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Abstract: Lanthanide-binding tags (LBTs) are peptide sequences of up to 20 encoded amino acids that
tightly and selectively complex lanthanide ions and can sensitize terbium (Tb3+) luminescence. On the
basis of these properties, it was predicted that increasing the number of bound lanthanides would improve
the capabilities of these tags. Therefore, using a structurally well-characterized single-LBT sequence as a
starting point, a “double-LBT” (dLBT), which concatenates two lanthanide-binding motifs, was designed.
Herein we report the generation of dLBT peptides and luminescence and NMR studies on a dLBT-tagged
ubiquitin fusion protein. These lanthanide-bound constructs are shown to be improved luminescent tags
with avid lanthanide binding and up to 3-fold greater luminescence intensity. NMR experiments were
conducted on the ubiquitin construct, wherein bound paramagnetic lanthanides were used as alignment-
inducing agents to gain residual dipolar couplings, which are valuable restraints for macromolecular structure
determination. Together, these results indicate that dLBTs will be valuable chemical tools for biophysical
applications leading to new approaches for studying the structure, function, and dynamics of proteins.

Introduction

Tools for the study of protein structure, dynamics, and
function are essential to all aspects of biology, biochemistry,
and bioengineering. In this context, the diverse and versatile
photophysical properties of trivalent lanthanide ions are gaining
attention.1-4 Many lanthanide ions exhibit luminescent proper-
ties with sharp, distinctive emission profiles, ranging from the
visible region into the near-IR, and long luminescence lifetimes
(microseconds to milliseconds). In these applications, the
inherently low absorption of lanthanide ions, due to forbidden
electron transitions, is readily overcome by an appropriately
placed sensitizer-fluorophore.5,6 Additionally, since most mem-
bers of the series are paramagnetic (with the exception of La3+

and Lu3+) and have an anisotropic susceptibility tensor, they
can be used in NMR spectroscopy to partially orient proteins
in the magnetic field.7-9 This leads to magnetic dipolar

interactions between adjacent spins that are otherwise averaged
to zero in solution due to molecular tumbling. These residual
dipolar couplings (RDCs) can be observed and have proven to
yield useful long-range restraints for structure determination,
since they depend on the orientation of the internuclear vector
relative to the alignment frame induced by the bound lan-
thanide.10,11 Finally, their strong anomalous scattering can be
used to phase X-ray diffraction data.12,13

Various methods for the incorporation of lanthanide ions into
biomolecules have been explored. In specialized applications,
the similarity of trivalent lanthanides (Ln3+) to divalent calcium
(Ca2+) in ionic radius and oxophilicity has enabled their direct
incorporation into calcium-binding proteins.8,12,14The majority
of proteins, however, lack native calcium-binding sites; there-
fore, one approach has been to incorporate lanthanide-chelating
prosthetic groups as the side chain of non-natural amino acids15

or via chemical modification of uniquely reactive amino acid
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residues such as cysteine.13,16 While requiring considerable
manipulation, these chelates can bind the lanthanide extremely
tightly and may incorporate a sensitizer.

A straightforward and generalizable approach is to integrate
a lanthanide-binding sequence as a protein co-expression tag
via molecular biology strategies.17,18Utilizing information about
calcium-binding loops,19,20recent design and engineering studies
have resulted in the development of short polypeptides compris-
ing 20 encoded amino acids or fewer that bind tightly and
selectively to lanthanides.21,22 These peptides, dubbed “lan-
thanide-binding tags” (LBTs, Figure 1), show low-nanomolar
affinities and are selective for lanthanides over other common
metal ions.21-24 The protean nature of these tags as probes has
been demonstrated by their use for luminescence-based visu-
alization on gels,21 as magnetic-field paramagnetic alignment
agents in protein NMR experiments,25,26 in fluorescence mi-

croscopy,27 and as partners in luminescence resonance energy
transfer (LRET) studies.28

While most applications of lanthanide ions in protein studies
require only one metal ion per protein, a construct that
selectively incorporates two ions could potentially confer
advantages in luminescence output, X-ray scattering power, and
anisotropic magnetic susceptibility. To this end, we have built
upon our initial structure/function analyses with the single-LBT
to design double-LBTs (dLBTs) that simultaneously bind and
sensitize two lanthanide ions. Herein, we describe the generation
and characterization of dLBT peptides, demonstrate their
photophysical properties, and present their usage in NMR
spectroscopy. In an accompanying paper, the crystallization and
crystallographic analysis of a dLBT-containing protein is
presented.29 Through these studies, we shall highlight the
superiority of the dLBT in these applications.

Results and Discussion

Design and Selection of the dLBT Sequence.The dLBT
prototype was designed with the intent of balancing high
terbium-ion affinity with strong luminescence. Figure 1 con-
ceptualizes the dLBT design process. The crystal structure of a
Tb3+-bound single-LBT (sLBT1, Table 1) revealed that the side
chains of residues at positions-1, 8, and 13 form a hydrophobic
core.23 A combinatorial library was therefore designed to
optimize these residues.24 Initial results yieldedsLBT2, in which
the tyrosine residue at position 8 was mutated to isoleucine
(Table 1). Although the luminescence output of this LBT was
reduced, the improvedKD prevailed in its selection as the
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Figure 1. Representation of the design strategy for converting the single-LBT (sLBT) into the double-LBT (dLBT). The image depicts the peptide backbone
based on the crystal structure of a single-LBT (sLBT1) previously determined.23 The side chains that chelate Tb3+ are shown, along with the tryptophan-
sensitizer with its Tb3+-coordinating peptide-backbone carbonyl. The indole ring is excited at 280 nm, thereby sensitizing the Tb3+ which emits at 544 nm.
The design goal for the dLBT is to incorporate two Tb3+-binding sites within a contiguous sequence, potentially conferring advantages in luminescence
output, X-ray scattering power, and anisotropic magnetic susceptibility, together with reduced mobility relative to the tagged protein due to the larger mass.

Table 1. Comparison of Tb3+-Binding Affinity and Luminescence Intensity of Select Single-LBTs

positiona

single-
LBT −1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

KD (nM),
Tb3+

relative
intensityc

sLBT1 Y I D T N N D G W Y E G D E L L A 57b 1.9
sLBT2 Y I D T N N D G W I E G D E L L A 38 1.0
sLBT3 F I D T N N D G W I E G D E L L A 18b 1.3

a The LBT residue-numbering system is based on the literature.19,20 b TheseKD values are taken from the published data.22,24 c Luminescence comparison
of equal concentrations of peptide saturated with Tb3+.
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prototype for the first generation of dLBTs; the concate-
nation of two lanthanide-binding motifs was expected to
compensate for the reduced luminescence. The link connecting
the N- and C-terminal lanthanide-binding motifs was designed
to preserve the interactions in the hydrophobic core. Position
13 of the N-terminal motif was set adjacent to position-1 of
the C-terminal motif in order to promote intramolecular
hydrophobic interactions, thereby creating the sequence for
dLBT1 : YIDTNNDGWIEGDELYIDTNNDGWIEGDELLA
(Table 2).

Refinement of the lead from the combinatorial library, further
optimizing the hydrophobic core, yieldedsLBT3 (Table 1),
which included an additional mutation at position-1
(TyrfPhe).24 This sLBT showed improved terbium-binding
affinity and luminescence; future studies on dLBTs may
therefore take advantage of this mutation. It should be noted
that not all applications of LBTs require a sensitizer (e.g., NMR
and crystallography), and non-luminescent LBTs can be used
successfully.26 However, for maximum utility, it is advantageous
to include a sensitizer for exploitation of the luminescence
properties of the LBT.

Preparation of dLBT Peptides and a dLBT-Ubiquitin
Construct. Initially, the prototype double-LBT (dLBT1 , Table
2) was synthesized by solid-phase peptide synthesis. However,
the efficiency of amino acid coupling became significantly
reduced after the first 20 residues, leading to a number of
truncation products that could not be separated from full-length
dLBT1 . Therefore, an alternate production strategy involving
expression of the dLBT sequence as a fusion protein was
pursued. Pure, full-length dLBT peptide was obtained via
overexpression inEscherichia coli using a glutathioneS-
transferase (GST) fusion strategy. DNA encoding the dLBT was
inserted into the pGEX-4T-2 plasmid (Amersham Biosciences)
to generate the gene for a GST fusion protein with a C-terminal
dLBT and an intervening mTEV protease recognition sequence.
The fusion protein was overexpressed, purified, and cleaved with
mTEV protease (Figure 2a). The protease cleavage site resulted
in an additional N-terminal glycine residue, yieldingdLBT2
(Table 2), which was purified by HPLC (see Supporting
Information).

The expression and purification ofdLBT3 -ubiquitin
was carried out using standard molecular biology and
protein chemistry methods (Figure 2b; see also Materials and
Methods). Protein yields were excellent (30 mg/L in LB
media), with the identity of the construct verified by SDS-
PAGE, which also highlights the utility of the dLBT as a
co-expression tag for in-gel visualization (Figure 3). Specifi-
cally, for confirmation of lanthanide binding, the gel was

briefly incubated with Tb3+, and bands containing dLBT
were visualized on a UV transilluminator (Figure 3a). The gel
was then stained with Coomassie brilliant blue for visualiz-
ing total protein (Figure 3b). For corroborating identifi-
cation, Western blot analysis was carried out, utilizing a
monoclonal antibody generated to recognize the sequence
IEGDELL (residues 8-14 ofsLBT2) (Figure 3c). We anticipate
that the success of dLBTs as N- and C-terminal tags in these
model systems will transfer to other proteins. Despite the
increased length (35 residues fordLBT3 ), we have not
encountered any additional complications with expression or
purification.

Photophysical Characterization. In order to compare the
photophysical properties of the newly designed and generated
dLBTs with those of the corresponding single-LBTs (sLBTs),
luminescence titration (to ascertain maximum intensity and
affinity) and terbium-bound water molecule determination was
carried out (Table 3). Water molecules directly coordinating
the chelated terbium ion cause excited Tb3+ to undergo rapid,
nonradiative energy transfer to the vibrational states of the water
O-H bonds, which is highly detrimental to luminescence.30 The
original screen for brightly luminescent LBTs selected for
peptides that, upon chelation, excluded water from the inner
coordination sphere. Using methods described in the litera-
ture,23,31,32 it was verified that the water-excluded state was
also a property of the dLBTs, shown by near-zeroq values in
Table 3.

The luminescence intensities ofdLBT2 anddLBT3 -ubiquitin
saturated with Tb3+ were compared to those of the correspond-
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Trans. 21999, 493-504.

Figure 2. Generation of dLBTs. (a) Strategy for obtaining puredLBT2 peptide via GST fusion. (b) Strategy for generating thedLBT3 -ubiquitin construct.

Table 2. Sequences of Double-LBTs, along with the Single-LBT
That Formed the Basis of the dLBT Design

residues
from

protease
cleavagea

N-terminal
binding site

C-terminal
binding site

sLBT2 YIDTNNDGWIEGDELLA
dLBT1 YIDTNNDGWIEGDEL YIDTNNDGWIEGDELLA
dLBT2 G YIDTNNDGWIEGDEL YIDTNNDGWIEGDELLA
dLBT3 GPG YIDTNNDGWIEGDEL YIDTNNDGWIEGDELLA

a The N-terminal glycine ondLBT2 is residual from the mTEV protease
cleavage site, and the corresponding glycine-proline-glycine sequence on
dLBT3 is residual from the DAPase stop site.
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ing single-LBT at equimolar concentrations (data shown in Table
3). The free peptidedLBT3 , generated in parallel todLBT2 ,
was also included in this study to assess the effect of the
additional N-terminal residues. The peptidedLBT2 is ap-
proximately twice as bright assLBT2, as anticipated. Remark-
ably, the peptidedLBT3 is 2.5 times as bright as the prototype
sLBT2, and the constructdLBT3 -ubiquitin shows a full 3-fold
increase over the original brightness. The reason for this
luminescence enhancement is not entirely clear; however, the
enhancement is advantageous. It is also noteworthy that neither
the N-terminal GPG sequence (as ondLBT3 ) nor the ubiquitin
protein results in enhanced LBT luminescence: the construct
GPG-sLBT1-ubiquitin has a luminescence intensity that is
almost identical to that of thesLBT1 peptide (Table 3).

The terbium affinities were assessed via luminescence titration
studies, which reveal that the dLBTs bind with affinity similar
to that of the single-LBTs. Two different systems were used
for titration experiments at pH 7.0: (1) NaCl/HEPES (used for
directKD determination22-24) and (2) NaOAc/HEPES (used for
analysis under competitive conditions). In the latter case, acetate
is known to weakly coordinate lanthanides (the 1:1 complex

with Tb3+ has aKD of 12 mM);33 thus, performing titrations in
the presence of an acetate buffer artificially weakens the
apparent LBT-Tb3+ dissociation constant. This enables im-
proved qualitative comparison of the relativeKD values of two
tight-binding LBTs or dLBTs. As shown in Table 3, in the direct
titrations the binding affinity of dLBTs for the first equivalent
of terbium is tighter than that ofsLBT2; however, the second
equivalent binds with comparable affinity to that single-LBT
analogue. Whether the first binding event represents binding
solely to the N- or C-terminus of the dLBT is unclear. However,
in terms of affinity, it has been noted that additional non-
ligating acidic residues increase affinity, presumably because
of bulk electrostatic interactions with the metal ion.24 There-
fore, it is likely that the first terbium-binding event may be
promoted by the presence of the negatively charged, unliganded
side chains in the remainder of the sequence and that the second
binding event is unaffected. In the titrations in acetate buffer,
the two dissociation constants are similar, suggesting that the
electrostatic effects seen in the direct titrations may be less
important. In the acetate buffer (or in the presence of any
competing ligand), the LBT binding affinities can be fine-
tuned by shifting the equilibrium of high-affinity ligands,
which can be an advantage for NMR experiments. It is also
noted that the N-terminal residues (G ondLBT2 , GPG on
dLBT3 ) that are necessary consequences of incorporation of
the protease cleavage site (Table 2) are not detrimental to
binding.

Characterization by NMR. Traditionally, protein structures
determined using NMR restraints rely on a large number of
short-range distances derived from NOESY experiments and
torsion angle restraints determined from vicinalJ couplings.
More recently, methods have been developed to partially align
biomolecules in the magnetic field. This partial alignment leads
to residual dipolar couplings (RDCs). The measurement and
use of RDCs has become an essential tool for structure
determination of proteins.34-36 Unlike NOEs and scalar3J-
couplings that report on short-range distances (<5 Å) and

(33) Martell, A. E.; Smith, R. M.Critical Stability Constants, Vol. 1: Amino
Acids; Plenum Press: New York, 1974; 469 pp.

(34) Tolman, J. R.Curr. Opin. Struct. Biol.2001, 11, 532-539.
(35) Lipsitz, R. S.; Tjandra, N.Annu. ReV. Biophys. Biomol. Struct.2004, 33,

387-413.
(36) Schwalbe, H.; Grimshaw, S. B.; Spencer, A.; Buck, M.; Boyd, J.; Dobson,

C. M.; Redfield, C.; Smith, L. J.Protein Sci.2001, 10, 677-688.

Figure 3. Purification and visualization of the dLBT constructs. For all panels: lane 1, protein mass ladder; lane 2,GST-ENLYFQ-dLBT2 ; lane 3,GST-
ENLYFQ; lane 4, His6-dLBT3 -ubiquitin; lane 5,dLBT3 -ubiquitin. (a) 15% PAGE treated with 4µM Tb3+, visualized on a UV transilluminator, with
enhancement for color and contrast. (b) The same gel, stained with Coomassie brilliant blue. (c) Western blot analysis using a primary LBT-antibody.This
figure is shown in color in the Supporting Information, Figure S1.

Table 3. Summary of Photophysical Data

KD (nM)

direct Tb3+

titrationsa
acetate−buffer
Tb3+ titrationsa

LBT
first

metal
second
metal

first
metal

second
metal

relative
intensityb qc

sLBT2 38 980 1.0 0.08
dLBT2 9.8 35 590 1100 2.1 0.08
dLBT3 3.6 62 570 1000 2.5 0.08
dLBT3 -ubiquitin 2.4 23 710 500 3.0 0.05
sLBT1 57d 1900 1.9 0.03
GPG-sLBT1-

ubiquitin
130d 4400 1.9 0.13

a Dissociation constants were determined by luminescence titration of
LBTs by Tb3+, in 100 mM NaCl and 10 mM HEPES buffer (pH 7.0) for
direct titrations, or in 100 mM NaOAc and 10 mM HEPES (pH 7.0) buffer
for qualitative comparisons (see Materials and Methods). All values are
the average of at least three titrations.b Luminescence comparison of equal
concentrations of peptide or protein construct saturated with Tb3+. c The
number of bound water molecules,q, was determined by luminescence decay
experiments. For a complete summary of experimental details, see the
Materials and Methods section.d TheseKD values are taken from the
published data.22,25
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dihedral angles, RDCs deliver valuable long-range orientational
information. In addition, paramagnetic pseudocontact shifts can
be used for the determination of the binding geometry of small
ligands to protein receptors.37

The introduction of ordered paramagnetic lanthanide ions into
proteins allows measurement of RDCs and pseudocontact shifts
due to the anisotropic magnetic susceptibility. The residual
dipolar coupling of two heteronuclear nuclei P and Q, RDCPQ,
depends on the angleθ of the interatomic vector and the external
magnetic fieldB0:

where B0 is the external magnetic field,k is the Boltzmann
constant,T is the temperature in Kelvin,γx are the gyromagnetic
ratios of nuclei P and Q,h is Planck’s constant,rPQ is the
distance between P and Q,∆øax and ∆ørh are the axial and
rhombic components of the magnetic susceptibility tensor, and
θ andφ are the polar coordinates of the P-Q bond vector in
the tensor axis system. In solution, the dipolar coupling is
normally averaged to zero due to isotropic molecular tumbling.

Paramagnetic pseudocontact shifts,δ∆,37,38 lead to a change
in the observed chemical shifts that depend on distance and
position relative to the paramagnetic center:

where∆øax and∆ørh are the axial and rhombic components of
the magnetic susceptibility tensor andr, θ, and æ are the
spherical coordinates of the nucleus in the frame of the∆ø tensor
defined as for the residual dipolar couplings.

Previously, the introduction of an N-terminal sLBT to
ubiquitin (as the construct GPG-sLBT1-ubiquitin) allowed the
analysis of induced RDCs of about 8 Hz at 600 MHz, suggesting
some degree of mobility of the LBT relative to the protein.25

Recently, Otting and co-workers have coupled an sLBT peptide
via a disulfide linkage to a cysteine residue in a protein in order
to utilize the RDCs and pseudocontact shifts to provide long-
range structure information, reporting RDCs of up to 21 Hz at
800 MHz.26 These studies indicated the utility of the LBTs for
the measurement of RDCs; however, there remain opportunities
for refining and generalizing the strategy.

NMR analysis was conducted in order to assess the impact
of the dLBT on the structure of the conjugated protein. Chemical
shift perturbations are powerful tools for determining even very
small structural changes.39 By comparing the1H and 15N
chemical shifts of backbone amide groups of wild-type ubiquitin
and the N-terminaldLBT3 -tagged form of the protein loaded
with diamagnetic Lu3+, we can show that the dLBT does not
alter the core structure of ubiquitin (Figure 4). Residues in the

immediate vicinity of the tag experience small chemical shift
changes, while the remainder of the protein stays completely
unaffected.

The residual dipolar couplings measured at 18.8 T (800 MHz)
with thulium (Tm3+) as paramagnetic ion in thedLBT3 -
tagged ubiquitin exceed the values measured in single-
LBT-tagged ubiquitin (using GPG-sLBT1-ubiquitin, described
previously25) by a factor of 3, as shown in Figure 5.
Approximately 70% of the ubiquitin resonances remained
observable. The maximal increase in alignment expected
for addition of a second lanthanide-binding site is a factor
of 2 for two lanthanide ions with parallel orientation of the
axial components∆øax of their magnetic susceptibility
tensors:

where∆ø is the resulting paramagnetic susceptibility anisotropy
arising from the paramagnetic susceptibility anisotropies of the
lanthanide ions∆ø(A) and∆ø(B), each consisting of an axial and
a rhombic component,

andM is the Euler rotation matrix for rotation around the angles
R, â, andγ,

(37) John, M.; Pintacuda, G.; Park, A. Y.; Dixon, N. E.; Otting, G.J. Am. Chem.
Soc.2006, 128, 12910-12916.

(38) Allegrozzi, M.; Bertini, I.; Janik, M. B. L.; Lee, Y.-M.; Liu, G.; Luchinat,
C. J. Am. Chem. Soc.2000, 122, 4154-4161..

(39) Shekhtman, A.; Cowburn, D.Biochem. Biophys. Res. Commun.2002, 296,
1222-1227.

Figure 4. (a) 1H and (b)15N chemical shifts ofdLBT3 -ubiquitin loaded
with Lu3+, plotted against the chemical shifts of native ubiquitin.

∆ø ) ∆ø(A) + MR,â,γ∆ø(B)

∆øax ) øzz-
øxx + øyy

2

∆ørh ) øxx - øyy

RDCPQ ) - 1
4π

B0
2

15kT

γPγQh

4π2rPQ
3
×

[∆øax(3 cos2 θ - 1) + 3
2

∆ørh(sin2 θ cos 2φ)]

δ∆ ) 1

12πr3[∆øax(3 cos2 θ - 1) + 3
2
∆ørh sin2 θ cos 2æ]
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Any deviant orientation results in a smaller degree of alignment.
Thus, the more than linear increase in the residual dipolar
coupling obtained withdLBT3 must originate from a different
source. At the concentrations of protein used in the NMR
experiment (∼0.5 mM), scaling of the dipolar couplings due to
partial binding of the lanthanide can be excluded. Rather, in
agreement with the relaxation analysis discussed below, the
increase in dipolar couplings likely stems from the reduced
mobility of the dLBT relative to the protein. The induced
alignment indLBT3 -tagged ubiquitin also exceeds that reported
from approaches using EDTA-based chelators. Therefore,
despite the lower binding affinity of the LBTs relative to those
of the synthetic multidentate chelators, the rigid association of
the LBT with its attached protein provides a fundamental advan-
tage in the application of the LBTs to the experiments presented.
The two LBT modules apparently rigidify one another through
a secondary structure that is formed during lanthanide binding.
Clearer evidence for this is shown by the crystal structure of
dLBT3 -ubiquitin (in the accompanying paper29).

Additional information may be derived by varying the
position and the identity of the LBT (single or double).
Europium (Eu3+) has a smaller magnetic moment (3.5µB) than
the 7.5µB of Tm3+. When Eu3+ is used as the paramagnetic
ion in dLBT3 -ubiquitin, RDCs of the same magnitude as those
for Tm3+ in sLBT1-tagged ubiquitin are observed. The align-
ment tensor generated in the dLBT-tagged protein is found to
be linearly independent of the alignment tensor of sLBT-tagged
protein (Figure 6a) and therefore yields additional independent
structural restraints. Within one type of LBT, different lan-
thanides induce a similar alignment tensorsshown by the nearly
linear distribution in Figure 6bsand therefore produce redundant
information. A similar difference in the alignment tensor would
also be predicted from the attachment of the LBT to either the
N- or the C-terminus of the target protein.

Mean order parameters show that, in terms of minimizing
mobility, the dLBT is superior to the sLBT. Spin-lattice and

Figure 5. Histogram of RDCs measured with different lanthanide/tag combinations, showing the more than linear increase in RDC size by transition from
the sLBT to the dLBT.
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Figure 6. (a) RDCs measured with Eu3+ in dLBT3 , plotted versus RDCs
measured with Tm3+ in sLBT1 for different residues, indicating a linearly
independent alignment tensor. (b) RDCs measured with Tb3+ in sLBT1,
plotted versus RDCs measured with Tm3+ (in the same LBT) for the
individual residues, indicating a linearly dependent alignment tensor.
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spin-spin relaxation rates as well as the heteronuclear1H-
15N nuclear Overhauser effect were measured for most backbone
amide groups of sLBT- and dLBT-tagged ubiquitin and used
to calculate the general order parameterS2, characterizing the
amplitude of intramolecular motion, by a Lipari-Szabo analy-
sis40,41 with the program TENSOR2,42 using an anisotropic
diffusion tensor (Figure 7).

In the single-LBT, the mean order parameterS2 for residues
of the tag is 0.2 lower than for the core ubiquitin portion of the
structure, suggesting a higher flexibility of the tag. In contrast,
the mean order parameterS2 for residues of the tag stays nearly
constant for the double-LBT. IndLBT3 -ubiquitin, the relative
mobility of the tag is therefore reduced, consistent with the larger
RDC values observed in this system.

Conclusions

We have successfully generated double-lanthanide-binding
tags of fewer than 40 amino acids, capable of simultaneously
binding two lanthanide ions. The peptidesdLBT2 anddLBT3
have been expressed as C-terminal fusions to GST and then
cleaved to yield free peptides, which were photophysically
characterized to reveal that the concatenation of two LBTs
resulted in superior binding and luminescence properties. When
dLBT3 was expressed as an N-terminal ubiquitin construct, the
lanthanide-binding and luminescence characteristics of dLBTs
were improved. NMR studies on thedLBT3 -tagged ubiquitin
reveal that, in addition to the improved photophysical properties,
the efficiency of the tag in mediating alignment between the
lanthanide ions and the protein is increased dramatically by the
lower mobility of the dLBT. This finding now inspires
implementation of the dLBT to solve the phase problem for
crystallographic structure determination (as in the accompanying
paper29), which together with the extension of applications for
luminescence and NMR is the focus on continuing efforts. The
dLBT adds a unique, versatile tool that enables new approaches
for the study of the structure, function, dynamics, and interac-
tions of proteins.

Materials and Methods

Luminescence Titrations.Titrations were recorded on a Jobin Yvon
Horiba Fluoromax-3 spectrometer in a 1 cmpath length quartz cuvette.
Tryptophan-sensitized Tb3+ luminescence was collected by exciting the

sample at 280 nm and recording emission at 544 nm; a 315 nm long-
pass filter was used to avoid interference from harmonic doubling. Slit
widths of 5 nm were used, with 1 s integration times. Spectra were
recorded at room temperature and were corrected for intensity using
the manufacturer-supplied correction factors. Peptide or protein solutions
were prepared in 3 mL of buffer (pH 7.0). For direct titrations, the
buffer was 100 mM NaCl and 10 mM HEPES (N-2-hydroxyethylpip-
erazine-N′-2-ethanesulfonic acid, pH 7.0). For “relative” (qualitative
comparison) titrations, the buffer was 100 mM NaOAc and 10 mM
HEPES (pH 7.0). The peptide or protein concentration of the stock
solutions used in photophysical experiments was determined by UV
absorption at 280 nm in a 6 M guanidinium chloride solution using
known extinction coefficients of Trp and Tyr residues.

Tb3+ stock solutions were prepared from the TbCl3 hydrate salts
(Sigma-Aldrich) as∼50 mM solutions in 1 mM HCl and were diluted
as needed. Exact concentrations were determined by colorimetric
titrations using a standardized EDTA solution (Aldrich) and a Xylenol
Orange indicator as described in the literature.43 Aliquots of Tb3+ were
added to a solution of peptide or protein (50 nM for direct titrations,
100 nM for titrations in acetate). For direct titrations, after a background
data point was obtained, seven 1µL aliquots of 40µM Tb3+ were added,
followed by three aliquots of 1µL of 100 µM Tb3+ and three aliquots
of 1 µL of 200 µM Tb3+. After each addition, the solution was mixed
and a data point taken. Relative titrations were conducted in the same
manner, except with six aliquots of 1µL of 100µM Tb3+, seven aliquots
of 1 µL of 200 µM Tb3+, and five aliquots of 1µL of 1 mM Tb3+.
Comparative luminescence intensities of single- and double-LBTs
saturated with Tb3+ were determined under the same conditions, at
concentrations of 200 nM peptide or protein and 500 nM Tb3+ (for
single-LBTs) or 1µM Tb3+ (for double-LBTs).

Luminescence titration spectra obtained in this fashion were analyzed
with the program SPECFIT/32,44 which determines logâ values (where
â is the binding constant) using the equilibrium data. Calculated logâ
values were then translated into the dissociation constants (KD ) 10-log

â). For two-site calculations, luminescence of the 1:1 complex was
assigned to be half the luminescence of the 2:1 complex.

Determination of Tb3+-Bound Water Molecules.Luminescence
lifetimes were measured in a Jobin Yvon Horiba Fluoromax-3
spectrometer, equipped with a Spex 1934D3 phosphorimeter. Samples
were excited by a pulse of 280 nm light for 70 ms. Data were collected
at 544 nm for 15 ms in 30µs increments following a 50µs delay. Slit
widths were 5 nm for excitation and 10 nm for emission. Samples were
2 µM peptide or protein, with 2.5 equiv of Tb3+, in 100 mM NaCl and
10 mM HEPES (pH 7.0) in a 500µL cuvette. Data sets were fit to a
single-exponential decay, and lifetimes in varying percentages of D2O
(Cambridge Isotope Laboratories) were plotted on a curve to determine
the lifetimes in pure H2O and pure D2O. The number of Tb3+-bound
water molecules,q, could then be calculated using the equationq )
A′Tb(1/τH2O - 1/τD2O - 0.06) as described in the literature, whereA′Tb

) 5 ms,τ is the lifetime in the specified solvent, and-0.06 ms-1 is
the correction factor for outer-sphere water molecules.32

NMR Experiments. NMR experiments were conducted in buffer
(20 mM HEPES, pH 7, with 100 mM NaCl). Samples were prepared
by dilution of protein solution to below 100µM protein, followed by
slow addition of 2.3 equiv of lanthanide (LnCl3) solution. After a buffer
exchange to remove excess lanthanide ion, the protein was concentrated
to about 500µM using Amicon Centriprep/Centricon centrifugal
concentrator devices.15N HSQC spectra were recorded using 2048×
256 data points int2 and t1, respectively, spectral widths of 14× 32

(40) Lipari, G.; Szabo, A.J. Am. Chem. Soc.1982, 104, 4546-4559.
(41) Lipari, G.; Szabo, A.J. Am. Chem. Soc.1982, 104, 4559-4570.

(42) Dosset, P.; Hus, J.-C.; Blackledge, M.; Marion, D.J. Biomol. NMR2000,
16, 23-28.

(43) Pribil, R.Talanta1967, 14, 619-627. .
(44) Binstead, R.; Jung, B.; Zuberbu¨hler, A.SPECFIT/32 for Windows, Version

3.0.38; Spectrum Software Associates: Marlborough, MA, 2000. SPECFIT
provides global analysis of equilibrium and kinetic systems using singular
value decomposition and nonlinear regression modeling by the Levenberg-
Marquardt method.

Figure 7. Generalized order parameterS2 for dLBT3 -ubiquitin and GPG-
sLBT1-ubiquitin, showing the higher rigidity of the dLBT. (Residues here
are numbered such that the first methionine of ubiquitin is set as M101;
the N-terminal residue is G66 for the dLBT construct and G81 for the sLBT
construct.)
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ppm inω2 andω1, and eight scans pert1 increment on a Bruker AV800
spectrometer equipped with a 5 mm TXICryoProbe1H{13C/15N} with
Z-gradient at 298 K. Nonspecific lanthanide binding was not observed.

RDCs were obtained by subtraction of the scalar1J(HN,N) coupling
of the superposition of scalar and dipolar coupling, both measured in
not-proton-decoupled15N HSQC spectra. They were recorded with 1024
× 768 complex data points int2 andt1, respectively, spectral widths of
14 × 32 ppm inω2 andω1, and 32 scans pert1 increment on a Bruker
AV800 spectrometer equipped with a 5 mm TXICryoProbe1H{13C/
15N} with Z-gradient at 298 K. Scalar couplings were measured using
diamagnetic lutetium (Lu3+), whereas paramagnetic thulium (Tm3+) was
used for RDC measurements.

15N spin-lattice relaxation rates were obtained using relaxation
delays of 20, 50, 75, 100, 200, 400, 500, 600, 700, 800, 900, 1000,
1200, and 1500 ms. For measurement of15N spin-spin relaxation rates,
delays of 18, 36, 54, 72, 90, 108, 126, 144, 162, 180, 198, 216, 234,
252, 270, 288, 324, 342, 360, 378, 396, and 414 ms were used. The
spectra were recorded at 298 K using 2048× 256 data points int2 and
t1, respectively, spectral widths of 14× 32 ppm inω2 and ω1, and
eight scans pert1 increment on Bruker DRX600 spectrometers equipped
with a 5 mm TXICryoProbe1H{13C/15N} with Z-gradient fordLBT3 -
ubiquitin and a 5 mm TXI RT1H{13C/15N} with Z-gradient for GPG-
sLBT1-ubiquitin.

The 1H-15N NOE was measured interleaved, using 2048×
(2 × 384) data points, spectral widths of 14× 32 ppm, and eight
scans pert1 increment on Bruker DRX600 spectrometers with a 5 mm
TXI CryoProbe 1H{13C/15N} with Z-gradient for dLBT3 -ubiquitin
and a 5 mm TXI RT1H{13C/15N} with Z-gradient for single-LBT-
ubiquitin.
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