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rred: lanmodulin, a natural
lanthanide-binding protein favors an actinide over
lanthanides†

Helena Singer,‡a Björn Drobot, ‡b Cathleen Zeymer, c Robin Steudtner *b

and Lena J. Daumann *a

The separation and recycling of lanthanides is an active area of research with a growing demand that calls

for more environmentally friendly lanthanide sources. Likewise, the efficient and industrial separation of

lanthanides from the minor actinides (Np, Am–Fm) is one of the key questions for closing the nuclear

fuel cycle; reducing costs and increasing safety. With the advent of the field of lanthanide-dependent

bacterial metabolism, bio-inspired applications are in reach. Here, we utilize the natural lanthanide

chelator lanmodulin and the luminescent probes Eu3+ and Cm3+ to investigate the inter-metal

competition behavior of all lanthanides (except Pm) and the major actinide plutonium as well as three

minor actinides neptunium, americium and curium to lanmodulin. Using time-resolved laser-induced

fluorescence spectroscopy we show that lanmodulin has the highest relative binding affinity to Nd3+ and

Eu3+ among the lanthanide series. When equimolar mixtures of Cm3+ and Am3+ are added to

lanmodulin, lanmodulin preferentially binds to Am3+ over Cm3+ whilst Nd3+ and Cm3+ bind with similar

relative affinity. The results presented show that a natural lanthanide-binding protein can bind a major

and various minor actinides with high relative affinity, paving the way to bio-inspired separation

applications. In addition, an easy and versatile method was developed, using the fluorescence properties

of only two elements, Eu and Cm, for inter-metal competition studies regarding lanthanides and

selected actinides and their binding to biological molecules.
Introduction

f-Block elements have become indispensable components for
modern day life and are found in all high technologies, medi-
cine and agriculture earning them the name Vitamins of
Modern Industry.1,2 Primary sources for lanthanides (Ln, or rare
earth elements, REE, if Sc and Y are included) are carbonate
minerals such as bastnaesite or the phosphate ores monazite or
xenotime.3,4 Since only mixtures of REE are available from these
natural sources, extensive separation processes with highly
engineered ion-exchange and solvent extraction routes are
required.1,3 These elaborate procedures are required due to the
similar chemical properties (similar ionic radii, oxidation state
+III) in the Ln series, which complicates the energy consuming
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separation and requires a large number of process steps.1

Furthermore, their ores contain the two naturally abundant
actinides (An) uranium and thorium, generating a large amount
of radioactive waste as by-products during REE mining.
Considering the importance of REE for green energy resources
and sustainable applications, a more environmentally friendly
way would be recovering and recycling REE from end of life
items (e.g. e-waste) or coal y ash.5,6 The separation of REE from
An, as they occur together in mixtures in nuclear fuel cycles, is
a similarly tricky endeavour and an active area of research.7,8 In
addition, efficient chelators for the clean-up of radioactive
environmental spills are desired.

Nature has designed several ligands and proteins for effi-
cient metal binding, with siderophores at the forefront.
Inspired by these natural chelators, such as enterobactin and
deferoxamine, researchers have developed highly specic
synthetic chelators, for example 3,4,3-LI-1,2-HOPO, a very effi-
cient lanthanide and actinide-binder.9,10 Recent bio-inspired
advances to tightly bind certain metal ions also include short
peptides sequences known as lanthanide binding tags (LBT),11

and entirely de novo designed metalloproteins with remarkable
affinities for Ln.12,13 Ten years ago, it was discovered that some
bacteria also utilize Ln. These bacteria have evolved highly
specic Ln uptake and Ln transport strategies. We have
Chem. Sci., 2021, 12, 15581–15587 | 15581
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Fig. 1 NMR-determined structure of Y3+-LanM with two of the high-affinity EF hands shown in more detail and close-up view of EF1. Below the
Ln and An that were used to investigate inter-metal competition of LanM. Eu3+ and Cm3+ were used as luminescence probes.

Fig. 2 (A) Deconvoluted Eu3+–LanM and Eu3+-aquo ion emission spectra from TRLFS data. (B) Deconvoluted Cm3+–LanM and Cm3+-aquo ion
emission spectra from TRLFS data. (C) Luminescence decays with lifetime fits of Eu3+ species. (D) Luminescence decays with lifetime fits of Cm3+

species. Data of the Ln-/An-aquo ions shown in purple and LanM complexes in green. For studies with Eu3+, an excitation wavelength of 394 nm
was chosen while for Cm3+ titrations 396 nmwas selected. Concentrations of 1 mMLanM and 5.5 mMEu3+ or 18 nM LanM and 100 nmCm3+ were
used for the measurements.

15582 | Chem. Sci., 2021, 12, 15581–15587 © 2021 The Author(s). Published by the Royal Society of Chemistry
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previously shown that even the isolated natural cofactor pyrro-
loquinoline quinone (PQQ) of Ln-dependent metalloenzymes
(methanol dehydrogenases) is capable to separate Ln by selec-
tive precipitation.14 In addition to proposed small molecular
weight lanthanophores,15–17 small bacterial proteins, such as
lanmodulin (LanM, Fig. 1),17–19 occurring in the Ln-utilizing
bacterium Methylorubrum extorquens AM1, have already been
shown to be efficient chelators for REE extraction. LanM is an
11.8 kDa protein and has three high affinity sites for REE
binding (EF1 to EF3) with picomolar affinity for thesemetal ions
based on EF hand motifs.15,18 Its promise as a selective extrac-
tant from electronic waste and lignite leachates has already
Fig. 3 Lanthanide addition: (A) intensity of the emission signal of the Eu
addition of the second lanthanide based on emission spectra and subseq
LanM complex up to 100 000 seconds (28 hours) after addition of the se
analysis. The solid lines are first order decay fits with R2 ¼ La (0.97752), C
(0.98542), Dy (0.9809), Ho (0.97413), Er (0.96369), Tm (0.97539), Yb (0
Monte Carlo approach was applied to evaluate the robustness of the fit (se
1000MC runs across the Ln series based on B. For the measurements, an
mM Eu3+ with additional 5.5 mM Ln3+ were selected.

© 2021 The Author(s). Published by the Royal Society of Chemistry
been demonstrated by Deblonde and Cotruvo.20 During the
preparation of this manuscript, a preprint stated that LanM is
able to bind actinium with a higher affinity compared to, for
example, the REE yttrium.21 Previously, an NMR structure of
LanMwith Y3+ has been reported, and during the review process
of this manuscript a study demonstrating binding of Am and
Cm to LanM, was published.19,22 Here, we evaluate the potential
of LanM to bind the An neptunium, plutonium, americium and
curium and compare the relative binding affinity§ of these An to
each other and with the lanthanide series (Fig. 1) at pH 6.7 to
mimic physiological conditions. The isolation of americium
from lanthanides is of particular interest, as they occur
3+–LanM complex within the first 3000 seconds (50 minutes) after the
uent PARAFAC analysis. (B) Intensity of the emission signal of the Eu3+–
cond lanthanide based on emission spectra and subsequent PARAFAC
e (0.98773), Pr (0.91498), Nd (0.95209), Sm (0.95356), Gd (0.97783), Tb
.97657), Lu (0.84107). Individual traces can be found in Fig. S2.† (C) A
e ESI 2.3†). The box plot summarizes the fitted time constants of all the
excitation wavelength of 394 nm and concentrations of 1 mM LanM, 5.5

Chem. Sci., 2021, 12, 15581–15587 | 15583
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Fig. 4 Lanthanide competition: box plots (1000 MC runs, see ESI 2.3†)
of the final intensity of the Eu3+–LanM-complex emission 24 hours
after simultaneous addition of equimolar amounts of Eu3+ and
a second lanthanide ion based on collected emission spectra and
subsequent PARAFAC analysis. For the measurements, an excitation
wavelength of 394 nm and concentrations of 1 mM LanM, 5.5 mM Eu3+

and 5.5 mM Ln3+ were selected. The green star data point was added
for clarity and indicates and intensity of 50% of the Eu3+–LanM
complex.
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commonly together in nuclear waste and are challenging to
separate.23,24 Using time-resolved laser-induced uorescence
spectroscopy (TRLFS) in combination with the excellent lumi-
nescent properties of the two f-block elements Cm and Eu,
enables inter-metal competition binding studies regarding the
whole lanthanide series and selected actinides, revealing
a relative affinity trend of LanM for the chosen elements.

Results and discussion

First, Eu3+ and Cm3+ binding to LanMwas evaluated with TRLFS
and yielded emission spectra (aer spectral deconvolution
using parallel factor analysis, Fig. S1†). Corresponding lumi-
nescence lifetimes of 107 ms and 367 ms aer excitation at
394 nm were determined for the Eu3+-aquo ion (purple) and
Eu3+-LanM (green), respectively, with the main emission
maxima at 591 and 613 nm (Fig. 2A and C). The comparative
analysis of the An binding to the LanM system provided the
emission spectra of Cm3+-aquo ion (purple) and Cm3+-LanM
(green) with distinct emission maxima at 594 and 604 nm and
lifetimes of 69 ms and 198 ms aer excitation at 396 nm (Fig. 2B
and D). The luminescence lifetimes for the Eu3+-and Cm3+-aquo
ions are in good accordance to previously reported ones and the
spectral characteristics of the formed Eu3+– and Cm3+–LanM
species match reported species of the calcium-binding protein
calmodulin.25,26 Due to the greater sensitivity and quantum
yields of Cm3+ luminescence compared to Eu3+,27 a lower
concentration of 18 nM LanM and 100 nM Cm3+ was utilized,
while for Eu3+ experiments a nal concentration of 1 mM of
LanM and 5.5 mM Eu3+ was necessary. For both experiments, 5.5
equivalents of Eu3+ or Cm3+ were required to obtain a 100%
occupation of all 4 EF hands of LanM which also corresponded
with CD experiments (Fig. S6†).

Second, for inter-metal competition studies of LanM with
different Ln and An, the lanthanide series with Eu3+ and An
series (+Nd3+) with Cm3+ was investigated using TRLFS (Fig. 1).
Two different experiments were conducted for each Ln and An
series. First – Ln addition – (Fig. 3) where LanM (1 mM) was
incubated and saturated with Eu3+ (5.5 mM) for 10 minutes and
then subsequently a second lanthanide (5.5 mM) was added.
Known from previous studies and experiments (see ESI†), LanM
was able to bind Eu3+ immediately aer addition without time
delay. However, 10 minutes were chosen as equilibrium time
(Eu3+ and LanM incubation) before the second Ln3+ was added
due to experimental setup and handling of samples as well as to
ensure a proper mixing of the sample. Data acquisition was
started immediately aer adding the competing metal ion and
the decrease in Eu3+–LanM signal intensity was observed over
50 min (Fig. 3A, individual spectra can be found in Fig. S2†). In
particular, with the earlier Ln (reddish to green), a still persis-
tent decrease of the Eu3+–LanM signal was detected – while with
the later Ln (blue to purple) such as Lu3+ a stagnating signal
seemed to be already reached within the 50 minutes. Aer 28
hours (Fig. 3B), the nal intensity of the Eu3+–LanM complex
was still remaining but had stagnated, indicating that thermo-
dynamic equilibrium between Ln and LanM was reached. In
a second experiment – Ln competition – a 1 : 1 mixture of Eu3+
15584 | Chem. Sci., 2021, 12, 15581–15587
and a second lanthanide (5.5 mM each) were premixed and
added simultaneously to 1 mMof LanM. Incubation for 24 hours
at room temperature was chosen to ensure that the thermody-
namic equilibrium had been reached and the amount of the
residual Eu3+–LanM complex was spectroscopically determined.
By spectral deconvolution of all Eu3+–LanM emission spectra,
the intensity ratio of Eu3+ towards the treated second Ln was
calculated (Fig. 4). Based on these two experiments (Ln addi-
tion, Ln competition), we obtain two pieces of information
overall: the time constants describing how fast the thermody-
namic equilibrium is reached (Fig. 3C) and secondly, how
strong the capability is of each Ln to replace the Eu from the
Eu3+–LanM complex representing the individual relative affini-
ties (Fig. 4). Interestingly, the obtained time constants (Table
S1†) and the relative affinities do not follow the same trend and
thus the time constants are not solely determined by the relative
affinity of the respective metal ions, thus other physical factors
are likely at play here. Based on the time constants determi-
nation it can be concluded: the smaller the ionic radii of the Ln,
the faster the exchange against the Eu3+ in Eu3+–LanM complex.
The trend correlates with the typical Ln contraction and is most
likely due to a kinetic effect based only on the size and Lewis
acidity of the Ln. The trend regarding the relative affinity of the
formed Ln3+–LanM complex does not linearly follow the Ln
series, but rather peaks at Nd3+, meaning that Nd3+ binds with
equal relative affinity to LanM as Eu3+ (which was added for
clarity as a theoretical point and set to 50% of Eu3+–LanM
complex when 11 equivalents of Eu3+ are added to one equiva-
lent of LanM, resulting in 50% of free Eu3+-aquo species and
50% of Eu3+–LanM complex). It was shown recently that LanM
reveals a unique, not yet understood trend regarding the affin-
ities for different Ln (Fig. S5†). Unfortunately, affinities for only
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Actinide addition: (A) intensity of the emission signal of the Cm3+–LanM complex within the first 3000 seconds (50 minutes) after the
addition of the second actinide or Nd3+ based on collected emission spectra and subsequent PARAFAC analysis. (B) Intensity of the emission
signal of the Cm3+–LanM complex up to 25 000 seconds (7 hours) after addition of the second actinide or Nd3+ based on collected emission
spectra and subsequent PARAFAC analysis. R2 ¼ Nd (0.97383), Am (0.97056), Pu (0.92988), Np (0.96142). Individual traces can be found in
Fig. S3.† (C) Box plots of fitted time constants of the 1000 MC runs based on B (see Fig. S3†). For the measurements, an excitation wavelength of
396 nm and concentrations of 18 nM LanM, 100 nM Cm3+ with additional 100 nM An3+ or Nd3+ were selected.
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selected Ln were reported (Table S4†). While our actual data
gives no absolute values of dissociation constants Kd, a trend
among the whole series (except Pm) is clearly visible with our
developed method.

The Ln le of Nd3+ in the series bind with lower relative
affinity to LanM, with La3+ occupying approximately 20% of
LanM and Eu3+ 80% when added in equimolar amounts. The Ln
to the right side of Nd3+ with smaller ionic radii as well bind less
efficiently to LanM than Eu3+, with Lu3+ only 10% occupying
LanM when Eu3+ is present. These results are both somewhat
unexpected, but also in line what has been found for the activity
of Ln-dependent methanol dehydrogenase isolated from Meth-
ylacidiphilum fumariolicum SolV. Here, adding lanthanides to
a partially occupied Eu-MDH yielded the highest activity with
Pr3+ and Nd3+, however, this might be just a coincidence.28

Despite various factors such as the gadolinium break (referring
to an oen observed change in the chemical behavior aer this
lanthanide in the series29), it has been suggested that the
natural abundance of the Ln has an impact and bacterial Ln
© 2021 The Author(s). Published by the Royal Society of Chemistry
uptake and metabolism is designed to use the most abundant
Ln.

Aer having experimentally veried that Nd3+ binds equally
well as Eu3+ to LanM in our two lanthanide binding studies, we
put forward this competitive approach for four trivalent An. The
trivalent An – Np3+, Pu3+, Am3+, Cm3+ – were chosen to compete
with Nd3+ as the strongest opponent of lanthanides for the
LanM relative binding affinity. Cm3+ was used as comparable
luminescence probe for the inter-metal competition studies. In
the rst experiment – An addition – LanM (18 nM) was added to
Cm3+ (100 nM) and aer 10 min, the equilibrated solution was
treated with either Nd3+, Np3+, Pu3+ or Am3+ (100 nM, Fig. 5).

By monitoring the Cm3+ luminescence, the reduction of the
Cm3+–LanM intensity over time was clearly visible with a faster
leveling for Np3+ and Pu3+ than for Nd3+ and Am3+ (Fig. 5A and
B). To obtain a clear picture of the thermodynamic equilibrium
(An competition), equimolar amounts (100 nM each) of Cm3+

and respectively Nd3+, Np3+, Pu3+ or Am3+ were added to LanM
and the intensity of Cm3+–LanM complex were measured aer
24 hours of incubation (Fig. 6).
Chem. Sci., 2021, 12, 15581–15587 | 15585
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Fig. 6 Actinide competition: Box plots (1000 MC runs) of the residual
intensity of the Cm3+ emission 24 hours after simultaneous addition of
equimolar amounts of Cm3+ and a second Ln/An (Nd3+, Am3+, Pu or
Np, respectively) based on collected emission spectra and subsequent
PARAFAC analysis. For the measurements, an excitation wavelength of
396 nm and concentrations of 18 nM LanM, 100 nM Cm3+ and 100 nM
An3+ or Nd3+ were selected. The data point pink star was added for
clarity and indicates and intensity of 50% of the Cm3+–LanM complex.
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Again, the theoretical value of 50% for Cm3+ (pink star) was
added. In the An experiments we observe clearly two groups
based on time constants (Fig. 5C) and on the amount of Cm3+–

LanM complex in equilibrium (Fig. 6): Nd–Am and Np–Pu. The
results show that the An f-block elements reveal similar relative
binding affinities to LanM like that of the Ln f-block elements,
which repeatedly underlines their chemical analogy. Secondly,
Np and Pu display a smaller relative binding affinity to LanM
compared to Cm3+, however, an exchange of Cm3+ with the
added An is observable; since the intensity of the Cm3+–LanM
complex is distinctly reduced. The initial oxidation state of Np
and Pu was +III, but Np and Pu reveal a manifold redox chem-
istry under certain conditions (Table S3†). In aqueous solution,
Np is mainly present in +III to +VII with the most stable
pentavalent dioxo form NpO2

+, while for Pu, a co-existence in
equilibrium of four different oxidation states from +III to +VI
has been reported.30 Due to the more versatile redox chemistry
of Np and Pu the oxidation to the penta- and hexavalent actinyl
(AnO2

+ and AnO2
2+) structures bearing a trans-dioxo motif

(Oax]An(+V/VI)]Oax) are easily conceivable. The oxidation
state most probably changed by varying the chemical environ-
ment of Np and Pu by dilution, as a function of the aqueous
speciation or interaction with complexing agent. No spectro-
scopic method is available to examine the nal oxidation state
of Np and Pu in the nanomolar concentration range aer the
incubation with LanM. Reecting the determined time
constants for Np and Pu, LanM binds Np3+ and Pu3+ with lower
relative affinities, comparable to the later, or very early Lns. In
contrast, the trans-dioxo cations might be not able to effectively
bind to LanM. Thirdly and surprisingly, the trivalent f-block
element Am3+ exhibits a higher relative affinity to LanM than
Cm3+ while Nd3+ and Cm3+ bind very similarly. The high relative
binding affinity is most probably due to the same most stable
15586 | Chem. Sci., 2021, 12, 15581–15587
oxidation states and ionic radii of the metal ions (Table S2†).
Am3+ and Cm3+ are both stable in the preferred +III oxidation
state and have ionic radii that strongly resemble Nd3+.31 A direct
comparison between the Eu3+ and Cm3+ systems and experi-
mental setups is ambitious. For the Cm3+ experiments, the
concentrations were 50 times lower, and dilution effects, solu-
bility, hydrolysis or carbonate complexation of Ln/An, as well as
parameters affecting the kinetics, should only interfere (if at all)
with minor contribution. To be able to draw a comparison
between both Ln3+–LanM and An3+–LanM studies, Nd3+ was
chosen for both setups, enabling an estimation of relative
affinity for all selected Lns and Ans. Nd3+ was the best of the Ln
series besides Eu3+ to bind to LanM, but Am3+ displayed an even
higher relative binding affinity with a faster exchange rate.
Finally, with all things considered and under the conditions
chosen, LanM, a natural lanthanide-binding protein, favors an
actinide over the lanthanides. In addition, we show a unique
relative affinity trend of LanM for the Ln series that will also
help in the future to develop new innovative bio-inspired
strategies for Ln or An-recycling and separation. In addition,
an easy and versatile method was developed, using Eu3+ and
Cm3+ as comparative luminescence probe, for inter-metal
competition studies regarding lanthanides and selected acti-
nides and their binding to biological molecules.

Data availability
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