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Lanthanides play a crucial role in modern medicine and technology as well as in the metabolism of
methylotrophic bacteria. In this context, the research on lanthanide-binding peptides and proteins is an
active and rapidly developing field. This comprehensive and critical review focuses on the structural,
thermodynamic (affinity and selectivity) and kinetic parameters governing the interaction of Ln** ions

Received 21st December 2024 with different peptides and proteins, including both naturally occurring and de novo-designed scaffolds.

It thus provides guidelines and future directions for the rational design of Ln-binding peptides and

proteins with suitable features for the main applications explored to date, including luminescent sensing,
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1. Introduction
1.1 Context and scope

Lanthanides (Ln) are f-block elements known for their unique
magnetism and luminescence properties. They are used in a
wide variety of fields: as contrast agents in medicine, in laser
technology, in superconductors and in permanent magnets."
Rare earth elements (REE), which include Ln, lanthanum (La),
yttrium (Y) and scandium (Sc), have been identified as strategic
resources by the European Union (EU).” Indeed, many
advanced technologies depend on them, and China remains
the main exporter of these resources, supplying over 98% of
REE importation to the EU. Of note, the mining and extraction
of REE have a deleterious impact on the environment.?

Even before the emergence of interest in Ln biochemistry
due to the discovery of the first Ln-utilizing bacteria in the
2010s,*” the design of Ln**-binding peptides was an intensive
research field aimed at exploiting the unique physical proper-
ties of Ln*" ions for applications in sensing or imaging.®

The discovery of Ln-utilizing bacteria has been accompanied
by the identification of natural Ln*"-binding proteins and Ln**-
enzymes, paving the way for a better description of the lantha-
nome, which corresponds to the proteins involved in Ln*'-
uptake, trafficking and utilisation.”* These findings have
inspired a large community of biologists and chemists, result-
ing in a proliferation of studies on the rational design of Ln-
binding peptides and proteins, and their applications in
biomedicine,"® biohydrometallurgy,"*"> and catalysis."®™>"
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magnetic resonance imaging, Ln separation and recovery and Ln-based (photo)-catalysis.

Previous reviews in the field focused on the rational design
of lanthanide-binding peptides,® and a general presentation of
the coordination of f-block elements to bio-relevant ligands,
including peptides and proteins.?” Here, we first discuss some
critical parameters of Ln** aqueous chemistry and the design of
peptides and proteins with a high affinity for Ln*" ions. Then,
we provide guidelines on how selectivity against metal ions
(Ca*, actinides (An®"), d-block metal ions) or among Ln*" can
be achieved, and on how to include kinetic considerations in
the description of these systems. Last, we highlight recent
applications for sensing, MRI, Ln separation and catalysis. In
this review, we focus on Ln**-binding peptides and proteins
using natural and/or unnatural amino acids, excluding pep-
tides and proteins functionalized with macrocycles such as
DOTA, some of which were reviewed in ref. 23. This choice
was driven by the focus on the interplay between the structure
and the coordination properties (affinity, selectivity and
kinetics) of Ln**-binding peptides and proteins scaffold, which
do not apply to macrocycles. Nevertheless, small chelators will
be occasionally discussed to introduce key features and con-
cepts (e.g. selectivity) useful for Ln-binding peptides and pro-
teins, and peptides with appended macrocycles will be briefly
mentioned among the applications, as they represent useful
models for the design of luminescent and MRI probes.

1.2 Chemistry of Ln ions in aqueous solution

The most stable oxidation state for Ln in aqueous solution is +3
(electronic configuration [Xe]4f”, with n = 0-14 from La*" to
Lu*"). Other oxidation states are also accessible for some Ln
ions in aqueous solution, such as +2 for Eu and +4 for Ce, due
to the enhanced stability associated with a half-filled 4f sub-
shell ([XeJ4f” for Eu**) and with closed shell ([Xe]af® for Ce*")
configuration (Fig. 1A). Of note, in organic solvents, the entire
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Fig. 1 Trends of key parameters along the Ln series: (A) reduction potentials;2® (B) ionic radii in aqueous solution®” and in crystals (CN = 9):2® (C) acidity
constants (pK,) for Ln®*-bound water molecule; and (D) solubility constants (log Ksp).29 The values plotted are reported in Table 14.

series of Ln (except for the radioactive Pm) could be stabilised
in the +2 oxidation state, while for the +4 oxidation state only
Ce*, Tb*" and Pr*" complexes were isolated.>*

Ln*" ions are hard Lewis acids. Their Lewis acidity slightly
increases along the series as a consequence of the decrease of
the ionic radius, known as lanthanide contraction (Fig. 1B).
Noteworthy, Ln®" ions have a similar size to Ca®>* (~1.0 A), but
are larger than d-block metal ions. As a consequence, Ln*" have
higher coordination numbers (CN) than d-block elements.

Due to their hard character, according to Pearson’s HSAB
principle,” Ln®" ions prefer hard negatively charged ligands
(e.g. carboxylate and phosphate). As a result of the core nature

9246 | Chem. Soc. Rev, 2025, 54, 9245-9288

of the f orbitals, the nature of the Ln*"-ligand bond is mainly
ionic, and coordination geometries are hence mostly dictated
by electrostatic and steric repulsions between the ligands.

In water, the larger Ln>" ions (La**-Nd’") are coordinated by
9 water molecules and adopt a tri-capped trigonal prismatic
coordination geometry, whereas smaller Ln*" (Gd*'-Lu®") are
bound to 8 water molecules in a square-antiprismatic arrange-
ment. For Pm*" to Eu**, [Ln(H,0)g]*" and [Ln(H,0),]*" are in
equilibrium.*°

Importantly, as Ln** aqua ions display Brensted acidity in
aqueous solution, Ln** speciation depends on the pH, with the
acidity constant pK, (eqn (1)) decreasing along the series

This journal is © The Royal Society of Chemistry 2025
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(Fig. 1C):
[Ln(H,0),]”" +H,0 = [Ln(H,0), ,(OH)]*" +H;0"

[Ln(H,0),_,(OH)][H;0%] (1)
[Ln(H,0),]

a —

The stepwise deprotonation of bound water molecules leads to
the formation of poorly soluble Ln** hydroxides, Ln(OH);. In
particular, the solubility (expressed by the solubility product
K, eqn (2)) decreases along the Ln series (Fig. 1D).

Ln(OH); (s) 2 Ln*'(aq) + 3HO™
Ky = [Ln*'J[HO P (2)

In light of the trends described above, it appears that Ln**
share some properties: they are all predominantly found in
their +3 redox state and have similar Lewis acidities due to their
similar ionic radii. At a more detailed level, Ln*" display
differences in their chemical properties: along the series, Ln**
Lewis acidity increases, which can modulate their reactivity, the
pK, of the Ln*-bound water molecule decreases by approxi-
mately 2 units (Fig. 1C) and the solubility of Ln(OH); drops
from almost 5 order of magnitude (Fig. 1D); moreover Ln ions
have different redox properties (Fig. 1A), which have been
capitalized on for catalysis (see 6.4 Catalysis).

2. Scaffolds structure & Ln>*
coordination

2.1 Generalities

2.1.1 Type of scaffolds. The binding of Ln*" ions to pep-
tides and proteins has been accomplished either by using
existing proteins with adequate coordination environment
(e.g. 2.2 EF-hand peptides and proteins and 2.5.1 Naturally
occurring proteins) or by the rational design of a Ln**-
coordination site using natural and/or unnatural amino-acids
(e.g 2.3 Short peptides and 2.4 Peptide scaffolds of intermedi-
ate size). These scaffolds range from sequences of a few amino
acids (AAs) to proteins, and can be divided into two main
categories (Fig. 2): (i) those relying on an “EF-hand-like” motif
for Ln-binding (2.2 EF-hand peptides and proteins); and (ii)
other types of scaffolds.
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Fig. 3 Scaffolds that fold upon metal-binding (A), or are folded in the
apo-form with a pre-disposed (B) or a pre-organized (C) binding site.

These scaffolds can be also differentiated based on their
structure in the apo-form, ie. in the absence of metal ions
(Fig. 3). Whereas some are disordered in the apo-form and fold
upon metal binding, others are pre-folded even in the absence
of metal ions. In this latter case, the binding site can be (i) pre-
disposed, ie. the coordinating residues are placed at appro-
priate positions for metal-binding, or (ii) pre-organised, i.e. the
coordinating residues are not only at an appropriate position
but also with a good orientation that requires minimal reorga-
nisation upon metal-binding.*' To our knowledge, there is no
example of a pre-organised metal binding site in Ln**-binding
peptides and proteins, and hence, in the following, we will only
describe unfolded scaffolds, or folded ones with a predisposed
binding site. In order to discuss the scaffold structure and the
Ln*"-coordination, we grouped the scaffolds into four sub-
categories: (i) scaffolds relying on the well-described EF-hand
motifs, which are found in short peptides such as lanthanide-
binding tags (LBT), in helix-loop-helix (HLH) peptides, and
naturally-occurring proteins such as calmodulin and lanmodu-
lin; (ii) short sequences of ~10 amino acids; (iii) peptides of
intermediate size, spanning from Ln fingers (LF) to coiled coils
(CC); (iv) Ln**-binding proteins either naturally occurring or

£
°
£
T EF-loops Proteins
2 Ln-binding tags )(_Helix-loop-helix Ca”"-binding proteins
L Lanmodulins
i
<10 15 35 >100 AAs
.:f: Short peptides Ln-fingers Coiled coils Proteins
g Natural Ln®*-binding proteins
5 Designed/Engineered
£ Others
o

Fig. 2 Categories of scaffolds by size (number of amino acids).
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engineered, in which the Ln*" ion is not coordinated in an EF-
hand motif.

2.1.2 Characterization of Ln*" coordination sphere and
scaffold stability. Several techniques give access to information
on the Ln*" coordination sphere and on the stability of the apo-
peptide and Ln-peptides, which are shortly presented below.

Ln*" coordination sphere. X-ray crystallography is the most
accurate way to determine the Ln*" coordination sphere, espe-
cially the CN and the mode of binding of certain amino acids
(e.g. mono- or bi-dentate for carboxylates in Asp and Glu
residues). However, it requires the formation of crystals, which
are often difficult to obtain, in particular when working with
peptides.

Nevertheless, information on the mono- or bi-dentate bind-
ing mode of carboxylates can also be obtained in solution
through FT-IR measurements.*>** Moreover, the CN may be
also investigated in solution through X-ray absorption spectro-
scopy, specifically EXAFS (extended X-ray absorption fine
structure),>” which has not been applied to Ln**-binding
peptides and proteins so far.

In addition, insights into the Ln*" coordination sphere can
be gained by luminescence measurements. Eu**-hypersensitive
transitions can report on the geometry of the coordination
environment.*® The hydration number g, which corresponds
to the number of Ln**-bound water molecules, is also easily
determined by measuring Ln*" luminescence lifetimes (Ln =
Eu’®*, Tb**, Yb*") for a given complex in H,0 and D,O and using
empirical relationships,***° which have been established based
on a library of complexes with g ranging from 0 to 6. This is the
most solid method and should be favoured compared to other
empirical equations that rely only on lifetimes measured in
water. Importantly, when working with peptides and proteins it
may be difficult to work in H,O-free conditions. Instead,
measurements can be performed for different H,O: D,O ratios
in order to extrapolate the value in 100% D,0."!

Information beyond the number of Ln**-bound water mole-
cules can be gained from NMR measurements, by taking
advantage of the magnetic properties of lanthanides.*>*® Com-
parison of spectra obtained with diamagnetic Ln** (La, Lu) and
paramagnetic ones (all the other) can be used to identify
residues in the first coordination sphere or further away from
the Ln’**-binding site. For well-folded scaffolds, paramagnetic
Ln can even help to refine the protein solution structure.
This has been accomplished either by incorporating Ln*" in
an intrinsic metal-binding site, such as in Ca”*-binding
proteins,*”*® or by introducing Ln-binding tags (LBT, see Sec-
tion 2.2.2) in the sequence of the targeted protein.*®

Scaffolds stability. Information on scaffold stability can be
gained from denaturation experiments, either using a tempera-
ture ramp or chemical denaturants, followed by circular dichro-
ism. By comparison to a ‘“native” scaffold, these measurements
can inform on the impact of engineering a Ln**-binding site
into the scaffold and the range of temperatures for which the
peptide/protein is folded. It is also helpful to quantitatively
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assess the stabilisation induced by rational optimisations of the
scaffold and by Ln** binding.

2.2 EF-hand motifs

EF-hand motifs represent the largest and best-known family of
Ln**-binding sites in peptides/proteins. They are found in most
Ca*"-binding proteins, including calmodulin (CaM), parvalbu-
min and troponin C (TnC), and in a recently discovered
selective Ln-binding protein, lanmodulin. The EF-hand con-
sists of two o-helices (almost perpendicular to each other, a
topology that reminds the spread thumb and forefinger of
human hands) linked by a 12-residues loop, which is respon-
sible for Ca** and Ln*" binding through the amino acids in
positions 1, 3, 5, 7, 9 and 12 (Fig. 4).® In the following
paragraphs, EF-hand proteins and peptides are described start-
ing from long-known Ca®'-binding proteins (Section 2.2.1),
which have inspired the design of optimized Ln*"-binding
peptides (see 2.2.2 LBTs and 2.2.3 HLHSs), and finishing by a
recently discovered family of Ln**-selective proteins (2.2.4
Lanmodulins).

2.2.1 Ca**-binding proteins. In most EF-hand proteins,
Ca®" is coordinated by 7 oxygen ligands with a pentagonal
bipyramidal geometry: residues in positions 1, 3, and 5 serve as
monodentate ligands, while the Glu;, residue binds always in a
bidentate fashion (Fig. 4 and entry 1 in Table 1). The amino
acid in position 7 (Thr in most natural scaffolds) binds instead
with its backbone carbonyl. Finally, the 9th residue, which is
most commonly (~30%) Asp, does not bind directly to the
metal ion, but it forms a hydrogen bond with a water molecule
that completes the coordination sphere.

Since Ln*" ions have similar ionic radius to Ca®', the
luminescent properties of some Ln*" ions, mostly Tb®" and
Eu®", have been exploited to probe the metal binding sites in
Ca”*-binding proteins,>*” showing that the same coordination
sphere with CN = 7 and ¢ = 1 is observed for Ln*" ions bound to
Ca”*-proteins such as TnC (Fig. 4 and entry 1 in Table 1).°*°%%°

2.2.2 Lanthanide-binding tags (LBT). Following the semi-
nal work of Szabo and coworkers,*® the group of Imperiali has
widely exploited the Ln*'-binding ability of EF-hand loops
found in Ca®"-binding proteins to develop so-called lantha-
nide-binding tags (LBT) for various applications (see 6.
Applications).®>®”7*

LBTs are 15- to 20-residue-long peptides that were designed
by elongating the core 12-residue EF-loop at both termini with
apolar amino acids that stabilize the Ln**-bound conformation
via hydrophobic interactions. The primary sequence of LBTs
was optimized to feature high affinity for Tb** (see 3.2 EF-hand
motifs),”>”® and to control the hydration number for specific
applications. For instance, LBT featuring a Ln*"-bound water
molecule (entries 2-4, in Table 1) were explored for applications
as MRI contrast agents (see 6.2 MRI). The crystal structure of
Gd*" bound to a double LBT-ubiquitin fusion construct showed
a CN = 7, which is as low as that observed in Ca**-binding
proteins.®°

As Ln**-bound water molecules quench its lumine-
scence emission (see 6.1 Luminescent tags and probes), the

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 EF-hand peptides and proteins. Top: EF-loop sequence showing the most common Ln**-binding amino acids (in bold and highlighted in pink) in
each position. Bottom: Protein structures and Ln** coordination spheres in: left, troponin C (TnC) bound to two Tb** ions (PDB INCZ); middle, a
lanthanide-binding tag (LBT) bound to Tb** (PDB 1TJB); right, Mex-LanM bound to four Nd** ions (PDB 8FNS). Figures were generated using Pymol.

coordination sphere was further optimized to afford efficient
luminescent LBT by replacing the hydrogen-bonded Asp, with
bidentate Glu,. Thus, Tb**-LBT complexes with ¢ = 0 and CN =
8 were obtained (Fig. 4 and entries 9-11 in Table 1).** Moreover,
in order to sensitize Th*" emission a Trp residue serving as the
antenna was introduced in the 7th position of the EF-hand
motif (see 6.1 Luminescent tags and probes).*®”*

2.2.3 Chimeric helix-loop-helix (HLH) motifs. The group of
Franklin designed chimeric helix-loop-helix (HLH) motifs by
engineering an EF-hand loop in a transcription factor helix-
turn-helix DNA-binding domain, which were investigated as
artificial nucleases (6.4 Catalysis) and DNA-responsive MRI
probes (6.2. MRI)."*”>%" The NMR solution structure of the
La’*-P3 complex revealed a coordination site similar to natural
EF-hand loops. However, Aspy points away from the metal ion,
leaving an open face that could easily accommodate two inner-
sphere water molecules, which is in agreement with lumines-
cence data recorded on the Eu*’-P3 complex (entry 5 in
Table 1).

2.2.4 Lanmodulins. In 2018, a novel family of EF-hand
proteins, called lanmodulins (LanM), was discovered in Ln*'-
utilising bacteria.®’ Compared to previously known Ca**-bind-
ing proteins, LanM shows considerably higher selectivity for
Ln*" vs. Ca®" (see 4. Selectivity). Recently, X-ray crystal struc-
tures of two LanM proteins from M. extorquens AM1 (Mex-
LanM, Fig. 4) and H. quercus (Hans-LanM) were reported, thus
facilitating a thorough comparison of their binding sites with
those found in Ca*"-binding proteins.®* Of note, while CaM is
folded in the apo-state and undergoes a conformational change

This journal is © The Royal Society of Chemistry 2025

upon metal-binding,®* LanM is disordered and only upon
binding four Ln*" ions, it forms a compact three-helix bundle
fold that is unique among EF-hand proteins.®* The Ln** coor-
dination spheres in LanMs feature higher CN (9 or 10) than
Ln*" bound to Ca**-binding loops and LBT (CN = 7-8). In Mex-
LanM, this stems from a monodentate-to-bidentate switch of
Asps (entries 1 vs. 6 in Table 1) and the presence of an
additional water molecule.

Compared to Mex-LanM, no Ln*"-bound water molecules are
found in Hans-LanM binding sites due to replacement of Aspo
with Glug (entries 6-8 vs. 12-14 in Table 1), as already observed
for LBT (entries 9 vs. 2 in Table 1). In Hans-LanM, the increased
CN relative to Ca**-binding proteins results from the presence
of a bidentate Asp; (entries 12 and 14) rather than monodentate
Asn; (entries 1, 9-11) and a monodentate-to-bidentate shift of
Asps (entries 12 and 14 vs. 9-11 in Table 1). Furthermore, a
decrease in the CN is observed when La®" is replaced by the
smaller Dy*" stemming from a bidentate-to-monodentate
switch of Glu, (entries 12 vs. 14 in Table 1).*?

2.3 Short peptides

2.3.1 Cyclic decapeptide (PA). Following the works of
Franklin and Imperiali on the design of Ln**-binding peptides
inspired by the Ca** coordination site in EF-hand motifs,
Delangle and coworkers explored a different approach to improve
the affinity of small peptides for Ln*". First, they selected a
regioselectively addressable functionalized templates (RAFT) type
of cyclic decapeptide (noted PA) in order to design a Ln>"-binding
site made of two Asp and two Glu residues (Fig. 5).*" The

Chem. Soc. Rev., 2025, 54, 9245-9288 | 9249
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Table 1 Structural features of Ln®>* bound to EF-hand motifs. EF-loop patterns report the amino acids found in positions 1, 3, 5, 9 and 12 (note that the
residue in position 7, not shown, always binds Ln®* via a backbone carbonyl donor) and their binding mode (m = monodentate, b = bidentate, hb =
hydrogen-bonded to a coordinating water molecule, nb = non-bound). Coordination (CN) and hydration (q) numbers are derived from X-ray crystal
structures (for which PDB code is reported) or luminescence data obtained in solution using Tb** or Eu**

EF-loop pattern
Entry q CN Ln** EF-hand motifs Peptide/Protein PDB code Ref.

1 1 7 Tb Ca*-protein TnC 1INCZ 58
(m) (m) (m) (hb) (b)

2 D N D D E 1 n/a Tb m-sSE3 0

3 1 7 Gd LBT xq-dSE3-ubiquitin 3vDz 60

4 D D D D E 1 n/a Tb g-dSE3-ubiquitin 80

5 D D D D E 2 n/a Eu HLH P3 (HLH) ot
D D D D E

6 2 9 Nd Mex-LanM (EF1-3) 8FNS L

7 D D D D E 2 n/a Tb LanM Mex-LanM T41W 63

8 2 10 Nd Mex-LanM (EF4) 8FNS 2z
(m) (b) (b) (hb) (b)

D N D E E
9 0 8 Tb LBT12 1TIB 64
(m) (m) (m) (b) (b)
10 D N D E E 0 n/a Tb LBT SSE3 &0
D N D E E
11 0 8 Tb ILB1B-S1 3LTQ 63
(m) (m) (m) (b) (b)
N D D E E
12 0 10 La 8DQ2 62

(m) (b) (b) (b) (b)

13 N D D E E 0 n/a Eu LanM Hans-LanM (EF1-3) 62

14 0 9 Dy 8FNR 8
(m) (b) (b) (m) | (b)

A. Cyclic decapeptide (PA) | B. Linear peptides

Ac-Trp-Xxx-Pro-Gly-Xxx-Gly-CONH,

I
(
[
I U-shape S-shape

com COH | COH |/(:OZH COM
! ‘ ! N._COH N~ S Pro—Gly,
/Acgk /G ises ‘ S Y - Nk Xxx/ \Xxx XXX,
Gly ! *"Arg ‘H\Pro ( ,AN /\N COH Ac-Trp /G|Y— -0
[Ase ol /o HoJ Ho§ o Gly-CONH,
Prg Arg Gly : Ada, Ed3a, Ac-Trp Gly-CONH, 0

Fig. 5 Schematic structures of short cyclic (A) and linear (B) Ln-binding peptides. In (B) the structures of unnatural amino acids Xxx = Ada,, and Ed3a,,
and shapes adopted by linear peptides are shown. Adapted from ref. 8.
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apo-peptide adopted an antiparallel -sheet structure with a
predisposed Ln-binding site at pH 3 with the side chains of the
four coordinating residues on the same face of the cycle. Upon
increasing the pH to 7, coulombic repulsions due to the depro-
tonation of the carboxylates led to an apparently disordered apo-
peptide. Nevertheless, the addition of Ln** (La**, Tb®") compen-
sated for this repulsion. The authors showed the presence of two
water molecules in Tb*" first coordination sphere (g = 2). By
comparison with earlier work by Franklin'®®""® and Imperiali,** they
proposed that the Ln** coordination sphere includes the four
carboxylates (monodentate or bidentate) and two water molecules.

2.3.2 Linear peptides. Next, Delangle and coworkers inves-
tigated the use of unnatural amino acids in short linear
hexapeptides for improving the affinity for Ln** (see 3. Thermo-
dynamic stability). All the peptides have the sequence Ac-W-X-
P-G-X-G-CONH,, where X is either Ada, with an aminodiace-
tate side chain (n = 1-3), or Ed3a, with an ethylenediamine
triacetate side chain (Fig. 5), and Pro-Gly is a B-turn-inducer
motif.>*"®” These peptides are disordered in the apo-form and
fold upon metal binding. The speciation, coordination and
solution structure of Ln-peptides were analysed in details
and the authors showed that it was impacted by (i) side chain
length; (ii) position of the Ln-binding residues in the sequence;
and (iii) the type of residues (Ada,, or Ed3a,, Table 2).

All the peptides formed 1:1 ligand : metal complexes below
1 equivalent of Ln®" relative to the peptide, however, in the
presence of more equivalents of Ln** the formation of multi-
metallic species was also observed (Table 2).

Changes in Ada, side chain length impacted its coordina-
tion mode to Ln®* (Table 2). Ada, and Ada; bind Ln*" in a
tridentate manner,®® whereas Ada, is tri- or tetra-dentate
depending on its position in the sequence (fifth or second,
respectively).®* The additional chelating group was proposed to
be the backbone carbonyl of the Ada; main chain, which can
form an additional chelate ring. This change of coordination
mode impacted the number of water molecules in the first
coordination sphere of Tb**, which dropped from 3 (P*?, P*!
and P*®) to 1 and 0 in peptides where Ada, is tetradentate (P
and P, respectively). It also impacted the structure of Ln*'-
peptide complexes in solution: in the presence of Ln**, P?* and
P*! adopted a U-shape conformation, likely further stabilised by
the formation of a type-II f-turn,® while coordination of Ada,
backbone carbonyl to Ln*" did not allow for the formation of a
B-turn and resulted instead in an S-shape conformation of P**
and P'? (Fig. 5).%*
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Building upon this knowledge, Delangle and co-workers
combined the pentadentate Ed3a, unnatural amino acid with
Ada, either by placing Ed3a, in the second (P""?) or fifth (P™"?)
position in the sequence (Table 2).%” Again, the speciation of
the complexes depended on the position of the Ln**-binding
amino acids in the sequence. For both peptides, the pentaden-
tate Ed3a, excluded water molecules from the Tb*" coordina-
tion sphere (g = 0).

More recently, short Ln**-binding peptides rich in Asp or
Glu residues were reported. Veliscek-Carolan and co-workers
studied peptides made of two to four Glu residues, either with
an - or p-stereochemistry, and coupled to a naphthalene
antenna.®® Simoni and co-workers studied the structure-affi-
nity relationships of three Asp-rich pentapeptides (ADPDA,
DPDPD, DGDGD) with actinide ions and Eu®*" and they pre-
dicted that the Eu®* coordination sphere contained two carbox-
ylates, one backbone carbonyl, and 4-5 water molecules.®

2.4 Peptide scaffolds of intermediate size

In the late 1980s, chemists began to dissect the complexity of
proteins’ fold and function, with the ultimate goal of being able
to predict the primary sequence-structure-activity relation-
ship.” This led to the development of de novo proteins, which
refers to proteins designed from first principles. The design of
a-helices was soon mastered, and the study of a-helical coiled
coil made of the assembly of several a-helices has helped
unravel design principles to obtain well-folded coiled coil
assemblies. Since then, de novo proteins have been implemen-
ted with metal-binding site(s) and functions such as catalytic
properties or electron transfer capacities.”” Regarding Ln-binding
peptides, a large amount of work has been dedicated to the design
of Ln-binding coiled coils (2.4.1 Coiled coils),”> > and a seminal
work described the design of Ln-fingers'® (2.4.2 Ln fingers).

2.4.1 Coiled coils. The sequences of o-helices in coiled
coils are constituted by a repetition of a heptad of amino acids
(abcdefg) (Fig. 6 and 8).°® Their assembly is driven by hydro-
phobic interactions of core amino acids in positions a and d.
Residues in positions e and g are used to provide stabilizing
electrostatic interactions, which also control the number of
helices that assemble as well as their orientations (parallel or
anti-parallel). Last, amino acids in position f are chosen for
their propensity to induce o-helix folding, whereas those in
positions b and ¢ are used to improve solubility.

Three strategies were employed to insert an Ln**-binding
site in such scaffolds: (i) in two-stranded coiled coils (2SCC,

Table 2 Linear peptides speciation, coordination mode, structure and hydration number. The peptides have the sequence Ac-W-X-P-G-X-G-

CONH,, where X is either Ada,, with an aminodiacetate side chain (n = 1-3) or Ed3a,

Peptide Speciation Ln**-binding AAs Coordination mode Structure q Ref.
p" 1:1 and multimetallic species Ada, Tri- and tetra-dentate S-shape 1 84
p*? 1:1 Ada, Tridentate U-shape 3 85
p* 1:1 and multimetallic species Ada; Tridentate n.d. 3 85
p'? 1:1 Ada, and Ada, Ada,: tetradentate S-shape 0 86
p* 1:1 and multimetallic species Ada, and Ada, Ada,: tridentate U-shape 3 86
pHp? 1:1 Ada, and Ed3a, Ed3a,: pentadentate n.d. 0 87
pHbs 1:1 and multimetallic species Ed3a, and Ada, Ed3a,: pentadentate n.d. 0 87
This journal is © The Royal Society of Chemistry 2025 Chem. Soc. Rev,, 2025, 54, 9245-9288 | 9251
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Two-stranded coiled coils (2SCC)

A.Side view B. Top view
N-term N-term g  hydrophobic e b
) % interface
/ N a ¢
(c) b < () a d
d d~ ; ¢
1. lsH® g
(92 ,,b"’a 2 5 (b') stabilizing electrostatic
(c) I d d € ( ') interactions
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@) C. Ln3*-binding AAs
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P COH
H o H o
C-term C-term ol s

Fig. 6 Two-stranded coiled coils scaffolds designed by Hodges and
coworkers: (A) side view, (B) top view, (C) Ln-binding sites are placed at
the helical interface using Glu or Gla AAs in e and g positions. In (B)
stabilising non-covalent interactions (hydrophobic, electrostatic) respon-
sible for the folding and assembly of coiled coils are highlighted.

Fig. 6 and Table 3), positions e and g were used to introduce
chelating moieties and place the Ln**-binding site at the helical
interface; in three-stranded coiled coils (3SCC, Fig. 8), the
binding site was (ii) either placed at the N-terminal (Table 4)
or (iii) buried in the hydrophobic core by replacing core amino
acids in position @ and d by Ln*'-binding residues (Table 5).

Two-stranded coiled coils (2SCC). Pioneering works on Ln>*-
binding 2SCCs were done by Hodges and coworkers.’*> They

Table 3 Two-stranded coiled coil sequences designed by Hodges and
coworkers

Name Peptide sequence Ref.
g abcdefg abcdefg abcdefg abcdefg abcdef

N Ac-Q CGALQKQ VGALQKQ VGALQKQ VGALQKQ VGALQK-CONH, “
Eo(13,22) Ac-Q GALQKQ VGALEKQ VGALQKE VGALQKQ VGALQK-CONH,

E5(20,22) Ac-Q GALQKQ VGALQKQ VGALEKE VGALQKQ VGALQK-CONH,

E5(15,20) Ac-Q "GALQKQ VGALQKE VGALEKQ VGALQKQ VGALQK-CONH,

£5(13,15,20) Ac-Q "GALQKQ VGALEKE VGALEKQ VGALQKQ VGALQK-CONH,

E3(15,20,22) Ac-Q "GALQKQ VGALQKE VGALEKE VGALQKQ VGALQK-CONH,

Glay(15,20)N Ac-Q "GALQKQ VGALQKX VGALXKQ NGALQKQ VGALQK-CONH, E

X = Gla

Table 4 Three-stranded coiled coil sequences designed by Kashiwada
and Ashkenazy

Name Peptide sequence Ref.

efg abcdefg abcdefg abcdefg abcdefg

Pepl YGG EEK IAAIEKK IAAIEEK IAAIEKK IAAIEEK GGY 9%
Pep3 YGG EEK IAAIEKK IAAAEEK XAAIEKK IAAIEEK GGY
X = Gla

abcdefg abcdefg abcdefg abcdefg

HPO-1 HPO-B-A IKQIEDK IEEILSK IYSIENE IARIKKL 97
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used as a starting point a de novo a-helical peptide made of the
repetition of 5 heptads (35 amino acids, Table 3). The for-
mation of a disulphide bridge ensured the obtention of a
parallel 2SCC (Fig. 6). The native sequence was modified to
include two (E,) or three (E;) Glu residues in e or g positions to
form two Ln**-binding sites per coiled coil.”* The stability of
the apo-peptides in their oxidized form was quantitatively
investigated by urea denaturation followed by circular dichro-
ism (Fig. 7). The destabilisation induced by the mutation of Gln
to Glu was the greatest for the E,(15,20), construct, in which
Glu in positions 15 and 20 generates the highest interchain
repulsion. The introduction of a third Glu residue in the
sequence (E;(13,15,20) and E;(15,20,22)) further destabilised
the coiled coil.

A stabilising effect of La®*" on peptide unfolding was noted
for E,(15,20) and E; constructs, in which the Glu residues are well
positioned to bind La®" at the interhelical interface, the resulting
interhelical bridges being responsible for the stability enhance-
ment. The higher stabilisation measured for the E; sites may also
indicate that the third Glu could participate in binding.

In addition, the authors evaluated the stability of the
reduced peptides. These were less stable than their oxidised
counterparts, highlighting the importance of the disulphide
bridge for the stability of the scaffold. The addition of LaCl;
resulted in an important stabilisation, which was attributed not
only to La**-binding but also to a La**-driven dimerization.
Hence, the most stable Ln**-binding constructs were achieved
thanks to the presence of a disulphide bridge to form exclu-
sively a 2SCC, and to Ln*"-binding residues at the helical
interface.

In a following work, Hodges and co-workers turned to
y-carboxyglutamic acid (Gla, Fig. 6), with two carboxylate func-
tions, in order to (i) enhance the Ln**-affinity of the coiled coil
thanks to the higher denticity of Gla vs. Glu, and (ii) design a
system that folds upon metal-binding as the higher electrostatic

I Peptide
N [+ 50 mM LaCl,
5
5]
B
©
Q34
A

’ N Ex(13,22)  E»(20,22) Ex(1522) E4(13,15,20) E4(15,20,22)
Fig. 7 Urea denaturation of 2SCC at pH 7 followed by circular
dichroism.®* Peptide sequences are given in Table 3. Experiments per-
formed at 20 °C in 50 mM TRIS, 100 mM KCl|, [pep] = 70-140 uM, without
or with 50 mM LaCls. [urealy/, corresponds to the concentration at which
50% of the peptide is unfolded.

This journal is © The Royal Society of Chemistry 2025
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repulsion induced by Gla was expected to lead an unfolded apo-
peptide.”” In order to further destabilise the apo-peptides, they
mutated a Val residue (V) in position 23 by an Asn (N) (Table 3).
The resulting peptide in its oxidised form, Gla,(15,20)N, was
fully unfolded at 20 °C pH 7. The peptide folded upon the
addition of 0.5 mM LacCl;, the amount of coiled coil formation
increasing from ~ 3 to 100% to match the one of the native Asn.

Three-stranded coiled coils (3SCC). A few years later, Kashi-
wada and coworkers used the same Gla residue for Ln’**-
binding, but inserted it in a three-stranded coiled coil (3SCC)
scaffold.’® In their design, the Gla residue was placed in an a
layer of Pep1 (Table 4) so that the Ln**-binding site would be
buried in the hydrophobic core rather than placed at the helical
interface. Due to the insertion of the Gla residue in the
sequences, the resulting peptide Pep3 was unfolded at 20 °C,
pH 7. Circular dichroism experiments showed that the addition
of 1 equivalent of Ln*" (Ce*", Eu**, Tb®") per trimer drove the
assembly and folding of the coiled coil.

Ashkenazy and coworkers investigated an alternative strat-
egy, by placing the Ln**-binding site at the N-terminal of the
3SCC (Fig. 8 and Table 4), which has the advantage of not
perturbing the folding and assembly of 3SCC.°” They coupled a
hydroxyphenol oxazoline moiety (HPO) to the peptide through a
triazole linker. HPO acted both as a chelating moiety and as a
sensitizing antenna.

The group of Peacock contributed to the design of Ln*'-
binding 3SCCs and provided a detailed understanding of the
influence of Ln**-binding site position, Ln**-binding residues,
second sphere effects, and scaffold size on Ln*'-affinity, selec-
tivity, and hydration number (Table 5).°7'°>'%* They also
reported the design of a heterobimetallic 3SCC bearing an
Ln*"-binding site and a Hg-binding site.””

The first peptide designed by the Peacock group, MB1-2, was
a parallel 3SCC made of the repetition of 5 heptads and with an
(Asn);(Asp); metal binding site with Asn residues in a d layer,
and Asp residues in the following a layer (Table 5).°® The
peptide also contains Trp residues to sensitize Tb** emission
(see 6.1 Luminescent tags and probes).

The positioning of the Ln*"-binding site within the hydro-
phobic core of the 3SCC destabilised the peptide, which was
unfolded in the apo-state but assembled and folded upon Ln**-
binding (Fig. 9). The hydrophobic environment and the ade-
quate coordination sphere ((Asn)s;(Asp)s) provided a suitable
CN to the Ln*" ion, preventing water from binding directly to
the metal ion (g = 0).

Building on this work, the group of Peacock investigated
how the position of the binding site in the 3SCC scaffold and
the type of binding site ((Asn)s;(Asp)s vs. (Asp)s) would impact
Ln** coordination and hydration number.’® With this aim, they
extended the MB1 series containing an (Asn)s;(Asp); binding
site with peptides MB1-1, MB1-3 and MB1-4, and designed the
CS1 series containing an (Asp); binding site with peptides CS1-
1, CS1-2 and CS1-4 (Table 5). In the MB1 series, the position of
the metal-binding site impacted differently the stability of the
apo-peptides (Fig. 9). Whereas positioning the metal-binding

This journal is © The Royal Society of Chemistry 2025
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Three-stranded coiled coils (3SCC)

A. Side view B. Top view
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Fig. 8 Three-stranded coiled coils scaffolds: (A) side view, (B) top view,
(C) Ln-binding site placed at the N-terminal with a hydroxyphenol oxazo-
line (HPO) ligand, (D) Ln-binding site in the hydrophobic core (a and d
positions). In (B) stabilising non-covalent interactions responsible for the
folding and assembly of coiled coils are highlighted.

Table 5 Three-stranded coiled coil sequences designed by Peacock and
coworkers

Name Peptide sequence q Ref.
abcdefg abcdefg abcdefg abcdefg abcdefg 3 | 99100

MB1-1 Ac-G IAANEWK DAAIEQK IAAIEQK IAAIEQK IAAIEQK G-CONH,

MB1-2 Ac-G IAAIEQK IAANEWK DAAIEQK IAAIEQK IAAIEQK G-CONH; 0 98,99

MB1-3 Ac-G IAAIEQK IAAIEQK IAANEWK DAAIEQK IAAIEQK G-CONH, 0 99

MB1-4 Ac-G IAAIEQK IAAIEQK IAAIEQK IAANEWK DAAIEQK G-CONH, 2 9

MB1-1(24) Ac-G AAANEWK DAATEQK IAAIEQK IAAIEQK IAAIEQK G-CONH, 3 |

MB1-1(2F) Ac-G FAANEWK DAAIEQK IAAIEQK IAAIEQK IAAIEQK G-CONH: 2

MB1-1(2W) Ac-G WAANEWK DAATEQK IAAIEQK IAATEQK IAAIEQK G-CONH; 0

MB1-1(2Y) Ac-G YAANEWK DAATEQK IAAIEQK IAAIEQK IAAIEQK G-CONH, 1

MB1-4(37W) Ac-G IAAIEQK IAAIEQK IAAIEQK IAANEQK DAAIEQK WG-CONH: 0

MB1-1S Ac-G IAANEWK DAAIEQK IAAIEQK IAAIEQK G-CONH, nd | 102

MB1-1L Ac-G IAANEWK DAAIEQK IAAIEQK IAAIEQK IAAIEQK IAAIEQK G-CONH; 4

Cs1-1 Ac-G IAAIEWK DAAIEQK IAAIEQK IAAIEQK IAAIEQK G-CONH 4 99

Cs1-2 Ac-G IAAIEQK IAAIEWK DAAIEQK IAAIEQK IAAIEQK G-CONH; nd

CS1-4 Ac-G IAAIEQK IAAIEQK IAAIEQK IAAIEWK DAAIEQK G-CONH, nd

HC02 Ac-E WEAIEKK IAANESK DQAIEKK IQAIEKK IEAIEHG-CONH 0 101

Chem. Soc. Rev., 2025, 54, 9245-9288 | 9253
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Fig. 9 Comparison of the percentage of folding of 35CC.%%1%? peptide
sequences are given in Table 5. Experiments were performed in 5 mM
HEPES, pH 7, 293 K, [pep] = 30 pM, without or with 10 uM GdClz. The
[9] 222nm [9] coil

P2220m ™~ Dleoil o 9,
(Olmax =[Ot

with [0]220nm the molar ellipticity at 222 nm, [0].o; the molar ellipticity for a

percentage folding was calculated based on: %goiged =

random coil, and [0],,,,= —42 500 x <1 - (%)) the theoretical maximum

molar ellipticity, where n is the number of residues in the sequence.'®

site in the middle of the scaffold destabilized the apo-peptides
(21% and 15% folded for MB1-2 and MBI1-3, respectively),
positioning at the C-terminal was better tolerated (55% folded),
and when placed close to the N-terminal the apo-peptide
seemed almost unaffected (80% folded). For the CS1 series,
in which there is no top (Asn); layer, the apo-peptides were
always more stable than their MB1 analogues (Fig. 9). As was
previously observed for MB1-2,°® Gd*" stabilised the 3SCC
assembly and led to the formation of 1:3 Ln*':peptide
complex. However, the authors noted that for CS1-2 and CS1-
4, there was only a small improvement of folding upon Tbh*'-
binding compared to their MB analogues (Fig. 9), and only a
small increase in Tb*'-emission which suggested that these
peptides may bind Tb*>" through non-specific interactions.
Depending on the position of the binding site, the number
of Tb**-bound water molecules varied from 4 (CS1-1) and 3
(MB1-1) for the more solvent-exposed sites at the N-terminal, to
2 (MB1-4) for the site at the C-terminal, to 0 (MB1-2 and MB1-3)
for sites more buried into the scaffold (Table 5). These results
demonstrated that it is possible to control the number of Ln*'-
bound water molecules by controlling the position of the metal
binding site in the 3SCC. The more solvent-exposed sites at the
N- and C-termini had the higher hydration number, which
suggested a change in Asp coordination mode (monodentate vs.
bidentate) or that not all Asp and Asn were involved in Ln*'-
coordination. On the other hand, the sites that were more
buried within the hydrophobic core of the 3SCC were shielded
from the solvent. This is consistent with the (Asn)s;(Asp)s; site
fulfilling the preference of Ln*" for a high coordination num-
ber. The recent publication of the crystal structure of HC02
(PDB 7P3H), a 3SCC similar to MB1-2, confirmed that Tb*" is
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nona-coordinated by three Asn (monodentate) and three Asp
(bidentate) as shown in Fig. 8.

In later works, Peacock and coworkers investigated both the
effect of the peptide length on the overall stability of the
assembly'®® and of second-sphere effects on the hydration
number (Table 5).'°® Whereas the shorter MB1-1S was too
destabilised to bind GdCl;, there was no marked difference in
peptide folding or hydration number between MB1-1 and the
longer MB1-1L (Fig. 9), and only a qualitative enhancement of
stability for MB1-1L compared to MB1-1. One explanation
proposed was that the binding site is too far (4-5 nm) from
the sixth heptad to detect any positive effect on folding, Ln**
affinity and hydration number.

In order to investigate 2" sphere effects on the hydration
number, core Ile (I) residues placed in the a layer above the
metal-binding site of MB1-1 were mutated to Ala (A), Phe (F),
Tyr (Y) or Trp (W) (MB1-1(2X) series, Table 5). Tuning of the
steric hindrance provided control of the hydration number of
Tb*" that varied from g = 3 (MB1-1, MB1-1(2A)), to 2 (MB1-
1(2F)), to 1 (MB1-1(2Y)), to 0 (MB1-1(2W)). This strategy was
also successfully applied at the C-terminal for MB1-4 site,
which was mutated to MB1-4(37W) in order to shield Tb** from
the solvent, which decreased the hydration number from 2 to 0.

The results obtained by Peacock and coworkers highlight
that with the same set of coordinating AAs, the number of Ln**-
bound water molecules can be controlled either by controlling
the position of the Ln**-binding site within the scaffold or by
tuning second sphere residues thanks to steric effects. The
replacement of core amino acids by Ln**-binding residues
resulted in the destabilisation of peptide folding and assembly
that depended on the position of the site within the scaffold
and could be in part compensated for by Ln**-binding.

2.4.2 Ln fingers. A seminal work by Zondlo and coworkers
described the rational design of lanthanide fingers (LF, Fig. 10
and Table 6)."% Their goal was to obtain a peptide that adopts
the same fold as the naturally occurring zinc fingers, whose
structure is constituted of an a-helix placed above a B-hairpin.

The (His),(Cys), Zn>*-binding site of Zn-fingers was replaced
by an (Asp),(Glu), binding site, more suited for Ln**-binding.
The LF scaffold was redesigned to favour the formation of
secondary structures, leading to LF1. Modifications included
notably the use of a-helix or B-sheet inducer amino acids and of

Ln-fingers
Designed from Zn-finger motifs
)

Model from PDB 1ZAA

Fig. 10 Lanthanide fingers. A model of the hypothetic structure and
binding site of Ln-fingers was generated from a closely related zinc finger
structure (PDB 1ZAA) using Pymol. Zn is represented as a grey sphere.

This journal is © The Royal Society of Chemistry 2025
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Table 6 Ln fingers sequences designed by Zondlo and coworkers. PP =
p-proline

Name | Peptide sequence
B-hairpin a-helix

LF1 AYTDPPSDTKTFSQSSALAKELKAEAG
LF2 AYTDPPSDTKTFSTPEQLAKELKAEAG
LF3 AYTD’PSDTKTFSTPEQLAKELLQEHGI
LF4 AYTDPPSD__ TFSTPEQLAKELLQEHGI
LF5 AYTD TID__TFSTPEQLAKELLQEHGI
LF6 AYTD TID__TWSTPEQLAKELLQEHGI
LF7 AYTDPPSN _ TFSTPEQLAKELLQEHGI

a type II' B-turn (PPro-Ser) to favour the formation of the B-
hairpin. The addition of an N-cap (LF2) and a C-cap (LF3),
which are motifs favouring the formation of o-helices,"*"%®
improved the folding. The extent of stabilisation of peptides
fold following these modifications was qualitatively assessed by
comparing CD spectra obtained for apo-peptides. The influence
of the size of the binding site on Ln**-binding was investigated
by opening up the site thanks to the deletion of two AAs in the
sequence (LF4), as well as the type of Ln**-coordinating resi-
dues (LF7). Genetically encodable LFs were designed by repla-
cing the type II' B-turn (PPro-Ser) with Thr-Ile (LF5 and LF6).

A detailed NMR analysis of LF4 without and with Lu’**
showed rearrangements throughout the peptide upon Lu®*'-
binding, which suggested that, as for Zn-fingers, Ln-fingers
fold upon metal binding. For all the sequences, Ln** binding
improved the folding of the peptides and the data obtained
were consistent with a 1:1 peptide:Ln*" ratio. Hydration
numbers were not determined, but H,O molecules are likely
to participate in Ln*" coordination sphere in addition to the
Ln**-binding AAs.

2.5 Other Ln-binding protein scaffolds

2.5.1 Naturally occurring proteins

Ln-ADH. The discovery of Ln-utilizing bacteria has sparked a
great interest in the identification of the lanthanome.’** The
first Ln-binding protein discovered in the 2010s was an enzyme:
a pyrroloquinoline quinone (PQQ)-dependent methanol dehy-
drogenases (MDH) encoded by the gene xoxF, whose active site
also contains an Ln>" taking part in the catalysis.*” A char-
acteristic of this enzyme is that it is directly involved in the
metabolism of the organisms that produce it, mostly methylo-
trophic bacteria, which are hence the sole organisms known so
far for which Ln®" can be essential elements.’ Following this
discovery, several Ln-MDH were isolated and their crystal
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structures were reported with either La*","**'"® ce*",” N@**,'"!
or Eu*" "% in the active site (Fig. 11). In addition, the family of
Ln-dependent enzymes was extended to ethanol dehydrogenases
(EDH) following the identification of ExaF'* and PedH'* in
methylotrophs and non-methylotrophs.® The crystal structure
obtained for a Pr**-EDH showed that the active site of this enzyme
shared a lot of similarities with the one of Ln-MDH, including
conserved residues involved in Ln*"- and PQQ-binding."*® Due to
these similarities, Ln-MDH and Ln-EDH are often grouped under
the term Ln-alcohol dehydrogenases (Ln-ADH).

The active site of Ln-ADH is closely related to other PQQ-
dependent alcohol dehydrogenases, whose active site contains
a Ca*" ion, but which are encoded by different genes (mxaF for
Ca-MDH, exaA and pedE for Ca-EDH).° The main difference
between the active sites of Ca- and Ln-ADH is the presence of an
additional Asp residue in the Ln*" coordination sphere. Crystal
structures showed that in Ln-ADH, the Ln*" jon is nona-
coordinated by two Asp (one monodentate, one bidentate), a
Glu (bidentate), an Asn (monodentate), and the PQQ cofactor
(tridentate), as shown in Fig. 11. For some structures, an
additional ligand (PEG,” MeOH''") is also found coordinated
to the Ln*", which suggests that there is a free site for substrate
coordination to the metal ion, giving a total coordination
number of 10.

It is not clear how the mature Ln-ADHs are formed, espe-
cially how they acquire their two cofactors, PQQ and Ln**, and
how these impact the stability of the scaffold. Based on the
obtention of crystal structures with only Ln*" (and not PQQ) in
the active site,"*** it has been proposed that Ln*" could be
loaded independently of PQQ. However, it is also possible that
PQQ leaks out of the enzyme pocket during the crystallization

Ln-alcohol dehydrogenases

& PDB 706Z (Nd**)

Fig. 11 Ln-ADH structure and active site. Zoom on the active site and Ln-
coordination sphere of crystals obtained with the PQQ cofactor (blue) in
the active site (left) and without it (right). In addition to Ln-binding AAs and
PQQ, a methanol molecule is also bound to Nd**.
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steps. The comparison of the holo-MDH (with Ln and PQQ) and
Ln-only-MDH (no PQQ) shows nearly identical structures
(Fig. 11)."'%*! Ln is coordinated by the same residues in both
cases. Residues in interaction with PQQ show minimal rear-
rangement in the holo-MDH relative to the Ln-only MDH,
which suggests that the MDH active site may be predisposed
for PQQ binding.

On the other hand, ADH enzymes can also be obtained with
PQQ-only in their active site. Indeed, several papers report on
the purification of Ln-ADH with 0.4 to 1 equivalent of Ln per
protein,®7 109131718 Moreover, Daumann and coworkers
demonstrated that upon incubation of partially metallated
MDH with Ln** the activity of the enzyme could be improved,
which suggests the in situ reconstitution of a functional enzyme
in which PQQ was already present."'*''® Martinez-Gomez and
coworkers also observed the partial metallation of a Nd-MDH,
without change in the PQQ content of the enzyme.'"” However,
with their conditions, the reconstitution of a holo-enzyme by
incubation with Nd** was unsuccessful.

Working on a parent enzyme, the PQQ- and Ca**-dependent
soluble glucose dehydrogenase (SGDH), Stines-Chaumeil,
Limoges and coworkers demonstrated that reconstitution of
the holo-enzyme could follow either a path where PQQ is added
first to the active site or one where Ca®" is bound first."”® Their
results evidenced that the kinetic of reconstitution depended
on the order of addition of the two cofactors. The reconstitution
was fast when the protein was metallated with Ca®* before the
binding of PQQ, and slow if PQQ binding happened first.
Although little is known about the mechanism and kinetics
of Ln-ADH reconstitution, the two reconstitution paths
proposed for sGDH could also be considered for Ln-ADH.

The data on Ln-ADH stability are scarce. Some data show
that Ln-MDHs are sensitive to temperature and denature at
temperatures higher than 50 °C."*""*'*> However, the exact value
at which denaturation occurs may be influenced, among other
factors, by the organism Ln-MDH is purified from, as the
enzyme obtained from the extremophile M. fumariolicum Solv
has an optimum temperature for catalytic activity at 60 °C.” In
addition, the thermal stability of Ln-MDH could be Ln-sensi-
tive, as suggested by Nakagawa and coworkers who compared
the thermal stability of a La- and a Nd-MDH and found that the
latter denatured at lower temperatures although it is not clear
what could cause such a difference."*®

Lanpepsy (LanP). Following the discovery of ADH, other Ln**-
binding proteins were identified: lanmodulins (LanM, see
above), lanpepsy (LanP), and landiscernin (LanD also referred
to as LutD, see below).””" LanP is composed of two PepSY
domain.”* Studies on deletion strains suggested that LanP
function is not directly linked to Ln** sensing or uptake. The 3D
structure predicted by AlphaFold suggested that the folded
protein forms a cavity with several negatively charged residues.
Competitive titration experiments determined that LanP could
bind up to 3-4 Ln®" ions, which was confirmed by ICP-MS,
although a higher number of sites was determined by ITC
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titration (~6). The exact binding sites and coordination envir-
onments of Ln*" in LanP still need to be uncovered.

Landiscernin (LanD). A role for LanD in the acquisition of
Ln** ions was first suggested in 2019.">*"** Following these
preliminary works, the protein was isolated and crystallized by
Cotruvo and coworkers.'®® It forms a three-helix bundle stabi-
lised by a disulphide bridge and hydrophobic interactions at its
core. Several negatively charged residues are found at its sur-
face, close to the N-terminal. Crystal structures obtained with
0.5 equivalents of Ln*" (La, Ce, Eu, and Ho) per protein showed
the formation of a Ln*"-binding site at the interface between
two proteins made of three Glu residues from each protein
(Glu70, Glu73, Glu75), which except for this coordination site
do not interact with each other (Fig. 12). Interestingly, as
the Ln*" ionic radius decreases, the coordination number
decreases from 9 (La**, Ce®*) to 8 (Eu®", Ho®"), due to the loss
of a Ln**-bound water molecule for the latter (Fig. 12).

In solution, the protein was shown to be monomeric in the
apo-state with a dissociation constant for the dimer of Kgjmer =
610 uM but was differently influenced by metal ions. Whereas
La®", Ce*" and Nd*" seemed to favour the dimerization of the
protein (Kgimer = 117, 200 and 253 uM, respectively), this was
not the case with Eu** and Ho*" (Kgimer = 1400 and 700 pM,
respectively). Based on the crystal structures obtained, the
authors proposed that as the ionic radius of the metal ion
decreases, electrostatic repulsions due to the presence of

Landiscernin (LanD)

Overlay of Ln®*-LanD structures

PDB 9C8Y (Ce®*)
La (9C8X), Ce, Eu (9C8Z), Ho (9C90)
0: La- and e: Ce-bound water molecule

Fig. 12 Landiscernin (LanD) structure and active site. Zoom on the Ln**
coordination sphere (left). Overlay of Ln®*—LanD structures (Ln®* = La, Ce,
Eu, Ho) was generated with Pymol (right). A Ln**-bound water molecule is
only present in the structure of La®*—LanD and Ce®**-LanD. Two gluta-
mate residues adopt different orientations in the crystal structures and
their rotamers are represented. They do not participate in Ln**-binding but
are important for dimer formation.
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negative charges on the surface of the proteins increase and
disfavour the dimerization.

2.5.2 Proteins designed/engineered for Ln-binding

PqqT. The discovery of Ln-utilising bacteria has also inspired
the field of artificial enzyme design, with two lead examples
recently published. Olshansky and coworkers aimed at design-
ing a Ln-ADH mimic, which could serve as a model to study the
mechanism of the enzymes.>* Analysis of the X-ray structure of
PqqT, a PQQ-binding protein, showed that several residues
near PQQ may be predisposed for Ln-binding, including
Gluy11, Aspis; and Asng,s (Fig. 13). In addition, a lysine
(Lys142) interacts through electrostatic interactions with PQQ
with its side chain positioned in the PQQ pocket where Ln**
binds. Mutation of Lys,4, (Ky42) to an Asp afforded the mutant
PqqT-K;4,D that binds 1 PQQ (model structure in Fig. 13) and 1
Ln*" ion. In the engineered active site, PQQ was required for the
binding of La*" and hence participated in its coordination
sphere. In addition to Asp4,, other residues (Gluii1, ASpisq,
Asny,3) may also participate in Ln-binding, which still needs to
be confirmed. The mutant containing La*" and PQQ, noted
La**-PQQcPqqT-K,,,D, was able to oxidize benzyl alcohol
under aqueous conditions (see 6.4 Catalysis).

TIM barrel. The second example of an Ln artificial enzyme
came from Zeymer and coworkers. Starting from a computation-
ally designed de novo TIM batrrel scaffold,'?® they aimed to design
an enzyme for Ce*" photoredox catalysis (see 6.4 Catalysis)."

The initial scaffold was designed by combining a TIM
domain made of eight parallel B-strands surrounded by eight
o-helices, and a ferredoxin (FD) insert domain, either with a
(His),(Glu), or with a (Glu), binding site.'*® The stability of the
scaffolds with these two binding sites was assessed by thermal

Ln-PqqT-K142D

Model from PDB 9B1U

Fig. 13 Ln-PgqT-Ky4:D mutant bound to PQQ and its possible Ln®*-
binding site (zoom). Model structure was generated from the crystal-
lographic structure of PQQ-bound PgqT (PDB 9B1U) using the mutagen-
esis tool in PyMOL.
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TIM barrel

PDB 62ZV9 (Tb*)

Fig. 14 TIM barrel structure and active site. Zoom on Ln-coordination
sphere showing the presence of a Ln**-bound water molecule.

and chemical denaturation. The two scaffolds showed a high
stability with temperature (T, > 95 °C), and unfolded in two
steps with increasing concentration of guanidinium chloride,
each event corresponding to the unfolding of one domain (TIM
and FD). X-ray structure of the apo-protein scaffold showed a
pre-disposed (Glu), binding site. The hydration number of Tb**
was determined using a third mutant with a Trp for Tb*"
sensitisation. In this mutant, Tb** was bound by one water
molecule. X-ray structure showed a CN = 9 for Tb*", with the
four Glu acting as bidentate ligands (Fig. 14).

2.5.3 Ln-binding to other metalloproteins for specific
applications. Investigation of Ln-binding was also conducted
with other metalloproteins (RTX, PTE-R18) to exploit these
scaffolds for specific applications.

RTX. RTX corresponds to the block V of the repeats-in-toxins
(RTX) domain of adenylate cyclase.”>”"* It is a Ca®>"-binding
protein that can bind up to eight Ca®" ions. In the apo-state, the
protein is intrinsically disordered and folds upon metal bind-
ing. The folded protein adopts a parallel B-helix structure. Ca**-
binding sites are located between turns of successive layers and
are composed of one Asp residue and other donor atoms from
the main chain to provide CN = 7. Recently, the capacity of RTX
to bind Ln*" was investigated more thoroughly for potential
applications in Ln*" recycling (see 6.3 Ln recovery and
separation).’”® Circular dichroism experiments demonstrated
that Ln>* induced the folding of the protein. However, it also
suggested that the protein might adopt a different structure
relative to the Ca®>*-induced folding, and the exact Ln-coordina-
tion sphere in this protein is still unknown.

PTE-R18. PTE-R18 is a mutant from a Zn**-dependent phos-
photriesterase enzyme (PTE) designed for the hydrolysis of
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2-naphthyl hexanoate. Jackson and coworkers investigated the
use of this scaffold for Ln**-binding to design an Ln-enzyme
and exploit the Lewis acid properties of Ln*" (see Catalysis).”!
Crystal structures obtained by co-incubation of the apo-protein
and Ln** (Eu, Gd) showed the positioning of the Ln*" ion in the
Zn>"-binding site coordinated by two His, one Asp (bidentate), a
water molecule and a chloride ion (CN = 6). This low CN is
surprising given the preference of Ln** for a higher coordina-
tion number, and could explain the low occupancy (~20%) of
the metal-site by Ln*".

2.6 Discussion and guidelines

A large variety of scaffolds were reported for Ln**-binding,
which range from peptide sequences of a few AAs to proteins,
that either fold upon metal-binding or that are pre-folded. For
unfolded scaffolds or pre-folded scaffolds of intermediate size,
additional stabilising interactions beyond the binding site are
required to obtain a stable assembly, which in turn may
improve Ln affinity (see Thermodynamic stability). In particu-
lar, the design of pre-folded scaffolds with a predisposed Ln*'-
binding site using short or intermediate-size peptides requires
finding a balance between the stability of the structure, which
relies mostly on hydrophobic interactions, and the introduc-
tion of metal-binding residues that can destabilise the scaffold.
With this aim, two strategies were employed, sometimes in
combination: (i) to put the metal binding site at a position that
ensures a minimal perturbation of the scaffold (e.g. on the
surface vs. inside the hydrophobic core of coiled coils, or at
different positions within the hydrophobic core of coiled coils);
(i) to select amino acids known for their propensity to favour
the formation of specific secondary structures. Overall, only a
few studies investigated in detail the stability of their con-
structs and the impact of Ln**-binding site incorporation and
Ln** binding. These data could be helpful to guide the optimi-
sation of scaffolds and validate the strategies followed.

All Ln** coordination sites reported meet Ln" preference for
a high coordination number (CN 8-10) and hard Lewis bases.
This includes either natural (Asp, Glu, Gla) or unnatural (Ada,,
Ed3a,) negatively charged AAs and other AAs with O-donor
atoms either in their side chains (Asn, GIn) or main chain
(carbonyl of peptide bond). When such high CN cannot be
achieved solely by the peptide or protein residues, water
molecules are found coordinated to Ln*".

Control over the hydration number is important for applica-
tions in imaging (see 6. Applications). A few general principles
can be drawn upon the analysis of the CN and g of EF-hand
motifs with distinct amino acid patterns (identity and position
of residues 1, 3, 5, 9 and 12), which constitute the larger
database on this topic. First, in EF-hand the presence of Glug
(rather than Aspy) warrants a coordination sphere devoid of
water molecules (g = 0), which, as mentioned above, can be
sought to optimize luminescent emission (see 6.1 Luminescent
tags and probes). Instead, Asp, is never directly involved in
Ln*"-binding, but instead hydrogen-bonded to an Ln**-bound
water molecule. Furthermore, higher CN (9-10) are observed in
LanM, which are proteins evolved by Nature to bind Ln*" in
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physiological conditions, relative to Ca*'-binding proteins or
engineered LBTs (CN = 7-8). This does not stem merely from a
change in the pattern of coordinating amino acids, but rather
from second-sphere factors including a fine-tuning of back-
bone conformation and orientation of amino acid side chains.
From the analysis of the data obtained with non-EF-hand
scaffolds, two additional general principles can be underlined.
First, the denticity of Ln-binding residues impacts g, as is seen
with short peptides (e.g. Ada, vs. Ed3a,) and coiled coils (e.g.
Glu vs. Gla). Second, the environment in which the Ln-binding
site is placed participates in the tuning of g, as evidenced in
3SCC, for which Ln*'-hydration state depends on the position
of Ln**-binding site in different regions (e.g. the more solvent-
exposed termini vs. the buried hydrophobic core of the coiled
coils), and on second-sphere effects (e.g. tuning of steric
hindrance of second sphere residues). Thus, to summarize,
control over the hydration number can be achieved by tuning
three key parameters: (i) the denticity of Ln-binding residues
and the length of their side chain; (ii) the position of the
binding site in the scaffold; and (iii) the steric hindrance of
second sphere residues. In addition, works on EF-hand motifs
underline the influence of a fourth key parameter, more
difficult to control, which is the spatial positioning of AAs side
chains that allows AAs to bind in a mono- or bi-dentate fashion,
and so participate in the fine-tuning of Ln** hydration number.

3. Thermodynamic stability
3.1 Generalities

3.1.1 Stability constants. The thermodynamic stability, or
affinity, of metal-ligand complexes ML, can be expressed by the
overall stability constant f3,, which is the product of stepwise
stability constants K,, (eqn (3)):

ﬁn:Kle...Kn:% (3)
The measurement of such a pH-independent formation con-
stant is accessible through, for instance, potentiometric mea-
surements of both apo-ligand and metal-ligand complex pK,s,
which represent the most accurate method to determine metal-
binding affinities. However, for practical reasons (e.g. poor
stability over a wide pH range and a large number of protonable
sites), potentiometric titrations can be rarely performed on long
peptides and proteins. Moreover, K and f values have poor
significance under biological conditions, as they correspond to
the affinity of a fully deprotonated ligand (i.e. at very high pH).

Nevertheless, conditional stability constants, °K, at a given
pH can be derived from the stability constant K taking into
account the protonation constants (K, ,) of the ligand (eqn (4)).

K
<1 + Ka,l [H+] + Ka,lKa‘Z[HJr]z"‘ . Ka,lKa,ZKu,n [H+])1>
(4)

Conditional stability constants can be also determined through
either direct metal-ligand titrations or competition experiments

CK:
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using a second chelator of known affinity in the conditions
used.®>**! In this case, an apparent stability constant, K,pp, is
measured in the presence of the competitor in a given buffer,
from which °K can be derived by taking into account the
concentrations (C) and the conditional stability constants of
the competitor (comp) and the buffer (eqn (5)).

CI( = Kapp(l + CI(compccomp + CKbuffeeruffer) (5)

The stability constants of peptide and protein scaffolds for Ln**
ions found in the literature and reported in this review have not
been corrected for the buffer contribution, and hence they are
apparent (K,pp). This is also due to the lack of reliable stability
constants for Ln**-buffer systems (see Section 3.1.2). In addi-
tion, it is noteworthy that the buffer concentration has a
considerable impact on the K,p, of the complex under investi-
gation: for instance, based on eqn (5), in the presence of a
buffer with Kpugrer = 10°, the Kpp Will be ~10-fold or ~100-fold
lower than °K when the buffer concentration is 10 or 100 mM,
respectively.

Another important point to keep in mind is that when
working with peptides and proteins, the techniques used to
determine the apparent stability constant can monitor the
metal binding and/or the induced folding of the scaffold. For
instance, CD (circular dichroism) can only inform indirectly on
metal binding, since this technique measures metal-induced
changes in the scaffold folding. Variations of chemical shifts in
NMR spectroscopy are due to both metal-binding and subse-
quent conformational changes; similarly, ITC (isothermal titra-
tion calorimetry) measures the heat exchanged for all events
happening during the titration, including conformational
changes and metal-binding. To some extent, luminescence
titration is also dependent on folding and metal binding.
Ln**-luminescence increases upon Ln*'-binding due to the
substitution of water molecules. Thus, in general, Ln**~lumi-
nescence is also sensitive to induced local folding events (i.e.
the formation of the binding site), but not to conformational
changes that are more distant.

It is important to underscore that K,p, values should be
compared only if they were determined in the same conditions
(metal and ligand concentration, buffer, pH, etc.) and through
the same technique, and refers to complexes with the same
metal-ligand stoichiometry. For a more accurate comparison of
complexes with different metal-ligand stoichiometry or differ-
ent metal/ligand concentrations, the use of pM (eqn (6)) would
be recommended."*>'*

pM = —log[M] = log (CK[I\[/];I]:I,,]> (6)

In the following, the thermodynamic stability of different Ln>'-
binding peptide and protein scaffolds is discussed. The
reported apparent stability constants have been determined
with a variety of methods and conditions, preventing rigorous
comparisons but allowing discussion and speculation about
trends and binding mechanisms.

3.1.2 Ln*' coordination by pH buffers. As mentioned in the
former paragraph, knowledge of the stability constant of Ln**
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complexes with pH buffers would be beneficial to take their
contribution into account and derive buffer-independent bind-
ing constants. Only a few data are available in the literature on
the affinity of the most common buffer for Ln** (Table 7). Azab
and coworkers studied the thermodynamic stability and specia-
tion of Ln**-buffers systems using potentiometry."***¢ They
suggested the formation of 1:1, 1:2 Ln*'-buffer complexes as
well as [Ln(buffer)(OH),] species. The stability constants (log f)
reported for 1:1 Ln**-buffer complexes range between 3 and 4,
but contrasting and hence no reliable values have been
reported for the same Ln**-buffer system.

More recently, the interaction of some buffers with Eu*" was
investigated employing NMR and time-resolved laser-induced
fluorescence spectroscopy (TRLFS)."*” However, it is not clear
how the values found in this study were determined. Overall,
there is little agreement on the stability constants of Ln*'-
buffers systems, for which reliable values need to be deter-
mined. Notwithstanding, given the range of their stability
constants, buffers could compete with peptides and proteins
with low affinity for Ln®" ions. Therefore, the choice of the pH
buffer and its concentration should be considered carefully.

Furthermore, buffer molecules could replace loosely bound
water in the coordination sphere of Ln** complexes, leading to
the formation of ternary species, which has been investigated
only in a few cases. For instance, Delangle and coworkers
compared the number of Ln**-bound water molecules (hydra-
tion number, g) of a Tb**-cyclic decapeptide complex in HEPES
buffer (10 mM, pH 7) and in the absence of buffer at pH 6.5.*"
In both cases, they obtained similar Tb*" luminescence life-
times and hydration numbers (‘EHZO =1.65 ms, 7p o = 6.99 ms,
and g = 2.0 in HEPES buffer; 1y o = 1.68 ms, 1p,0 = 6.28 ms and
g = 1.9 in absence of buffer), suggesting the absence of buffer
molecules in the first coordination sphere of Tb>".

3.1.3 Ln** coordination by peptides and proteins. The
affinity of peptides and protein scaffolds for Ln*" ions spans
over a very wide range (log K,,, ~ 2-13; Fig. 15). Table 8 gives
some examples of log K,,,, for Tb*>" around neutral pH. Most of
the scaffolds, regardless of their origin (natural or artificial)
and size, have an affinity in the micro- to nanomolar range
(logKapp = 5-9). The highest affinity is exhibited by large

Table 7 Stability constant (log f) of 1:1 Ln**—buffers systems

Buffer
Ln®*  MOPSO  MES PIPES HEPES POPSO  MOPS
La* 3.34% 3.40°  n.d. 3.33¢ n.d. n.d.
ce** 3.31¢ 3.36° n.d. 3.40% n.d. n.d.
pr** 3.36% 3.39° 4.11° 3.44¢ n.d. n.d.
1.18° 4.26°
Eu®"  3.39¢ 3.38%7  4.22° 3.43% 3.28° 3.687
4.24° 427> 2.51° 3.04° 3.687
2,579 3.04¢ 3.4¢
Gd** 327 3.8” 3.57° n.d. n.d. n.d.
Dy*"  4.09° 419" 4.03° n.d. n.d. n.d.

@ Ref. 134.° Ref. 135.° Ref. 136. ¢ Values have been calculated by
correcting the log  reported in ref. 137 for the buffer pK,s (logf +
pK.): MES, 6.27; PIPES, 7.14; HEPES, 7.56; MOPS, 7.18."3%
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RTX PqqT
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Fig. 15 Affinity range of different Ln**-binding peptide and protein scaffolds around neutral pH (6—7.5). Colour code is based on the scaffold size (as in
Fig. 2). Abbreviations: nAA, natural amino acids; unAA, unnatural amino acids; CC, coiled coils; LBT: Ln-binding tag; HLH, helix-loop-helix.

Table 8 Apparent stability constants of different Tb®" complexes with
peptide and protein scaffolds

Scaffold (peptide/protein) log Kapp (TH™") Ref.
RTX 4.6% 129
Ln-fingers (LF4) 4.9 103
EF-hand (LBT1) 5.1° 139
3SCC (MB1-1) 5.37 99
HLH (P3W) 5.4° 80
Cyclic decapeptide (PA) 6.3 41
CaM (bovine, site I) 8.8% 82
LBT-protein conjugate (ILB1f-L3) 8.9" 65
LanM (Mex-LanM) 11.1' 63
unAA short peptides (P""?) 12.7 87
TIM barrel (TFD-EE N6W) 13.1% 126

“ Bis-Tris 20 mM pH 6, NaCl 25 mM. ® HEPES 10 mM pH 7.5, NaCl
10 mM. ° HEPES 10 mM pH 7, NaCl 100 mM. ¢ HEPES 10 mM pH 7.
¢ HEPES 10 mM pH 6.9.7 HEPES 10 mM pH 7. ¢ PIPES 25 mM pH 6.8,
KCI 100 mM. " HEPES 10 mM pH 7, NaCl 100 mM. * MOPS 30 mM pH
7.2, KCl 100 mM.’ HEPES 10 mM pH 7, NaCl 100 mM. ¥ HEPES 25 mM
pH 7.5, NaCl 100 mM.

scaffolds, such as the natural LanM®" and the de novo designed
TIM barrel protein (TFD-EE N6W),"*® and by short peptides (6
amino acids) featuring multidentate unnatural amino acids.*”
In the following paragraphs, several factors influencing the
affinity of each scaffold will be described and discussed.

3.2 EF-hand motifs

Thanks to the large variety of natural and engineered EF-hand
motifs, it is possible to evaluate the effect of several structural
factors influencing their affinity for Ln** ions.

3.2.1 Influence of the protein scaffold. All naturally-
occurring 12-residue EF-hand motifs isolated from their either
Ca®"- or Ln**-binding native protein scaffolds show similar
affinities in the high micromolar range (log K,p, & 5). Natural
Ca**-binding proteins and LBT-protein conjugates bind Ln**
ions with at best log K,,, ~ 8-9 at pH ~ 7. LanMs display the
highest affinity (log K,pp & 10-12 at pH ~ 7) among naturally-
occurring Ln**-binding scaffolds. The structural determinants
of such enhanced affinity are not clear. Based on the current
literature,®**"#3 it seems that it results from second-sphere

9260 | Chem. Soc. Rev., 2025, 54, 9245-9288

effects, including different loop backbone conformation and
hydrogen bonding networks that ensure an optimal orientation
of coordinating amino acids within the loop.

The loss of 5 orders of magnitude in Tb>" affinity when EF1-3
loops are isolated from their native Mex-LanM scaffold (Alog
K.pp & 5, see entries 1 and 2, Table 9) highlights the momen-
tous impact of a suitably folded, but not necessarily pre-
disposed (note the LanM is disordered in the apo-state) scaffold
on the affinity.

The important role of the core helical bundle in LanM has
been further underscored by the recent study of a Mex-LanM
fragment encompassing the highest-affinity and cooperative
EF2-3 domains devoid of flanking helices, which showed much
weaker affinity (logK,p, < 5) than the whole protein.'*
Besides, another recent study has explored the impact of
replacing EF-loops in CaM with those found in Mex-LanM.™*"
Interestingly, this chimaera (LanM-GCaMP) showed a weak
conformational response to Ln** (from the micro- to the
milli-molar range, depending on the Ln®"). Nevertheless, the
authors were able to obtain a modified CaM scaffold (Lan-
TERN) with a conformational transition similar to LanM (log
Kapp = 10.3 for La®") by introducing key mutations in CaM loops
that are considered responsible for enhanced Ln®" selectivity in
LanM (i.e. Pro, and Aspy, see Section 3.2). Altogether, this
evidence suggests that to further boost the Ln**-binding affinity
of EF-hand proteins, the loop sequence, including non-
coordinating amino acids, and the protein folding must be
optimised simultaneously.

3.2.2 Influence of primary sequence and post-translational
modifications. The primary sequences of LBT have been artifi-
cially evolved mainly to optimize Tb*" luminescence and affi-
nity. Hence, they represent an outstanding dataset to derive
structure-affinity relationships. In particular, the impact of
specific modification can be quantified by comparing structu-
rally analogous peptides (Table 9). For instance, the incorpora-
tion of hydrophobic amino acids (Phe, Tyr, Ile) at both N- and C-
terminal to constrain the loop contributes to almost 1 order of
magnitude of affinity (entries 4 vs. 3 in Table 9).”* A similar gain
in affinity (about 1.5 order of magnitude) was accomplished by

This journal is © The Royal Society of Chemistry 2025
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Table 9 Apparent stability constants of Tb>* complexes with distinct EF-hand motifs

Entry Sequence Peptide/Protein log Kapp Ref.
DPDKDGTIDLKE
DPDKDGTLDAKE
1 Isolated EF1-4 from Mex-LanM 5.12 143
DPDNDGTLDKKE
NPDNDGTIDARE
DPDKDGTIDLKE
2 DPDKDGTLDAKE LanM EF1-3 10.7° =
DPDNDGTLDKKE
3 GDYNADGWIEFEEL LBT precursor 5.1¢ 139
4 YIDTNNDGWIDGDELLA m-sSE3 (LBT) 594 60
5 YIDTDNDGWIDGDELLA g-sSE3 (LBT) 7.54 60
6 YIDTNNDGWIEGDELLA SSE3 (LBT) 7.4¢ 68
7 GDYNKDGWYEELEL LBT1 5l 139
8 ¢ (ACAGDYNKDGWYEELECAA) LBTC2 6.6¢ 139
9 ..YIDTNNDGWIEGDEL... ILB1B-S1 (LBT-protein) 8.1¢ 65
10 .YIDTNNDGWIEGDEL.. ILB1B-L3 (LBT-protein) 8.9¢ 65
11 ..DKDGDGTIDERE... P3W (HLH) 5.4¢ 2

2 MOPSO 10 mM pH 6.6, KCI 100 mM
 MOPS 30 mM pH 7.2, KCI 100 mM
¢HEPES 10 mM pH 7, NaCl 100 mM

4 HEPES 20 mM pH 7.5, NaCl 100 mM
¢ HEPES 10 mM pH 6.9

the cyclization of the EF-loop termini through the formation of
disulfide bonds between Cys suitably located upstream and
downstream of the loop (entries 8 vs. 7 in Table 9)."**'*?

Furthermore, as already mentioned for natural proteins, the
insertion of LBT within a protein scaffold increases the affinity
up to logK,p, = 8-9 (entries 8-9 in Table 9). Of note, the
rigidity of the regions flanking the loops is also crucial to
achieving such an enhancement of the affinity, which is not
accomplished, for instance, in the chimeric helix-loop-helix
domains (logK.p,, = 5-6) likely due to the high flexibility of
the flanking helices (entry 11 in Table 9).*

The pattern of coordinating amino acids in the EF loop also
influences the affinity. Notably, the affinity increases of more
than 1 order of magnitude (entries 5-6 vs. 4 in Table 9) when (i)
Asnj; is mutated to Asp (entries 5 vs. 4 in Table 9), likely due to
the more negative charge of Asp relative to Asn, and (ii) Asps is
replaced by Glu (entries 6 vs. 4 in Table 9), which serves as
bidentate ligands displacing the Ln*"-bound water hydrogen-
bonded to Asps.

In order to develop kinase/phosphatase- and nitration-
responsive probes (see 6.1.5 Probe design and selected

This journal is © The Royal Society of Chemistry 2025

applications), the group of Zondlo has also widely explored
EF-hand motifs featuring phosphorylated and nitrated amino
acids, including phosphotyrosine (pTyr), phosphoserine (pSer),
phosphothreonine (pThr) and 3-nitrotyrosine (nTyr). These
studies have shown that Glu, can be replaced by pSer, pTyr
and nTyr with minor impact (AlogK,,, < +1) of the EF-loop
affinity (entries 1-5 in Table 10)."**7'%® A similar effect was also
observed when Asp residues in positions 1, 3 or 5 were replaced
by Cys sulfinic acid (entries 7-9 in Table 10)."*” Remarkably, an
affinity gain of about 1 order of magnitude was reported when
Asp, was replaced by pThr (entry 6 in Table 10)."*® Interestingly,
a similar affinity gain was also observed for C-terminally
truncated 9-residues loops bearing pThr, or pSer, (entries 10—
12 in Table 10)."*® Unfortunately, the lack of structural studies
prevents a detailed description of the Ln*" coordination sphere
in these modified EF-hand motifs. Noteworthy, the impact of
phosphorylated or nitrated amino acids in natural EF-hand
proteins has not been investigated yet.

With respect to Ln** binding to phosphorylated peptides, it
is also worth pointing out that a micromolar affinity for Tb**
(log Kapp = 6.5 at pH 7) has been reported for a fragment of the

Chem. Soc. Rev., 2025, 54, 9245-9288 | 9261
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Table 10 Apparent stability constants of Tb>* complexes with different EF-hand motifs bearing modified amino acids (in red). pSer = phosphoserine;

pTyr = phosphotyrosine; nTyr = 3-nitrotyrosine; pThr = phosphothreonine

Entry Sequence Peptide/Protein Modified amino acid log K Ref.
1 DKNADGWIDAAEK EF-E12 n/a 412 daa
2 DKNADGWIDAASLK phospho-pKID-PKC pSerg 3.72 45
3 DKNADGYIDAAYK phospho-pKID-pTyri2 pTyrs 372 A
4 DKDADGWISPAYAK pNO2-Y(0PO3)12 pTyro 442 196
5 DKDADGWISPAYAK pNO2-Y(NO2)12 nTyrg 482 e
6 DLNADGWITAATAK phospho-pKID-Min-pThr9 pThrg 49° 148
7 CKDADGWISPAEAK pS0,-C1-S0,™ sCys, 5.0° a7
8 DKCADGWISPAEAK pS0,-C3-50,™ sCys, 3.8° 147
9 DKDACGWISPAEAK pS0,-C5-50,~ sCyss 3.92 147
10 DLNADGWIT phospho-pKID-Min2 pThre 5.0°b 148
11 DLNADGWIS phospho-pKID-Min1 pSerg 4.8° 148
12 DKDADGWIS phospho-pKID-Min4 pSerg 5.2° 148

2 HEPES 5 mM pH 7.8, NaCl 100 mM
® HEPES 10 mM pH 7.5, NaCl 100 mM, MgCl, 2 mM

protein a-synuclein (119-132) with an EF-hand-like amino acid
pattern and bearing a pTyr residue (Asp,, Asps, Glus, pTyry,
Gluy,)."*

3.3 Other scaffolds

3.3.1 Short and intermediate-size scaffolds. In short and
intermediate-size peptides, three main parameters influenced
the affinity for Ln*": (i) the set of coordinating amino acids; (ii)
their denticity and (iii) scaffold stability.

Among the short peptides reported in the literature (cyclic or
linear), the one with the best affinity was obtained when using
unnatural amino acids for Ln**-binding (P> with Ada, and
Ed3a,, log K,pp = 12.7, Fig. 5).*” Compared to Glu and Asp, these
unnatural amino acids have a higher denticity, which is more
favourable for Ln** binding. Furthermore, the peptide back-
bone designed to adopt a PB-turn-fold upon metal binding
provides additional stabilising interactions that make the pep-
tide a better ligand than aminodiacetate groups separated by
long alkyl chains (n > 2), but not as good as ligands such as
EDTA for which the formation of 5- and 6-membered chelate
rings result in a large stabilising chelate effect.®

The influence of the coordination sphere on the apparent
affinity constants is evidenced for LF scaffolds, in which mod-
ification of the coordination sphere from (Asp),(Glu), (LF4) to
AspAsn(Glu), (LF7) decreased the apparent affinity constant for
Eu’" from log Kupp = 4.6 to log Kapp, = 4.0. It is also apparent in the
3SCC designed by Peacock and coworkers when comparing the
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affinity of MB1-1 and CS1-1 for Tb*" (logKapp = 5.3 vs. 4.6,
respectively).”® The additional (Asn); layer in MB1-1 contributes
to the slightly higher affinity observed relative to CS1-1. However,
a change of hydration number for a given coordination sphere
does not impact the apparent affinity constant, as can be seen in
the 3SCC MB1-n series (n = 1-4), which have comparable affinities
for Tb®" (log Kapp = 5.2-5.5) and hydration number ranging from
g = 0 (MB1-2 and MB1-3) to g = 3 (MB1-1).”°

The influence of denticity on Ln-affinity is well illustrated by
the 2SCC described by Hodges when using Gla instead of Glu.”®
The affinity of E,(15,20), has a logK,p, ~ 2 for La®*, whereas
the one of Gla,(15,20)N,, has a log K,p,, = 6.2 for La**, which can
be linked to the higher denticity of the latter.

Finally, the link between scaffold stability and Ln-affinity
was investigated in the design of the Ln-finger series. Changes
in the sequence to improve the formation of secondary struc-
tures resulted in improved apparent affinity constants from
logKap, < 2 for Eu’" of LF1, to logKap, = 3.7 of LF3.'®
Increasing the size of the binding site by deletion of two AAs
(LF4) gave the best apparent affinity constant for Eu®** with
log Kapp = 4.6. In the MB1 series shifting the position of the
binding site within the 3SCC scaffold impacted the stability of
the assembly (see 2.4.1 Coiled coils).”® However, this did not
significantly impact the apparent affinity constants for Tb>",
which were all in the range log K,p, = 5.2-5.5. The addition of
an additional heptad in MB1-1L also did not impact the
apparent affinity constant for Tb** (log Kapp = 5.0).'%?

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cs01148a

Open Access Article. Published on 22 September 2025. Downloaded on 3/11/2026 5:20:04 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

3.3.2 Proteins. Proteins without EF-hand motifs cover a
wide range of affinities for Ln*" with log K, ranging from 4 to
13. This large range of affinities can be explained by Ln**-
binding sites that are either not fully optimised for Ln*'-
binding (e.g. in Ca®*"-proteins), or found in natural proteins
whose biological function may require affinity in an intermedi-
ate range (e.g. LanP, LanD).

The Ca**-binding protein RTX has an apparent affinity
constant for Ln®" in the range log K, = 4.1-4.6 at pH 6, and
may bind 4 to 7 Ln®" per protein.'*® Note that these values were
obtained for a fusion protein, in which RTX is fused with two
fluorescent proteins for detection of folding upon metal bind-
ing by FRET. The affinity of LanP for Ln*" is log K, = 6.0 and
this protein binds 3 to 4 Ln**.»** It was identified in Ln-utilizing
organisms and due to its Ln**-binding ability, it was hypothe-
sized that LanP could be of importance in Ln-dependent
methylotrophy. Similarly, the apparent affinity constant of the
monomeric protein LanD for Ln*' ranges from log K,pp(La’") =
5.7 to log Kapp(Nd**) = 6.6."*° Because LanD and LanM are part
of the same gene cluster involved in Ln®" transport and utilisa-
tion, it was proposed that LanD could be responsible for
transferring Ln** to LanM. This hypothesis was supported by
the metalation of the modified fluorescent LaMP1'** in the
presence of La*'~LanD, and by ITC titration experiments that
showed a specific 1:1 interaction between apo-Mex-LanD and
apo-Mex-LanM with a dissociation constant of 4 pM of physio-
logical relevance. As of now, little is known about the coordina-
tion environment of Ln*" in these proteins, except for LanD,
and the stability of these scaffolds. This does not allow the
identification of specific features that could explain the affinity
range observed.

When the protein scaffold and Ln**-binding site are opti-
mised, high affinity can be obtained by design, as is the case for
the computationally designed TIM barrel that displayed the
highest affinity for Ln**."*"%* The affinity of the mutant with a
(Glu), binding site and Trp for Tb**-sensitisation (TFD-EE
N6W) was first suggested to be logK,,, ~ 15 by competitive
titration with EGTA.'*® However, when the same experiments
were reproduced with a higher concentration of Tb’>'-EGTA
relative to TFD-EE N6W and longer equilibration times, the
apparent affinity constant for Tb>" was rather found to be
logKapp = 13.1."°° Of note, this stressed the importance of
taking into account kinetic considerations (see 5. Kinetic
stability), since when protein metalation, or metal ion exchange
with a given competitor, is slow, reaching the thermodynamic
equilibrium may take days as it is the case for this example.
Nevertheless, it also shows that in a rigid scaffold (T, > 95 °C)
with a predisposed binding site suitable for Ln**-binding, high
affinity can be achieved by rational design.

Ln-ADH and its mimics stand apart since Ln-binding
depends not only on the protein but also on the presence of
the cofactor PQQ. Early work on Ln-ADH extrapolated apparent
affinity constant based on activity assays and predicted an
affinity in the low uM range for Ln’" in the presence of PQQ
(logKapp ~ 6).1'>'*” More recently, Zeymer and coworkers
studied the affinity of a PedH mutant for Ln** in the absence

This journal is © The Royal Society of Chemistry 2025
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of PQQ in the active site."”” They determined an apparent
affinity constant log K,p, = 7.0 for Tb** by luminescence titra-
tion, and log Ky, = 6.2 for Ce*>" based on competition with Tb*".
Similarly, for the engineered PqqT scaffold, a log K,,, = 6.2 was
obtained for the mutant PqqT-K;,,D containing PQQ (noted
PQQ<=PqqT-Ky4,D).*° This represents a 10-fold improvement
compared to the wild-type scaffold (PQQ<PqqT) and to the
PQQcPqqT-Ky4A mutant. The presence of PQQ inside the
protein was required for Ln*'-binding, as demonstrated by
controlled experiments performed with the apo-scaffolds
(PqqT, PqqT-K;4,A, and PqqT-K;4,D).

3.4 Effect of the pH

Ln recovery requires ligands with high affinity and selectivity for
Ln*" ions at pH ranging from pH < 1 to pH = 5-6 depending on
the source (see 6. Applications).’>>'>* The capacity to bind Ln**
ions in acidic conditions is an overlooked feature of peptides and
proteins, mainly because (i) protein folding is generally sensitive
to acidic pH and (ii) typical Ln**-binding residues (Asp, Glu)
become protonated below pH 3-4, weakening Ln*" binding.

Nonetheless, some works investigated the pH sensitivity of
their scaffolds. 3SCC loose their Ln*"-binding ability below
pH ~ 4-5.°> CaM and LBTs start releasing Ln>" below pH 6 and
show no binding below pH 4.'**'** Similarly to small chelators
such as EDTA and DTPA, LanMs are able to bind Ln** ions down
to pH ~ 2.5, retaining approximately nanomolar affinity at pH 4
(log Kapp ~ 8-9) and 5 (log K,pp ~ 9-10).'> The reason behind the
higher pH stability of LanM relative to CaM and LBTs is not
understood. Interestingly, the RTX scaffold has been recently
reported to retain partial Ln**-binding below pH 2. The protein
could recover up to 20% of Nd** from a synthetic NdFeB magnet
solution containing Nd, Dy, Fe and Co at pH < 1.*°

On the other end of the pH scale, studies on 3SCC scaffolds
also showed that such moderate-affinity ligands undergo par-
tial de-complexation of Ln®" at basic pH (> ~ 8.5), likely due to
competing formation of lanthanide hydroxides.”*

More systematic studies will be necessary to understand the
different pH-dependence of Ln** binding to different peptide
and protein scaffolds.

3.5 Discussion and guidelines

Among natural peptide and protein scaffolds, LanM stands out
for its log K., ~ 10-12. Although the structural factors for this
remarkably high affinity have not been fully elucidated yet, the
constraint imposed by the global protein scaffold, even if not
pre-folded, is paramount. Indeed, isolated EF-loops with the
same potential coordinating residues are much weaker ligands.

All rationally designed scaffolds with natural amino acids
(i.e. short peptides, LFs and CCs), except for the TIM barrel
(log Kapp(Tb*") = 13.1), have lower or at best comparable, affinity
than natural scaffolds. As was noted earlier, these small to
intermediate scaffolds are sensitive to the insertion of a metal-
binding site, which destabilises the structure and in turn, may
decrease Ln**-affinity. Peptides tend to be flexible and explore a
large conformational space. Ln*'-binding may improve the
folding of the peptide; however, it is generally not sufficient
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by itself to compensate for the entropic cost of restricting the
peptide conformational space. Optimisations of the peptide
sequence to improve the formation of secondary structures can
help fold the peptide, and hence, increase the affinity for Ln>".
This is observed qualitatively by the successive optimisations
performed on Ln-fingers. It is also the case for the de novo
designed TIM barrel, whose packing was optimised to rigidify
the structure, and which displays a high stability (T, > 95 °C)
and affinity for Ln*". Similarly, even though LanMs are not pre-
folded, their affinity for Ln*" is coupled to the formation of a
thermally stable (T,,, > 95 °C) folded protein. Nonetheless,
there seem to be limitations to this, as increasing the size and
stability of 3SCC (MB1-1 vs. MB1-1L) did not result in an impact
on Ln**-affinity."®® This could be due to the position of the
binding site at the N-terminal, whereas the elongation was at
the C-terminal. Interestingly, the correlation between the sta-
bility of the scaffold and metal-binding affinity has been
observed for other metal-binding peptides. Studies performed
on f-sheet WW-domain-like metal binding mini-proteins
showed an improved affinity for Zn>*, Cu** and Ni** by improv-
ing the stability of the scaffold.">® Moreover, a study on Hg- and
Cd-binding coiled coils demonstrated a direct correlation
between the stability of the coiled coil scaffold and metal ion
affinity.’®” Altogether, these data validate the strategy of opti-
mising the scaffold structure in order to improve Ln**"-affinity.

An alternative strategy is to use unnatural amino acids.
Indeed, affinities comparable to that of LanM or TIM barrel
were achieved in very short peptides (6 AAs) by combining Ada,
and Ed3a, (P""?, log K,,p(Tb®") = 12.7). Even in this case, the
primary sequence played an important part since residues that
favour the formation of a B-turn upon metal-binding were
chosen to bring additional stabilising interactions.

4. Selectivity

The selectivity of peptide and protein scaffolds for Ln** vs.
other metal ions is a key aspect for their applications in both
environmental and biological samples, as well as for under-
standing Ln biochemistry. In particular, the selectivity among
Ln*" and against actinides (An") is of interest for Ln*" mining
and separation, while the selectivity for Ln*" over Ca®" and
other physiological cations (e.g. Zn>" and Cu®") is particularly
relevant in the biological context.

The selectivity between two different metal ions can be
quantified by calculating the selectivity factor, AlogK (or Alog
), which corresponds to the difference between the affinities of
a certain ligand for distinct metal ions. In the following, we will
express the Ln*"-selectivity, Alog K" (or Alog ") as the differ-
ence between the lowest and the highest log K" along the series

(eqn (7).
Alog K*™ = log Ky — log Ky (7)

Similarly, the selectivity for Ln*" vs. Ca>", Alog K (Alog ?), is
expressed as the difference between the log K™ for a certain
Ln** and log K*® (eqn (8)).
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4.1 Selectivity among Ln**

Prior to peptides and proteins, it is useful to discuss the
selectivity of small chelators (Fig. 16 and 17A), which can be
classified into four types.'**¢

Most ligands, including EDTA (Fig. 16), show increasing
stability constants across the Ln series (type I, black dots,
Fig. 17A), commensurate with the increase of Ln®' Lewis
acidity. For other ligands, such as DTPA and DOTA (Fig. 16),
the affinity increases along the first part of the series, reaches a
maximum and then remains constant or even decreases for late
Ln*" ions (type II, red dots, Fig. 17A). This is the result of the
ligand steric hindrance, which impairs to accommodate the
smaller Ln*" ions. %5916

An uncommon behaviour is shown by a few ligands, includ-
ing Macropa (Fig. 16), for which a reverse-size selectivity is
observed due to a fairly rigid scaffold better suited for larger
than smaller Ln*" ions (type III, blue dots, Fig. 17A).°° Finally,
a biphasic selectivity trend (type IV, green dots, Fig. 17A) has
been recently reported with ligands such as Macrotripa (Fig. 16)
that are better suited for both early and late Ln*" due to a switch
between a 10-coordinated conformation accommodating larger
Ln*" ions and an 8-coordinated conformation stabilizing smal-
ler Ln*" ions."*%'%?

Overall, the selectivity trend among Ln*" ions results from a
compromise between electronic and steric effects, whose

EDTA DTPA
— o}
o) - 0 / -
— —\ I\
NN (—o o—> NN <—N °‘>
N N 0O O N
Coo XL o
N>\ o—N
0O O S, \_/
— — o= _
Macropa Macrotripa o

USRI
Cadl

DOTA DO3A
Fig. 16 Chemical structure of the Ln®* chelators mentioned in the text.
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Fig. 17 Selectivity of different ligands across the Ln*" series. (A) Small chelators and (B) peptides and protein scaffolds. Note that log 8 and log Kapp are
reported in (A) and (B), respectively. Values for LanM are referred to (i) Mex-LanM at pH 7.2 measured by CD spectroscopy; (i) Mex-LanM at pH 5
measured by CD spectroscopy; (iii) Hans-LanM at pH 5 measured by CD spectroscopy; (iv) Mex-LanM at pH 5 measured by UV-vis spectroscopy. The

values plotted are reported in Table 15.

balance varies depending on the properties of the ligand, such
as its denticity and rigidity. Moreover, the behaviour of these
small chelators points out a common misconception: Ln®* are
not all the same, especially when bound to a chelator. Indeed, a
remarkable difference can be observed in the stability con-
stants of certain ligands for distinct Ln** ions: for instance,
EDTA and Macropa show selectivity for Lu** vs. La*" (Alog ™)
of ~5 and ~7 orders of magnitude, respectively.

The Ln*'-selectivity of only a few peptides and protein
scaffolds has been reported (Fig. 17B). LBTs, Ln-fingers, RTX
and LanD display a type II selectivity (Fig. 17B). The affinity of
LBTs increases by almost 2 orders of magnitude from La** up to
Ln*" in the middle of the series (Eu*~Tb®*) and then slightly
decreases towards the end of the series.** Since LBTs were derived
from Ca®*-binding loops, their preference for middle-sized Ln**
ions (1.04-1.07 A, CN = 8 in LBTs) could be explained by the closer
similarity to Ca?* ionic radius (1.06 A, CN = 7 in EF loops).

Ishida and coworkers employed molecular dynamics simu-
lations, as well as ITC and NMR measurements, in order to
elucidate the selectivity trend of LBTs.'®* The authors found
that one or two water molecules can be accommodated in the

.
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coordination sphere of large Ln** ions (La**-Nd*"); this weak-
ens the binding between the Ln** and Asns and enhances the
flexibility of the complex, resulting in reduced affinity. For Ln**
from Sm** to Lu®", water binding is rarely observed, correlating
with the higher affinity for these smaller ions.

For LF4, the affinity increases by nearly 1 order of magnitude
from La*" to Er*", then decreases back towards Lu®", which was
found to have the same affinity as La*"."® A similar trend is
shown by RTX and LanD proteins, but in this case the Alog K"
measured is much lower (<1).'>>'%°

The relative selectivity of 3SCC among Ln*" has been also
reported based on luminescence measurements of Tb*' dis-
placement by other Ln** ions.'®" A bell-shaped selectivity trend
was found for several 3SCC scaffolds that differ for the location
of the Ln**-binding site along the helices (MB1 series, Fig. 18
and Table 5). In particular, no significant discrimination was
observed among medium-sized Ln*" ions (Nd**-Tb*") for all
scaffolds. For competing ions smaller than Tb**, size-depen-
dent discrimination was observed with scaffolds where the
binding site is located around the centre or the C-terminal of
the coiled coil. The higher promiscuity of the N-terminal
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Fig. 18 Tb**—displacement experiments followed by luminescence in three-stranded coiled coils showing a bell-shape selectivity within the Ln®* series
(MBL1 series, Table 5). (A) Luminescence displacement, (B) Comparison of CS1-1 and MB1-1, (C) Comparison of MB1-2, MB1-3, and MB1-4. Reproduced

from ref. 101.
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binding site was attributed by the authors to its greater flex-
ibility, which hence allows it to better accommodate also
smaller Ln*" ions."*!

LanP'** and PqqT*® do not display significant selectivity
among early Ln>" ions (La**-Gd’'; late Ln>" were not studied).
The TIM barrel TDF-EE N6W binds Eu**, Gd*", and Tb*" with
comparable affinity, while ~10-fold weaker binding was
observed with Ce*"."*®

Among Ln*"-binding peptides and proteins, LanM repre-
sents a peculiar and controversial case. In most reports by
the groups of Cotruvo and Daumann, an unusual preference
of LanM for larger (La*'-Eu®') over smaller Ln*" ions has
been wunderscored based on CD and luminescence
measurements,®"'>*1%* which are responsive to both Ln**
binding and Ln*"-induced conformational change (Fig. 17B,
LanM(i) and LanM(ii)). It must be noted again, that similarly to
RTX and 3SCC, Mex-LanM shows a very modest Ln’'-discrimi-
nation (AlogK™ ~ 0.5) relative to small chelators and LBTs
(Fig. 17B). An enhanced selectivity (Alog K™ ~ 1.6) for early
(La**, Nd*) vs. late Ln*" (Dy*") was found for Hans-LanM
(Fig. 17B, LanM(iii)), thanks to a Ln*" size-dependent
dimerization.®®

Curiously, the opposite trend, i.e. an affinity increase across
the end of the Ln®' series, was observed when the intrinsic
Ln**-affinity of Mex-LanM was determined via UV-vis-NIR
spectrophotometric competition experiments (Fig. 17B,
LanM(iv)).">® As suggested by the authors,'®® this could high-
light a decoupling between Ln**-binding and conformational
change in LanM, which warrants further investigations, and
underscores the importance of the method and the conditions
chosen to determine and compare affinity values. Nonetheless,
higher retention of early vs. late Ln*" ions was observed for
immobilized LanM upon pH-induced desorption.®*"*”'*® Such
(at least apparent) inconsistency between the affinity values
measured via different techniques and in different conditions
is worth further systematic investigations.
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Fig. 19 Selectivity of small chelators and some peptide/protein scaffolds
for Ln®* over Ca*. Alog f and Alog Kapp are reported for small chelators
and peptide/protein scaffolds, respectively. Values plotted were calculated
from values reported in Table 16.
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Finally, it is also worth mentioning that LanM showed
higher affinity for the rare-earth element Sc** relative to Ln**
ions (3-fold higher relative to Nd**),’®” commensurate with its
smaller ionic radius and higher Lewis acidity.

4.2 Selectivity over Ca**

Peptide and protein scaffolds generally show selectivity for Ln**
relative to Ca®" (and Mg”*) which is classically attributed to
their higher charge and coordination numbers (Fig. 19). In
addition, as Ln*" have higher CN than Ca** in water, Ln*"-
binding releases a higher number of water molecules, resulting
in a more favourable entropic change.

Among the EF-hand motifs, LanMs show a remarkably
higher conformational selectivity against Ca®>" (Alog K°* ~ 8
for Mex-LanM)®"'*° relative to both natural and engineered EF
loops (Alog K°* ~1-3).°%8:1%% In this respect, it is worth noting
that Ca** seems to bind to LanM with log K®® = 5.5 without
inducing a conformational change, which occurs upon further
Ca®" binding events with log K** ~ 3.5

The Pro, residue found in all EF loops of Mex-LanM is
crucial for the conformational selectivity of LanM for Ln*" over
Ca>". Notably, mutation of all four Pro, residues to Ala reduces
the selectivity of Mex-LanM for Ln** against Ca®>" by strength-
ening the conformational response of Ca**-binding to LanM of
more than 2 order of magnitudes.®! Moreover, Pro, also had a
key role in the Ln*"-specific conformational response of Lan-
TERN chimera already discussed above (see 3.2.1 Influence of
the protein scaffold)."*" However, it is noteworthy that high
selectivity over Ca®>" (Alog K$® ~ 4-6) is also observed in Hans-
LanM, in which a Pro, residue is found only in one of the four
EF-hand loops. Hence, it is likely that the unique selectivity of
LanM for Ln*" vs. Ca®" stems from minor differences in the
second coordination sphere and backbone conformation.®>

The main difference between Ca-dependent and Ln-depen-
dent alcohol dehydrogenases is the presence of an additional
Asp in the coordination sphere of Ln®". This residue appears
essential for Ln**-coordination and selectivity relative to Ca>".
Indeed, mutation of this AA to Ala in MDH and EDH enzymes
led to the production of enzymes metallated only with Ca®*.'*°
However, the mutation did not lead to catalytically competent
Ca-enzymes, which underscores that differences between Ca-
dependent and Ln-dependent ADH beyond the metal coordina-
tion sphere are important for catalysis.

Among the de novo designed Ln**-binding proteins, 2SCC
scaffolds bearing non-canonical multidentate carboxyglutamic
(Gla, Fig. 6) residues show a selectivity over Ca** comparable to
that of small chelators and LanMs.”®

4.3 Selectivity over An**

The groups of Deblonde and Daumann have explored the
capacity of Mex-LanM to bind An®*" ions.’®>'7°"72 LanM exhi-
bits a higher affinity for An** over Ln*" ions and Y*'. In
particular, a ~5-fold stronger affinity was found for Am**
and Cm*" relative to Ln*" of similar size (Pr**, Nd**, sm*"),""®
and for Ac** over Y**.'”* This trend is similar to that of small

This journal is © The Royal Society of Chemistry 2025
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chelators such as EDTA and DTPA, which show slightly higher
selectivity for Am®" over Nd** (Alog f ~ 1.5).'”*

For small complexes, the non-negligible covalency of An**-
ligand bonds has been generally considered accountable
for the higher stability of An*"-complexes over their Ln*'-
analogues, but this remains to be ascertained for An*"~protein
complexes.'”°

An improved selectivity for An*" over Ln** ions at low pH
(~3) was obtained by Deblonde and coworkers via Mex-LanM
engineering with softer Asn ligands in place of native Aspy in
each loop (LanM 3D,N)."”*

A slightly higher affinity for Cm** over Eu** has also been
reported for the EF-hand loops isolated from Mex-LanM.'**?
Am*" binding to an LBT was shown to be ~ 6-fold stronger than
Nd*" and comparable to smaller Ln** (Tb**, Eu®). A higher
(~10-fold) selectivity for Am** over Nd** could be obtained by a
modified LBT bearing a Cyss residue functionalized with a soft
2-methylene-pyridine group in place of Asps.'”®

Daumann and coworkers also demonstrated that An** ions
such as Am®" and Cm®" can replace early Ln*" ions in the
catalytic activity of the Ln**-dependent MDH enzyme and
ensure the growth of Ln’**-dependent bacteria in the absence
of Ln*" ions.'”®

4.4 Selectivity over d-block metal ions

Despite its relevance for biomedical and bio-metallurgic appli-
cations, the selectivity of Ln**-binding peptides and proteins
over d-block metal ions is a largely neglected aspect. Generally,
a higher selectivity for Ln** over d-block metal ions is obtained
by leveraging their preference towards O- (carboxylates, carbo-
nyls) over N-donors (e.g. histidines), and higher coordination
numbers (8-10 vs. 4-6). For instance, LanP displayed no bind-
ing to Fe**, Fe*", or Zn>*."** A 3SCC scaffold (MB1-2) engineered
with Asn and Asp residues for Ln®*" binding, shows
~6-fold higher affinity for Tb*" over Cu>*.°*'”” A remarkably
high selectivity for Nd*" ions over Cu®** (AlogK ~ 6) and Zn**
(Alog K ~ 8) has been reported for Mex-LanM at pH 5.">° On the
contrary, EDTA shows higher selectivity for Cu®>" over Nd** (i.e.
100-fold higher affinity for Cu>* over Nd**) and no selectivity

A. Self-exchange
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between Nd** and Zn>*, while DTPA has no selectivity between
Nd*" and Cu®', but a ~1000-fold higher affinity for Nd**
relative to Zn>*.**>173 It is worth noting that EDTA has a higher
affinity for Cu®* (log f* = 18.8) than most Ln®*" ions (La*~Ho*")
and DTPA has a higher affinity for Cu*" (log f° = 21.4) than the
early Ln*" (La®>*-Pr*"). Altogether, these data point out that peptides
and proteins benefit from a higher selectivity for the whole Ln*"
series against d-block metal ions relative to small chelators.

5. Kinetic stability

Beyond thermodynamic parameters, kinetic aspects are also
important for a complete characterization of Ln**binding
peptides and proteins, especially for further applications, such
as MRI or Ln recovery (see 6. Applications).

5.1 Lability and inertness: exchange reaction

Due to the shielding by 5s and 5p orbitals, 4f orbitals do not
undergo strong ligand field stabilisation, making Ln*" ions
kinetically labile.

The lability/inertness is witnessed by the rate of the self-
exchange reaction. Such a reaction can proceed according to
two extreme pathways: associative or dissociative, corres-
ponding to an increase or a decrease in the coordination
number (CN) of the intermediate species, respectively. In turn,
this depends on the CN of the starting complexes: for instance,
Ln*" complexes with low CN (CN < 8, Gd*'-Lu*") are expected
to proceed through an associative pathway with a nine-coordi-
nate intermediate, while those with high CN (CN > 9, La**-
Eu®*") by a dissociative pathway with an eight-coordinated
intermediate (Fig. 20A).>° The rates of self-exchange for a
certain Ln*" ion depend on the relative stabilities of the eight-
and nine-coordinated species for that Ln>".

Recently, Peacock and coworkers measured the activation
parameters for water exchange in the Gd** complex with a
3SCC scaffold (MB1-1, ¢ = 3) and proposed an associative
mechanism.'®® Furthermore, key insight can be deduced from
the comparative NMR study of La** vs. Lu*" binding to the LBT3
peptide.’®® In particular, Ln*" binding to LBT3 showed a fast

B. Association and Dissociation

k
Ln3* + P q————3 Ln®*P
koff

C. Assisted dissociation
H+

K

Ln3*P — N\ |03 4 PHY
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Ln*P— N o103 4P
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(A) Self-exchange reaction characterized by the rate constant ke, and related pathways. P and P* are two molecules of the same peptide. In the

case of the dissociative pathway, P’ corresponds to peptide P which has some of its binding residues de-coordinated from the Ln. Hence, Ln** has a
lower CN when bound to peptide P’ than P. (B) Association and dissociation reactions with their respective rate constants ko, and kog. (C) Simplified
scheme of proton-, ligand- and metal-assisted dissociation pathways (rate constants kg).
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and slow exchange regime for La** and Lu®', respectively,"®*
which may be explained through the different structural
features of the complexes. Indeed, the La**-LBT3 complex has
CN = 9, with ¢ = 1 and is structurally flexible, hence the de-
coordination of the weakly-bound (relative to the peptide
ligands) H,O molecule can promote the self-exchange reaction
through a dissociative pathway. Instead, the Lu**-LBT3 complex
has CN = 8, with g = 0, and poor solvent accessibility, hindering
the possibility of undergoing an associative mechanism.

As a small number of data is available, it is difficult to
generalize whether the exchange reaction proceeds via a dis-
sociative or an associative mechanism in other Ln*'-binding
peptides and proteins, and which parameters would influence
the preference between one or the other pathways.

Furthermore, the self-exchange rate k.« can be easily inferred
by NMR experiments. For most unfolded or poorly folded
peptides, a fast exchange regime characterized by a broadening
and shift of the signals was reported at sub-stoichiometric
Ln®*": P ratio”®641%%178 except for a 2SCC scaffold®® and an
HLH scaffold"® for which a slow exchange regime was observed.
This is in line with the intrinsic lability of Ln®" ions and the
absence of constraints induced by the peptide scaffolds.

5.2 Association and dissociation rates

Beyond the exchange rate k., key parameters to be defined are
the association and dissociation rates, noted k., and k.,
respectively. These two parameters are related to the thermo-
dynamic stability constants K according to eqn (9):

kOl’l

K=
koff

©)

The ko, value can be measured experimentally by monitoring
the appearance of spectroscopic signatures corresponding to
the Ln*" complex when formed within the right time scale
(milliseconds to hours). Note that such &, values reflect both
Ln*" binding to the protein and the induced folding unless the
protein is pre-folded in the apo-state. Qualitative estimation of
the ko, can be deduced for Ln-ADH*° and TDF-EE N6W,>¢13°
for which a long incubation time (hours) was required to load
the protein with Ln**, indicating a slow association rate.

The ko can be then calculated from the k., and stability
constant K values, using eqn (9). Indeed, the k. cannot be
directly determined experimentally since the release of the Ln**
ion from a polydentate ligand, such as peptides and proteins, to
form the fully solvated species is unlikely. Nevertheless, the
complete dissociation of a Ln*" from a polydentate ligand can
be assisted by (i) protonation of the ligands (proton-assisted
dissociation), (ii) capture by another ligand(s) (ligand-assisted
dissociation), which can also be the buffer, (iii) trans-metalation
by another metal ion (metal-assisted dissociation), or any combi-
nation of these three processes. It is worth noting that in these
processes, the otherwise disfavoured Ln®" release occurs through
the alteration of the system thermodynamics, e.g. by weakening the
ligand affinity (acid-assisted dissociation) or by inducing metal-
transfer/exchange reaction with competing ligand or cations. Thus,
although the concept of complex inertness is often equated with
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that of “assisted dissociation” by language abuse, they refer to
intrinsically distinct processes.

Ligand-assisted dissociation rate constants (kgq), which differs
from k¢, were reported by Falke and coworkers for the complex of
Tb®* with an EF-hand protein (galactose-binding protein, GBP)
using excess EDTA as the competing ligand."”® Interestingly, by
measuring the dissociation rates of several mutants, these authors
showed that the 9th residue of the EF-hand motif acts as a gateway
that tunes the kinetics of Ln®*" dissociation. Notably, the Glug
mutant displayed the slowest dissociation rate (~0.006 s~ ') com-
pared to Aspy (~0.002 s~ ') and Asng (~1 s7Y).

The chelator-free kog of Tb**-bound to Mex-LanM (~0.02-
0.05 s™') was estimated by extrapolation from k.ps values
obtained by stopped-flow spectrofluorimetry in the presence
of different concentrations of EGTA.®®> However, this approach
is questionable, since the k¢ value relative to a dissociative
mechanism is inferred from ligand-assisted dissociation rates,
for which a different, namely associative, mechanism is at play.
Moreover, it is worth noting that, as mentioned for k,, values,
dissociation rates may also take into account the contribution
of protein unfolding induced by Ln’" release.

Daumann and coworkers monitored over time the metal
exchange reactions between a pre-formed Eu*'-LanM complex
and the other Ln*" ions. Interestingly, equilibration times
varied from minutes for the late Ln** to hours for the early
Ln*", correlating with the size and Lewis acidity of the compet-
ing ions.'®

5.3 Discussion and guidelines

The Kkinetic aspects of Ln®*" coordination by peptides and
proteins have been largely neglected and overlooked even
though they are important in applications for imaging and Ln
recovery. NMR is the method of choice to get a better picture of
the dynamics of the system. A simple "H NMR titration experi-
ment can help gain qualitative insights into the exchange rates
using the diamagnetic La*" and Lu®**, and thus determine the
exchange regime on the NMR timescale. Comparison with
paramagnetic Ln*" can bring additional information on Ln**
coordination site, and even peptides/protein solution structure.

Although it is difficult to predict the kinetic behaviour, based
on the results and concepts described above, it is anticipated that
the spontaneous dissociation of Ln®* ions from polydentate pep-
tides and proteins is negligible, especially in the case of buried sites
within well-folded scaffolds. Notwithstanding, Ln®" dissociation
can be triggered upon acidification or the addition of competing
ligands or cations. In the case of ligand-assisted dissociation, the
presence of weakly bound water molecules in the Ln*" coordination
sphere is expected to promote dissociation since its replacement
facilitates the formation of ternary intermediate complexes with the
competing ligand.

6. Applications

Ln**-binding peptides and proteins have been employed for a
number of applications spanning from luminescence sensing

This journal is © The Royal Society of Chemistry 2025
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Table 11 Non-exhaustive overview of applications reported for the main t
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ypes of Ln®*-binding peptide and protein scaffolds

Scaffold Luminescence imaging/sensing MRI  Metal ion separation  Catalysis (reaction)
EF-hand motifs LBT X X X

HLH X X (hydrolysis)

LanM X X X
Other Ln-binding sites  Cyclic decapeptide X

3SCC X

LanD X

RTX X

TIM barrel X (alcohols photooxidation)

ADH or ADH mimics

and magnetic resonance imaging to metal ion separation and
catalysis (Table 11). In the following paragraphs, applications
in these four major fields will be discussed with respect to the
peculiar properties of each type of Ln**-peptide and protein
scaffold.

6.1 Luminescent tags and probes

6.1.1 Ln*' luminescence. Most Ln*" ions display lumines-
cent emission with several advantageous features relative to
organic fluorophores and have hence gained interest for appli-
cations in optical bioassays, bioimaging and luminescence-
guided surgery, as reviewed in ref. 180-185. In particular, they
benefit from narrow emission bands and long luminescence
lifetimes (us-ms) at relatively invariant wavelengths, in a
range spanning from the visible to the near-infrared (NIR)
depending on each Ln**, and they are not sensitive to photo-
bleaching. Nevertheless, due to the low extinction coefficients
(e = 1-10 M~" em ") of Laporte-forbidden f-f transitions, the
direct excitation of Ln®** emission is quite inefficient,>®*8%18”
This downside is generally circumvented through the so-called
antenna effect (Fig. 21).>%'®%'®” This is the indirect sensitiza-
tion of Ln** via (i) the excitation of a suited chromophore - the
antenna - to an excited singlet state (S,), (ii) the energy transfer
to an excited triplet state (T,) via intersystem crossing, (iii) the
energy transfer to an excited state of Ln*", from which emission
takes place. Even if it is common to observe sensitisation from
Ty, the S; state can also be the sensitising level.'*® The use of an

X (alcohols oxidation)

antenna also warrants larger pseudo-Stokes shifts (difference
between the antenna absorption and Ln*" emission wave-
lengths) than accessible with organic fluorophores.

The efficiency of the energy transfer from the antenna to the
Ln*" depends on (i) the energy gap between an antenna triplet
state and the Ln" excited acceptor state, which depends on the
antenna-Ln** couple, and (ii) the antenna-Ln*" distance. Sev-
eral non-radiative pathways compete with Ln** lumines-
cence:'® (i) the antenna fluorescence and phosphorescence
emissions, (ii) quenching of the antenna T, state by *0,, (iii)
back energy transfer from Ln** excited state to the antenna
triplet state when the energy levels are close, (iv) photo-induced
electron transfer (PeT) from the excited antenna to the Ln*", to
which the most reducible Ln** (Eu®*, Yb**, Sm®") are particu-
larly sensitive,'®® (v) non-radiative vibrational de-excitation of
Ln*" excited state by high-energy oscillators such as O-H, N-H
and C-H groups.®>*® As a result, Ln*"-bound H,0 molecules
quench Ln*' emission. Thus, the type and position of the
antenna as well as the hydration number are key parameters
influencing the luminescence of Ln*" complexes, including
those with peptide and protein ligands.

6.1.2 Type of antenna. Early studies using Tb** lumines-
cence to investigate Ca®>"-binding sites in proteins®*'** have
established that the amino acid tryptophan (Trp) is a suitable
antenna for this Ln*", also showing its superiority relative to
Phe and Tyr. Since then, Trp has been by far the most common
antenna incorporated in peptide and protein scaffolds to
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Fig. 21 Scheme of the “antenna” effect: upon irradiation, a chromophore called “antenna” (blue, which can be part of or conjugated to a Ln-chelator, black) is
excited to a singlet state (S); then, the energy is transferred to an excited triplet state (T;) via intersystem crossing and finally transferred to an excited level of the

Ln** (orange) from which emission takes place. Vibrational de-excitation by hig
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Fig. 22 Antenna amino acids found in Ln“—binding peptide scaffolds discussed in this review (top) and in peptides with appended polydentate Ln3*-
chelators (bottom). The excitation wavelength and the Ln®* ions that each antenna is able to sensitize are indicated. The antenna moieties are highlighted
in blue. Abbreviations: Trp, tryptophan; Glu, glutamate; Cs124, carbostyryl-124; Naph, 1,8-naphthalimide; HPO, hydroxyphenol oxazoline; Acd, acridone;
Nal, naphthyl-alanine; Phen, phenanthroline; Anthra, anthryl-alanine; NBD, nitrobenzodiazole.

sensitize Tb** luminescence. Indeed, Trp (dex = 280-290 nm) is
characterized by a triplet state located 3700 cm™' above the
emissive *D, state of Tb*", which makes it an efficient antenna
for this Ln*" ion.'® Trp could also be suitable for Eu**-
sensitisation; however, PeT from Trp quenches Eu**-emission.
PeT has also been described by Horrocks between Trp and Yb**
in the EF-hand protein parvalbumin.’®® While for Eu*" this
process competes with Eu**-emission, it was hypothesized that
PeT could be in part responsible for the population of Yb**
excited state and its subsequent emission.

Despite its straightforward incorporation in peptide and
protein sequences, Trp is not an ideal antenna for applications
in bioimaging, as its excitation wavelength in the UV spectral
region challenges applications in samples with high absorption
and fluorescence background, such as biological media.'**

To overcome such limitations, different unnatural antenna
amino acids have been introduced. Gunnlaugsson and
coworkers incorporated at the N-terminal of an EF-loop
isolated from parvalbumin a 1,8-naphthalimide chromophore
(Aex = 345 nm) able to sensitise Tb*" and Eu®*" emission
(Fig. 22)."°>'7® The HPO ligand introduced into 3SCCs scaffolds
(see 2.4.1 Coiled coils) was able to sensitize Th** and Eu** upon
excitation at 380 nm. Imperiali and co-workers have developed
LBTs with unnatural amino acids featuring a carbostyryl-124
(Cs124) or an acridone (Acd) antenna able to sensitize Th**
(Cs124) and Eu®" (Cs124 and Acd) at longer wavelengths,
namely ~ 340 and 390 nm, respectively (Fig. 22)."* In particu-
lar, the Cs124 antenna was able to sensitise Tb®" better than
Trp, while Acd sensitised Eu®* better than Cs124 (Fig. 22).
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Lately, Acd and its sulfur-substituted SAcd (Fig. 22) were
incorporated into Mex-LanM via genetic code expansion,
achieving long-lived sensitized Eu®*" emission upon excitation
at 390 nm."®® Interestingly, SAcd showed to be a more efficient
antenna than Acd due to a prolonged triplet state lifetime.

These unnatural antenna amino acids were not able to
sensitise the emission from other Ln*" ions including Nd**,
Er**, Tm*" and Yb**, which are NIR emitters. Actually, no Ln**-
binding peptide or protein scaffolds have been reported bear-
ing suitable antenna amino acids for NIR-emitting Ln** ions,
which are particularly sensitive to quenching by O-H,
N-H and even C-H oscillators. Thus, in addition to a suitable
antenna, the design of Ln-peptides and Ln-proteins as NIR
emitters will also require avoiding O-H oscillators in their first
coordination sphere, and likely also N-H oscillators. To the
best of our knowledge, these antenna amino acids are the sole
used in Ln*'-binding peptide and protein scaffolds.® Other
antennae were described in peptide and proteins functiona-
lised with polydentate Ln**-chelators such as EDTA and DOTA
as reviewed in part in ref. 23. In these cases, the antenna has
been introduced through either (i) ligand derivatization, often
with conjugated pyridine or picolinate groups,’®” " or (ii)
unnaturall amino acids (Fig. 22), including naphthalene (for
Eu*, o = 280 nm),*® NBD (for Nd**, e = 480 nm),>"2*
anthracene (for Nd** and Yb**, /., = 330-400 nm)*** and phenan-
throline (for Tb*" and Eu®", Ae, = 300 nm).*** Similarly to HPO,
phenanthroline served as both Ln** ligand and antenna. Such an
Ln**-coordinating antenna is generally preferable because its
proximity to the ion enhances the energy transfer efficiency.

This journal is © The Royal Society of Chemistry 2025
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6.1.3 Position of the antenna. As the Ln*'-antenna dis-
tance is critical to achieve efficient sensitization, antennas are
introduced in close proximity to the metal-binding site. For
instance, in 3SCC scaffolds (Table 5) Trp has been mostly
introduced within the two Ln*" binding Asn and Asp residues
of each strand (-NEWKD-).”®

Szabo and coworkers have thoroughly investigated how the
position of aromatic amino acids (Trp, Phe or Tyr) within the
EF-hand motif sequence influences Tb>* emission.®® In parti-
cular, they compared the excitation and emission spectra of
Tb** bound to EF-hand peptides containing aromatic amino
acids in positions 2, 4, 7 or 10. Very interestingly, they found
that, regardless of which amino acid occupied positions 2, 4
and 10, the amino acid in the 7th position is responsible for
Tb*" sensitization due to its closer distance to the ion (~5 A).
For instance, despite Phe and Tyr having a lower extinction
coefficient than Trp, Tb** was mainly sensitized by either Phe
or Tyr in the 7th position even when Trp was simultaneously
present in the 2nd position. Moreover, the authors reported a
favourable impact of Tyr in the 2"? and 4™, but not 10™,
position on the Th*" emission in peptides having Trp in the
7™ position. In particular, the results suggested that this occurs
thanks to an energy transfer between excited Tyr and Trp,
which in turn sensitises Tb>" emission. Based on these studies,
Trp, has been incorporated as the Tb*" sensitizer in many EF-
hand motif scaffolds, including LBTs’>”® and Mex-LanM
mutants.®® The 7th loop position has also been used to incor-
porate unnatural Cs124 and Acd antenna amino acids in
LBTs'®® and Mex-LanM (in the latter case after screening of
42 incorporation sites)."”® Zondlo and coworkers also showed
that Th®" emission can be sensitized using Trp at the 8™
position of EF-loop-like peptides.'*®

6.1.4 Hydration number. As already mentioned, Ln*'-
bound water molecules quench Ln*'-luminescence, which is
used to determine Ln*" hydration number. This is why, for
instance, the coordination sphere of luminescent Tb**~LBT
complexes was optimized to achieve g = 0 (see 2.2.2
Lanthanide-binding tags). The effect of the hydration number
is also proven by the correlation between the emission intensity
of Ln*" bound to different 3SCC scaffolds (MB1-n series, n = 1-
4) and their g values (0, 2 or 3) (see 2.4.1 Coiled coils).”®

6.1.5 Probe design and selected applications. A simple
application of emissive Ln**-complexes is as luminescent tags
attached to a (bio)molecule or receptor. In this regard, LBTs
have been developed as encodable luminescent tags that can be
easily conjugated to proteins via recombinant expression and
applied, for instance, to the study of protein-protein interac-
tions by luminescence resonance energy transfer (LRET).'3%2°>
Recently, LanM-Acd mutants conjugated with Affibodies and
complexed with Eu®* were used as a secondary antibody reagent
for immunofluorescence staining.'*®

Besides, peptide and protein scaffolds with suitable antennae
may serve as luminescent probes for Ln** ions. For instance, a Mex-
LanM Trp mutant (T90W) has been successfully employed to
measure Tb*" in acid mine drainage at very low pH (~3),%* while
LanM-Acd mutants were applied for Eu®* detection in cell culture.'*®

This journal is © The Royal Society of Chemistry 2025
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Alternatively, Walker and coworkers reported on the design
of fluorescent proteins with a high concentration of negative
charges at their surface for the detection of Ln*" (Ln = Sm, Eu,
Tb, Dy, Tm, Yb) by LRET in the micro- to millimolar concen-
tration range.>’° Instead of exciting an antenna, it is the Ln**
that is excited and transfers its energy to the fluorescent
proteins, which resulted in a twofold higher fluorescence
intensity and longer emission lifetimes.

As reviewed in ref. 23 and 180, Ln*"-based responsive probes,
whose luminescent signal changes upon the interaction with a
given target, can be conceived based on the above-mentioned
factors influencing Ln*' luminescence, such as (i) chemical
modifications of the antenna, (ii) variation of the Ln*'-antenna
distance, for instance through conformational changes induced
upon target-binding or via proteolytic cleavage, and (iii) modifi-
cation of the Ln*" coordination sphere and hydration number.

These principles have been used to develop several respon-
sive probes based on peptides with appended Ln*'-chelator
complexes.>® For instance, Vazquez and coworkers designed a
peptide probe that folds upon RNA binding, inducing the
coordination of a phenanthroline antenna to an appended
Tb**-EDTA complex.”®® Similarly, Sénéque and coworkers
developed Zn**-*°' and RNA-responsive®®” peptide probes
based on conformational changes that decrease the distance
between the antenna and a Ln**~DOTA complex attached to the
peptide. Exploiting the distinct emission bands of Ln** couples
such as Tb*'-Eu®" in the visible and Nd*'-Yb*" in the NIR, the
group of Séneque also developed ratiometric probes (i.e. based
on the ratio between two signals) introducing two suitably
positioned Ln**~chelator complexes.>’®?® In order to synthe-
size such regio-selectively hetero-metallated complexes, they
used native chemical ligation to assemble two peptides func-
tionalized with different Ln** complexes. Of note, this strategy
relies on the kinetic inertness of the Ln**-complexes grafted on
the peptides and has never been applied so far on peptide
scaffolds with “intrinsic”” Ln**-binding sites.

Lately, LanM-Acd mutants have been developed as protease
sensors based on the impairment of the antenna effect
upon protein cleavage. To this end, protease recognitions
sequences were incorporated in suited position with the LanM
scaffold."®®

Pazos and coworkers developed peptides with appended
Tb**-DO3A complex (Fig. 15) responsive to (i) Ser phosphoryla-
tion, based on a decrease of the hydration number,?*® and (ii)
to Tyr nitration, relying on the quenching of Th*" emission by
3-nitro-Tyr.**® Quenching of Tb*" emission was also exploited
in the design of Cu**-selective peptide probes.'?*?*°

Zondlo and coworkers also developed Tb** complexes with EF-
hand-like peptides (Table 10) responsive to (de)phosphorylation of
Tyr, Ser and Thr, **'*>"8 Tyr nitration'*® and Cys oxidation.*”*"*
In particular, Cys, Tyr, Ser or Thr residues were introduced in place
of Asp or Glu residues within EF-loops (Table 10), drastically
reducing Tb**-binding (logK,p,, < 4), while their derivatization
with phosphate or sulphinyl groups restored a logK,p,, ~ 4-5.
Hence, in this case, the response was mainly due to a change in the
metallopeptide affinity upon amino acid modification.

Chem. Soc. Rev., 2025, 54, 9245-9288 | 9271
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Table 12 Properties of Gd**-complexes relevant for MRI applications
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" s Magnetic
Scaffold Peptide/protein MW (kDa)  ¢“ e(ns)  Tn’(ns) (MM 'sTY)  (mM's7Y)  field (T) Ref.
DOTA n/a ~0.5 1 ~0.08 244 4.3 5.7 7 215
n/a n/a 4.7 n/a 0.47 216
DTPA n/a ~0.5 1 ~0.06 300 n/a n/a n/a 215
n/a n/a 4.7 n/a 0.47 216
n/a n/a 3.5 n/a 1.4 77
n/a n/a 5.4 8 1.5 217
n/a n/a 4.2 6.8 3 217
n/a n/a 5.1 9.4 7 218
HLH P3W ~4 2 n/a n/a 16.2 n/a 0.47 77
21.2 n/a 1.4
LBT m-sSE3 ~2 1 n/a n/a 5.5 n/a 11.75 60
SSE3 0 n/a n/a 1.2 n/a 11.75 60
dLBT dSE3 ~4 0.08 n/a n/a 5.9 n/a 11.75 60
dLBT-protein dSE3-Ubiquitin ~12 0.08 n/a n/a 2.3 n/a 11.75 60
q-dSE3-Ubiquitin 1 n/a n/a 4.2 n/a 11.75 60
xq-dSE3-Ubiquitin 0; 1 n/a n/a 5.0 n/a 11.75 60
Cyclic decapeptide ~ PA ~1.3 2 0.4 n/a ~30 ~40 4.7 41 and 219
~20 ~35 9.4
~20 ~35 11.75
3SCC MB1-1 ~12 3.1 7 1.56 10 89.3 7 102
64.3 87.9 1
MB1-1 (2W) 0 n/a n/a 3.9 24.2 7 100
MB1-2 0 n/a n/a 4.2 21.3 7 99 and 100
MB1-3 0 n/a n/a 4 20.9 7 99
MB1-4 2 n/a n/a 7.5 37.9 7 99 and 100
MB1-1L ~15 3.7 10 n/a 10.9 81.8 7 102
67.4 96.5 1
Proteins CA1.CA2 ~12 2 9.1 n/a 117 129 1.5 217
48 88 3
6 50 9.4
ProCA32 ~12 0.5 n/a n/a 33.4 44.6 1.4 218
21.9 56.9 4.7
18.9 48.6 7
LanM ~12 2 n/a n/a 12.1 17 3 220
LanND ~12 2 n/a n/a 13.2 25.1 3
6.9 31.2 7

“ Values obtained by the measurement of Tb** or Eu*" luminescence lifetimes. ? Values measured at 298 K.

6.2 Magnetic resonance imaging

Clinical contrast agents (CAs) for magnetic resonance imaging
(MRI), reviewed by Caravan and coworkers in ref. 212, are
mostly Gd**-complexes with polyaminocarboxylate chelators,
such as DOTA and DTPA (Fig. 16). Gd*'-based CAs (GBCAs)
enhance image contrast by shortening the longitudinal (7;) and
transverse (T,) relaxation time of proximal water protons, to an
extent that depends on their longitudinal (r;) and transverse (r)
relaxivity, as defined by eqn (10):

! - ! +l‘,‘[Gd]

ﬁ_?lo 12172

(10)

where 1/T? is the inherent relaxation rate of the tissue and
1/T9% is the relaxation rate in the presence of the GBCA. Of
note, the relaxivity () depends on the external magnetic field
strength (Table 12). Clinical MRI scanners currently use low
magnetic fields (~0.5-3 T), while higher fields (up to ~11.7 T)
are used for research purposes. Nevertheless, in order to
improve signal-to-noise ratio and spatial resolution, clinical
MRI is progressively moving towards higher field strength.**?

9272 | Chem. Soc. Rev., 2025, 54, 9245-9288

In order to increase MRI sensitivity, reduce the injected
GBCA dose and hence limit toxic side-effects, GBCAs with
higher relaxivity are currently sought.”'> The approaches devel-
oped to achieve this goal have been reviewed in ref. 214. The
main molecular factors affecting the inner-sphere relaxivity of
GBCAs are the hydration number g, the mean residency time t,,
of Gd-bound water and the rotational correlation time tx
(Fig. 23).>'> Hereafter, these factors are discussed with respect
to the Gd*" complexes with peptides and proteins that have
been investigated as GBCAs (Table 12).

6.2.1 Hydration number. Inner-sphere relaxivity is directly
proportional to the hydration number g, and indeed commercial
GBCAs feature one or two water molecules in the coordination
sphere. To meet this requisite, Imperiali and coworkers developed
LBTs with g = 1 (m-sSE3 and g-dSE3-Ubiquitin, Table 12), which
showed similar relaxivity relative to commercial GBCAs at high
magnetic field (11.75 T).*° As already mentioned above (2.2.2
Lanthanide-binding tags), the increase of g from 0 to 1 was
accomplished by mutating Glus to Aspy, and it was accompanied
by a nearly 5-fold increase in longitudinal relaxivity (Table 12).

Peacock and co-workers have investigated the relaxivity of
Gd**-3SCC scaffolds, showing a significant dependence on the

This journal is © The Royal Society of Chemistry 2025
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Fig. 23 Scheme of a GBCA and graphical description of the parameters
that influence its relaxivity, including inner-sphere (IS) contributions
(hydration number, g; water residency time, t,,; rotational correlation time,
tr) as well as second (2S) and outer (OS) sphere effects.

location of the Ln*'-binding site along the coiled coil and the
second sphere layer, which both affect the hydration number
(see 2.4.1 Coiled coils).”®1°%10%1%¢ Remarkably, scaffolds with
high hydration numbers, such as MB1-1 (g = 3), MB1-4 and the
recently reported LanM derivative LanND (g = 2), display
significantly higher relaxivity compared to clinical GBCAs,
especially at low clinical field (1 T, Table 12).

6.2.2 Rotational correlation time. The rotational correla-
tion time, tg, reflects the rate of molecular tumbling. Of note,
the impact of 7y on the relaxivity depends on the strength of the
magnetic field, as illustrated in Fig. 24 by the nuclear magnetic
relaxation dispersion (NMRD) profiles (i.e. relaxivity profiles as
a function of the magnetic field strength) for different ty values
(A) short ~0.1 ns; B) intermediate; C) long, ~10 ns).*'* In
general, the relaxivity increases with increasing tr at low
magnetic fields (< ~1 T in Fig. 24), whereas at higher fields,
the relaxivity increases with increasing tz up to a threshold
beyond which the relaxivity decreases upon further 7y increase.

View Article Online
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To improve the relaxivity, a 7z increase can obtained by
increasing the molecular weight and the rigidity of GBCAs.*'*

For instance, the Gd*" complex with the rigid cyclodecapep-
tide scaffold PA (see 2.3.1 Cyclic decapeptide) showed remark-
ably high relaxivity (20-40 mM ™' s~', Table 12) at high
magnetic fields (4.7-11.75 T) thanks to a medium-range mole-
cular weight (~1.3 kDa) implying an optimal tx &~ 0.4 ns.*'

Besides, Yang and co-workers have developed protein-based
CAs by engineering protein scaffolds with Gd**-binding sites,
achieving much higher relaxivity relative to small GBCAs
at both low and high fields (Table 12).>'”*'® In CA1.CD2
(~12 kDa), where a de novo designed rigid Gd**-binding site
was engineered into a compact CD2 (a cell adhesion protein)
domain, the enhanced relaxivity relative to small GBCAs is mainly
the result of a higher hydration number (g = 2) and a remarkably
longer 1z (~9 ns) relative to commercial GBCAs.?"” It is worth
noting that the local rigidity of the Gd** complex, and not only the
molecular weight, is crucial to achieving high relaxivity. As an
example, Yang and coworkers also showed that Gd** bound to a
CD2 domain engineered with a flexibly conjugated EF-loop from
CaM showed a relaxivity comparable to that of small commercial
GBCAs (~3.4 mM ™" s~ " at 3 T).”"” Analogously, the mere conjuga-
tion of double LBT (dLBT) on a protein scaffold (ubiquitin) did not
improve their relaxivity (Table 12).%°

A long 15 (7-10 ns) was also reported for Gd**-3SCC com-
plexes;'%* however, it is noteworthy that lengthening the coiled
coil from five (MB1-1, ~12 kDa) to six heptads (MB1-1L,
~15 kDa) and the consequent 1y increase had negligible
impact on the relaxivity (Table 12), suggesting that the tum-
bling rate is not a limiting factor for such scaffolds.

6.2.3 Water residency time. The relaxivity has roughly a
bell-shaped dependence on the water residency time (z,,,), as the
water exchange must be neither too fast nor too slow to maximize
the relaxation of bulk water molecules. Similarly to the case of g, the
impact of 7, on the relaxivity also depends on the strength of the
magnetic field: at the higher fields, the optimal relaxivity can be
attained by a broad range of 7,,, while at low fields the optimal
relaxivity can be obtained only for a narrow range of t,,,.>*> Of note,

1 1 1
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A 0.01 0.1 q] y10 100 B 0.01 0.1 q1 y10 100 C 0.01 0.1 q] y10 100
40 40 40 o".
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's 's 's % .
£ 204 £ 204 £ 204
L o ® o o o R ...0. . -
104 & & 10 10 .
S e ¢ o i3 -
0- T T T T T 0- T T T T 0- T T T T T
0.001 0.01 0.1 1 10 0.001 0.01 0.1 10 0.001 0.01 0.1 1 10
Bo (T) Bo (T) Bo (T)

Fig. 24 Experimental *H NMRD profiles showing the dependence of the relaxivity (per Gd** ion) as a function of the magnetic field strength for Gd-
DTPA derivatives with short (A, ~0.1 ns), intermediate (B), and long (C, ~10 ns) rotational correlation times. Reprinted with permission from ref. 212.
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the impact of 7,,, on the relaxivity tends to be negligible for small
molecules with fast tumbling, but it can be important for complexes
with slow tumbling such as bigger peptides and proteins.** Peacock
and coworkers have recently demonstrated that a short water
residency time is the predominant factor by which Gd**-3SCC
complexes achieve high relaxivity.'®>'** In particular, the authors
measured an extremely fast water exchange rate (t,, = 1.56 ns),
comparable to that of free Gd** in water (t,,, = 1.02 ns) and much
faster relative to that of small GBCAS (t, ~ 240-300 ns, Table 12)."”

6.2.4 Outer-sphere relaxivity. Besides the inner-sphere (IS)
relaxivity, second- (2S) and outer-sphere (OS) contributions
exist involving hydrogen-bonded water or exchangeable pro-
tons in the second coordination sphere, and water molecules
that diffuse close to the Gd** centre, respectively. Remarkably,
such OS effects account for about 40% of the overall relaxivity of
commercial GBCAs.>'> Moreover, note that the relaxivity of
Gd*'-complexes with no inner-sphere water molecules (g = 0)
basically stems from 2S/OS contributions.

This is the case, for instance, of some Gd*"-3SCC scaffolds
(e.g. MB1-2 and MB1-3) that showed a relaxivity comparable to
that of commercial GBCAs at high field (7 T), despite having
g = 0 (Table 11). Indeed, the authors hypothesized that this
could be mainly related to an OS mechanism involving hydro-
gen bonding and proton exchange networks between the pep-
tide surface and bulk water.””

Delangle and coworkers measured the IS and OS relaxivities
of the Gd**-PA complex and indirectly determined the 2S contribu-
tion, which accounts for about 25% of the total relaxivity.**'° By
means of MD simulations and the fit of the experimental data with
appropriate models, the authors provided a molecular interpreta-
tion of the 2S contribution, identifying three 2S water molecules
with a high residence time (x~'1 ns).

Important 2S and OS contributions were also evidenced for
the protein-based GBCAs reported by Yang and coworkers.>'®

6.2.5 Discussion and perspectives. Although an exhaustive
comparison among the magnetic properties of different Ln*'-
binding peptide and protein scaffolds is prevented by the
different conditions in which relaxivity data were collected,
the highest relaxivity is observed (i) at low fields (0.47-3 T),
for large and compact protein scaffolds with long tx (~10 ns),
such as some 3SCCs and CA1.CA2, and (ii) at high fields (7-
11.75 T), for small rigid scaffolds with intermediate g (~0.5-2
ns) and important 2S/OS contributions, such as PA. This trend,
which is consistent with the dependence of relaxivity on 7y and

View Article Online

Chem Soc Rev

the magnetic field strength (Fig. 22), points to the fact that,
while large protein scaffolds could be suitable for current
clinical (low-field) MRI settings, smaller scaffolds will meet
the future need (see above) for GCBAs applicable at higher field.
The analysis of the relaxivity data reported indicates that GBCAs
based on peptide and protein scaffolds can benefit from higher
relaxivity than current clinical GBCAs. This is due to their longer
(related to higher molecular weight and/or rigidity) as well as
important second- and outer-sphere contributions mediated by
the peptide surface (e.g hydrogen bonding networks). It is also
worth noting that protein-based GBCAs such as ProCA32 and
LanND have enhanced molecular relaxivity (~40-50 mM ' s~ " at
7 T), as they bind two and four Gd*" ions, respectively.

However, most peptide and protein scaffolds display a lower
affinity for Gd** (logK,pp < ~13, see 3. Thermodynamic
stability) than currently used GBCAs (log“K ~ 15-19 at pH
7.4°'%) and their kinetic inertness has been poorly explored,
challenging their in vivo applications. Nevertheless, some
protein-based GBCAs, including ProCA32 and LanND-Gd ben-
efit from higher selectivity against physiological metal ions (e.g.
Ca*", Cu®", Zn”") than small chelators (see 4.4 Selectivity over d-
block metal ions), and showed good biocompatibility, resulting
as a promising alternative as next-generation GBCAs. Indeed,
ProCA32 showed a half-life of ~4 hours in the blood plasma of
mice, which increased to ~10 hours upon PEGylation. At 14
days postinjection of ProCA32, a 3- to 10-fold lower amount of
Gd*" was detected in different organs compared to the admin-
istration of Gd bound to a DTPA derivative.*** Hence, ProCA32
has been conjugated with different targeting moieties, includ-
ing PSMA (prostate-specific membrane-associated antigen),
CXCR4 (chemokine receptor 4) and a collagen-targeting pep-
tide, to selectively target prostate cancer, liver metastasis or
lung fibrosis.”**">*® Similarly to clinical GBCAs, LanND concen-
tration in mice blood dropped below detection level within
1 hour, and renal clearance was observed within 3 hours after
LanND injection. Moreover, LanND did not show cellular and
neural toxicity and did not elicit an evident immune response.
Based on these favourable properties, LanND allowed the high-
resolution visualization of brain vessels and the monitoring of
kidney dysfunction in mice.”*°

Beyond the research of safer and more sensitive GBCAs, there is
a growing interest in the development of responsive GBCAs, which
have been reviewed in ref. 227-231. For instance, GBCAs responsive
to the pH, molecular targets (cations, anions, metabolites, nucleic

La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Yb Lu

X X

Batteries

NdFeB and SmCo Magnets G

Phosphors/fluorescent lamps X
Catalysis, refinery X X

Medecine

X X

Fig. 25 Overview of the most developed Industrial uses of Ln: rechargeable batteries, permanent magnets, lightings, catalysis and refinery, and

medicine. Pm is a radioactive element and does not occur in Nature.
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acids), biomarkers, or enzyme activity can be designed based on a
change of the relaxivity, that is on the variation of hydration
number (g-based) or the tumbling rate (tg-based), or both.

In the early 2000s, the HLH scaffold P3W (see 2.2.3 Chimeric
helix-loop-helix motifs) was the first, and currently unique,
Ln*"-binding peptide investigated as a responsive GBCA.
Gd*-P3W showed a 4- to 6-fold higher relaxivity than Gd*'-
DTPA at low clinical magnetic fields (Table 11), as a result of
higher hydration number (¢ = 2) and slower tumbling rate,
whose further decrease upon DNA binding yielded a ~100%
relaxivity increase.”” Lately, Sénéque and coworkers have also
developed Zn>"-responsive peptides with appended Gd*'-
DOTA/DO3A derivatives that show a Zn>"-dependent relaxivity
increase based on a change of the system rigidity and/or
hydration number upon Zn** binding.****** These examples
illustrate how responsive peptide/protein-based GBCAs could
be designed.

6.3 Lnrecovery and separation using Ln-binding peptides and
proteins

6.3.1 Challenges in REE separation. Rare earth elements,
which include Ln, Y, and Sc, have become indispensable for
medicine (Gd, Lu), and green energies as they are essential
elements of permanent magnets and rechargeable batteries (La,
Ce, Pr, Nd, Sm, Gd, Dy), lightings (La, Eu, Gd, Tb, Y), and catalysis
and refinery (La, Ce) as reviewed in ref. 234 and 235 (Fig. 25). Even
Er, Tm and Yb, which are not used on a large scale, find industrial
applications. Er is used in silica-glass fibres for communications
and in laser for medical applications; Tm is also used in laser for
laser surgery, "’°Tm radionuclide is used in portable X-ray sources,
and so is '*°Yb.>*

The REE market is dominated by China, which supplies 98%
of REE used in the EU.” Due to the expected increasing demand
for REE in the coming years and to the lack of high concentrated
REE mining sites in Europe, REEs have been identified as
critical elements by the EU.>*** Thus, there is a strong interest
in developing REE recovery technologies from secondary
sources, such as the enormous amounts of waste from electrical
and electronic equipment generated each year (WEEE 1-30% wt
REE).”** Additionally, sources with low concentrations of REE
such as phosphogypsum (0.01-2% wt REE), red mud (500-2500
ppm REE), mine tailings (3-5% wt REE), coal ashes (0.1-1% wt
REE), or acid mine drainages (200-900 ug L™ REE) are available
in such amounts that the total content of REE they contained
could be worth exploiting. The industrial and economic feasi-
bility of the valorisation of such wastes was discussed in ref.
236.

Beyond economic and geopolitical aspects, it is urgent to
develop new and more sustainable REE recovery technologies
to limit damages caused by mining and reduce the greenhouse
gas emissions and the detrimental impact on the environment
of actual processes that rely heavily on pyrometallurgy (high
energy consumption, release of toxic gases, volatile metals and
dust) and hydrometallurgy (use of strong acids such as HCI,
HNO;, or H,SO,4; solvents such as kerosene or hexane; large
amount of liquid wastes and sludges; risk of heavy metal
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pollution, including by radionuclides).®> The separation of
REE is an additional challenge, which is performed by multiple
separation cycles involving liquid/liquid extraction, or precipi-
tation, and relying on the use of organic ligands.'*?%”

In this context, biometallurgy is emerging as a sustainable
alternative that could reduce the energy consumption, waste
production, and volumes of strong acids and solvents used,
even though it has not yet been translated at the industrial
scale.'¥?*%*%3 This approach relies on the use of micro-
organisms or biomaterials for the (selective) recovery of critical
metal ions and is particularly suited for low-grade REE feed-
stocks with low REE concentrations.

Several bio-inspired strategies have been investigated for the
recovery of REE from secondary sources which were discussed
in recent reviews: (i) non-modified microorganisms: microorgan-
isms were used either for biosorption of REE on their surface, or
for their (active) bioaccumulation as reviewed in ref. 239-243.
Notably, the Ln-dependent methylotrophic strain M. fumariolicum
SolV was recently described for its ability to recover REE from
various low-grade sources;*** (ii) display of REE-binding motifs:
micro-organisms were also modified to display Ln**-binding
peptides on their surface in order to improve REE biosorption,
which was recently reviewed.">**> Examples include LBT dis-
played on phages,**>**® or E. coli,"****”">*! and LanM displayed
on Y. lipolytica and E. coli;>®*** (iii) Ln-binding peptides and
proteins: Ln**-binding peptides and proteins were also used
directly for recycling (Table 13) as reviewed in ref. 15, 241, 242
and 254 and discussed in more detail below.

6.3.2 REE recovery strategies. The development of recovery
strategies based on Ln-binding peptides and proteins has been
done using EF-hand scaffolds, as well as other types of scaffolds.

Joshi and coworkers used LBT to develop filters for REE
recovery from dilute acid wash.>* They genetically engineered
a Curli fibre produced in E. coli biofilm and known to form
amyloid fibres extracellularly, to fuse it with two or four repeats
of an LBT sequence. Following a similar strategy, Kaplan and
co-workers developed filters based on silk nanofibrils (SNF)
functionalized with LBT peptides (Fig. 26), either by chemical
coupling or by genetically fusing LBT to a silk-elastin-like
protein (SELPS).>*®

Following the discovery of LanM, their potential for the
recovery of REE (including Y** and Sc**) was investigated
mostly with Mex-LanM, and more recently with Hans-LanM
(Table 13). The strategies employed relied on size-exclusion
filtration, on LanM-functionalised agarose beads,>*” on func-
tionalized magnetic nanoparticles (MNP-LanM, Fig. 27),>*° on
polymeric membranes functionalized with LanM-derived
peptides,*®* and on liquid-liquid phase separation made by
fusing LanM to a thermo-responsive genetically encoded poly-
peptide RELP.>*®

Cotruvo and coworkers investigated the use of LanD for
large Ln-separation.'®® They hypothesized that by combining
mutations of LanD to lower the affinity of its monomer for Ln**
(E75Q) and favour the dimer formation by removing repulsive
electrostatic interactions (E78A), they could obtain a dimer that
preferentially binds Pr’*" and Nd** over La*" and Ce*".
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Table 13 Strategies based on Ln-binding peptides and proteins for REE recovery. Details are given regarding the scaffolds used, the pH range in which
REE“—binding was performed, the composition and pH of the solutions from which REE were recovered, the sorption/desorption strategies employed,
and if intra-REE selectivity was achieved. n.d.: not determined; n/a: not applicable

REE*
pH  Competing metal ions Sorption (S) Intra-REE
Scaffold range (source, pH) Desorption (D) selectivity  Ref.
LBT >5 Ln S: filtration on functionalised fibres Yes 255
Al, Ca, Cu, Fe, Ni D: HNO;, pH 2
(mine tailings, pH 7)
~4 Tb S: filtration on functionalised fibres n.d. 256
Ca or Cu or Fe or Zn D: HCl, pH 1.7
RTX >0.5 Nd, Dy S: filtration on 3 kDa cutoff ultrafilter n.d. 129
Fe, Co D: n/a
(NdFeB magnet solution, pH 6)
LanM >2.5 Sc Y, Ln S: filtration on 3 kDa cutoff ultrafilter (Mex-LanM) no 155
Li, Be, Na, Mg, Ca, Sr, Al, Si, Mn, Fe, Co, Ni, Cu, Zn, D: n/a
8)
(lignite leachate, pH 3.7)
>24 Sc, Y, Ln S: filtration on functionalized agarose beads (Mex-LanM) Yes 257
Li, Na, K, Rb, Mg, Ca, Sr, Ba, Al, Si, Pb, V, Mn, Fe, D: pH steps (HCl, pH 2.3, then pH 1.5)
Co, Ni, Cu, Zn, Se, Th, U
(coal fly ash leachate, pH 5)
— Sc, Y, Ln S: filtration on functionalized agarose beads (Mex-LanM) Yes 167
— D: two-cycle process: 1. Malonate, then pH ramp (2.3-2.1-
1.9), 2. Citrate, then pH 1.5
(coal combustion, mine tailings, pH 3)
>2 Y, Ln S: liquid-liquid phase separation (Mex-LanM) Yes 258
Mg, Na, Ca D: phosphate-citrate buffer, pH 2.2 and
(coal fly ash leachate, pH 4.5) 259
>3 Sc Y,Ln S: functionalised magnetic nanoparticles (Mex-LanM)  n.d. 260
Li, Na, K, Rb, Mg, Ca, Ba, Al Si, Pb, V, Mn, Fe, Co, D: HCI, pH 1.7
Ni, Cu, Zn, As, Se, Cs
(coal fly ash leachate, pH 5)
— Dy, Nd S: filtration on functionalized agarose beads (Hans- Yes 62
LanM, Hans-LanM-R100K)
— D: 1. Malonate, 2. HC], pH 1.5
(pH 5)
LanD n.d. La, Ce, Pr, Nd S: filtration on 10 kDa cutoff ultrafilter (LanD-E75Q/ Yes 125
E78A)
— D: n/a
(PH 6)

Still with the aim of developing a method for REE recovery,
Banta and coworkers proposed to use the RTX protein, which
can bind up to 8 lanthanides at pH 5.5.'%°

6.3.3 pH sensitivity. As stressed above (see 3.4 Effect of the
pH), the impact of pH on Ln*"-binding is generally an over-
looked feature. Nonetheless, because applications for recovery
require working with acidic REE sources, the pH sensitivity of
some of the peptides/proteins used or their derived materials
has been investigated.

LBT-based fibres displayed a similar pH-sensitivity than
observed in solution.>®®> The fibres could bind Tb** down to
pH 5, and their Tb*"-sorption capacity was decreased to the
level of non-functionalized fibres at pH 3. Park and Cotruvo
showed that Mex-LanM functionalised agarose beads retained

9276 | Chem. Soc. Rev., 2025, 54, 9245-9288

their ability to bind REE at pH 3,>>” which was consistent with
Mex-LanM capacity to bind Ln** down to pH 2.5 in solution.">®
RTX is the protein that seems to be the more tolerant to pH as it
retains some Ln*"-binding capacity at pH < 1.5. However, the
proteins precipitate at low pH, which complicated the analysis.

Although the different scaffolds described to date present
various pH-sensitivity, most of them were assayed for their
ability to bind Ln on slightly acidic solutions (pH 4-7, Table 12)
corresponding to REE sources obtained from mine tailings, or
leachates. Desorption of REE was only investigated for LBT- and
LanM-based materials and could be achieved with acidic solu-
tions (HCl, HNO3) at pH < 2. This is a consequence of the
protonation of Ln**-binding amino acids (e.g. Asp, Glu), which
results in a lower affinity for Ln®",

This journal is © The Royal Society of Chemistry 2025
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Fig. 26 Overview of the two approaches used to fabricate biobased filter
membranes. Reprinted with permission from ref. 256. Copyright 2024
American Chemical Society.

6.3.4 Selectivity

REE vs. non-REE. Working with low-grade, secondary sources
of REE that have a low content in REE (WEEE, phosphogypsum,
bauxite, mine tailings, coal ashes, mine drainages) requires a
good selectivity for REE vs. non-REE in order to minimize the
purification steps. Usual competing metal ions consist notably
of alkaline-earth (Ca, Mg), and d-block (Mn, Fe, Co, Ni, Cu, Zn)
elements (Table 12). The ability of the different scaffolds or
derived materials to retain selectively REE vs. non-REE has been
assessed in most studies.

REE-containing
waste streams

0'9.®
m, [ / - % \
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For the LBT-based fibres described by Joshi and coworkers,*
REE sorption fell in the presence of 10 to 100 times more concen-
trated non-REE metal ions (Al, Cu, Fe, Ni), whereas Ca only had a
small impact. Similarly, Kaplan and coworkers reported that the
Tb**-binding capacity of silk nanofibrils functionalised with LBT was
decreased in the presence of 10 to 100 times more concentrated Cu
or Fe, but not by Ca and Zn.**® LBT has a selectivity against Ca®" of
AlogK™ =~ 2-3 (see 4. Selectivity), which appears sufficient to
compensate for the difference in concentrations. However, from
the observations made in these two studies, it is anticipated that LBT
selectivity against d-block elements is quite low.

LanMs display a very high selectivity against Ca (Alog K°® ~
8 for Mex-LanM,*""">® Alog K$* ~ 4-6 for Hans-LanM®*) and d-
block elements (Alogk® ~ 6 and Alogk®™ =~ 8 for
Mex-LanM"*?) (see 4. Selectivity). This can explain the impress-
ive ability of LanM to selectively recover REE among other metal
ions in complex solutions (Table 12) with high recovery
yields and purity when using size-exclusion separation,'®’
functionalised agarose beads,>” or liquid-liquid phase
separation.>*®?*® Moreover, Gao, Wei and coworkers demon-
strated that even with concentrations of non-REE 10 to
1000 times higher than of REE, LanM-functionalized magnetic
nanoparticles could selectively bind REE over competing metal
ions and achieve a REE purity of 31% wt (compared to the
0.03% wt of the initial solution) corresponding to a 967-fold
improvement.>®°

RTX is interesting due to its ability to bind several Ln per
protein over a broad pH range."”® However, one limitation to its
use is the precipitation of the protein at low pH. To overcome
precipitation issues, Banta and coworkers coupled the RTX
protein to a maltose-binding protein (MBP). Working at pH 6,
they showed that RTX-MBP could selectively recover up to
~85% of Nd*" and Dy*" in a solution containing also Fe**
and Co®", which suggests a good selectivity of this modified
protein for Ln over d-block metal ions.

Removal of non-REEs

REEs
.~ Lanmodulin
' b ~ Spy chemistry
:‘e)( ‘|| - /\Polymer hair
v \ ’
v, =93 /
Y% L8 Vv
.tl“ e * ~b
PN : g { >
e .8 Y@
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MNP-LanM
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with REEs
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Fig. 27 Use of LanM-functionalized magnetic nanoparticles for REE recovery.258'259 Reprinted with permission from ref. 260. Copyright 2023 American

Chemical Society.
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Intra-REE. The design of Ln-binding peptides and proteins
with good intra-REE selectivity would be highly appealing with
the aim to reduce the number of steps required to obtain pure
and isolated REE, but it is an outstanding challenge given
the similarities of REE (see 1. Introduction) and the moderate
intra-REE selectivity displayed so far by Ln-binding peptides
and proteins (see 4. Selectivity). The LBT-fibers reported by Joshi
and coworkers showed a moderate preference for the binding of
Eu’®’, Tb**, and Dy*" relative to other Ln®*".>*® Cotruvo and cow-
orkers noted an intra-REE selectivity between heavy (HREE: Tb>*~
Lu*’, Y*") and light (LREE: La’*-Gd®) when using LanM-
functionalised on agarose beads similar to the one observed in
solution.>””

To overcome the moderate intra-REE selectivity of Ln-
binding peptides and proteins, some studies have proposed
innovative strategies. The separation process based on LanM-
functionalised on agarose beads was optimised by using mild
competitors for Ln desorption (malonate, citrate)."®” A two-
cycle process was proposed in order to recover five distinct
fractions: Sc**, Y>*, HREE (Gd*'-Lu*"), middle REE (MREE:
Pr**-Eu*"), and LREE (La**, Ce*"). A solution reproducing metal
ions concentrations found in coal combustion products or mine
tailings was adsorbed onto the column. The first desorption cycle
used malonate in order to desorb up to 99% of Sc with >99%
purity. Next, pH desorption was performed by decreasing the pH
successively to 2.3, 2.1 and 1.9, which enabled a first separation of
REE into HREE and Y*', LREE, and MREE. These fractions were
further purified using citrate desorption, which led to the recovery
of HREE with 88-100% purity, >95% recovery of Y*" with 92%
purity, recovery of MREE with ~80% purity, and recovery of LREE
with 98% purity.

As an alternative strategy, Cotruvo and coworkers investi-
gated how intra-REE selectivity could be improved by control-
ling the dimerization state of Hans-LanM to separate Dy*" from
Nd** working with a synthetic leachate solution of NdFeB
magnets.®> With Hans-LanM functionalised agarose beads,
Dy*" could be desorbed from the column with malonate and
obtained with 83% purity without significant desorption of
Nd**, which was then desorbed at pH 1.5 and obtained at
99.8% purity. In a similar approach, the LanD-E75Q/E78A
mutant optimised to form dimer with medium REE, was able
to retain Pr’* and Nd** better than the larger Ce*" and La*".

6.3.5 Concluding note. The development of biomaterials
based on Ln-binding peptides and proteins is well suited to exploit
secondary REE sources, which are more dilute and of lower grade.
As such, it represents a complementary approach to the develop-
ment of chemical strategies that aim to improve the extraction and
separation processes used on primary REE sources.'***”

REE recovery using Ln-binding peptides and proteins
requires to meet several criteria. The first is the selectivity of
the peptides and proteins for REE vs. non-REE, and ideally also
for intra-REE separation. The discovery of LanM, which has a
high selectivity vs. non-REE has represented a breakthrough
compared to LBT-based strategies that are more sensitive to high
concentrations of d-block metal ions. Nonetheless, Ln-binding
peptides and proteins still present a moderate intra-REE selectivity
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Fig. 28 Phosphate ester and DNA cleavage activities of Ln-pep (Ln =
Eu*, Ce™).

(see 4. Selectivity) that will need to be improved. The second
criterion is to improve the pH range in which the scaffold is stable
and retains Ln-binding capacity. Last, different strategies were
proposed for the sorption and recovery of REE. Scaling up to meet
industrial needs will require a facile and low-cost production of the
scaffold and its derived material. The strategy employed for func-
tionalizing magnetic nanoparticles with LanM using Spy chemistry
is interesting for this purpose, as it enabled the selective coupling
of the protein directly from cell lysates, thus avoiding protein
purification steps.>®*

Importantly, despite the considerable efforts made to
develop innovative, more sustainable technologies to exploit sec-
ondary REE sources, the main challenge to their industrial imple-
mentation remains their economic viability. The economic
feasibility of the biosorption process for the recovery of REE from
different low-grade sources was evaluated and strongly depends on
REE market prices. Only an increase of REE prices back to their
level of 2011 would make actual biosorption processes
profitable.”®® The fluctuating demands in REE and its impact on
the development at the industrial scale of more environmentally
friendly technologies have been discussed in ref. 235.

Ln*-PTE-R18

(0] OH
yH >
o 20 mM TRISpH 8
150 mM NaCl N -O\H/ﬁ\
5% viv MeOH 4
(0]

Fig. 29 Hydrolysis of 2-naphthyl hexanoate by Ln-PTE-R18.
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6.4 Catalysis

The field of Ln-proteins and Ln-peptides catalysis is emerging,
and a few examples have been published. Ln*" Lewis acidity has
been exploited for hydrolysis reactions and in alcohol dehydro-
genase (ADH)-like reactions (Section 6.2.1). Ln*' photoredox
properties have been exploited for the homolytic cleavage and
oxidation of diols (Section 6.2.2).

6.4.1 Lewis acidity. Before the discovery of Ln-enzymes,
Franklin and coworkers used Ln*" Lewis acidic properties for
the design of Ln-peptides as chimeric nucleases.'””'® Helix-
turn-helix peptides (HTH) combined an Ln**-binding loop and
helices from engrailed homeodomain, the latter offering the
possibility to recognize a specific DNA sequence. The resulting
Ln-peptides (Ln = Eu®*, Ce*") displayed DNA- and phosphate
esters cleavage activities (Fig. 28).2°%>%

The Ce**-peptides were more active than their Eu** counterparts,
consistent with the increased Lewis acidity and nucleophilicity of the
Ln*"-bound water molecules.’® The effect of the pH on Ln-peptides
reactivity was evaluated in the range 6.9-9.0.>°° The rate increased at
pH 8.2, which is close to the pK, of Ln*-bound water molecule
(Fig. 1), indicating that it is involved in DNA hydrolytic cleavage. In

o

1. La**-PQQ-
K142D-PaqT

MOPS pH 7
Saks

2. MeOH,
O CeFs
HoN
H
3. LC-MS: N[O~ CoFs
tr 8.3 min |
mi/z 302.06 H

Fig. 31 Benzyl alcohol oxidation by La®**-bound PQQ < Ky4,D-PaqT.
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addition, the cleavage catalysed by Ln-peptides was site-selective,
suggesting that DNA sequences could be recognized and cleaved
preferentially.’®

Ln*" Lewis acidic properties were also used for the catalysis
of the hydrolysis of 2-naphthyl hexanoate (Fig. 29). Jackson and
coworkers used the PTE-R18 protein, which has a Zn**-binding
site, and showed that the demetallated protein could bind Ln**.**
The activity of the resulting Ln-protein was pH-dependent, which
was linked to the deprotonation of a Ln-bound water molecule.

The first and sole known Ln-enzymes, Ln-alcohol dehydro-
genases (Ln-ADH), are an example of how the fine-tuning of
Ln’*" Lewis acid properties along the series may impact reactiv-
ity. In the enzyme, Ln’" is essential for catalysis because it
tunes the redox potential of the redox cofactor, the pyrroloqui-
noline quinone (PQQ). Interestingly, the activity of the XoxF-
methanol dehydrogenase (MDH) is strongly dependent on the
Ln*" in the active site, the lighter and less Lewis acidic Ln*"
giving the higher activity while no activity is detected for Ln**
heavier than Er*" (Fig. 30)."”® A similar trend has been also
recently observed for an Ln-ADH from Pseudomonas putida
KT2440 (PedH).”®” Several hypotheses have been proposed
and are still under investigation to explain this dramatic impact
on Ln-ADH reactivity. They consider not only PQQ redox
properties, but also changes in the coordination number, or
exchange rate constants of Ln**-bound substrate/product.

Working towards bringing new insights into Ln-MDH mecha-
nism, Olshansky and coworkers built a structural mimic of the
enzyme.”® Starting from the PQQ-binding protein PqqT, they engi-
neered the binding site with a single mutation (K;4,D) in order to
introduce a Ln*"-binding site. They tested the ability of this structural
mimic of Ln-MDH to oxidize benzyl alcohol, using a chemical trap
(O-(perfluorophenyl)methyl)hydroxylamine (PFBHA)) to capture the
benzaldehyde formed and identify it by LC-MS (Fig. 31). Only the
La3+—PQQ<:K142D—quT mutant was able to perform this reaction,
and not the WT protein or K;4,A mutant both lacking an Ln**-
binding site, nor the mutants lacking La**, or PQQ.

The ability of ADH to oxidize alcohols has been exploited further
by Bange, Klebensberger and coworkers for foreseen application in
bio-based plastic production."™® Starting from the Pr-PedH from

0 OH PQQ:Pr¥*:Enz. (500:250:1) o) 0

W PMS, DCPIP W
HO \ / 25 mM imidazole, HO \ /
HMFA 20 mM HEPES pH 8 FFA

Substrate scope:
Lo M o P
o o

Py
I ¥ e
HMF FFF

Fig. 32 Oxidation of 5-(hydroxymethyl)furoic acid (HMFA) and derivatives
by mutants of PedH. FFA: 5-formylfuroic acid; HMF: 5-(hydroxymethyl)-
furfural; FFF: 5-formylfurfural; PMS: phenazine methosulfate; DCPIP: 2,6-
dichlorophenol indophenol.
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P. putida KT2440, they constructed libraries of mutants of the
enzyme expressed in E. coli and screened each colony for in vivo
enzymatic activity towards the oxidation of HMFA (Fig. 32). This
compound is an important intermediate for the obtention of furan-
2,5-dicarboxylic acid (FDCA), a synthon that could serve as a plant-
based alternative in the production of polymers. Out of 30000
clones, 3 mutants were identified and their activity was confirmed
by testing the purified enzymes. They shared mutations of the same
residues, F412 and W561, positioned in the substrate channel and
on a lid loop, respectively. These mutations enable bulkier sub-
strates, such as HMFA, to access the active site. The mutant with the
best catalytic activity for HMFA oxidation, PedH"™2"W*¢14 " could
also successfully oxidize ethanol, HMF and FFF (Fig. 32), which
opens up the route to the whole-cell biocatalytic production of FDCA.

6.4.2 Photoredox properties. So far, only a single example
reported on the use of Ln photoredox properties in artificial
enzymes for catalysis. Zeymer and co-workers designed an Ln-
binding protein based on a TIM-barrel scaffold with the aim of
exploiting the photocatalytic properties of Ce.'

The scaffold TFD-EE N6W was the starting point for the following
catalysis study (Fig. 33)."> Changes were made to the scaffold in
order to introduce asymmetry in the binding site (single chain
variant), to limit photodamage (removal of Trp residues), and to
prevent non-specific metal binding to the protein surface (removal of
clusters of negatively charged residues by mutating Asp to Asn and
Glu to Gln), leading to the optimised scaffold PLZ1.4.

Upon irradiation, the artificial enzyme Ce-PLZ1.4 was able to
catalyse the homolytic cleavage of homobenzoin into benzalde-
hyde (Fig. 33). Compared to molecular catalysts, the interest of the
protein scaffold is to be able to control the stereoselectivity of the
reaction. The authors showed that Ce-PLZ1.4 catalysed better the
cleavage of (R,R)- and (S,S)-hydrobenzoin compared to the meso-
isomer, and so displayed some diastereoselectivity. Investigation of
the substrate scope of the enzyme also evidenced chemoselectivity,
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with aromatic diols being better cleaved than aliphatic ones. Last,
the PLZ1.1 protein was expressed at the surface of E. coli cells,
which were subsequently treated with CeCl; and light and were
able to cleave a lignin surrogate (2-phenoxy-1-phenylpropane-1,3-
diol) opening the way to photocontrolled whole-cell catalysis.

6.4.3 Concluding note. Lanthanides have versatile proper-
ties ranging from their Lewis acidity which offers a fine-tuning
of the reactivity, to their redox properties that cover a broad
range of potentials, and to their photochemical properties,
which open the way to photocatalytic reactions. The similarities
of Ln allow, with a single ligand, to modulate the reactivity of
the catalyst simply by choosing the adequate Ln*" ion, which is
not possible with any other family of metal ions.

To date, the scope of Ln—-peptides and Ln-proteins catalysts has
been limited mainly to reactions exploiting Ln®* Lewis acidity
properties, with the exception of an original work demonstrating
that photoredox catalysis is also achievable.'® In addition, the
peptide scaffold of the catalysts has been used to select the substrate,
whether by using DNA recognition sequence, or by engineering the
catalytic pocket,® or by favouring one stereoisomer over others."

In the medium term, recent advances obtained with mole-
cular catalysts should be transposable to Ln artificial enzymes.
Ln-complexes have been used as Lewis acids catalysts,”**** in
particular for C-C bond formation in aqueous media.®*® Ln-
complexes are also powerful photocatalysts, that can be used for
photo-reduction or photo-oxidation.”>*”* Notably, the reduction of
CO,, N, and NO, was achieved in mild aqueous conditions.””**”*
Similar reactions could be implemented in artificial Ln-enzymes,
which operate in aqueous media and whose peptide scaffold allows
modulation of the hydrophilicity of the active site. Combining the
chemical properties of Ln with the modularity of the peptide scaffold
will help control the reactivity of the metal centre, the selectivity of the
reaction and fine-tuning of second sphere interactions, and is expected
to broaden the reactivities accessible with artificial enzyme.”

7. Conclusions & perspectives

In the last decade, significant progress has been made in the
study of natural Ln-dependent proteins as well as in the design
and engineering of Ln-binding peptides and proteins for a
variety of relevant applications. Notwithstanding, numerous
challenges remain to be addressed for the advancement of this
flourishing field, starting with a sound and quantitative under-
standing of Ln coordination by pH buffers to refine the
accuracy of available data and allow reliable comparisons.

The current limitations in designing Ln-binding systems
with high affinity, selectivity, and inertness underscore the
complexity of controlling key factors such as the coordination
sphere (i.e. coordination and hydration number), scaffold sta-
bility, and the influence of long-range effects.

The control over the hydration number g is well understood
and achievable for EF-hand motifs, and it can be tuned for
other scaffolds by adjusting the denticity and positioning of the
binding site within a hydrophobic environment. However,
certain long-range outer-sphere factors, such as the local

This journal is © The Royal Society of Chemistry 2025
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conformation of the main chain and the orientation of amino
acids can influence g in ways that are not yet fully controllable.

The majority of peptide and protein scaffolds exhibit an Ln-
binding affinity in the micro- to nanomolar range (log K,
~ 6-9), with only a limited number extending to the picomolar
range (logK,,, ~ 12), which is significantly lower than the
affinity achievable with small chelators. Similarly to the tuning of
the hydration number g, long-range outer-sphere factors, which
are not yet understood, strongly influence the Ln affinity, as in the
case of LanM compared to its isolated EF-hand motifs. It is worth
noting that this gap between the Ln-affinity of peptide/proteins
and small organic chelators is not observed for d-block metal ions,
for which proteins and chelators of similar affinity, up to log Kypp
~ 21, are known. The underlying reason for this remains to be
elucidated. One possible explanation is that, considering that we
are at the dawn of lanthanome research, the tightest Ln-binding
proteins have yet to be discovered. Besides, due to the ionic nature
of Ln bonding and their preference for higher CN than d-block
metal ions, peptides and proteins might need more demanding
constraints to bind Ln*" as efficiently as d-block metal ions.

Achieving higher affinities requires careful optimisation of both
the Ln-binding site and scaffold stability by fine-tuning key para-
meters such as the type and denticity of the coordinating amino
acids, as well as local and long-range structural constraints in the
scaffold. To this end, computational design appears as a powerful
tool to obtain a well-structured and stable protein scaffold, as is the
case for the Ln-binding TIM barrel. In addition, the pH-dependency
of Ln-binding by peptides and proteins has only been seldom looked
at but is an important parameter for applications in REE recovery.

The selectivity relative to Ca®" is generally favourable due to
the higher coordination number and higher charge of Ln*".
Nevertheless, the remarkable selectivity exhibited by LanM
remains to be fully elucidated. Again, this is likely attributable
to the influence of outer sphere effects.

With respect to d-block elements, the selectivity of peptides
and proteins for Ln** often surpasses that of small chelators, a
phenomenon attributable to distinct preferences for ligand
types, coordination number and geometry.

In comparison to Ln*", peptide and protein scaffolds demon-
strate a slightly higher affinity for An®*, presumably due to
enhanced covalency. However, further investigation is warranted
to fully elucidate the underlying mechanisms and to boost the
selectivity between Ln** and An’". Since An®" can be (radioactive)
contaminants of common Ln** sources, this will be crucial in the
context of Ln recovery and radioactive decontamination.

The intra-Ln selectivity remains an outstanding challenge
due to their similar ionic radii and Lewis acidity. The intra-Ln
selectivity exhibited by peptide and protein scaffolds is not yet
comparable to that observed for small chelators. This discrepancy
may be attributed to the greater flexibility of peptides, which
consequently enables a higher degree of adaptability to Ln** jons
differences in ionic radius and coordination number. Further
studies are required to ascertain whether size discrimination can
be enhanced based on both electronic and steric considerations,
for instance by modulating the rigidity of the coordination site
and its position (buried or surface-exposed) within the scaffold.

This journal is © The Royal Society of Chemistry 2025
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The kinetic inertness of Ln coordinated to peptides and
proteins is a largely neglected aspect that merits greater atten-
tion and research focus in the upcoming years, especially with
respect to the development of efficient imaging agents and
tools for Ln separation. In order to understand how to control
the kinetic inertness of Ln-peptide and protein complexes, it is
also essential to accumulate a substantial body of experimental
data, which is currently lacking.

Overall, it appears that the elusive contributions beyond the
first coordination sphere are of paramount importance in
tuning properties like affinity, selectivity, and inertness, and
must be studied further to achieve optimized designs. It is
expected that emerging technologies based on machine learn-
ing and artificial intelligence will soon be beneficial in unravelling
the influence of such long-range interactions, provided that solid
experimental knowledge is established.”’®’® In this context, sig-
nificant contributions are also expected from approaches beyond
rational design, such as directed evolution.>”

By deepening our understanding of these long-range effects and
their impact on the coordination environment, we will be able to
address the key challenges in the field: (i) developing high-affinity,
intra-Ln selective peptides and proteins for enhanced Ln-recovery;
(ii) achieving kinetically inert Ln-binding scaffolds for medical
imaging and therapy; and (iii) optimizing the design of Ln-based
(photo)catalysts. These advancements hold the potential to revolu-
tionize a wide range of applications, from environmental sustain-
ability to cutting-edge medical technologies.
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Appendices

Table 14 Values from Fig. 1: trends of key parameters along the Ln series
Ln3+ E3+/2+ (V)ZG E4+/3+ (V)ZG r (A)27 pKaZS IOngng
La* -3.1 1.216 8.89 —22.3
ce** —3.2 1.7 1.196 8.31 —23.5
pr’* —2.7 3.4 1.179 8.3 —23.4
Nd** —2.6 4.6 1.163 8.13 —24.1
Pm** —2.6 4.9 1.144 n/a n/a
sm** —1.55 5.2 1.132 7.84 —24.8
Eu® —0.34 6.4 1.12 7.66 —25.5
Gd* —3.9 7.9 1.107 7.87 —24.8
Tb** -3.7 3.3 1.095 7.6 —25.7
Dy** -2.5 5 1.083 7.53 —25.7
Ho*" —2.9 6.2 1.072 7.43 —26.4
Er’* -3.1 6.1 1.062 7.46 —26.2
Tm** -2.3 6.1 1.052 7.34 —26.4
Yb** —1.05 7.1 1.042 7.31 —26.7
Lu®* 8.5 1.032 7.33 —26.6
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Table 15 Values from Fig. 17: selectivity of different ligands across the Ln®* series

Ln** EDTA®  DTPA®  Macropa’  Macrotripa®  LBT12¢ LF4° RTY¥  LanD® LanM” LanM' LanW  LanM’
La** 15.5 19.5 15.0 12.6 5.5 4.2 41 5.7 11.3 10.2

ce** 16.1 20.5 15.1 12.8 6.0 6.0

pr¥* 16.3 21.1 14.7 12.7 4.5 6.3 10.2 11.0
Nd** 16.6 21.6 14.4 12.3 6.6 4.5 6.6 11.3 10.0 10.7
Sm** 17.0 22.3 13.8 11.4 6.5 11.2 10.6
Eu®* 17.2 22.4 13.0 10.9 7.2 4.6 4.6 6.5

Gd** 17.3 22.5 13.0 10.2 7.1 4.6 6.2 11.0 10.0

Tb** 17.8 22.7 11.8 10.2 7.2 4.9 4.6 10.7

Dy** 18.2 22.8 11.7 10.5 7.2 4.6 9.7 8.6 10.8
Ho** 18.4 22.8 10.6 10.7 4.9 10.6 9.6 11.1
Er* 18.9 22.7 10.1 11.1 7.1 5.0 11.9
Tm* 19.6 22.7 9.6 11.4 12.4
Yb* 19.7 22.6 8.9 11.8 7.0 4.4 4.6

Lu** 20.0 22.4 8.3 11.9 6.9 4.2 4.6

“ log f from ref. 173. log P from ref. 160. © log . from ref. 161. logKmpP in HEPES 10 mM pH 7, NaCl 100 mM, ref. 64. logKapp in HEPES
10 mM pH 7.5, NaCl 10 mM, ref. 103. logKzlpp in bis-Tris 20 mM pH 6, NaCl 25 mM, ref. 129. ¢ log K,,, in MOPS 30 mM pH 7, KC1 100 mM, ref. —
h log K, for Mex-LanM in MOPS 30 mM pH 7.2, KCI 100 mM, measured by CD spectroscopy, ref. 81. log K,p,p, for Mex-LanM in acetate buffer
20 mM pH 5, KCI 100 mM, measured by CD spectroscopy, ref. 155. log K,pp for Hans-LanM acetate buffer 20 mM pH 5, KCl 100 mM, measured by
CD spectroscopy, ref. 280. logl('app for Mex-LanM KCI/KCH;COO™ buffer 100 mM pH 5.0, measured by UV-vis spectroscopy, ref. 155.

Table 16 Values from Fig. 19: selectivity of small chelators and some peptide/protein scaffolds for Ln** over Ca?*
Ln** EDTA® DTPA® P3W? EF loop® cam? Hans-LanM® Mex-LanM RTX? PqqT” PA! 2scd
La** 15.5 19.5 5.20 10.2 11.3 4.1 6.2 6.2
ce** 16.1 20.5
pr** 16.3 21.1 4.5
Nd** 16.6 21.6 10.0 11.3 4.5
Sm** 17.0 22.3 11.2
Eu® 17.2 22.4 5.2 6.8 8.00 4.6 6.8
Gd** 17.3 22.5 5.2 11.0
Tb** 17.8 22.7 6.8 8.8 10.7 4.6 6.3
Dy** 18.2 22.8 8.6 4.6
Ho* 18.4 22.8 10.6
Er** 18.9 22.7
Tm* 19.6 22.7
Yb** 19.7 22.6 4.6 6.4
Lu** 20.0 22.4 4.6
Ca** 11.0 10.7 4.5 4.6 6 4.2 3.2 3.3 3.8 3.7 1.7
“ log fuy, from ref. 173. 10g1<'zlpp in TRIS 5 mM pH 7.8, from ref. 76. © log K,p,p in HEPES 10 mM pH 7, NaCl 100 mM, from ref. 169. logl('app in

PIPES 25 mM pH 6.8, KCI 100 mM, from ref. 82. ¢ logKapp for Hans-LanM acetate buffer 20 mM pH 5, KCl 100 mM measured by CD spectroscopy,
ref. 280.- logKapp for Mex LanM in MOPS 30 mM pH 7.2, KC] 100 mM, measured by CD spectroscopy, ref. 81. logKapp in bis-Tris 20 mM pH 6,
NaCl 25 mM, ref. 129. logKapp in HEPES 30 mM pH 7, NaCl 100 mM, from ref. 20. ’ log Ky, in HEPES 10 mM pH 7, from ref. 41.7 log K,p,p, in
Imidazole 30 mM pH 6.9, KCI 50 mM, from ref. 95.

3 V. Balaram, Geosci. Front., 2019, 10, 1285-1303.
4 N. A. Fitriyanto, M. Fushimi, M. Matsunaga, A. Pertiwin-
ingrum, T. Iwama and K. Kawai, J. Biosci. Bioeng., 2011,
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