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The Role of Asparagine as a Gatekeeper Residuein the
Selective Binding of Rare Earth Elements by

Lanthanide-Binding Peptides

Surabh S. KT, Baofu Qiao,*®! Jason G. Marmorstein,'< Yiming Wang,!¢ € Denize C. Favaro, [
Kathleen J. Stebe,!d E. James Petersson,) Ravi Radhakrishnan,! ¢! Cesar de la
Fuente-Nunez, @ & 9! Raymond S. Tu,’ Charles Maldarelli,'®) Monica Olvera de la Cruz,*"!

and Robert J. Messinger*™

Lanthanide-binding tag (LBT) peptides selectively complex lan-
thanide cations (Ln>*) in their binding pockets and are promis-
ing for lanthanide separation. However, designing LBTs that
selectively target specific Ln>** cations remains a challenge due
to limited molecular-level understanding and control of inter-
actions within the lanthanide-binding pocket. In this study, we
reveal that the N5 asparagine residue acts as a gatekeeper in
the binding pocket, resulting in a 100-fold selectivity for smaller
Lu* over larger La*" cations. Nuclear magnetic resonance spec-
troscopy and molecular dynamics simulations show that the N5
residue weakly binds to the larger La** cation, permitting H,0
molecules inside the pocket. For the smaller Lu** cations, the

1. Introduction

Rare earth elements (REEs), encompassing scandium, yttrium,
and the 15 lanthanides from lanthanum (La) to lutetium (Lu),
are crucial elements owing to their unique magnetic, lumines-
cent, and catalytic properties."* They play an integral role in
diverse technological applications, ranging from smartphones,
optical displays, catalysts to various alloys.>®! Furthermore, they

N5 residue forms an inter-arm hydrogen bond with the E14 glu-
tamic acid residue, locking the Lu** cation in the pocket and
preventing H,O infiltration. Mutating the N5 asparagine to a D5
aspartic acid prevents such a hydrogen bond, eliminating the
gatekeeping mechanism and precipitously reducing selectivity.
The resulting binding affinity to Ln** cations is non-monotonic
but generally increases with cation size. These results suggest
a molecular design paradigm: the reduced affinity for larger
lanthanides is due to open pocket conformations, while the
selectivity of smaller Ln>* cations over larger ones is due to the
gatekeeping hydrogen bond.

are indispensable for clean energy technologies (wind turbines,
batteries, lighting systems, etc.) and are recognized as com-
modities with substantial future demand.’”°! However, the sep-
aration of individual REEs from feedstocks poses a significant
challenge due to inherent similarities in physicochemical prop-
erties. These elements predominantly exhibit a +3 oxidation
state, rendering charge-based separations ineffective. Addition-
ally, the minimal decrease in cation radius of 0.19 A across the
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lanthanide series from La to Lu is difficult to exploit."” Conven-
tional REE separation methods, such as solvent extraction, are
characterized by extensive energy consumption, large volumes
of extractants, the necessity of multiple stages for complete
purification, and potential environmental issues due to reliance
on organophosphates."?! Addressing these concerns is a signif-
icant focus of current research efforts, driving the advancement
of sustainable REE separation chemistries.

Biomolecular approaches utilizing Ln**-binding proteins or
peptides are appealing for REE recovery owing to their high
affinity, selectivity, an all-aqueous separation platform, and
minimal energy requirements.™! This has spurred research
to exploit such proteins in separation schemes. For instance,
enhanced REE adsorption was observed by genetically dis-
playing EF-hand binding motifs in intact proteins on cell
surfaces!™™! or in the extracellular matrices®! of bacteria. The
recent discovery of the Ln*-binding protein Lanmodulin (LanM)
in methylotrophic bacteria with its picomolar affinity for Ln3*
introduces another compelling option for REE separation.!??
Prior studies have exploited LanM immobilized on magnetic
nanoparticles,'?! displayed on fungal/bacterial cell surfaces,!?*%!
and incorporated into elastin-like polypeptides®! to effec-
tively concentrate REEs from other competing metals present
in feedstocks. In addition, LanM tethered on agarose beads
has demonstrated selective separation of the commercially
important Nd>*-Dy** pair.!#?%! More recent efforts have focused
on peptides that incorporate the EF-hand binding motifs in
separation schemes. These studies are motivated in part by
atom economy, a significant advance if the smaller peptides
can recapitulate or even enhance the selectivity of the EF-hand
structures in intact proteins. For example, peptides derived from
the EF-hand loops of LanM have been immobilized on gold
nanoparticles and utilized to bind and separate REEs,'*3! albeit
the isolation of the Ln3*-binding loop sequence is associated
with a significant decrease in dissociation constants (Kq) from
picomolar to micromolar regime.?" Lanthanide-binding tags
(LBTs) are peptides engineered from EF-hand motifs of calcium
metalloproteins like Calmodulin and Troponin C; these peptides
have shown nanomolar affinity for Ln3* cations (Scheme 1A).[3?!
While LBTs were initially developed as bioprobes, harnessing the
luminescent and paramagnetic properties of Ln** cations,33-"]
they have recently been repurposed for the capture and separa-
tion of REEs. Ortuno Macias et al.l*®! focused on these peptides
and demonstrated that LBTs can be rationally mutated to
enhance surface activity, exhibiting a twofold selectivity to Th3*
over La** cations at the air-water interface.

As biomolecular motifs continue to advance in REE selec-
tive separation technologies, there is a growing need to
gain molecular-level insights into their ability to distinguish
among the REEs. Very few studies have explored the structure-
selectivity relationship to enable the complex separation of
Ln** across the lanthanide series. Nitz et al.?®! had presented
the X-ray crystal structure of an LBT-Tb*" complex, revealing
the ligating amino acid residues and that water was excluded
in the Tb** coordination environment. Interestingly, Hatanaka
et al.l*®! demonstrated that water infiltration into the binding
pocket of the LBT3 peptide occurs for lighter (larger) lanthanides
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(e.g., La**), reducing affinity. Hence, it is critical to character-
ize and understand the molecular-level structures, interactions,
and dynamics within the binding loops of Ln3*-binding pep-
tides to design peptide sequences to control selectively for a
preferred Ln3* cation. In this study, building upon previous work
of Hatanaka et al,[*! we elucidate how binding selectivity is
determined by Ln3* cation size through a previously unidenti-
fied hydrogen bonding interaction between residues, which acts
as a “gatekeeping” mechanism. Specifically, using the LBT3 pep-
tide (sequence: NH;"-FIDTNNDGWIEGDELLA-NH,, Scheme 1B),
we investigated the structures, interactions, and dynamics of
the binding loop upon complexation with larger La** and
smaller Lu>* cations at a molecular level. By coupling advanced
NMR and molecular dynamics (MD) methods, we demonstrate
that LBT3:Ln3* complexes adopt multiple binding conformations.
Notably, the N5 asparagine residue, which is a weaker binding
residue, undergoes partial or complete dissociation depending
on the Ln3* cation size. For larger La>* cations, the N5 residue
only weakly binds to the cation, enabling an H,O molecule to
infiltrate the binding pocket and leading to lower LBT3-La®*
binding affinity. For smaller Lu*" cations, the N5 residue dis-
sociates with the cation but instead hydrogen bonds to the
E14 glutamic residue in the pocket, locking the Lu** cation in
the pocket, preventing H,O infiltration, and increasing LBT3-Lu*
binding affinity. These changes in binding, in combination with
H,O exclusion, lead to a 100-fold higher selectivity for Lu*t over
La**, as evidenced by the measured thermodynamic dissociation
constants K. Hence, the N5 asparagine residue acts as a “gate-
keeper” residue. Furthermore, mutation of the N5 asparagine to
a D5 aspartic acid residue is shown to significantly reduce Ln>*
selectivity, despite preserving high binding affinity, underscor-
ing the critical role of the asparagine within the binding pocket
in size-based Ln** cation recognition. Overall, our findings shed
light on the interplay between peptide conformational dynamics
and lanthanide ion coordination, providing valuable insights for
the design of more efficient and selective LBT-based systems for
REE separations.

2. Results and Discussion

2.1. Cation-Dependent Chemical Exchange Rates in LBT3-Ln3*
Complexes

"H NMR titration measurements were conducted to experimen-
tally assess LBT3's affinity for trivalent rare earth cations and
its capability to distinguish between them despite their subtle
size differences. Varying concentrations of La*>* and Lu** were
systematically introduced into a 100 uM LBT3 solution to probe
the conformational changes associated with complexation at dif-
ferent LBT3:Ln*" molar ratios. La*" and Lu** were chosen not
only for the different sizes but also due to their diamagnetic
nature. Other lanthanide cations are paramagnetic, which leads
to extensive line broadening and loss of signal intensity due to
paramagnetic relaxation enhancement effects. The '"H NMR titra-
tion spectra revealed marked differences in dynamics between
the LBT3-La*" and LBT3-Lu®* complexes. The introduction of La*
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Scheme 1. (A) Schematic representation of an LBT peptide binding to a rare earth cation. (B) Sequence and chemical structure of LBT3 peptide used in this

study. The highlighted amino acids represent the ligating residues.

to 100 uM LBT3 (Figure 1A) resulted in a pronounced broadening
of the peptide 'H signals within the amide region for La*":LBT3
ratios below 1. For La**:LBT3 molar ratio > 1, distinct 'H signals
corresponding to the complexed state emerged. Notably, at a
La**:LBT3 molar ratio of 2:1, the 'H signals corresponding to the
complexed state are resolved completely.

Conversely, upon titrating Lu** cations into 100 uM LBT3
(Figure 1B), new 'H signals for the LBT3:Lu>* complex were
resolved even at the lowest concentrations tested. As the Lu3*
concentration increased, the intensity of the 'H signals associ-
ated with the LBT3-Lu** complex increased with a concurrent
reduction in the 'H signal intensities due to unbound LBT3. This
trend reflected a clear shift towards the complexed state as the
concentration of Lu** increases. As the Lu**:LBT3 ratio reached
2:1, all 'H signals corresponding to the unbound LBT3 vanished,
affirming the complete transition to the bound state.

The broadening observed in the LBT3 amide 'H signals upon
titration with La3* cations suggests an intermediate chemical
exchange regime between the bound and unbound states. This
phenomenon occurs when the proton’s chemical exchange rates
between the two signals, such as those associated with the
bound and unbound states, are comparable to the differences
in their NMR frequencies. With an excess of La**, complete
complexation occurs, yielding sharper 'H amide signals. In con-
trast, upon the addition of Lu*t cations, the co-existing 'H
signals associated with bound and unbound states observed at
Lu*:LBT3 ratios < 1 signify a slow chemical exchange regime.
This regime indicates slower dissociation kinetics where the time
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scale of exchange between the bound and unbound states
is much slower than the differences in their NMR frequen-
cies. These findings are consistent with the results of Hatanaka
etal, [ suggesting that the LBT3-Lu** complex is more tightly
bound compared to the LBT3-La** complex. As shown below,
Lu3t displays a greater LBT3 binding affinity than La>*, consistent
with these observations.

2.2. 3D Molecular Structure of LBT3-La** Complex by NMR

The distinct difference in binding affinity between La*" and Lu**
with LBT3 was also reflected in specific 3D structural features of
the binding loop obtained from multidimensional solution-state
NMR measurements. To establish spatial constraints, 'H distance
restraints were derived from the 2D 'H-'H NOESY spectra at
25 °C using the CYANA calibration. The 'H, BC, and ®N chem-
ical shift values were obtained from 'H-3C HSQC (Figure S1),
'H-®N HSQC (Figure S2), 'H-'H TOCSY (Figure S3), and 'H-H
NOESY (Figure S4). The top 20 structures from CYANA were
refined by simulated annealing for 100 ns under restraints. This
extended duration, compared to the shorter time of 20 ps
used by Hatanaka et al.[*! allowed us to explore energetically
similar populations more thoroughly. Following refinement, the
top 20 structures (Figure 2) exhibited populations with diverse
coordination environments. Across these structures, the total
coordination number (CN) of La** consistently remained at 10.
The most predominant conformation (Figure 2A) demonstrated

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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Figure 1. Differential Ln** binding affinities of the LBT3 peptide observed through solution-state 'H single-pulse NMR measurements. Quantitative 'H
single-pulse NMR spectra (amide region) acquired at 25 °C with varying concentrations of (A) La>* and (B) Lu** cations titrated into 100 uM LBT3 in 50 mM

MES-d13 buffer (H,0:D,0 volume ratio of 90:10).

a bidentate ligation of D3, D7, E11, and E14 residues, whereas N5
and W9 exhibited monodentate ligation. Intriguingly, a notable
subset of structures revealed a distinct scenario where the N5
residue appeared dissociated (Figure 2B). In these instances,
a water molecule, instead of the N5 residue, was engaging in
direct coordination with the La>* cation.

Furthermore, conformations with more than one H,0
molecule in the binding loop were also observed (Figure 2C).
Within these structures, the N5 and W9 residues were com-
pletely dissociated, and the D7 transitioned from a bidentate
to monodentate ligation. These conformations observed for
the LBT3-La** complex stem from the dissociation of residues
like N5 and W9, which form weaker coordination with the
La>* cation compared to the robust electrostatic interactions
observed with the other residues (D3, D7, E11, and E14). In
contrast, the unbound LBT3 exhibited a random coil struc-
ture (Figure 2D). Overall, the varied coordination environments
observed highlight the structural diversity of the LBT3-La** com-
plex. These results furthermore suggest that the binding affinity
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of Ln** to LBT3 hinges on the extent of residue dissociation
and concurrent water infiltration into the LBT binding pocket,
reflecting the interplay between residue binding strengths and
the accommodating pocket size relative to the cation.

2.3. LBT3-Ln3* Complexes: N5 Dissociation and Water
Infiltration

To explore how cation selectivity relates to the peptide’s struc-
tural dynamics, particularly regarding residue dissociation and
water infiltration, we conducted unbiased all-atom MD (AA-MD)
simulations on the LBT3-La** and LBT3-Lu** complexes. Three
parallel runs were conducted for each complex. They converged
after a simulation time of 2.5 ps for La** and 3 ps for Lu**
(Figure S5), necessitating the long simulation duration of 6 us
for each run. The initial conformation utilized in these simula-
tions reflected the predominant NMR conformation, featuring
D3, N5, D7, W9, E11, and E14 as binding residues. Throughout

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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Figure 2. Top 20 refined NMR structures of the LBT3-La** complex exhibiting different populations with varying coordination environments of La** cation
(A) CNigr3 = 10 (B) CNigrs = 9, CNioo = 1 and (C) CNigrs = 7, CNypo = 3. Here CNy represents the contribution of x ligand toward the total coordination
number (CN) of La**; water molecules are not depicted for visualization. The top 20 NMR structures of unbound LBT3 are shown in (D).

these long-time-scale simulations, we observed the dissociation
of the N5 residue in both the LBT3-La*>* and LBT3-Lu** com-
plexes. Specifically, throughout the simulation, we observed a
progressive increase in distance between the La** cation and the
oxygen atom on the carbonyl group of the N5 residue OD1(N5),
where “D” indicates that the oxygen atom is the delta position)
(Figure 3A). This distance expanded from 2.6 A, representative of
the bound state, to an intermediate distance of 5 A correspond-
ing to partial dissociation. On closer examination, the partial
dissociation facilitated the infiltration of a water molecule into
the binding pocket. While coordinated with the La** ion, this
infiltrated water molecule engaged in hydrogen bonding with
the N5 residue via the sidechain OD1 atom, resulting in this
intermediate state. As the simulations progressed beyond 2.5 ps,
all three runs consistently demonstrated complete dissociation
of the N5 residue, as evidenced by the La**-OD1(N5) distance
extending to 112 A. The final simulation structure is represented
in Figure S6. Additionally, using the last 2 ps of the simulation
trajectories, we analyzed the La** coordination environment.
The tabulated values in Table S1 revealed that across all three
runs, D3, D7, E11, and E14 displayed bidentate ligation, while W9
exhibited monodentate ligation. Notably, the infiltrated water
also contributed to the total coordination number of La>* by 1,
resulting in a total of 10, consistent with the NMR structures.

In contrast, the Lu**-N5 coordination displayed a binary
mode for the smaller Lu** ion such that the average Lu**-
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ODI1(N5) distance jumped from 2.3 A in the initial conformation
to an average distance of 6.5 A (Figure 3B). This converged state
resembled the intermediate state observed for the LBT3-La**
complex where the N5 residue remained directed inside the
pocket. But for Lu*, this state was attained with no infiltration of
water into the binding pocket. Upon analysis, the Lu>* coordina-
tion environment from the last 2 ps of the simulations supported
that D7, E11, and E14 exhibited bidentate ligation, whereas D3 and
W9 displayed monodentate ligation (Table S2). Notably, the total
coordination number of Lu** was found to be 8, which is lower
than that of La**, indicating a less complex coordination envi-
ronment. Moreover, we observed that the loss in coordination
of the N5 residue is compensated by the transformation of D7
residue from monodentate in the initial LBT3-Lu>* structure to
bidentate ligation (Figure 3B, inset).

2.4. Free Energy Landscape of LBT3:Ln>** Complexes Revealed
by Metadynamics Simulations

The N5 dissociation in the LBT3-La>* complex leads to a wide
range of open-pocket conformations in contrast to the binary
mode exhibited by the LBT3-Lu** complex. Additionally, the total
CN reaches a value of 10 for La** in the LBT3-binding pocket,
while it remains at 8 for Lu**. Compared to their coordination
numbers in bulk water (9 for La’>* and 8 for Lu**),[*" the local

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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Figure 3. Long-time-scale unbiased MD simulations support the dissociation of N5 in the LBT3-La>" complex. The distance between (A) La** or(B) Lu** and
the oxygen atom of the carbonyl group on the N5 residue (OD1(N5)) as a function of simulation time for the three parallel runs. The typical structures are
inserted with the distances of Ln(lll)-OD1(N5) provided. The white dotted lines denote the Ln(lll)-oxygen coordination. La3*/Lu>* are colored in
green/yellow, respectively, with oxygen/nitrogen/carbon/hydrogen atoms in red/blue/cyan/white, respectively.

binding environment within LBT3 elevates the CN of La** by
1, with no change for Lu**. To further validate the calculated
CN values that were determined from unbiased AA-MD simu-
lations and to probe the relative energetics of the observed
conformations, we conducted metadynamics simulations using
two collective variables: the total CN and the distance of Ln**-
OD1(N5). Each metadynamics simulation lasted an aggregate of
1.8 ps. The simulations of LBT3-La** and LBT3-Lu** complexes
converged at 1.7 and 1.6 ps, respectively (Figure S7). Additional
details are available in the Supporting Information.

The metadynamics simulations support that La*" favors the
coordination environment with CN = 10 over CN = 9, followed
by other values of CN (Figure 4A). Detailed analysis of the
LBT3-La** structures derived from the most thermodynamically
favorable regions of the free energy landscape corroborates the
coordination environment observed with the long-time-scale
unbiased simulations. Specifically, D3, D7, E1l, and E14 form
bidentate ligation with W9 forming monodentate ligation, along
with one coordinating water molecule (Figure 4A, Table S1). In
comparison, Lu** energetically favors CN = 8 with the bidentate
ligation from D7, E11, and D14 and the monodentate ligation
from D3 and W9 (Figure 4B, Table S2). Remarkably, both the
long-time-scale unbiased simulation and the metadynamics
simulation indicated that the La** ion in the LBT3-La** complex
has a higher coordination number compared to in bulk water
(CN = 9)."" However, this elevated CN is not observed for the
Lu* ion, which maintains CN of 8; this coordination is the same
as that attained in its hydrated state.

The free energy landscape as a function of La*"-OD1(N5)
distance was observed to be relatively flat after N5 dissociation
(Figure 4A), allowing the LBT3-La** complex to adopt multiple
open-pocket conformations. However, for the LBT3-Lu** com-
plex, the energy wells are better defined (Figure 4B): the lowest
energy state corresponds to the partially dissociated N5 state,
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and complete dissociation of N5 was found to be energetically
disfavored.

Thermodynamically, a coordination number of 10 versus 8
would seem to suggest an overall weaker interaction between
the ion and the ligating residues for the lower coordination
environment (Lu*). However, as shown below, the experimental
dissociation constants (Kp) measurements indicate the opposite
trend. For the LBT3-La>* complex, interactions between the La>*
cation with the ligating residues are weaker, permitting H,O
infiltration. Notably, the LBT3-La>* complex is far more dynamic,
leading to larger separation distances and fluctuations (Table
S1) relative to the LBT3-Lu** complex (Table S2). Also, La** is
larger in size and can accommodate more ligands to marginally
compensate for the weaker interactions, resulting in the higher
CN. In contrast, the LBT3-Lu** complex exhibits stronger inter-
actions, resulting in a more rigid structure with less fluctuations
in ligand positions.

2.5. Intramolecular H-Bonding and LBT3-Lu3* Complex
Interlocking

The tight binding of the Lu** complex is unequivocally linked
to the absence of complete dissociation of the N5 residue. To
delve deeper into this phenomenon, we examined the simu-
lation snapshots of both complexes following N5 dissociation
(Figure 5A). Remarkably, our analysis revealed that in the LBT3-
Lu3* complex, complete N5 dissociation is impeded by an
inter-arm hydrogen bond (H-bond) between the N5 and E14
residues. This intramolecular H-bond effectively secures the com-
plex, encapsulating the Lu** cation tightly. The occurrence of
this H-bond was calculated to be 62.0%, 62.3%, and 63.4% of
the simulation times for the three parallel runs. Conversely,
such a phenomenon is not observed in the LBT3-La** complex,

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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Figure 4. Metadynamics simulations support CN = 10/8 of La**/Lu** when complexing with LBT3, respectively. (A) CN = 10 for La*>* is energetically favored
with the optimal La>*-OD1(N5) distance of around 11.3 A. The most stable structure (indicated by *) is inserted on the right, which demonstrates that N5 is
dissociated, and the bidentate binding dominates for D3, D7, ENl, and E14. (B) CN = 8 for Lu* is the most stable with the optimal Lu**-OD1(N5) distance of
6.5 A. The most stable structure (indicated by *) is inserted, demonstrating that N5 is partially dissociated and that the monodentate binding is favored for
D3, but bidentate binding for D7, E11, and E14. The black dotted lines denote the Ln**-oxygen coordination. The corresponding rotation animations are

provided in the Supporting Information.

primarily due to the larger size of the La*" cation, which results
in a wider binding pocket with greater distance between the N5
and E14 residues, impeding the formation of the H-bond. Thus,
the N5 residue serves as a gatekeeper for smaller Ln>* cations
like Lu3*, for which it remains closed, but opens widely for larger
cations like La** due to the absence of intramolecular H-bond.
We additionally validate the presence of the intermolecular
H-bond by conducting 'H proton exchange NMR measure-
ments. In these experiments, only 'H signals that are chemically
exchanging with water—and thus are solvent accessible—are
observed. This NMR technique enables experimental validation
of water interactions with residues with molecular specificity.
The sidechain amide hydrogens of the N5 residue (N5-HD,,
and N5-HD,,) participated in proton exchange with water for
the LBT3:La*>*complex as they were exposed to the bulk water
upon complete dissociation (Figure 5B). Intriguingly, this proton
exchange was only observed for one of the N5 side chain amide
protons (HD,,) for the LBT3:Lu*" complex. This observation
is indicative of the inter-arm H-bond between N5 and E14
corresponding to the closed gate for the LBT3-Lu** complex
(Figure 5A), where one of the sidechain protons of N5 resides
inside the binding pocket, while the other is solvent-exposed.

Chem. Eur. J. 2025, 31, €202501318 (7 of 11)

Proton chemical exchange was also detected for the back-
bone amide protons in both Ln** complexes (Figure 5B,C).
We observed proton exchange for the N5 residue only in the
LBT3:La*>* complex. This finding reaffirms the notion of a pop-
ulation with a completely dissociated N5 residue, in which the
backbone amide proton is solvated by water. Furthermore, a
significant difference in the amide proton hydration of neigh-
boring residues such as N6, D7, and W9 was observed between
the LBT3:La*>* and LBT3:Lu** complexes. Proton exchange for
these residues was prevalent only in the LBT3:La*>* complex. We
speculate this behavior to be a result of the change in backbone
orientation associated with the N5 dissociation. To confirm this
hypothesis, we calculated the minimum distance between water
and the backbone amide protons of N5, N6, D7, and W9 in the
last 2 ps from the AA-MD simulations. The simulation analysis
agreed with the experimental results in which the minimum
distances were found to be lower for the LBT3-La** complex
(Figure 5D), indicating a solvated environment. Additionally,
the simulations show that the lower distances observed were
a consequence of N5 dissociation (Figures S8 and S9). These
differences suggest a varied interaction of backbone amide
protons with solvent water molecules, emphasizing that N5

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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dissociation modulates the conformational dynamics of the
LBT3:Ln3>* complex, thereby affecting the water accessibility of
neighboring residues.

2.6. Gatekeeping Mechanism’s Role in Selectivity: Insights
From N5 Mutation

To underscore the gating mechanism’s significance in selective
binding of Ln**, we mutated the N5 asparagine residue in LBT3
to a D5 aspartic acid. The N5D mutation introduces a stronger
charged ligating residue while eliminating the inter-arm hydro-
gen bond. The thermodynamic binding constants (Kp) obtained
from luminescence spectroscopy for LBT3 and LBT3_N5D pep-

Chem. Eur. J. 2025, 31, €202501318 (8 of 11)

tides are compared in Figure 6A and listed in Table S3. For LBT3,
across the lanthanide series, the dissociation constant decreased
sharply for the lighter lanthanides and then showed a minor
increase from Ho>* to Lu**. We attribute the minor variation
from Ho*" to Lu** to the stabilizing intramolecular H-bond,
while the major pronounced variations observed from La** to
Eu3* arise from a dissociated N5, water infiltration, and mul-
tiple open-pocket conformations. Notably, there is a 100-fold
difference between the measured Kp values of the LBT3-Lu®*
(139 nM) and LBT3-La** (14,211 nM) complexes. In contrast, the
LBT3_N5D mutant loses the ability to differentiate between
smaller and larger Ln3* cations, eliminating selectivity. The nega-
tively charged D5 residue enhances the binding affinity for larger
Ln3* ions (La’t, Ce3t, and Nd3t) due to favorable electrostatic

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH



Chemistry—A European Journal

Research Article

doi.org/10.1002/chem.202501318

Chemistry

Europe

A

LuYbTm Er Ho Dy Tb Gd Eu Nd Ce

_4‘0 L1 1l L L L L 1 L L 1 1
~ NS5locked by N5 dissociated
-4.54 intramolecular H-bond
3
-5.0 4
4
/
4
’/
- -5.5 ',
o /
¥
3 -6.0 2=
= - ,/ ;
=] V3 PR
° ,/ /’
- -
- - b4 -
6.5 lnn‘ o & 4’,::-" [}
O~ T m e = -7
o ’/
—7.04 o= = ‘% -
3
-7.5+
3 LBT3
& LBT3_N5D
-8.0 T T T T T
0.85 0.90 0.95 1.00 1.05

lonic Radius (4)

Residue-reisude COM distance (nm)

o
N~

E
£
o
S
c
8
a2
©
=
]
o
@
°
>
2
L
@
S
=4
@
4]
4

LBT3_N5D-La*

—— D5-D3
—— D5-D7
— D5-w9

— D5-E11
—— DS5-E14

=
i

-
)

g
o

I
@

o
o

o
IS

o
o

750 1000 1250 1500 1750 2000

Time (ns)
LBT3_N5D-Lu3*

R

e M W T o o

-
»

-
N

—— D5-E14

750 1000 1250 1500 1750 2000
Time (ns)
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interactions, whereas binding affinity decreases for smaller Ln3*
ions. As a result, the Kb ratio of La>*/Lu** drops from 100-fold in
LBT3 to just 2.5-fold in LBT3_N5D, highlighting the significance of
the gatekeeping N5 residue in elevated REE selectivity.

MD simulations provide key insights into the conformational
changes induced by the N5D mutation. In the LBT3_N5D-La+
complex, D5 forms a strong bidentate ligand, unlike the weaker
N5 residue in LBT3. Ligating residues D3 and W9 exhibit mon-
odentate binding, whereas D7, E11, and E14 coordinate in a
bidentate manner (Figure S10). Throughout the simulation, the
residue-residue center of mass (COM) distances between ligat-
ing residues remain stable (Figure 6B), while no water infiltration
is observed, indicating an absence of electrostatic repulsion due
to the larger pocket size.

In contrast, the LBT3_N5D-Lu** complex exhibits significant
structural disruption. The smaller pocket size brings D5 in close
proximity to the E11 and E14 residues, leading to electrostatic
repulsion (Figure 6C). This repulsion destabilizes the weaker W9
residue, causing its dissociation from the pocket and, signifi-
cantly, allowing water infiltration. Additionally, in this mutant
complex, the D3, D5, D7, and W9 residues adopt monodentate
binding, while the E11 and E14 residues maintain bidentate coor-
dination (Figure S11). These disruptive factors contribute to the
increase in Kp values from 139 nM in LBT3 to 353 nM observed
for the mutant peptide. This finding underscores the critical role
of the N5 residue in imparting size-based selectivity. Despite
being a weaker binding residue, its ability to act as a conforma-
tional gate through an inter-arm hydrogen bond—regulated by
Ln3* size—enhances binding affinity for smaller (heavier) Ln3*
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ions, thereby increasing selectivity. Thus, N5 functions as a gating
residue essential for distinguishing between lighter and heavier
lanthanide cations.

3. Conclusion

This study provides a comprehensive understanding of the
structural and dynamic mechanisms underlying the selective
binding of Ln3* cations by the LBT3 peptide. Using a syn-
ergistic combination of NMR spectroscopy and classical and
metadynamics AA-MD simulations, we demonstrated that LBT3's
binding affinity and selectivity for Ln®* cations are closely
tied to its conformational dynamics and the gating role of the
N5 residue. The binding affinity of LBT3 to Ln* cations was
observed by measuring changes in 'H chemical shifts, indica-
tive of conformational changes upon binding, as evidenced
by solution-state 'H single-pulse NMR titration experiments.
Additionally, we observed unique chemical exchange kinetics
between the bound and unbound states of LBT3, with fast
exchange for La** and slow exchange for Lu**, highlighting its
ability to distinguish Ln®* ions.

Our structural analysis revealed that the N5 residue imparts
selectivity across the Ln3* series by adopting many energetically
similar conformations in the open gate state for larger cations,
while maintaining more restricted conformations in the closed
gate state for smaller cations. The restricted conformations
for smaller REE cations like Lu3* arise from an intramolecular
hydrogen bond between N5 and E14, which effectively locks
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the complex and prevents water penetration. Despite being
a weaker binding residue, this gatekeeper function of N5 was
critical for achieving selectivity across the Ln3* series. The
introduction of an N5D mutation, replacing the asparagine
residue with a charged aspartic acid residue, eliminated LBT3's
size-based selectivity while maintaining high binding affinity.
This finding underscores the pivotal role of N5 in modulating
pocket dynamics and regulating cation hydration, which are
essential for size-based discrimination of Ln®** ions. Overall, this
work highlights the interplay between peptide structure, Ln>*
cation size, and water, elucidating the underlying mechanisms
governing lanthanide binding selectivity. These insights provide
rational design principles for tailoring the sequences of LBT
peptides to achieve enhanced lanthanide binding selectivity.
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