derivative of DTPA,
CLaNP-1,[60] and B) the bis ACHTUNGTRENNUNG(MTS) derivative of DOTA, CLaNP-3. The
leaving groups of the probe molecule are shown in gray. C) Schematic
representation of the attachment reaction between the probe molecule
and the cysteine residues of the protein.
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by the paramagnetic relaxation effects. Neither can it be at-
tributed to exchange effects in the protein due to probe at-
tachment, because the resonances are clearly observed in
the diamagnetic control, YCLaNP-3–Paz. We suggest that a
second exchange process in the DOTA part of CLaNP-3 re-
sults in doubling of the resonances. If the exchange between
these forms is on the order of several hundred per second,
the resonances of amides with two very different PCS will
be broadened; however, those with only slightly different
PCS will show a single, average resonance. Thus, the signals
of amides close to the metal will mostly broaden out, where-
as those from more-distant amides will show a single reso-
nance. The published data[70,71] are contradictory with regard
to the sizes of the exchange rates of the various interconver-
sions. Therefore, no attempt will be made here to assign the
two proposed exchange processes to specific conformer iso-
merizations.
To establish whether the observed PCS could be used for

structural calculations, the data were fitted to Equation (1)
(see Experimental Section), yielding a good correlation for
observed versus predicted PCS with a single apparent

tensor, capp (Figure 2B). These results indicate that CLaNP-3
can provide useful PCS data, despite its exchange behavior.

Paramagnetic relaxation enhancement (PRE) caused by
GdCLaNP molecules : Unlike other lanthanides, Gd3+ has a
slow electronic relaxation rate, causing strong relaxation ef-
fects on surrounding nuclear spins. These effects are isotrop-
ic to a good approximation[72] and are, therefore, independ-
ent of the presence of more than one isoform of the CLaNP
molecules. The PRE falls off with the sixth power of dis-
tance from the Gd3+ [Eq. (3), Experimental Section],
making it a very sensitive tool for distance measurements.
The Gd3+ ion does not cause significant PCS.
To test the usefulness of PRE caused by Gd3+ , the effects

of GdCLaNP molecules on Paz amide protons were deter-
mined by acquiring {15N,1H} HSQC spectra of GdCLaNP-1
and GdCLaNP-3 bound to the 15N-labeled Paz. The intensi-
ties were compared with those in control spectra of
YCLaNP–Paz. Large intensity differences were observed for
numerous peaks. Figures 3A and B show the peak-intensity
ratios of YCLaNP-1–Paz to GdCLaNP-1–Paz and of
YCLaNP-3–Paz to GdCLaNP-3–Paz, respectively, for all Paz
residues observed. The residues that appear unaffected by
the Gd3+ ion show an intensity ratio of 1. For residues ob-

Figure 2. Pseudocontact shifts of YbCLaNP-3 bound to Paz: A) a section
of the overlaid {15N,1H} HSQC spectra of YbCLaNP-3–Paz–Cu(I) (gray)
and YCLaNP-3–Paz–Cu(I) (black). Some of the shifted amide resonances
are connected by lines with slopes close to unity to indicate the pseudo-
contact nature of the shift ; B) correlation between measured and predict-
ed PCS for 70 amide protons of Paz. Predicted PCS were back-calculated
with the optimized apparent c tensor. The axial and rhombic contribu-
tions of the Dc are given in units of 10�32 m3.

Figure 3. Relaxation enhancements of GdCLaNP-1 and GdCLaNP-3 bound
to Paz. Relative intensities of the diamagnetic versus paramagnetic
sample for all observed residues in the NMR experiment: A) ratio of
YCLaNP-1–Paz intensities to GdCLaNP-1–Paz intensities; B) ratio of
YCLaNP-3–Paz intensities to GdCLaNP-3–Paz intensities. Error bars were
calculated by using the background intensity. C) Map of the relaxation ef-
fects caused by the Gd3+ on Paz. A decrease in intensity of the amide
resonances in GdCLaNP-1–Paz versus YCLaNP-1–Paz of more than five
times is shown in red, between five and two times in orange, between
two and 1.2 times in yellow, and below 1.2 times in blue. The five- and
two-fold borders are marked in panels A and B by dotted lines. The un-
assigned and Pro residues are gray. The CLaNP-1 molecule with the
bound Y3+ is purple. The structure of the YCLaNP-1–Paz was taken from
the PDB entry 1PY0.[60] D) Relative intensity (Idia/Ipara) for CLaNP-1–Paz
residues versus the distance from the Gd ion to the amide protons. The
solid line represents a fit of the data by using the equation y=1+bx�6.
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served in the diamagnetic sample that had disappeared in
the paramagnetic one, the noise-level intensity was used to
calculate the minimal ratio of intensities in the two forms.
The broadening effects of the Paz resonances caused by the
Gd3+ in the CLaNP-1 protein complex were then mapped
onto the crystal structure of CLaNP-1–Paz (Figure 3C). A
clear distance-dependent decrease in intensity of the Paz
peaks with respect to the lanthanide is apparent (Fig-
ure 3D).

Modeling the position of the lanthanide with respect to the
protein by using NMR-derived distances as restraints : To
quantify the distances from the HSQC peak intensities, the
Rpara

2 values were determined by using Equation (2) (Experi-
mental Section).[46] The use of intensity ratios yields Rpara

2

values that are slightly less precise than those obtained
through direct R2 determination. However, it has been dem-
onstrated that other approximations concerning PRE dis-
tance determination introduce larger errors.[49,51] Further-
more, this approach is simpler and is also applicable to
larger protein complexes. According to Equation (3), at the
magnetic field used, Rpara

2 is proportional to the correlation
time tc. The latter depends on the electronic relaxation time
of the Gd3+ ion (ts), the rotational correlation time of the
metal–proton vector (tr), and possible exchange processes
(tM). The contribution of the tM is likely to be relatively
small. Both ts and tr are expected to be in the low-nanosec-
ond range. To obtain tc, the Rpara

2 values were fitted to Equa-
tion (3) by using the crystal structure of Paz–YCLaNP-1 as a
reference for the distances, and with tc as the only variable.
Values of 4.0�0.9 and 5.9�1.2 ns were obtained for
GdCLaNP-1–Paz and GdCLaNP-3–Paz, respectively, indicat-
ing that within the error, the tc values are the same.
The NMR-derived distances obtained with these tc values

were used to optimize the position of the Gd ion relative to
Paz for both CLaNP molecules. Restrained energy minimi-
zation by using only the distance information placed the
Gd3+ ion at 2.4 $ and 4.8 $ from the lanthanide position
observed in the crystal structure of Paz–CLaNP-1[60] for
GdCLaNP-1–Paz and GdCLaNP-3–Paz, respectively (Fig-
ure 4A). Due to dependence on the sixth power of the dis-
tance, the predicted distances are not very sensitive to
errors in tc. A 50% higher or lower value for the tc led to
an optimized position of the Gd ion that differed by 1.3 $
from the one obtained above.
These calculations suggest that the solution position of

the lanthanide in CLaNP-1 is similar to that observed in the
crystal. The lanthanide position differs slightly for CLaNP-3,
which may be caused by the differences in the structure be-
tween the two lanthanide probes. The correlation plots for
the observed versus predicted distances, based on this posi-
tion for the Gd3+ ion, show that distances of between 20
and 30 $ can be measured within an error margin of �3 $
for both CLaNP-1–Paz and CLaNP-3–Paz (Figures 4B and
C, respectively).

Conclusion

Paramagnetic effects can provide long-range-distance infor-
mation that can be used in combination with other NMR-
based restraints to determine the solution structure of pro-
teins, global fold determination of larger proteins, and char-
acterization of their different states. For applications to mac-
romolecules that do not contain paramagnetic centers, para-
magnetic surface tags can be employed. In this study, we
present a new paramagnetic probe, covalently bound to a

Figure 4. A) Optimized position of the Gd3+ in CLaNP-1–Paz (blue
sphere) and in CLaNP-3–Paz (green sphere) are shown with respect to
the position of Y3+ in CLaNP-1–Paz (red), taken from the crystal struc-
ture,[60] PDB entry 1PY0. The positions of the Gd3+ were generated in
Xplor-NIH[78] by using the NMR distance restraints. B and C) Correlation
between the observed and predicted Gd-to-HN distances. Observed dis-
tances (PRE-based) were obtained from the NMR paramagnetic relaxa-
tion [Eq. (3)] of the Paz amides caused by the Gd3+ in CLaNP-1 (B) or
CLaNP-3 (C). Predicted distances (structure-based) were determined by
using the Xplor-generated positions of the Gd3+ in Paz–CLaNP (&) or
the position of the lanthanide in the crystal structure of Paz–CLaNP-1
(*) (PDB entry 1PY0). The error-margin distances with 3 $ boundaries
are marked by the dashed lines. The arrows pointing down and up em-
phasize that for some residues, only an upper or a lower experimental
distance could be determined at 20 and 30 $, respectively.
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protein in a bidentate fashion. The good agreement between
observed and calculated PCS and PRE data indicates that
the bidentate attachment helps to limit the conformational
freedom of the metal relative to the protein. Thus, this
probe can be used as a relaxation agent and, with some ap-
proximations, as a pseudocontact-shift agent, to obtain long-
distance restraints for solving the solution structures of large
proteins and protein–protein complexes. Such studies are
currently in progress.

Experimental Section

Gadolinium ACHTUNGTRENNUNG(III) acetate (99.9%), yttrium ACHTUNGTRENNUNG(III) acetate (99.9%),
ytterbiumACHTUNGTRENNUNG(III) nitrate, and the HBr salt of S-(2-methylaminomethyl)-
ACHTUNGTRENNUNGmethanesulfothioate (MTS) were used as purchased without further pu-
rification. Reactions were monitored by TLC analysis using DC-fertigfo-
lien (Schleicher & Schuell, F1500, LS254) with detection by spraying
with 20% H2SO4 in EtOH, (NH4)6Mo7O24·4H2O (25 gL�1), and
(NH4)4Ce ACHTUNGTRENNUNG(SO4)4·2H2O (10 gL�1) in 10% sulfuric acid, or by spraying
with a solution of ninhydrin (3 gL�1) in EtOH/AcOH (20:1 v/v), followed
by charring at ~150 8C. Column chromatography was performed on silica
gel (0.04–0.063 mm) from Fluka. For LC-MS analysis (JASCO), an
HPLC system (detection simultaneously at 214 and 254 nm) equipped
with an analytical Alltima C18 column (4.6 mmT250 mm, 5-m particle
size) was used in combination with buffers A: H2O, B: MeCN, and C:
0.5% aq trifluoroacetic acid (TFA). Gradients of B were applied over
30 min, unless otherwise stated. Mass spectra were recorded by using a
Perkin–Elmer Sciex API 165 equipped with a custom-made Electrospray
Interface (ESI). Purifications were conducted by using a BioCAD
“Vision” automated HPLC system (PerSeptive Biosystems), supplied
with a semipreparative Alltima C18 column (5-m particle size, running at
4 mLmin�1). Solvent system: A: 100% water, B: 100% acetonitrile, C:
1% TFA. Gradients of B in A containing 10% of C were applied over
three column volumes (CV). 1H NMR and 13C NMR spectra were record-
ed by using a Bruker 200 MHz, a Bruker AV-400 (400/100 MHz), or a
Bruker DMX-600 (600/150 MHz) spectrometer. Chemical shifts are given
in ppm relative to tetramethylsilane (1H NMR) as an internal standard or
to the peak of the solvent used (13C NMR).

CLaNP-3 synthesis

1,7-Bis(tert-butyloxycarbonylmethylene)-4,10-bis(benzyloxycarbonyl-
methylene)-1,4,7,10-tetraazacyclododecano, 2 : Cyclen was converted into
compound 1 as described previously.[65] Compound 1 (978 mg, 2.44 mmol)
in CH3CN (100 mL) and dry K2CO3 (4 g, 28.9 mmol) was treated drop-
wise with benzyl bromoacetate (0.8 mL, 5.0 mmol) under an argon at-
mosphere and stirring was continued for 48 h. The reaction mixture was
filtered, concentrated, and purified by column chromatography (EtOAc:-
MeOH 9:1+2% TEA) to give compound 2 as a slightly yellow oil
(480 mg, 28%). 1H NMR (600 MHz, CDCl3): d=7.41–7.26 (m, 10H;
Har), 5.14, 4.70 (m, 4H; CH2Ph), 3.85–3.66 (m, 8H; CH2C=O), 3.35–2.84
(m, 16H; CH2N), 1.53–1.26 ppm (m, 18H; C ACHTUNGTRENNUNG(CH3)3);

13C NMR
(150 MHz, CDCl3): d=173.5, 173.0, 169.8, 168.9, 135.0, 134.9, 128.6,
128.5, 128.4, 128.3, 128.2, 127.4, 126.9, 82.6, 82.2, 66.9, 66.8, 65.0, 55.8,
55.7, 55. 4, 54.9, 51.5, 50.7, 46.1, 28.0, 27.9, 27.8, 8.7 ppm; MS (LC): m/z :
697.5 [M+H]+ (10–90% buffer B; Rt 7.0 min); HRMS: m/z : calcd for
[C38H56N4O8+H]+ : 697.4178; found: 697.4156.

1,7-Bis(tert-butoxycarbonylmethylene)-1,4,7,10-tetraazacyclododecano-
N’’-N’’’’-bis ACHTUNGTRENNUNG(2’-(acetylamino)ethylmethanesulfonothioate) 3a : Compound 2
(300 mg, 0.45 mmol) in degassed ethanol (8 mL) was treated with 10%
palladium on carbon (16 mg) and then shaken under a hydrogen atmos-
phere (25 psi) for 48 h. The catalyst was removed with the aid of Hyflo,
the filtrate was concentrated under reduced pressure, and traces of sol-
vent were removed by using an oil pump. The residue was dissolved in
chloroform (2 mL) by adding a small amount of DMF (0.05 mL) and the
solution was added to a suspension of 2-(aminoethyl)methanethiosulfo-
nate hydrobromide (222 mg, 0.94 mmol) in chloroform (2 mL) at 0 8C

under an argon atmosphere in the presence of triethylamine (0.14 mL,
1.0 mmol) and HOBt (0.142 g, 1.05 mmol). EDCI (0.201 g, 1.05 mmol)
was added to the reaction mixture and stirring was continued for 22 h at
RT. The mixture was diluted with dichloromethane (15 mL) and was
washed with HCl (10 mL, 0.5m), satd aq NaHCO3 (10 mL), and brine
(10 mL). The organic phase was dried (MgSO4), concentrated, and the
residue was purified by repetitive RP-HPLC: flow rate 4.5 mLmin�1, step
0.5 CV; 10% buffer B followed by a linear gradient of 5.0 CV; 10–90%
buffer B; Rt 1.5 CV, to give compound 3a (90 mg, 26%) as a white, amor-
phous material after freeze-drying. 1H NMR (600 MHz, CD3CN): d=

8.01, 7.65 (m, 2H; NH), 3.98–3.78 (m, 8H; CH2C=O), 3.57–3.00 (m,
24H; CH2N+CH2S), 1.94 (s, 6H; CH3SO2), 1.47–1.43 ppm (m, 18H; C-
ACHTUNGTRENNUNG(CH3)3);

13C NMR (50 MHz, CD3CN): d=86.4, 86.2, 85.3, 84.5, 83.4, 56.0,
54.5, 52.5, 51.1, 49.3, 39.9, 36.2, 28.4 ppm; HRMS: m/z : calcd for
[C30H58N6O10S4
H]+ : 791.3177; found: 791.3188.

Lanthanide binding to 3b: Formation of the CLaNP-3 molecule : Com-
pound 3a (90 mg, 0.11 mmol) in CH2Cl2 (9 mL) was treated with TFA
(4.5 mL) under an argon atmosphere at 0 8C. The reaction was complete
after 5 h, as monitored by LC-MS. The mixture was concentrated under
reduced pressure and the residue was purified by RP-HPLC: flow rate
4.5 mLmin�1, step 0.5 CV; 7% buffer B followed by a linear gradient of
3.0 CV; 7–16% buffer B; Rt 2.7 CV, yielding compound 3b (28 mg, 36%)
as a fluffy, white material after freeze-drying. A solution of compound
3b in water (20 mm, pH~2) was treated with the desired lanthanide salt
in a 1:10 ratio and incubated for 24 h at 37 8C, followed by precipitation
of the excess metal by increasing the pH to 9. The formation of the lan-
thanide-3b complex, from here on called CLaNP-3,[73] was monitored by
LC-MS and 1H NMR spectroscopy. The pH was immediately brought to
7 and CLaNP-3 was reacted with the protein (see below).

Protein production and purification : The expression plasmid containing
the pseudoazurin gene of Alcaligenes faecalis S-6 and the mutagenesis of
the residues 51 and 54 to cysteine, E51C/E54C, have been described pre-
viously.[60] The procedure for expression of the mutant gene in Escheri-
chia coli BL21 ACHTUNGTRENNUNG(DE3) cells was modified from that described previously.[60]

The 15N-labeled Paz E51C/E54C was obtained by culturing E. coli in M9
minimal medium containing 15NH4Cl as the sole nitrogen source
(0.7 gL�1) and kanamycin (50 mgL�1). The cells were cultured at 30 8C
until the OD600 reached 0.8, after which the temperature was lowered to
22 8C and, after 30 min, gene expression was induced with IPTG
(0.5 mm). After 20 h of incubation at 22 8C, the culture was harvested by
centrifugation. The cells were disrupted by sonication in buffer contain-
ing 20 mm sodium phosphate pH 7, NaCl (500 mm), phenylmethylsulfonyl
fluoride (1 mm), DNase (50 mgmL�1), and CuCl2 (1 mm). Purification was
performed according to a published protocol[60] to yield two fractions of
pseudoazurin. These showed a single band on SDS-PAGE, however, the
absorbance ratios of 275 nm over 593 nm were 2.2 and 1.8, respectively
(a ratio of 1.9 was reported for the pure protein).[74] The latter (20 mg of
Paz per L culture) was used in the NMR experiments.

Attachment of the CLaNP molecule to the Cu-containing E51C/E54C-
Paz : Binding of CLaNP molecules to pseudoazurin through the two engi-
neered Cys residues was performed as described,[60] but excluded the step
of replacement of Paz cofactor with Zn. In short, the Paz-E51C/E54C
mutant was incubated with DTT (5 mm) for 1 h at RT to dissociate the
protein dimers. This was followed by removal of DTT on a desalting
PD10 column equilibrated with degassed sodium phosphate buffer
(20 mm, pH 7.0). Five molar equivalents of the probe molecule were
added slowly to the protein solution and the reaction was left to proceed
overnight at 4 8C under semianaerobic conditions. The protein-bound
probe was then passed through a Superdex G75 column equilibrated with
sodium phosphate buffer (20 mm, pH 7.0) containing NaCl (150 mm).
Mass spectra analysis showed that almost all protein (>95%) treated in
this way contained the bound probe.

NMR spectroscopy: The NMR samples of CLaNP–Paz (100–400mm)
were prepared in sodium phosphate buffer (20 mm, pH 7) containing one
equivalent of sodium ascorbate and 6% (v/v) D2O. {

1H,15N} HSQC ex-
periments were acquired at 303 K by using a Bruker Avance DMX600
spectrometer. The spectral widths used were 32 and 12.6 ppm for the 15N
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and 1H dimensions, respectively. The HSQC spectra were acquired with
2048 and 256 data points in t2 and t1, respectively. Data processing was
performed by using the AZARA program (from http://www.bio.cam.
ac.uk/azara) and the spectra were analyzed by using the program “Ansig
for Windows”.[75] The intensities of the crosspeaks were obtained by
using parabolic peak fitting in the AZARA program. For resonances that
were broadened beyond detection in the paramagnetic sample, an upper
limit of the intensity was set by using the noise level. Assignments of the
1H and 15N amide nuclei of Cu(I)–Paz E51C/E54C were taken from pre-
vious work.[60, 76]

Determination of the magnetic-susceptibility tensor : The pseudocontact
shifts (dpc) caused by bonding of Yb3+ onto Paz were measured from the
difference between the chemical shifts observed for the paramagnetic
YbCLaNP-3–Paz and the diamagnetic YCLaNP-3–Paz. The size of the
pseudocontact shift experienced by a nucleus under the influence of a
paramagnetic center is described by Equation (1):

dpc ¼ 1
12pr3

�
Dcaxð3cos2q�1Þ þ

3
2
Dcrhðsin2qcos2WÞ

�
ð1Þ

in which r, q, and W are the polar coordinates of the nucleus with respect
to the principal axes system of the magnetic-susceptibility tensor. Dcax
and Dcrh are the axial and rhombic anisotropy components of the mag-
netic-susceptibility tensor of the lanthanide ion, and are defined as Dcax=
czz�0.5 ACHTUNGTRENNUNG(cxx+cyy) and Dcrh=cxx�cyy, in which cxx, cyy, and czz are the or-
thogonal components of the magnetic-susceptibility tensor. The apparent
c tensor was obtained by Euler rotation of the Gd-centered molecular
coordinate frame and by fitting of the dpc values to Equation (1), accord-
ing to the procedure described.[77] Proton coordinates were obtained by
adding hydrogen atoms to the crystal structure of CLaNP-1–Paz (PDB
entry 1PY0)[60] by using the programme Xplor-NIH.[78] The Gd3+ position
relative to the Paz structure was that obtained after optimization by
using GdCLaNP-3-derived relaxation restraints (see below; the x, y, z co-
ordinates of the Gd were 5.083, 14.480, 2.680 in the frame of 1PY0, re-
spectively).

Pseudocontact shifts for 70 amide resonances were used in the calcula-
tion. For eight shifted resonances clearly showing split peaks in the 1H di-
mension, an average dpc was used, with the distance to the mean as the
error value. The Euler angles obtained for rotation of the Gd-centered
coordinate frame into the c tensor frame are a=1408�2, b=1128�1,
g=1008�6, and Dcax=5.9 ACHTUNGTRENNUNG(�0.2)T10�32 m3, Dcrh=1.9 ACHTUNGTRENNUNG(�0.4)T10�32 m3

(for Dcax>Dcrh>0).

PRE distances and optimization of the Gd positions : The intensity ratio
of the amide resonances of the paramagnetic and diamagnetic form of
the protein can be related to the paramagnetic contribution of the trans-
verse 1H relaxation according to Equation (2),[46] assuming that the con-
tribution to the 15N relaxation can be neglected:

Ipara

Idia
¼ Rdia

2 exp ð�Rpara
2 tÞ

Rdia
2 þ Rpara

2

ð2Þ

in which Ipara and Idia are the peak intensities for an amide resonance in
the paramagnetic and diamagnetic sample, respectively; Rdia

2 represents
the intrinsic 1H transverse relaxation rate, and t is the total INEPT evolu-
tion time of the signal (9 ms). Rdia

2 is derived from the linewidths (Dn1/2)
of the resonances of the diamagnetic sample (Rdia

2 =pDn1/2). To obtain
Dn1/2, the program MestRec (http://www.mestrec.com) was used, which
allowed easy fitting and deconvolution of the partially overlapping peaks.
In this way, more than 90% of the observed amide resonances could be
used for distance-restraints calculations for both CLaNP molecules
bound to the protein. The 1H transverse-relaxation enhancements caused
by the Gd3+ , Rpara

2 , were converted into distances by using Equation (3),
which is a simplified version of the Solomon–Bloembergen equation:[72]

r ¼ 6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
15

�
m0

4p

�2 g2
Hg2m

2
BJðJ þ 1Þ
Rpara

2

�
4tc þ

3tc
1þ w2

Ht
2
c

�s
ð3Þ

in which m0 is the vacuum permeability, gH is the proton gyromagnetic

ratio, mB is the Bohr magneton, g is the electronic g factor, wH is the
Larmor frequency of the proton spin, J is the quantum number for the
Gd (7/2),[18] r is the lanthanide-to-amide proton distance in the protein,
and tc is the total correlation time. The tc values were obtained from
linear fits of Rpara

2 versus r�6 from the crystal structure of CLaNP-1–
Paz.[60] Values of 4.0 and 5.9 ns were obtained for GdCLaNP-1–Paz and
GdCLaNP-3–Paz, respectively.

The distances were separated into three classes of restraints. The first
class comprised the residues for which the intensity of the amide reso-
nances was affected more than five-fold. These residues were considered
to be too close to the paramagnetic center for an accurate distance to be
measured. A restraint with only an upper boundary of 20 $ was defined
for these residues, which means they can be found anywhere up to 20 $
from the lanthanide. Given that the distance from the lanthanide ion in a
CLaNP molecule to the nearest amide in the protein is about 8–9 $, a
“blind region” on the protein can be estimated by using this probe to be
11–12 $. The second class contained the residues for which the intensity
of the amide resonances was affected less than five-fold, but more than
1.2-fold. For these residues, a restraint to the experimental distance was
defined with an upper and lower boundary of 3 $. The third class com-
prised the residues for which the peak intensity was decreased less than
1.2-fold and these residues were considered to be too far away to be af-
fected by the paramagnetic probe. To these residues, a restraint with only
a lower boundary of 30 $ from the metal was defined. The number of re-
straints in each class is listed in Table 1.

The Gd3+ position with respect to the protein was determined through
restrained energy minimization by using the program Xplor-NIH.[78] In
these calculations, the protein was kept fixed (PDB, entry 1PY0),[60] and
the Gd ion was allowed to move starting from ten random positions,
solely under the influence of a distance-restraints energy term. This pro-
cedure yielded convergence to single positions for both CLaNP-1 and
CLaNP-3 bound to Paz.
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