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Abstract. The trivalent lanthanide ions are chemically
similar to Ca(II) ions, making them useful Ca analogs for
a multitude of applications. In addition, Ln(III) ions are
efficient catalysts of hydrolysis due to their much
stronger Lewis acidity relative to Ca(Il) ions. Ln-binding
peptides thus offer both the opportunity to study known
Ca sites as well as to explore new biological functions
with an entire family of spectroscopically rich and reac-
tive ions. This review discusses Ln-binding peptides in
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The ubiquitous nature of calcium and zinc in living sys-
tems speaks to the diverse functional utility of structural
and hydrolytic metal sites in biology. It is thus perhaps
surprising that the rare earth elements are not exploited
biologically for similar structural and Lewis acid roles.
The striking similarity of lanthanide(IIl) ions to cal-
cium(Il) ions in size, coordination environment and lig-
and preferences, along with strong Lewis acidity, sug-
gests that this crossover could reasonably be made. Al-
though not as rare as their moniker would imply, the low
biological availability of the lanthanides no doubt pre-
cluded this evolutionary outcome. However, this presents
an exciting opportunity for chemists to explore the prop-
erties, structure, selectivity and reactivity of Ln’s in Ca
binding sites, and to create the metalloenzymes that
Might Have Been.

* Corresponding author.

three roles: (i) as models of Ca-protein structure and
function, (ii) as spectroscopic tags for protein expression
and characterization and (iii) as designed artificial en-
donucleases. The creation of hydrolytically active Ln
peptides that can fold, bind, cleave and discriminate
among substrates shows that the design of Ln enzymes
can be accomplished, and they will serve as versatile bio-
chemical tools to investigate protein folding, structure
and nuclease function.

The trivalent Ln ions have an array of useful chemical and
spectroscopic properties that include luminescence, para-
magnetism (for all but La and Lu) and hydrolytic activity
(due to strong Lewis acidity). These characteristics make
them valuable probes to study structure, function and dy-
namic interactions in biomolecules. The similarity of
Ln(IIT) chemistry to that of Ca(Il) offers a spectroscopi-
cally rich Ca surrogate to enhance our understanding of
naturally occurring Ca-binding structural sites, as well as
illuminate the mechanisms of Lewis acid-activated hy-
drolytic enzymes [1—3]. There is an extensive body of
work utilizing Ln(IIT)-substituted Ca proteins to define
both local and long-range structure in signaling proteins.
Additionally, there are a large number of Ln-containing
small molecule coordination complexes which have been
utilized as chiral shift agents and probes of biological
structure (for recent reviews, see [4—6]). Here we will fo-
cus on peptide-based ligand systems as probes of struc-
ture and function, as well as the implications for de novo
designed Ln metalloenzymes.
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Ln peptides as models for Ca proteins

As a complement to the direct interrogation of native Ca-
binding proteins, synthetic Ln peptides from putative Ca
binding sites have been important spectroscopic tools to
investigate metal binding and structure for more than 20
years [7—13]. The amino acid sequences of Ln-binding
peptides have primarily originated from EF-hand Ca?'-
binding loops (though there are exceptions) [9, 14], in
which the ligands occur within a short, continuous amino
acid sequence. Ln-binding peptides derived from EF-
hand Ca-binding loops of calmodulin have given insight
into the local structure of this motif, including secondary
structure stabilization and self-association. The higher at
charge-to-size ratio of the Ln(IIl) ions relative to Ca(II)
often results in well-folded peptide motifs, even when the
Ca peptide is too flexible to characterize. The relative
affinities of the Ln peptides have thus helped to define
the importance of charge and flexibility of specific
residues in modulating affinities, metal exchange kinetics
and motif dimerization. In one recent example, Bem-
querer and co-workers reported Eu(IIl) and Tb(III) lumi-
nescence studies on synthetic peptides from plant thions.
These peptides were utilized to estimate and interpret the
protein binding constants and to study the chemical envi-
ronment around the metal ions [9]. Earlier, Bierzynski
and co-workers used the higher affinities of Ln(III) ions
to enhance folding in metallated EF-hand peptides as a
means to study a-helix nucleation and helix propagation
[10]. They found that the C-terminal three residues of the
loop are organized upon metal binding to initiate the first
turn of an a-helix, which nucleates further helix structure
formation. Bierzynski and co-workers also investigated
metal-induced dimerization of EF-hand peptides using
'"H NMR and fluorescence spectroscopies [11]. In that
study, the authors reported that upon Ln-ion saturation,
isolated EF-hand loops dimerize in a manner analogous
to the ubiquitous EF-hand pairs observed in proteins. The
versatility and stability of the Ln-peptide complexes sug-
gests these types of systems will continue to be fruitful
models for Ca-binding proteins.

Ln peptides as spectroscopic and magnetic tags

The rich spectroscopic and magnetic repertoire of the lan-
thanides provide unique opportunities for metallopeptide
complexes (both free and appended to macromolecules)
in various biochemical applications. Ln peptides have
shown utility in measuring nuclear magnetic resonance
(NMR) coupling constants, as fluorescent tags for protein
expression, and offer new directions in magnetic reso-
nance imaging (MRI) contrast agents.

The electronic properties of Ln(IIl) have been utilized in
a number of peptide-based Ln-binding tags. The bright
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fluorescence emission of Tb(IIT) has been exploited to
develop Ln-binding tags as a sensitive detection method
for coexpressed protein or for defining internal protein
distances. Kaback and co-workers reported such a tag and
its use in distance determination by Tb — flurophore en-
ergy transfer in the transmembrane protein LacY [15].
Unlike earlier studies where both Tb chelators and
flurophores were chemically appended to given Cys
residues, here only one type of Cys label is required, re-
sulting in much greater sample homogeneity. These stud-
ies showed the Tb-binding tag had no adverse impact on
the protein function, which suggested that luminescence
resonance energy transfer (LRET) with an appended Ln
tag could be a general approach for studying distance and
structural changes in membrane proteins.

Recently, Imperiali and co-workers optimized both Tb
affinity and fluorescence emission intensity of an EF-
hand via a combinatorial peptide synthesis and selection
approach [16]. The optimized peptide tag binds Tb(III)
with low nanomolar affinity, and has a long emission life-
time due in part to the exclusion of inner-sphere water
molecules. The intensity of the emission is significantly
enhanced by energy transfer from Trp and Tyr fluorescent
donor groups in the loop [17]. Thus, the coexpressed Ln
peptide renders the protein of interest easily detectable
during purification [18]. Additionally, the Ln-peptides
can facilitate NMR structure determination. Because of
the large anisotropic magnetic susceptibility of most of
the lanthanides, these ions are strongly affected by an ex-
ternal magnetic field. Therefore, Ln complexes tend to
align in the magnetic field of an NMR instrument, which
can be exploited to orient macromolecules to enhance
resolution and information content of spectra. Imperiali
and co-workers have demonstrated this principle with
ubiquitin coexpressed with a Ln-binding tag. Residual
dipolar coupling constants were measured for the aligned
proteins, which were then used as constraints in deter-
mining tertiary structure [19].

Another application of Ln-peptide magnetic properties is
in MRI. Our designed EF-hand peptides (vida infra) were
found to be very efficient MRI contrast agents as the
Gd(IIT) adducts [20]. In collaboration with Caravan and
co-workers we found that a Gd(IIT) bound 33-mer peptide
had a relaxivity of 21.2 mM' s at 60 MHz (37°C), and
an unusual field dependence that maximized relaxivity at
higher field. Furthermore, the relaxivity was enhanced
100% upon DNA binding. Although the affinity for
Gd(IIT) was too low for biological applications, the
Gd(IIT) bound peptides were shown to be more efficient
relaxation agents than currently utilized small molecule
complexes, and suggested a new embedded chelator ap-
proach to designing ‘switchable’ contrast agents based on
peptides or proteins.



2186 S. Lim and S. J. Franklin

Ln peptides as designed metalloenzymes

In addition to tools to probe Ca structural sites, the Ln
ions are efficient Lewis acid catalysts of hydrolysis,
which drove our interest in engineering a peptide-based
Ln-metalloenzyme. We chose the design of an artificial
endonuclease as our target system, as a foil against which
to test whether Ln-polypeptides could fold, bind, cleave
and discriminate among substrates like a true enzyme.
Additionally, the ability to tune DNA binding and cleav-
age targets will allow a systematic look at nuclease activ-
ity generally, which is still incompletely understood.

In recent years, hydrolytic cleavage of phosphate diesters
and DNA by Ln complexes has received considerable at-
tention [21, 22]. The efficient hydrolytic cleavage of
DNA by Ln complexes is a result of fast ligand exchange
rates (~10% s7') and high Lewis acidity [23]. Although
there has been significant progress in developing small-
molecule Ln DNA cleaving agents, the majority of these
are not capable of sequence targeting. Therefore, incor-
porating suitable recognition systems within the hydro-
lase is an important consideration in developing new site-
specific cleavage agents. Peptides are ideal candidates for
this goal, as they are small, synthetically accessible and
have the functional flexibility of proteins, provided they
are well folded. We therefore sought to combine the ca-
pacity for specific DNA sequence recognition and cal-
cium binding to generate a Ln peptide metalloenzyme. In
this vein, we have developed a series of chimeric Ln pep-
tides with both DNA-binding and hydrolytic activity.

A series of 32—34-mer peptides was designed based on
the overlay of engrailed homeodomain and one Ca-bind-
ing loop from calmodulin [24]. The similarity of the su-
per-secondary structure allowed us to replace the turn of
the classic DNA-binding helix-turn-helix motif (HTH)
with the metal-binding turn of the EF-hand as depicted in
figure 1, thus retaining both the metal-binding site
(sphere) and the DNA-binding interface (zigzag line).
The model in figure 2 represents an overlay of engrailed
homeodomain and calmodulin crystal structures, and il-
lustrates the strikingly similar topologies guiding the de-
sign (Protein Data Bank: 3HDD and 1EXR) [25, 26].

The designed chimeric peptides were found to bind one
equivalent of metal ion and to fold upon binding. The
affinities of the peptides for Ca(II) and Ln(III) ions were

AN

HTH | a2

| turn | a3 |

EF-hand

Lanthanide-binding peptides

measured by fluorescence spectroscopy, following the
subtle environmental changes at the Trp residue upon
metal binding [24, 27]. The chimeras’ affinities for
Ln(IIT) are similar to those of isolated EF-hand peptides
(10°-10"° M), with Ca(II) affinities 10—100 fold weaker
as expected.

The structures of the chimeras were investigated using
circular dichroism (CD) and NMR spectroscopy [28].
These studies demonstrated that the designed Ln peptides
adopt the same secondary and super-secondary structures
as the parental motifs. Upon metal binding, the overall
secondary structure content of the peptides was enhanced
to varying degrees, and in the best case, resulted in heli-
cal content near the maximum values predicted based on
the design (~50%). This metal-dependant folding can be
explained by maximizing critical interhelical hydropho-
bic interactions upon organizing the metal-binding turn,
as well as the formation of an a-helix nucleation site at
the C-terminal end of the metal sites as observed for na-
tive EF-hand peptides. The solution structure of one
metal-bound chimeric peptide (LaP3W, where P3W is a
33-mer peptide of the design depicted in figure 1) was
elucidated using NMR spectroscopy and found to be
qualitatively similar to the parental EF-hand motif [28].
The metal binding site was confirmed by paramagnetic
shifts of loop protons in the EuP3W 'H-NMR spectrum.
Although the terminal regions of the peptide are confor-
mationally flexible (not unusual for small peptides) and
difficult to assign due to peak overlap, an analysis of
chemical shifts shows that these regions on average sam-
ple helical secondary structure.

In a complementary study, the coordination environment
of the Eu binding site was probed directly using lumines-
cence spectroscopy [29]. Eu-titrations confirmed the low
micromolar affinities found earlier by fluorescence titra-
tions. The Eu(Ill) environment was consistent with six
oxygen donors from the peptide with two inner-sphere
water molecules. Importantly, DNA binding by the met-
allopeptides did not compromise the metal-binding loop,
which maintained only two water ligands when associ-
ated with nucleotides. These results suggested that both
the overall HTH fold and the native EF-hand metal-bind-
ing environment were preserved in the designed peptides.
The ability to bind metals and fold into a defined struc-
ture is a critical step in our metalloprotein design, but

Figure 1. Schematic model of Ln-binding metallopeptide enzymes. The chimeric peptide (left) comprises the helices of the DNA-binding
HTH motif (a2, a3), and the turn of the Ca-binding EF-hand motif (Ca loop). The site of Ln binding is indicated by the sphere, and the
presumed site of DNA interaction is indicated with the zigzag lines.
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model of the helix-turn-helix/EF-hand

Figure 2. Structural
chimera, based on overlayed crystal structures of engrailed home-
odomain (blue; [26]) and calmodulin (pink; [25]). The chimeric
peptides comprise helices a2 and a3 (in the major groove of DNA),
but omit the N-terminal tail (in the minor groove) and al.

demonstrating DNA binding, nuclease activity and selec-
tivity are additional key objectives. Although the Ca-EF-
hand sites of calmodulin are strictly structural sites in
vivo, we have found that lanthanide-bound chimeric pep-
tides cleave DNA and phosphate esters. We have shown
cleavage of supercoiled plasmid DNA to give open-circu-
lar plasmid product [27, 30], as well as investigated hy-
drolysis rates spectrophotometrically with the model
compound bis-nitrophenylphosphate (BNPP). Phosphate
hydrolysis is mediated by water molecules coordinated to
the metal, and occurs with significant rate enhancements
over uncomplexed (or weakly buffer bound) Ln ion. A se-
ries of DNA and BNPP cleavage experiments were per-
formed that showed that DNA cleavage rates were depen-
dent on pH, identity of the Ln ion and sequence differ-
ences within the metal-bound chimeric peptides
themselves [31]. The DNA binding affinities of the de-
signed metallopeptides were also investigated using
agarose gel electrophoresis assay, and were typically in
1 ~ 20 pM range both with and without metal ion [30, 32].
Among the most intriguing observations is that DNA
binding and cleavage occurred with some degree of se-
quence specificity [32]. A polyacrylamide gel elec-
trophoresis (PAGE) sequencing gel assay was used to
show Ce(IV)-P3W cleaved DNA with modest sequence
discrimination, cutting at sites differing from the target
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sequence of the parental DNA binding domain. Recently
the family of DNA sequence targets recognized by the de-
signed peptide was investigated by an electrophoretic
mobility shift assay (EMSA), which selects binding sites
from a random library of DNA sequences. These data
show that the family of 5—6 bp recognition sites were
consistent with the cleavage targets, but again differed
somewhat from that of homeodomain parent [unpub-
lished results]. Although the designed peptides do not
have the N-terminal tail or helix al of the native home-
odomain that makes important minor groove contacts for
sequence recognition and enhanced affinity [33], the met-
allopeptides still apparently interact with DNA as a de-
fined structural unit. This suggests that the selectivity, ac-
tivity and affinity of the Ln peptides can be tuned, which
could lead to an increased mechanistic understanding of
nucleases generally.

Implications and directions

The spectroscopic and magnetic properties of Ln-binding
peptides have proven to have wide application as models
and tools to study biomolecules. These include structural
studies of Ca proteins, spectroscopic and magnetic probes
for proteins, and the design of an artificial Ln hydrolase.
The design of Ln-binding chimeric endonucleases repre-
sents a new combination of reactivity and function, and a
versatile system to investigate protein folding, structure
and function. Furthermore, our work shows that it is fea-
sible to create the Ln enzymes that Might Have Been, and
that they may have long-range potential in biochemical
and clinical applications. Although the broad application
of Ln peptides to biological problems is still a relatively
young field, its rich potential suggests these systems will
continue to have significant impact in the coming years.
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