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ABSTRACT
Over the recent years, lanthanide (Ln)-binding proteins such as lanmodulin, a naturally Ln-binding EF-hand protein from
Methylorubrum extorquens AM1, as well as protein-inspired short Ln-binding peptides, have become of increasing interest for
the development of separation and recycling methods for rare earth elements. Here, we comprehensively examined a set of head-
to-tail cyclized lanmodulin-EF-hand sequence-inspired peptides and their complexation behavior toward Lns using time-resolved
laser-induced fluorescence spectroscopy (TRLFS), isothermal titration calorimetry (ITC), nuclear magnetic resonance (NMR), and
circular dichroism (CD) spectroscopies, complemented by molecular dynamic (MD) simulations and advanced mass spectrometry
methods. Results obtained from this multi-method approach evidence that the head-to-tail cyclization can indeed increase the
Ln affinity in some cases and positively impact the pre-organization of the metal-free peptide while predominantly forming 1:1
complexes in comparison to linear analogues, which can form both 1:1 and 1:2 species. Furthermore, the impact of a sequence
alteration by inserting glycine at the head-to-tail junction is shown to be useful in NMR experiments for probing alterations in the
local environment of neighboring amino acids (AA) potentially involved in coordination. Lastly, KD values for the peptides with
the whole Ln series (except Pm) and the actinide curium are presented.
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Introduction

ver the last few decades, the demand for rare earth elements
REEs) has drastically increased as a wide range of our tech-
ological advances rely on this group of metals [1]. The group
f REEs consists of the f-block elements lanthanides (Lns),
anthanum to lutetium, as well as scandium and yttrium. While
heir spectroscopic and magnetic properties made them popular
n a wide range of applications, their extraction and separation
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited.
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remain to this day a tedious and environmentally harmful process
[2, 3]. Especially in recent years, the research on peptides and
proteins for the design of greener solutions for precisely that—
REE extraction and separation—has gained popularity [4]. A key
factor for this development was the discovery of the bio-relevance
of some Lns for methylotrophic bacteria [5–7] as well as the
subsequent discovery of Ln-binding proteins in these bacteria,
such as lanmodulins [8–11], lanpepsy [12], and landiscernin [13].
In particular, the isolation of the EF-hand protein lanmodulin
se, which permits use, distribution and reproduction in any medium, provided the
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LanM) from Methylorubrum extorquens AM1 by Cotruvo and
oworkers in 2018 [8] prompted the investigation of LanM-based
hort peptides by multiple groups. While in some studies the
ocus was on gaining fundamental understanding of the metal-
inding properties of the LanM metal-binding loop sequences
14], others already focused successfully on proof-of-concept
tudies, for example, Ln-sensing or separation. For example,
enner and coworkers have recently immobilized amino acid

AA) sequences based on LanM on a gold sensor for selective
EE-binding [15], functionalized membrane fibers with LanM-

nspired peptides for successful REE recovery [16, 17], and showed
potential application of such peptides in Ln-biosensors [18]. Cao
nd coworkers, on the other hand, focused on using modified
anM sequences for the selective recovery of scandium [19], and
ree et al. successfully immobilized a 12-AA long peptide derived
rom LanM for the separation of Eu3+ from some transition

etals, Al3+, as well as some alkali and alkaline earth metals [20].
ther studies thereby focus on developing screening platforms

o find new potent Ln-binding peptides and proteins [21, 22].
he research on LanM-derived peptides for multiple applications

hereby strongly benefited from the extensive research that had
een done by multiple groups in the past decades, designing
n-binding peptides based on the EF-hand loops of the Ca2+-
inding calmodulin proteins [23, 24]. Especially noteworthy

s the pioneering work by Szabo and coworkers [25, 26] as
ell as the work of Imperiali and coworkers on Ln-binding

ags (LBTs), which were originally primarily optimized for a
igh Tb3+ affinity [27–30]. LBTs have nowadays found multiple
pplications, ranging from their original use as luminescent tags
n proteins to the more recent use for the recovery of REEs
31, 32, 24]. Recently, Berthomieu et al. replaced an EF-hand
inding site in a calmodulin protein with a slightly modified LBT-
equence based on Nitz et al. [30] to obtain CaMLBT for which
hey observed a picomolar Ln-affinity and thereby approaching
he binding range of lanmodulins [33]. Interestingly, the majority
f Ln-binding peptide research focuses on linear peptides, while
tudies on cyclic peptides are scarce, even though there have
een very promising results on Ln-binding cyclic peptides in
he past. For example, Nitz et al. observed a remarkable 30-fold
ncrease in Tb3+ affinity (KD = 2 ± 1 nM) for a LBT that was
ide chain-to-side chain-cyclized due to the introduction of a
isulfide bond in comparison to the linear version [29]. Ishida
nd coworkers also used the formation of a disulfide bond to
btain short (13–15 AA long) cyclic lanthanide ion mineralization
eptides (Lamps), which can selectively extract precipitated REE
ydroxide species for REE recovery [34, 35]. Chiniforoush et al.
ery recently designed Ln-binding cyclic peptides (LBCPs) using
computing library with the focus on peptide sequences with

ess than 30 AAs, three to four carboxylate side chains, and again
yclization upon the formation of an intramolecular disulfide
ond [36]. Studies focusing on head-to-tail cyclized Ln-binding
eptides are even more scare in the literature. Delangle and
oworkers designed a head-to-tail cyclized decapeptide termed
A, inspired by the work on LBTs with Ln-affinities in the
anomolar range and a controlled conformation with two β-turns
37]. In general, cyclic peptides are associated with increased
igidity, which can reduce the entropic cost of binding and
ead to a higher affinity. Furthermore, cyclic peptides are of
articular interest for the design of peptide drugs due to their

nherently higher stability against enzymatic breakdown and
embrane permeability [38, 39]. However, a key challenge is
of 14
the often poorly understood sequence–structure relationship in
this class of peptides, which makes their design for specific
applications especially challenging [40]. So far, to the best of
our knowledge, the potential of LanM binding sequences for
the development of cyclic Ln-binding peptides has not yet
been thoroughly explored. Only Chiniforoush et al. used a via
disulfide bond cyclized peptide based on LanM’s EF1 binding
loop as a comparison to test the resilience of their molecular
dynamics (MD) simulations [36]. Herein, we investigate two
short head-to-tail cyclized LanM-inspired peptides (EF1-cyc and
EF1-R-cyc) in detail by isothermal titration calorimetry (ITC),
time-resolved laser-induced fluorescence spectroscopy (TRLFS),
nuclear magnetic resonance (NMR), and circular dichroism (CD)
spectroscopies, as well as MD simulations and advanced mass
spectrometry methods to test whether the introduced rigidity
due to the cyclization can increase the Ln-binding affinity of the
previously examined linear LanM-inspired 12-AA-long peptides.
Furthermore, we also study their binding to the actinide analogue
Cm3+, as well as Ln-selectivity, and investigate the effect of a
sequence modification involving the insertion of a glycine at the
head–tail junction.

2 Results and Discussion

We previously studied linear, uncapped peptides based on the
12-AA-long metal-binding loops of lanmodulin, which were syn-
thesized according to the natural sequence (= “forward” peptides)
as well as by reading the sequence backwards (-R, “reverse”
peptides). For these peptides, we were able to observe the
formation of 1:1 and 1:2 complexes with Lns3+, low micromolar
Ln-affinity for the forward peptides, and a nanomolar Ln-affinity
for some of the reverse peptides [14, 41]. We hypothesized that
one key factor for the formation of multiple complexes in such
short peptides is the high structural flexibility due to the linearity,
and suspected that the affinity of the EF-hand peptides might
be further improved by increasing the rigidity of the structure
due to, for example, cyclization. To test this, we obtained both
a “forward” as well as a “reverse” peptide originally based on
the same sequence (EF1 metal-binding loop in lanmodulin)
as their head-to-tail cyclized variants EF1-cyc and EF1-R-cyc
(Figure 1) and investigated their binding behavior toward Lns in
detail.

2.1 Thermodynamic Investigation of EF1-cyc and
EF1-R-cyc

To study the thermodynamics of the isomeric cyclic peptides
EF1-cyc and EF1-R-cyc with Lns and to compare their binding
properties, we used a combination of TRLFS and ITC. For consis-
tency and comparability between the methods, the experiments
were performed with Eu3+ owing to its excellent luminescence
properties, which are exploited in TRLFS investigation. TRLFS
data were analyzed using modified parallel factor analysis
(PARAFAC) [42, 43]. ITC experiments were performed using a
setup in which the same Eu3+ concentration was titrated to in
total three different peptide concentrations. The data was then
analyzed globally with the advantage to obtain a better overview
over the tested concentration range in comparison to an ordinary
setup using triplicates [41]. Both methods show the formation of
Chemistry – A European Journal, 2026
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FIGURE 1 Comparison of the head-to-tail cyclized peptides EF1-
cyc and EF1-R-cyc. For orientation, the N- or C-terminal aspartic
acid residue previously present in the corresponding linear peptides is
highlighted in red in EF1-cyc and EF1-R-cyc, respectively.

TABLE 1 Binding affinity values KD for EF1-cyc and EF1-R-cyc with
Eu3+ obtained by ITC (global analysis of three independent replicates
with varying peptide concentrations in the cell; cf. Table S3 and Figures
S2-S5) and by TRLFS experiments (global analysis of independently mea-
sured duplicates; cf. Figures S36 and S37), along with the luminescence
lifetime (τ) of the Eu3+-EF complex. Experimental conditions: 10 mM
MOPSO, 100 mM KCl, pH 6.6. All errors were obtained by a Monte Carlo
(MC) approach.

ITC TRLFS

EF-Eu3+ KD (μM) KD (μM) τ (μs)a

EF1-cyc 3.2 ± 0.1 3.3 ± 0.2 247 ± 5
EF1-R-cyc 8.2 ± 0.2 8.1 ± 0.5 180 ± 2

aLuminescence lifetimes of the Eu3+-aquo ions are listed in Table S5.
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nly a 1:1 complex in contrast to the analogous linear peptides
or which an additional 1:2 peptide:Eu3+ was observed [14, 41].
he obtained affinity values (KD) and luminescence lifetimes

τ) for both peptides with Eu3+ are shown in Table 1. Obtained
ingle-component spectra and associated luminescence lifetimes,
s well as correspondingly derived species distribution together
ith matching ITC data, are shown for EF1-cyc in Figure 2 (cf.
igure S37 for EF1-R-cyc). As seen from Table 1 and Figure 2, both
ethods are in excellent agreement, and the affinity values for

u3+ are identical within the error range.

or EF1-cyc, we observe an Eu3+-affinity (KD) around 3 μM, while
he reverse peptide EF1-R-cyc binds somewhat more loosely
KD ∼ 8 μM). With these binding affinities, the peptides are
ithin the expected range of normal EF-hand-based peptides

24]. Therefore, the cyclization did not lead to a significant
ffinity increase, as for example, observed for an LBT cyclized
ia an intramolecular disulfide bond, afterwards reaching a Tb3+

ffinity of 2 nM [29]. However, when compared with the linear
nalogues, we only observe a slight affinity increase for the
yclized forward sequence EF1-cyc (ITC: EF1: 8.6 ± 0.2 μM [14]
s. EF1-cyc: 3.2 ± 0.1 μM (this work)). We explain this with the
ecrease in flexibility (reduction of conformational degrees of
reedom) and thus higher rigidity and potential pre-structuring.
hemistry – A European Journal, 2026
For EF1-R-cyc, however, the cyclization causes a decrease in
affinity by a factor of 16 when compared to linear EF1-R, for
which an Eu3+-affinity in the 1:1 complex of 520 ± 30 nM
[41] was observed by ITC. We previously showed that one key
feature responsible for the nanomolar affinity of EF1-R is the
combination of a C-terminal aspartic acid and a free C-terminal
carboxylate, forming a succinate-like motif [41]. This free C-
terminal carboxylate is eliminated upon head-to-tail cyclization.
To show the importance of the free C-terminal carboxylate for the
nanomolar affinity, we previously investigated a linear analogue
of EF1-R in which the C-terminal carboxylate was blocked by
the introduction of a methyl ester group. The thus obtained
peptide, termed EF1-R-OMe, showed a decreased affinity of 31.8
± 2.1 μM via ITC, impressively showing the significant impact of
the succinate-like motif on the binding affinity in the reversed
sequences [41]. Despite the blocked succinate-like motif, EF1-
R-cyc binds four times more tightly (KD ∼ 8 μM) as compared
to EF1-R-OMe. This is consistent with the aforementioned pre-
structuring by cyclization and the associated increase in affinity
relative to the flexible linear peptides. Therefore, head-to-tail
cyclization can represent a useful strategy to enhance the affinity
of short peptides, as long as important binding motifs are not
blocked.

Both peptides were also investigated with Cm3+, as we previously
observed a slightly higher affinity for EF1 and its analogues for
this actinide in comparison to the Ln Eu3+ [14]. This was in line
with the higher affinity of LanM for actinides than for lanthanides
[44, 45], and is of particular interest in view of optimizing and
designing peptide-ligands for the separation of lanthanides and
actinides. To ensure that the Cm3+-aquo ion is the exclusive
metal ion species at the beginning of our titration experiments,
the pH was lowered from 6.6 to 6.0, as compared with Eu3+.
The protonation state of the peptide remains unaffected and,
consequently, so is the comparability of the Eu3+ and Cm3+

experiments. The analysis of the titration experiments of EF1-cyc
and EF1-R-cyc to Cm3+ is shown in Figure 3.

From the experiments, we found that both peptides, EF1-cyc and
EF1-R-cyc, exhibit an affinity around factor 2 higher for Cm3+

than for Eu3+ (EF1-cyc: 1.9 ± 0.03 μM, EF1-R-cyc: 5.1 ± 0.16 μM),
which is in the same range as previously observed, for e.g. EF1
[14]. Therefore, the cyclization had no effect on the selectivity
for Cm3+ over Eu3+ beyond the expected level. In the literature,
it has been shown for LBTs that their affinity for the actinide
Am3+ can be enhanced by selectively introducing softer binding
motifs. For example, by exchanging a single AA for cysteine
functionalized with a 2-methylenepyridine group Özçubukçu
et al. could increase the Am3+ selectivity over the Ln Nd3+ by a
factor of 10 [46].

2.2 Structural Investigation of EF1-cyc and
EF1-R-cyc

As we have previously successfully used NMR titration exper-
iments with different Lns to obtain structural insights into
the formed peptide-Ln3+ complexes [41], we investigated both
peptides with three different Lns. To cover the extremes of the
Ln series, we chose the two diamagnetic Lns La3+ and Lu3+, as
well as the paramagnetic Ln Sm3+. In our previous study, we
3 of 14
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FIGURE 2 ITC and TRLFS data of titration experiments with EF1-cyc and EuCl3. (A) ITC thermogram, (C) integrated heat and corresponding fit
as well as (E) chemical species distribution for a EuCl3 (900 μM) to EF1-cyc (30 μM) titration. The dataset was analyzed globally with titrations using
45 or 60 μM in the ITC cell. Luminescence lifetimes (B), stacked single-component spectra (D), and chemical speciation (F) derived from two globally
analyzed EF1-cyc to EuCl3 TRLFS titration experiments (λex(Eu) = 394 nm; 0–22.7 μM peptide, 2 μM EuCl3). Subfigures B, D, and F share the same
color code. Overlaid transparent lines/ symbols always represent the used Monte Carlo (MC) runs for error estimation. Experimental conditions: 10 mM
MOPSO, 100 mM KCl, pH 6.6). The results of the full ITC data set are shown in Figures S2 and S3; additional spectra to the TRLFS experiment are shown
in Figure S36.
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ad used Eu3+ in such experiments to remain consistent among
he different methods [41]. However, due to Eu’s paramagnetism,
esonances vanished very rapidly during titration experiments
t the expense of gaining structural information. Therefore,
e decided to switch to the neighboring Ln Sm3+ for the
MR experiments as it is known for its weaker paramagnetism

47].

y using a combination of 1H NMR spectroscopy and 2D NMR
xperiments (TOCSY, HSQC, and HMBC), we characterized
ll peptides in the absence of Lns via assignment of all 1H
nd 13C resonances. The full assignment for EF1-cyc and EF1-
-cyc can be found in the Supporting Information (EF1-cyc:
igure S47, and Tables S8 and S9, EF1-R-cyc: Figure S49, and
ables S10 and S11). This allowed us to not only determine
etal ion complexation-induced changes (see below) but also to

omplement CD spectroscopic studies on the peptides’ secondary
tructure characteristics.
of 14

t

The observed chemical shifts of the metal-free peptide samples
were examined regarding the indication of secondary structure
features (Figures S52 and S53). In proteins, secondary chemical
shifts (SCS) of essentially all AA 13Cα (1Hα) signals exhibit a clear
downfield (upfield) trend on helix formation and a clear upfield
(downfield) trend on β-strand formation [48, 49]. Since the
protein-associated terms helix and strand are hardly applicable
to such short cyclic peptides as studied in this work, we prefer
to express deviation from random coil characteristics as local
order. As inferred from a CD-by-NMR plot (Figure S52) of the
NH/Hα fingerprint region, normally clustering signals by helices,
strands, or coils, no matter what the cyclic peptide, a significant
number of NH signals are outside the chemical shift region (δH
9.0-8.2 ppm) characteristic for random coil [49, 50]. Additionally,
we determined SCS as deviations from reported, nearest neighbor
effects-corrected random coil 1Hα and 13Cα chemical shift values
[49] (Figures S53), which show two major results. First, the SCS
shows deviation from flexible peptide chain random coil values,
Chemistry – A European Journal, 2026
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FIGURE 3 TRLFS data of peptide to Cm3+ titration experiments. Stacked single-component spectra (A), luminescence lifetimes (B), and chemical
species distribution (C) of a EF1-cyc to Cm3+ titration experiment; the color code given in C also applies to A and B. Stacked single-component spectra
(D), luminescence lifetimes (E), and chemical species distribution (F) of a EF1-R-cyc to Cm3+ titration experiment; the color code given in (F) also applies
to (D) and (E); Overlaid transparent lines/ symbols always represent the used Monte Carlo (MC) runs for error estimation. Experimental conditions:
10 mM MOPSO, 100 mM KCl, pH 6.0, λex(Cm) = 396 nm. Additional spectra are shown in Figures S39 and S40.

FIGURE 4 CD spectra of LaCl3 to (A) EF1-cyc and (B) EF1-R-cyc
titration experiments. Conditions: 60 μM peptide, 25◦C, pH 6.6 (10 mM
MOPSO, 100 mM KCl).
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irroring that upon cyclization, the conformational variability is
educed and pre-structuring causes local order, perfectly fitting
he measured CD data (see the metal-free peptide spectra in
igures 4, S43, and S44). Second, these local order domains, that

s, a train of at least four consecutive AAs showing the same
ositive/negative deviation, in EF1-cyc are distinct from those in

ts reversed-sequence counterpart EF1-R-cyc. That is, 1Hα and
3Cα SCS combined are significant for Asp9 – Glu12 in EF1-cyc,

hereas in EF1-R-cyc they are for Leu3 – Thr6 (excluding Gly on
urpose). Another observation when comparing the NMR spectra
f the linear peptides with the cyclic forms is that the Gly Hα
esonances are more distinct as the conformational variability is
educed.
hemistry – A European Journal, 2026

t

When adding LnCl3 to both peptides, especially for the NH
resonances, significant shifts and signal broadening can be
observed, suggesting a structural change in the peptide backbone
(Figures S54–S59), accompanied with exposure of NH to solvent,
facilitating exchange of sites formerly shielded from solvent. This
fits the measured CD data (see Figures 4, S43, and S44), which
also showed an increase in organization upon Ln addition.

In comparison to the linear peptides (see literature [41]), both
EF1-cyc and EF1-R-cyc show already in the metal-free state a
slightly more pronounced band at 222 nm, deviating from the
classic random-coil spectrum [51]. This already suggests a greater
degree of pre-organization before the addition of Lns and is in
line with the expectations for more constrained cyclic peptides in
comparison to highly flexible linear peptides. In general, after the
addition of all tested Lns (La3+, Sm3+, Eu3+, and Lu3+), the CD
spectra show for both peptides a well-pronounced decrease of the
band at 222 nm and an increase of the band at around 200 nm.
The only deviation from this pattern is the titration experiment
of Lu3+ with EF1-cyc, for which the band around 200 nm stays
relatively unchanged. From La3+ to Lu3+, one can observe that for
both peptides, the greatest structural change is obtained for Sm3+

and Eu3+, the Lns in the middle of the series. Notably, for EF1-cyc
the addition of La3+, Sm3+, and Eu3+ not only leads to the increase
of the band around 200 nm, but also to a shift toward 210 nm,
starting to resemble the CD spectra of a α-helix [51, 52]. While we
do not expect a 12-AA cyclic peptide to be able to form a α-helix,
the CD spectra definitely suggest a higher grade of organization
upon Ln addition. This is also in line with MD simulations (see
Figure S86) performed for EF1-cyc with Ln3+ (Ln = La, Eu, and
Lu). Interestingly, Delangle and coworkers observed for a head-
to-tail cyclic decapeptide including two prolylglycine sequences
5 of 14
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FIGURE 5 Selected region of the LnCl3 to EF1-cyc (A) and EF1-
R-cyc (B) NMR titration series (Figures S54–S59) showing the Thr γ
resonance. ♣: Indicates the resonance assigned to the potential formation
of a 1:2 EF1-cyc:Lu3+ complex; *: Indicates the resonance assigned to
the 1:1 EF1-cyc:Lu3+ complex. The steady signal at 1.21 ppm is assigned
to the free peptide. Note: The Ile8 γ2 (EF1-cyc) / Ile5 γ2 (EF1-R-cyc)
multiplet resonates closely. Experimental conditions: 600 MHz, H2O/D2O
(9:1, v/v) + 0.003% TMSP-d4, 30 mM MES-d13, 100 mM KCl, pH 6.6; the
exact Ln:peptide ratios were omitted from the figure for clarity, but are the
same as stated with Figure 6.
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ased on ROESY-NMR and CD data, evidence for two β-turns at
D 3.4, while at pD 6.5 and pH 7 the spectroscopic data indicated
redominating random coil conformation in the metal-free state,
ut persisting β-turns for the 1:1 Ln complexes [37].

ne interesting point to confirm from the NMR perspective was
he formation of only a 1:1 complex, as hinted by the ITC and
RLFS data. This can be clearly seen from the course of the
hifts within the titration series (see Figures S54–S59). In general,

continuous shift up to a peptide-to-metal ratio of 1:1 can be
bserved for affected resonances, which eventually approaches
aturation with an excess of Lns3+, and no new resonances appear
t higher Ln3+ concentrations. This is particularly evident for the
hr Hγ resonance for EF1-cyc, shown in Figure 5A. The only
eviation from this trend is the titration series of Lu3+ to EF1-cyc,
or which an additional set of signals (♣) besides the resonance
f the 1:1 complex (*) seems to appear at an excess of Lu3+. Since
he second set of signals emerges in the metal excess regime, we
scribe it to a 2:1 Lu3+-EF1-cyc complex, likely provoked by the
ather high concentrations (2 mM Lu3+ and 200 μM EF1-cyc at the
nd of the titration) used for NMR. Furthermore, it also suggests
hat the Thr OH group might be indirectly involved in metal-
inding via a hydrogen bond in EF1-cyc to a coordinating water
olecule, while the steady resonance in EF1-R-cyc (Figure 5B)

uggests no such feature. Keeping in mind that in case of EF1-R-
yc, the Thr OH is not involved, the Thr methyl signal responds
o effects elsewhere in the peptide molecules. Additionally, the
ower affinity—especially for Lu3+—is likely accompanied by
educed kinetic stability, hence metal excess conditions cause

etal exchange reactions. According to common trends related
o Ln contraction, for La3+, the exchange regime is very fast on
he NMR time scale (600 MHz, 25◦C), while it is somewhat slower
of 14
for Lu3+, hence causing line broadening. For high excess of Sm3+,
additionally, for both peptides, the increased bulk susceptibility
affects more or less all signals, as seen also for other residues; for
instance, the Leu and Ile methyl signals (cf. also Figure S58).

We also employed MD simulations to get structural insights
of the Ln3+-bound state of EF1-cyc. As the investigated short
cyclic peptides have a significantly reduced structural flexibility
compared to their linear analogues, we performed simulations on
EF1-cyc in the presence of Ln3+ ions, without prior relaxation of
the peptide structure. The inherent rigidity of the cyclic peptide
is a critical factor in determining the optimal location for metal
ions at the beginning of the simulations. At first, we performed a
series of simulations in which five carboxylic groups were initially
forced to be bound to Ln3+. These simulations always ended up
with all five carboxylates still bound to Ln3+, even after simulation
times of 500 ns. As we were not able to confirm the involvement
of all five carboxylates in Ln3+ coordination by NMR, we took an
alternative approach and performed another set of simulations
in which metal ions are initially distantly located from the
peptide, allowing them to freely ascertain their optimal positions.
Again, we employed a long simulation time (500 ns) due to the
rigid nature of EF1-cyc, which eventually facilitated the Ln3+

ions to slowly find their optimal coordination patterns. These
simulations were performed using two distinct sets of 12–6–4 type
LJ parameters on Ln3+, one set originally developed by Merz and
coworkers [53], and the other modified by Hay and coworkers
[54]. The latter is better adapted for the investigation of metal-
binding peptides. The simulations employing Merz’s parameters
converged to the coordination patterns involving Asp1, Asp3,
and Glu12, as well as several backbone oxygens. In contrast,
those employing Hay’s potentials converged to the coordination
patterns involving exclusively Asp3, Asp5, and Asp9 (cf. Table
S32). As the latter results matched significantly better with our
NMR data, we hereafter focused on using Hay’s parameters.
However, as already pointed out by Slough et al. [40], φ and
ψ dihedrals in cyclic peptides do not frequently change within
a 500 ns simulation time, which in general imposes a clear
limitation of using classical MD simulations for this type of
peptide. Thus, MD results were solely used as support for our
experimental data.

To address experimentally which residues are involved in bind-
ing, we focused our NMR studies on the Asp β as well as Glu γ
resonances, as they are close to the carboxylate residues which
tend to bind Lns. When looking at the spectral region of the Asp
β and Glu γ resonances as shown in Figure 6A for EF1-cyc, it
can be seen that for Asp1 and Glu12 only negligible shifts are
observed, strongly suggesting that neither of these side chains
is involved in the Ln3+ coordination. The Asp1 β2 signal is well
separated from the other Asps’ signals, allowing assigning that
residue throughout the titration series. In contrast to that, the β
resonances of Asp3, Asp5, and Asp9 show significant shifts to a
lower field with magnitudes depending on the Ln3+, suggesting
differences in the binding modes between La3+, Sm3+, and Lu3+.
Despite severe signal overlap, by means of TOCSY spectra of the
metal-free and metal-bound peptide, as exemplarily shown in
Figure 6B for EF1-cyc with La3+, all Asp residues were assigned.
For La3+, only two out of the four Asp seem to be involved in
binding, as only Asp3 β1 and Asp5 β2 signals show significant
displacements of around 230–320 ppb. For the Asp9 β signals,
Chemistry – A European Journal, 2026
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FIGURE 6 NMR and MD investigations of the binding behavior of EF1-cyc. (A) Selected spectral region of 1H NMR LnCl3 (Ln = La3+, Sm3+,
and Lu3+) to EF1-cyc titration series (cf. Figures S54–S56) with Glu12γ and Asp1β resonances highlighted. (B) Selected region of superimposed TOCSY
spectra of EF1-cyc without and with excess of LaCl3. Experimental conditions for the NMR spectra: 600 MHz, H2O/D2O (9:1 v/v) + 0.003% TMSP-d4,
30 mM MES-d13, 100 mM KCl, pH 6.6. (C) A snapshot from the MD trajectory of EF1-cyc with Lu3+ after 500 ns simulation time using the 12–6–4 LJ
potential by Hay and coworkers [54] on Lu3+. The peptide backbone is shown in grey with the nitrogen (blue) and carbonyl (red) of the peptide bond
highlighted.
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nly minor shifts (−30–−50 ppb) to higher field can be observed,
uggesting no involvement in the coordination (see Tables S14–
16 for a full list of Asp and Glu signals with excess Lns3+). In
resence of the paramagnetic Sm3+, the spin systems of Asp3,
sp5, and Asp9 cannot be unambiguously assigned, and the

pin system of one Asp cannot be detected at all. The latter
s assumed to be indicative of paramagnetic effects from Sm3+

roximity. However, no matter how the observable signal sets
et permutated for calculating the complexation-induced signal
isplacements, values in the 300–500 ppb range are obtained,
learly suggesting an involvement of these three residues in the
oordination. For Lu3+ and EF1-cyc, all aspartates can be unam-
iguously assigned, and as for all three β1 signals, significant
isplacements (+120–+260 ppb) downfield can be observed; we
gain conclude that Asp3, Asp5, and Asp9 are involved in binding.
hemistry – A European Journal, 2026
This also fits the suggested coordination from the MD simulation
shown in Figure 6C.

For EF1-R-cyc, the observed shifts for Glu1 and the four Asp
residues are listed in Tables S17–S19. Owing to severe signal over-
lap, tracking the complexation-induced Asp signal displacements
in the titration spectra is hardly feasible. Only the displacement
of Asp8 β2, the most upfield-shifted and best resolved among
all Asp Hβ signals during the first five titration spectra, can be
traced quite well in order to tell that Asp8 is likely involved
in coordination (see discussion on neighboring Gly7 below).
Although we cannot unambiguously assign the observed Asp
spin systems to specific Asp residues, for La3+ and Lu3+, we
can conclude from the chemical shift values found for Ln-bound
peptide (Tables S16–S18) that in either case, again two Asps are
7 of 14
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nvolved in Ln-coordination. As inferred from the chemical shift
alues of the carboxymethylene 1H, the La3+ and Lu3+ complexes
orm without participation of Glu1, while in the titration with
m3+, we observe notable downfield shifts for both Glu1 γ
esonances (+260 ppb), indicating that in this case, Glu1 seems
o be involved. In the Sm3+ complex, the Asp Hβ chemical shifts,
owever, are inconclusive as they all more or less indicate some
omplexation-induced and/or paramagnetic shifts. As inferred
rom the Eu3+ luminescence lifetime (Table 1) as well as from
he evidently reduced affinity of EF1-R-cyc, coordination by all
ive carboxylic groups can be ruled out. These findings could
e explained by intramolecular dynamics, where the various
arboxylic groups associate and dissociate rapidly on the NMR
imescale and a maximum of three rather than four carboxylates
re coordinated simultaneously. In this context of dynamic,
hat is, labile, coordination, it is also conceivable that some
arboxylates are part of a second coordination sphere instead,
or instance, upon hydrogen bonding to metal ion-coordinating
ater molecules.

.3 Investigation of the Lanthanide Selectivity of
F1-cyc and EF1-R-cyc

hile we did not observe a significant affinity boost from the
icromolar range to, for example, the nanomolar range when

oing from the linear version of EF1 to its cyclic analogue EF1-
yc, we were interested in finding out whether the cyclization
ight change the selectivity for a certain Ln. For EF1 and

lso for EF1-R, we previously observed an affinity trend within
he Ln series similar to the full protein LanM under similar
xperimental conditions, with the highest affinity for Nd3+,
m3+, and Eu3+ [41, 44]. To evaluate this, we used a TRLFS
ompetition experiment between Eu3+ and the respective Ln3+

see Section S2.3). In contrast to the previously investigated linear
eptides [41], the formation of only a 1:1 complex facilitated
ata analysis and allowed the extraction of conditional binding
ffinities rather than relative affinities. We also employed ITC to
etermine the Ln3+ preference of EF1-cyc (all Lns, except Pm),
eiterating the robustness of our TRLFS setup as we not only
btained exactly the same affinity trend (cf. Figure 7A,C), but
lso the individual values are in very good agreement (cf. Tables
4 and S7). As the TRLFS competition setup does require less
eptide sample and is more time efficient compared to the ITC
etup, for the investigation of EF1-R-cyc, solely this method was
sed.

or both EF1-cyc (Figure 7) and EF1-R-cyc (see Figure S41), we
btained a very similar trend over the Ln series, with the highest
ffinity in the middle of the series for Nd3+, Sm3+, and Eu3+ and
he more or less pronounced outlier Yb3+, reflecting the observed
rends for the linear analogues. However, the Yb3+ peculiarity
eems to be more pronounced in the cyclic peptides than in the
inear analogues [41]. Interestingly, in the literature, a deviation
f the experimentally determined Gibbs free energy of hydration
or Yb3+ from the overall trend within the Ln series is reported,
hich might explain the here observed dip [56, 57]. While the

xact Lns with the highest affinity in the middle of the series often
ary between different Ln-binding peptides, the observation that
he affinity does not follow the Ln contraction can be generally
bserved in different peptide systems [36, 58, 59]. While for LBTs
of 14
it was shown that the alteration of an asparagine residue to an
aspartate residue can increase the affinity for the heavier Lns,
the highest affinity still remained for the Lns in the middle of
the series [59]. Chiniforoush et al. explained the observed higher
affinity in the middle of the series of their tested LBCPs by the
following: A decrease in ionic radii for the Lns3+ following the
Ln contraction leads to an already shorter Ln–O distance for the
middle Lns and thus increased electrostatic attraction. For the
heavier Lns, the lower affinity is then explained by the further
reduction of the ionic radii with an increase in steric repulsion
between the coordinating peptide residues, and therefore results
in a weaker binding [36]. The ∆G values determined by ITC
(−29 to −32 kJ/mol) are consistent with the observed affinity
trend, as expected from the relationship ∆G = −RT ln K (see
Table S4). The enthalpy and entropy values measured over the
whole series show that the Ln-binding is always endothermic
and entropy driven (Figure 7B); however, the extent to which
the respective effect comes into play varies within the series and
roughly follows the Ln contraction. In a first approximation, both
trends might be explained with the stripping of the hydration
shell, as from La3+ to Lu3+, increasingly more energy is required
for this step [57, 60, 61]. All in all, taking together our results
and those from the literature, tuning the Ln selectivity of short
peptides—especially cyclic ones—for a specific Ln selectivity
remains a promising though challenging task and requires more
work toward structural understanding. However, by determining
the KD values for all Lns3+ (except Pm3+), speciation modeling
for different separation scenarios becomes possible, allowing
an assessment of whether the observed affinity differences are
sufficient for effective separation. Figure 7D exemplarily shows
such a modeled speciation for EF1-cyc with the pair Sm3+/Lu3+.
Although all KD values fall within one order of magnitude,
the differences are sufficient to bind approximately twice as
much Sm3+ as Lu3+ at a 10 μM:10 μM:20 μM Sm3+:Lu3+:EF1-
cyc ratio, providing an illustrative example of how even modest
affinity differences could translate into measurable separation
effects.

2.4 Influence of a Glycine Insertion Between
Aspartic and Glutamic Acid in EF1-cyc

The NMR investigations showed that the formally N- and C-
terminal AAs usually do not coordinate Ln3+, despite their
carboxylate side chains (cf. Tables S14–S19). This, together with
some hints from MD simulations, prompted us to separate those
AAs by the insertion of an additional Gly, yielding the peptide
EF1-G-cyc. MD simulations showed for the comparison between
EF1-cyc and EF1-G-cyc with La3+ and Eu3+ the involvement
of the formally N-terminal Asp1 after the insertion of Gly0
(see Tables S32 and S33). The idea was that by increasing the
distance between the negatively charged Glu and Asp side chains
with the inserted Gly, the electrostatic repulsion would decrease
and, in turn, increase the number of coordinating residues and
boost the affinity in comparison to EF1-cyc. A further benefit
of the insertion of Gly next to potentially binding AAs is that
the Gly Hα resonances can be easily traced in the NMR in
order to qualitatively probe changes in their local environment,
addressing involvement of the neighboring AAs or to mirror
conformational alterations. The full signal assignment for EF1-
G-cyc (Figure S51, and Tables S12 and S13) and the titration series
Chemistry – A European Journal, 2026
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FIGURE 7 Lanthanide selectivity of EF1-cyc. (A) Ln affinity of EF1-cyc determined by ITC titrating 900 μM LnCl3 to 30 μM EF1-cyc and (B)
determined ∆H (black symbols) and T∆S (gray symbols) values plotted in one graph with two y-axes (cf. Tables S4 and Figures S8–S35). Titrations were
performed in triplicates and evaluated globally; the uncertainties were obtained by 100 MC runs, and are shown as error bars. (C) Ln selectivity of
EF1-cyc determined by a TRLFS (λex(Eu) = 394 nm) competition experiment between the respective Ln3+ and Eu3+(cf. Table S7). The binding affinities
are shown as a box plot (median and quartiles) and were obtained by PARAFAC in combination with an MC approach as described in Section S2.3.
The corresponding MC distribution is given in Figure S41A. Experimental conditions for ITC and TRLFS: 10 mM MOPSO, 100 mM KCl, pH 6.6. (D)
Modeled speciations [55] for the pair Sm3+ (10 μM) and Lu3+ (10 μM) and their complex formation with EF1-cyc using the determined KD values from
the competition experiment. At a 1:1:2 Sm3+:Lu3+:EF1-cyc ratio (cf. Figure above at 20 μM EF1-cyc), twice as much Sm3+ is peptide-bound as Lu3+.
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Tables S60–S62), as well as a direct comparison of TOCSY spectra
f EF1-cyc and EF1-G-cyc with and without La3+, along with a
ore detailed discussion (stated with Figure S63), can be found

n the Supporting Information. Against our initial hypothesis,
he data indicate that introducing Gly0 did not facilitate the
nvolvement of Asp1, nor Glu12 in Ln binding. Instead, the
nsertion of Gly0 seems to have more of an influence on the
eptide backbone. Gly6, as the common feature in both peptides,
orrespondingly displays similar spectroscopic signatures, with
ignal displacements of identical direction (sign) and compara-
le magnitude (respecting the individual Ln’s Lewis acidities),
irroring resemblance in binding motif and thermodynamic

roperties. Reversing the peptide sequence evidently alters the
omplexation behavior more or less in all aspects, that is, affinity,
inding motif, and therefore in spatial relationships and inter-
A interactions influencing NMR signatures as mirrored by

he distinct local order domains (see above). Hα-signal dis-
lacements of EF1-R-cyc’s Gly7 are notably small (Table S26).
nterconversion among various structures (see discussion on
arboxylate dynamics above, and results from mass spectrometry
elow) and thus contributions of individual conformations likely
verages or even cancels out, resulting in (observable) spectral
ffects.

D titrations with EF1-G-cyc (see Figure S45) corroborate the
indings from NMR. First, the metal-free peptides EF1-cyc and
hemistry – A European Journal, 2026
EF1-G-cyc are more similar to each other than either of them
is to EF1-R-cyc. Second, the additional Gly0 causes the spectral
characteristics associated with local order to diminish (Figures
S52 and S53). This is in great agreement with the MD simulations
of EF1-G-cyc in the absence of Lns (Figure S87, SI), which also
show less organization than EF1-cyc (Figure S86). Additionally,
the observed changes upon addition of Ln3+ are much smaller.
The band at around 222 nm still decreases with increasing Ln3+

concentration, but the band around 200 nm remains almost
unchanged, except for Lu3+, where it decreases. Also, the 1H NMR
NH region indicates alterations in the backbone just by simply
adding one glycine, that is, for EF1-cyc the NH resonances are
almost evenly dispersed between δH 8.3 and 7.7 ppm, while for
EF1-G-cyc that part of the spectrum is very different and more
clustered.

To test for possible changes in affinity upon inserting an addi-
tional Gly, we performed ITC (Table S3, and Figures S6 and
S7, SI) and TRLFS (Table S6 and Figure S38) experiments. We
find a slightly higher affinity for EF1-G-cyc in comparison to
EF1-cyc (ITC: 2.4 ± 0.1 vs. 3.2 ± 0.1 μM; TRLFS: 1.5 ± 0.1 vs.
3.3 ± 0.2 μM). However, such minor differences should be
interpreted with care, as both peptides still remain in the same
affinity range. The observed range is comparable with that of the
cyclic peptide LBCP2 recently designed by Chiniforoush et al.,
which was cyclized by the introduction of an intramolecular
9 of 14
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isulfide bond [36]. Interestingly, the fluorescence of Eu3+-EF1-G-
yc exhibits several spectral peculiarities (Figure S38) compared
o the other peptides. While the emission spectra obtained for
he other two cyclic peptides appear rather featureless, the
pectrum of EF1-G-cyc shows pronounced splitting patterns in
he 5D0→

7F2 transition. In addition, the F4 band appears more
tructured by comparison. Since the F1 band lacks any splitting
atterns, an interpretation of the F2 splitting in terms of complex
ymmetry is not meaningful. Combined with the longer lifetime
f the Eu3+–EF1-G-cyc complex, these observations indicate a
ore defined (i.e., less dynamic) complex that displaces a larger

umber of water molecules from the hydration shell of the
n.

astly, the TRLFS competition experiment (Figure S42) demon-
trated that the inserted Gly did not significantly alter the overall
electivity trend observed for EF1-cyc. It follows that, while the
tructure seems to have changed in comparison to EF1-cyc, the
odification did not yield a worthwhile affinity or selectivity

mprovement.

.5 Investigation of Cyclic Peptides in the Gas
hase With Advanced Mass Spectrometry Methods

etal-binding cyclic peptides are also found in nature, and
heir structural and isomeric forms upon metal binding are an
ngoing field of research [62, 63]. Advanced mass spectrometry
ethods such as ion mobility spectrometry (IMS) can help us

earn about structural changes of metal-binding peptides without
he need of great sample amounts or measuring time [64]. First,
e investigated all peptides by classical electrospray ionization

echniques using a LTQ XL Orbitrap mass spectrometer. An
xemplary mass spectrum of EF1-cyc in the presence of an excess
f EuCl3 is shown in Figure S82A (see Figures S83A and S84A for
he respective mass spectra of EF1-R-cyc and EF1-G-cyc). Here
e observe in different intensities, depending on the instrument
arameters (e.g., spray voltage and tube lens voltage), mono-, di-
and trications. As the observed effects are for all three types
f cations very similar, for the sake of clarity, we focus in this
tudy on the evaluation of the formed monocations. For all three
eptides, the Eu3+-complexes can be easily identified in reason-
ble intensities. After successful discrimination of the different
pecies in the mass spectrometer, we performed collision-induced
issociation (CID) experiments on isolated species to gain more

nsights into the structure, stability, and fragmentation channels.
n this type of experiment, the respective ions are mass-selected in
he ion trap of the instrument and then excited in order to initiate
ragmentation. The so obtained fragment ions are then analyzed
n the orbitrap cell. Figure S82B shows the fragmentation of [EF1-
yc+H]+, that is, m/z 1326.6376, isolated resonantly excited in the
on trap. Besides (multiple) water loss, we observe the typical
ragmentation pattern for peptides dominated by the cleavage
f peptide bonds (b and y-type fragment ions) [65]. While we
bserved the same typical fragmentation pattern for the previ-
usly investigated peptides EF1 and EF1-R [64], the b- and y-type
ragmentation of cyclic peptides is somewhat more complicated
han for linear peptides. For the observation of fragments of cyclic
eptides, at least two peptide bond cleavages are necessary: The
irst cleavage transfers the ring into a linear chain with one water

olecule less than the respective linear peptide, and therefore
0 of 14
most likely an acylium ion at the C-terminus with the same
mass as the cyclic peptide. Statistically, for a ring composed of n
different AAs, n different linear chains with the same mass as the
precursor ring are possible. The observed fragments can emerge
from each of these chains by a second peptide bond cleavage. We
calculated the different fragment species with mMass 5.0.0, an
open-source software tool for the fragmentation of both linear and
cyclic peptides [66]. The matched fragments are summarized in
Table S29. Both EF1-R-cyc and EF1-G-cyc fragmentation follow
the same scheme, and the results for the monocations are
shown in Figures S83B and S84B, Tables S30 and S31. While
fragmentation of the monocations of all three peptides without
a bound metal follows the expected fragmentation patterns,
the fragmentation pattern of the Eu3+-complexes is completely
different. The fragmentation for the formed monocation [EF1-
cyc+Eu−2H]+ is shown in Figure S82C. As can be easily seen,
instead of a complex fragmentation distribution due to multiple
peptide bond cleavages, solely the loss of neutral molecules such
as water and C2H4O (based on literature [67, 68], tentatively
assigned to the loss of acetaldehyde from the threonine sidechain)
can be observed. Thus, due to Eu3+ complexation, the formation
of fragments due to backbone-cleavage gets suppressed. Again,
all three peptides show a very similar behavior, and respective
mass spectra are shown in Figures S83C and S84C. All in all, the
observations for the cyclic peptides match our previous results
on the related linear peptides and can be explained with the
stabilizing effect of the metal ion on the peptides in the gas phase
[64].

As IMS is a powerful tool to identify and separate isomeric ions by
differences in their collision cross sections (CCS) and can thereby
help to gain an understanding of different species present in the
gas phase, we performed such measurements for the two isomeric
peptides EF1-cyc and EF1-R-cyc. When comparing the same
charge state, qualitative structural observations can be made as
larger CCS are usually obtained for open, unfolded structures,
while compact, folded structures have smaller CCS. In Figure 8A,
the obtained mobilograms for the monocations [EF1-cyc+H]+
and [EF1-R-cyc+H]+ are shown. Interestingly, we observe a
slightly smaller CCS for the reversed sequence in comparison
to the forward sequence—a result we also observed previously
when investigating the di- and trications of the linear versions
[64]. Furthermore, EF1-R-cyc shows at least three overlapping
peaks and therefore multiple structural isomers. The resulting
mobilograms of the monocations of the Eu3+-complexes, [EF1-
cyc+Eu−2H]+ and [EF1-R-cyc+Eu−2H]+, are shown in Figure 8B
(cf. Figure S85 for IMS of the dications). Two main observations
can be derived from the obtained data. First, in contrast to the
linear peptides EF1 and EF1-R [64], the complexation of Eu3+, as
expected due to the lower flexibility, does not yield a significantly
smaller CCS and thus a more compact structure than the metal-
free peptide. Second, for EF1-R-cyc, the mobilogram shows the
presence of at least six structural isomers with overlapping CCS,
while for EF1-cyc, only a slight shoulder in the mobilogram can be
observed. As of now, we cannot explain the striking difference by
IMS between EF1-cyc and EF1-R-cyc when bound Eu3+. However,
the NMR spectroscopic peculiarities discussed for the EF1-R-
cyc complex of Sm3+ in solution (see above), speculating on
pronounced intramolecular carboxylate exchange dynamics, may
relate to the multiple peptide complex isomers inferred from IMS
in the gas phase.
Chemistry – A European Journal, 2026
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FIGURE 8 (A) Mobilograms of [EF1-cyc+H]+ and [EF1-
R-cyc+H]+. (B) Mobilograms of [EF1-cyc+Eu−2H]+ and
[EF1-R-cyc+Eu−2H]+.
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Conclusion

n this study, head-to-tail cyclized LanM-inspired peptides were
nvestigated for the first time with respect to their Ln affinity,
electivity, and structural characteristics. Using CD and NMR
pectroscopy accompanied by MD simulations, we demonstrated
hat head-to-tail cyclization leads to structural changes and, con-
equently, to enhanced pre-organization of the peptide backbone
ompared to the open chain peptides.

mportantly, affinities toward the complete Ln series (excluding
m3+) were determined for the first time for these cyclic systems,
evealing small but significant differences across the series.
omplementary ITC and TRLFS experiments demonstrated

hat cyclization does not significantly alter the established Ln
electivity trends known from LanM and linear LanM-derived
eptides.

n comparison to their linear C-terminal capped analogues, the
yclic peptides exhibited substantially improved binding behav-
or, highlighting the beneficial effect of backbone cyclization.
hemistry – A European Journal, 2026
Additionally, by cyclization we also observed a slight affinity
increase for the uncapped forward sequence EF1, while we
observe a drastic decrease in affinity for the reversed sequence
EF1-R, highlighting the crucial role of the C-terminal succinate-
like binding motif in open chain peptides for effective Ln-
coordination. For the actinide Cm3+, we found a factor 2 higher
affinity in comparison to Eu3+.

Furthermore, the insertion of an additional glycine residue
to separate two negatively charged side chains was shown to
markedly influence the peptide-Ln3+-complex structure, while
not significantly enhancing the Ln affinity or changing the selec-
tivity. Notably, our NMR data clearly demonstrated the usefulness
of such glycine insertions next to potentially coordinating AAs
to probe the complexation via 1H NMR spectroscopy. Finally,
this work highlights the potential of advanced mass spectrometry
techniques as powerful complementary tools for the investigation
of cyclic Ln-binding peptides.
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