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Lanthanide-protein scaffolds hold significant promise for the design of functional biomaterials. Yet the
selective incorporation of multiple lanthanide ions with distinct properties into discrete sites at tuneable
distances within a single construct remains a key challenge. Here, we report the rational design and
structural characterization of the first de novo coiled coil capable of binding two different lanthanide
ions at independent, non-equivalent sites with defined intermetallic spacing. By installing orthogonal
coordination environments, comprising AsnzAspz and Aspz-only motifs, at defined positions along the
coiled coil axis, we achieve precise, site-specific metal binding across a series of constructs spanning 1
to 5 nm. Site occupancy and intermetallic distances were validated using luminescence, electron
paramagnetic resonance (EPR) spectroscopy, mass spectrometry and X-ray crystallography. The latter
reveals the first structure of a coiled coil bound to two Tb*" ions, and the shortest non-bridged metal-
metal distance reported to date in such a scaffold (11.9 A). The chemically distinct coordination sites
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different lanthanides, Tb®* and Yb®*, at distinct sites, despite their extremely similar coordination
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Introduction

Lanthanide ions (Ln*") play a central role in a broad spectrum of
modern technologies, including biomedical imaging, molec-
ular sensing, data storage, and renewable energy, due to their
sharp f-f emission bands, long luminescence lifetimes, and
unique magnetic properties. The ability to precisely control the
spatial arrangement of Ln*" ions opens the door to the rational
design of next-generation optical, magnetic, and electronic
materials. Despite these opportunities, the incorporation of
multiple distinct Ln*" ions into defined sites within biomolec-
ular scaffolds remains a major challenge, primarily due to their
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chemistries. These results establish a robust and modular platform for constructing nanometre-scale
molecular rulers, and highlight new avenues for the rational design of multifunctional metalloproteins.

remarkably similar ionic radii and coordination preferences.
Achieving selective, site-specific binding of individual Ln** ions
at tuneable distances within designed protein or peptide
frameworks represents an unmet challenge.

Several natural examples are emerging as valuable blue-
prints for lanthanide protein design. In particular, the recent
discovery of lanthanide-binding proteins such as lanmodulin*
have highlighted the emerging biological relevance of these
metal ions and introduced promising leads for selective rare-
earth capture and recovery,>® including through the forma-
tion of mixed lanthanide heterocomplexes.” However, natural
protein scaffolds often lack the structural modularity and offer
limited control over the spatial organization of binding sites. In
contrast, de novo designed coiled coils offer a highly program-
mable and structurally predictable platform for introducing
bespoke metal-binding motifs at user-defined intervals along
the helical axis.*** Their modularity enables precise tuning of
both the coordination environment and the distance between
bound metals, providing a versatile platform for constructing
functional multi metalloproteins with atomic-level precision.

Previous studies have demonstrated that individual
lanthanide-binding sites can be effectively incorporated into
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coiled coil protein scaffolds,”® enabling applications in MRI
contrast enhancement and luminescent probes.'**® Moreover,
the local coordination environment, and thus the selectivity for
specific Ln*" ions, can be modulated by varying the position of
the binding site along the coiled coil axis."”*® Hydrated, solvent-
exposed sites near the N-terminus tend to be promiscuous and
accommodate a wide range of Ln*" ions, whereas more buried
core sites favour medium-sized ions such as Tb>". Despite these
advances, no system has yet been reported that integrates two
distinct lanthanide-binding sites within a single scaffold.
Here, we report the first example of a heterochromic dual-
site lanthanide-binding coiled coil scaffold capable of coordi-
nating two different Ln** ions at non-equivalent, spatially
separated sites. Through a combination of luminescence spec-
troscopy, EPR distance measurements, mass spectrometry and
X-ray crystallography, we demonstrate that this scaffold can
both differentiate between closely related Ln*' ions and
precisely control their spatial arrangement, positioning them
with predictable intermetallic distances ranging from 1 to 5 nm.
These findings establish new principles for engineering func-
tional multi metalloproteins with tuneable coordination
chemistry and nanoscale spatial precision, and offer a versatile
platform for advancing synthetic biology and lanthanide
biochemistry.

Results
Design of a dual lanthanide-binding coiled coil

To achieve the goal of creating a coiled coil capable of coordi-
nating two distinct lanthanide ions, Ln; and Ln,, at two sepa-
rate yet similar binding sites, a series of peptides were designed
by incorporating two lanthanide binding sites into a single
coiled coil. These dual-binding coiled coils feature two distinct
types of lanthanide-binding sites: a promiscuous site near the
N-terminus (top) of the coiled coil, characterized by a single
Asp; layer; and a selective site located more buried centrally in
the core, composed of adjacent AsnzAsp; layers, which enables
size-dependent discrimination between Ln** ions.'® The more
buried core AsnzAsp; sites show a preference for medium-sized
Ln’" ions, typically those with ionic radii between those of Nd**
and Tb>".*® To assist in monitoring and quantifying binding,

Table 1 Peptide sequences used in this work
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Trp residues were introduced adjacent to the lanthanide-
binding sites. Tryptophan facilitates concentration measure-
ments and can sensitize Tb*" luminescence when in close
proximity, serving as a useful reporter of binding. Because
incorporating two lanthanide-binding sites within a single
coiled coil is expected to destabilize the structure, the peptide
was extended by a heptad to restore stability.

The peptide series, LS2-X,Y, were designed using the heptad
(abcdefg) repeat approach, based on the sequence Ac-
G(LAALEQXK,)sG-NH,. In this design, the repeating heptad
motif ensures residues occupying equivalent positions (e.g
position a) in each heptad align with similar spatial environ-
ments due to the periodicity of the a-helical structure. X
corresponds to the location of the top binding site (typically
position 1 at the interface of the 1st and 2nd heptad) and Y to
the location of the second binding site (see Table 1 and Fig. 1,
S1-S8). For example, the second Asn;Asp; site can span the 2nd
and 3rd heptads, adjacent to the first site (as in LS2-1,2) or can
be systematically translated linearly down the helix one heptad
at a time, to yield LS2-1,3, LS2-1,4 and LS2-1,5, respectively. LS2-
1,5 features binding sites at both the N- and C-termini. A longer
version of this peptide, LS3-1,6, has been extended by one core
heptad. In LS2-1,2 the terminal and buried core metal binding
sites are “adjacent” with no intervening Ile layers between the
three binding layers, i.e. creating a double binding site Asp;-
Asn;Asp;. Similarly, two buried core binding sites were located
“adjacent” in LS2’-2,3, which consists of four contiguous
binding residue layers, Asn;Asp;Asn;Asp;, with no intervening
Ile residues.

Th?* titrations

The series of peptides were investigated by circular dichroism
(CD) spectroscopy. Spectra of peptides in the absence and
presence of different concentrations of Tb** ions are shown in
Fig. 2A and S9. The extent of peptide folding, based on the
molar ellipticity at 222 nm (an indication of a-helical content)
varies across the series (Table S1). Generally, those peptides
with binding sites located within core heptads, and shorter
segments of uninterrupted heptads, are poorly folded in the
absence of a Tb**, whereas those with both binding sites located
in terminal heptads, are more folded. However, in all examples,

Peptide

Sequence” (N — C terminus)

Heptad

ga bedefg abcdefg abcdefg abcdefg abcdefg abedefg abedefg a

LS2-1,2
LS2-1,3
LS2-1,4
LS2-1,5
LS2-1,5(7Q)
LS2-1,5(35Q)
LS3-1,6
LS2/-2,3
¥LS2"-2,3

Ac-G IAATEWK DAANEWK DAAIEQK IAAIEQK IAATEQK IAATEQK G-NH,
Ac-G IAAIEWK DAAIEQK IAANEWK DAAIEQK IAAIEQK IAAIEQK G-NH,
Ac-G IAATEWK DAATEQK IAATEQK IAANEWK DAAIEQK IAATEQK G-NH,
Ac-G TAATEWK DAATEQK IAAIEQK IAATEQK IAANEWK DAAIEQK G-NH,
Ac-G TAATEQK DAAIEQK IAATEQK IAAIEQK IAANEWK DAAIEQK G-NH,
Ac-G IAAIEWK DAAIEQK IAATEQK IAAIEQK IAANEQK DAAIEQK G-NH,

Ac-G TAAIEWK DAAIEQK TAAIEQK IAAIEQK IAAIEQK IAANEWK DAAIEQK G-NH,

Ac-G IAAIEQK IAANEWK DAANEWK DAAIEQK IAAIEQK IAAIEQK G-NH,
Ac-E WEAIEKK IAANESK DQAIEKK DQAIEKK IQAIEKK IEAIEHG IG-NH,

“ Binding site residues, and where relevant the Trp (sensitizer), are bold and underlined.
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o O(Asn)
Asn)O,
(Asn) ,,j_L' /O(Asn)

LS2-1,5 LS3-1,6

Fig.1 Models of the series of dual Ln** binding coiled coils containing adjacent (L52'-2,3 and LS2-1,2) and distinct (LS2-1,3, LS2-1,4, LS2-1,5 and
LS3-1,6) sites. Constructed from Asps and AsnsAsps sites (right). The main chain atoms are represented as helical ribbons (N-terminus at the top,
C-terminus at the bottom), binding sites are highlighted, and the Ln** ions are shown as grey spheres. Distances between the binding sites are

shown.

the addition of increasing aliquots of TbCl; led to an increase in
folding, see Fig. 2A and S9, before reaching a plateau at a molar
ratio consistent with around two equivalents Tb*" per trimer.
The same titration monitored by luminescence spectroscopy
with excitation of the Trp residue at 280 nm, led to the
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appearance of the characteristic Tb*>" emission peaks at 490,
545, 585, 620, and 650 nm, on addition of increasing aliquots of
TbCl; (see Fig. 2B and S10). Though some of the CD titrations
revealed biphasic profiles (Fig. S9), this behaviour was more
clearly resolved through luminescence spectroscopy (Fig. S10).
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Fig.2 Tb>* binding titrations monitored by (A1) CD and (B1) luminescence of a 30 uM LS2-1,5 monomer solution in 10 mM HEPES buffer pH 7.0.
Plot of Tb>" binding, showing (A2) percentage folded (based on molar ellipticity at 222 nm), and (B2) normalized emission intensity (based on the
integration of the 545 nm Tb>* emission peak), as a function of To>* equivalents per trimer. Data is a result of the average of three repeats where

the error bars represent the standard deviation. Aex = 280 nm.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Titrations were consistent with two binding sites and reached
a plateau at around two equivalents Tb*" per trimer.

Control peptides

Instead of being limited to observing overall luminescence
intensity of all bound Tb*", our coiled coil allows us to design
control structures where each binding site can be monitored
individually, providing further insight into the binding equi-
libria and thus the applicable binding model. Two “control”
peptides based on LS2-1,5 have been prepared, LS2-1,5(7Q) and
LS2-1,5(35Q), where XQ corresponds to the Trp position in the
original amino acid sequence which has been changed to a GIn
(see Table 1, Fig. 3 and S11). Whereas both binding sites in LS2-
1,5 feature adjacent Trp reporter groups, the single Trp in the
control peptides can only report on the binding of Tb*" to one
site, as the second site is too far away (~4 nm) for Tb** emission
to be sensitized by Trp excitation at 280 nm.

The two control peptides, LS2-1,5(7Q) and LS2-1,5(35Q), di-
splayed similar Tb>" binding curves when monitored by CD, to
each other and the parent peptide LS2-1,5, and suggest two Tb**
ions bind per trimer (Fig. S12). The analogous Tb’" titrations
monitored by luminescence differ from each other and from
LS2-1,5 (Fig. 3 and S13). Firstly, the final emission intensity for
Tb*" bound to LS2-1,5(35Q) is less than that for L§2-1,5(7Q).
Secondly, the titration for LS2-1,5(7Q), shows a sharp increase
in luminescence on the addition of up to one equivalent of Tb>",
followed by a plateau at greater equivalences. The analogous
titration with LS2-1,5(35Q), shows the greatest increase between
one and two equivalences of Tb*", followed by a plateau.

To obtain quantitative data from these titrations, a fitting
function was developed that allows the global fit of a binding
model to the luminescence titration data for Tb** binding to
LS2-1,5, LS2-1,5(7Q) and LS2-1,5(35Q). The binding model
(Scheme S1) was based on the model by Tochtrop et al.* and
involves two non-equivalent binding sites on each coiled coil
and allows for cooperativity, if any. The model further assumes
that luminescence for LS2-1,5(7Q) only reports on occupancy of
site 1, that luminescence for LS2-1,5(35Q) only reports on

10 Xx X
xx%ffl*

.E 08 ? J_

3 %

E 06

3 x LS2-1,5(7Q)

=04 LS2-1,5(35Q)

E « LS2-1,5(7Q) + 1 eq. Yb

Z 02 i { x LS2-1,5(35Q) + 1 eq. Yb

o
o
X

o

1 2 3 4
Equiv. Tb3* per peptide trimer
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occupancy of site 2, and that luminescence for LS2-1,5 corre-
sponds to the simple sum of luminescence intensities from
sites 1 and 2. The model also allows for luminescence quantum
yields to be different for each site. A full derivation of the
equations and Origin C code defining the model are available in
the SI. Overall, global fits of the Tb** binding model to all
titration curves with fully optimizable background signals for
each individual titration with the cooperativity factor restricted
to values of 1, 0.1 and 10, are shown in Fig. S14-S16, fitting
parameters for cooperativity factors restricted to values of 0.01,
0.1, 1, 10 and 100 are reported in Table S2, and an evaluation of
the significance of parameter values is represented in Fig. S17.
Overall, the analysis indicates an association constant of 1.1 x
10" M~ for site 1 and 5 x 10> M~ " for site 2 with no evidence for
cooperativity in binding. A speciation plot generated from this
binding model using the derived association constants is shown
in Fig. S18. The predicted population distributions are in
excellent agreement with the experimental titration data.

Hydration states of bound Tb**

Luminescence lifetime decay studies of the dual binding site
coiled coils were performed in the presence of 0.3 equivalents
TbCl;, in H,O and D,0O, and monitored at 545 nm, see Fig. S19-
S20. The inner sphere water content coordinated to the bound
Tb*" was estimated using the Parker-Beeby equation® and is
reported in Table S3. Analogous data recorded for 0.3 equiva-
lents TbCl; in the presence of 1.0 equivalents YbCl; per trimer
(vide infra) is consistent, with the majority of Tb®" remaining
bound in sites with a similar inner sphere water content.

Gd** binding

Due to their similar size but different properties, Tb** and Gd**
are frequently used interchangeably. Titrations of GdCl; into 30
uM solutions of LS2-1,3, LS2-1,5 and LS2-2,3 monomer, ie.
examples of dual Ln binding peptides with both distinct and
adjacent sites, were monitored by CD spectroscopy. Titrations
are shown in Fig. S21, and are in good agreement with the
analogous CD titrations performed with TbCl;.

site1—

LS2-1,5(7Q) LS2-1,5(35Q)

Fig. 3 Normalized emission intensity based on the integration of the 545 nm Tb>* emission peak of 30 uM peptide monomer solutions of LS2-
1,5(7Q) (blue) and LS2-1,5(35Q) (yellow/red) in 10 mM HEPES buffer pH 7.0, as a function of Tb>" equivalents per trimer in the absence (dark blue
and yellow) and presence of one equivalent of Yb** (light blue and red). Data are the average of three repeats where the error bars represent the

standard deviation. A¢x = 280 nm.
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EPR distance measurements

The distance between the two bound Gd** for the dual binding
peptides was measured using the EPR spectroscopic method of
double electron-electron resonance (DEER) in the frozen
state.”>* The LS2 measurements were taken at W-band using
a specialized home-built high power and wide bandwidth
spectrometer (HiPER) in order to obtain accurate distances even
for the expected short Gd-Gd distance in the LS2-1,3
peptide.”>** The DEER time traces and the distances shown in
Fig. 4 were extracted using DeerLab 1.1.4.>” Table 2 presents the
mean distance from the constrained-width Gaussian analysis,
and the most probable distance obtained from Tikhonov regu-
larization analysis, ie. a non-parametric or “model free”
method. The distances support the hypothesis that the peptide
series binds Gd*" at specific sites with inter Gd** distances of
slightly over 2, 3, 4 and 5 nm for LS2,1-3, LS2-1,4, LS2-1,5 and
LS3-1,6, respectively (see Fig. S22-S29 and Tables S4-S8).

X-ray crystal structure

Despite multiple attempts, we were unable to obtain crystals of
the LS peptides of suitable quality for X-ray diffraction. We have
previously overcome this challenge, inspired by the success of
CoilSer and related peptides,****** by modifying the exterior of
the coiled coil to aid in crystal-crystal packing. We reasoned
that (1) buried core binding site might be less dynamic, and (2)
that design modifications that further stabilize the structure
should enhance our chances of success. xL.S2”-2,3 features two
Tb** sites which are both buried (based on LS2'-2,3), but
a stabilizing Ile layer is introduced in place of the intervening
Asn (position 19). Crystals were obtained in the presence of Tb**

11
A) B) 55
L5249 LS2-1,3
0.99 51
B 451
[ (0]
7] LS2-1,4 7]
£ 0.98 1 g,
L L
= = LS2-1,4
2097 2351
2> 2
£%97 €251
3 2 LS2-1,5
N .95 N 27
© ©
£ E15
o (e}
Z0.94 z ]
LS3-1,6 LS3-1,6
0.931 0:8
— 0 b—mr— <L
012345686 2 3 4 5 6
Time / us Distance / nm

Fig. 4 The DEER results for Gd,(Peptide)s with fits assuming
a Gaussian distribution of fixed standard deviation from the mean of
0.2 nm: (A) time traces (black) and simulated fits (red dash); (B) distance
distributions with 95% confidence shown in grey.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The DEER measurement Gd—Gd distance results

Mean of constrained Most probable distance

Gd,(Peptide); Gaussian (nm) from model-free fit (nm)
LS2-1,3 2.15 2.05
LS2-1,4 3.09 3.07
LS2-1,5 4.25 4.18
LS3-1,6 5.11 5.09

in the P6 space group and the structure solved to 2.76 A reso-
lution, see Fig. 5 and Tables S9. The location of Tb** ions within
the distinct AsnzAsp; and Asp; binding sites and at coiled coil
interfaces are shown in Fig. S30 and S31, respectively.

Yb** binding

To explore discrimination between different sized Ln*' ions,
titration of the smaller YbCl; into a 30 uM solution of LS2-1,5
was monitored by CD spectroscopy. Yb** and Tb®" were
selected as representative smaller and optimally sized lantha-
nide ions, respectively, based on our previous studies in which
related mono-binding-site coiled coils showed the greatest
discrimination between these size regimes."” The addition of
increasing concentrations of Yb*' led to a steady, almost linear,
increase in folding (based on molar ellipticity at 222 nm) from

Fig. 5 Crystal structure of two Tb®" ions bound within the interior of
a designed parallel three stranded coiled-coil (xLS2”-2,3). Main-chain
atoms are shown as ribbons (N-termini indicated), the binding-site Asn
and Asp side chains in stick form (C green, O red, N blue) and the
bound Tb>* ions as cyan spheres. Left: side view of the full assembly.
Right: zoomed-in views of individual To®" binding sites, showing the
coordination environment formed by ligating residues. Due to the
limited resolution (2.76 A), the exact coordination geometry could not
be unambiguously determined from the crystallographic data.
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around 50 to 65% at five equivalents Yb*" per LS2-1,5 trimer, see
Fig. S31. This differs from the analogous titration performed
with Tb**, for which the molar ellipticity at 222 nm at five
equivalents Tb®*" per LS2-1,5 trimer, has reached a plateau
consistent with 77% folding. The addition of 1 equivalent Yb**
followed by the addition of increasing aliquots of Tb**, closely
mirrors the Th*" titration in the absence of Yb*", see Fig. 3 and
S32.

The displacement of bound Tb** from LS2-1,5 by the smaller
Yb*" was investigated using luminescence spectroscopy.
Displacement plots, showing the decrease in Tb** luminescence
at 545 nm with increasing equivalence of YbCl;, are presented
in Fig. S33. Time-course measurements confirm that equili-
bration is rapid under these conditions (Fig. S33). These data
are compared with the emission intensity of LS2-1,5 in the
presence of either 1 or 2 equivalents TbCl; per trimer. Although
a reduction in emission intensity is observed upon Yb*" addi-
tion, complete displacement of both Tb** ions does not occur
even after the addition of 100 equivalents YbCl; (Fig. S33).
Analysis of the displacement titration in terms of the mathe-
matical expression describing competitive binding developed
by Wang®*** (Fig. S33) yields a binding constant K, for Yb**
binding to site 2 of 2.7 x 10* M.

Mass spectrometry analysis of metal binding

Native mass spectrometry (MS) was employed to characterize
the metal-binding behaviour of the bimetallic assemblies.
Solutions containing 90 uM LS2-1,5 monomer (corresponding
to 30 uM trimer) exhibited spectra dominated by a charge-state
envelope consistent with monomeric species; however, low-
abundance peaks attributable to the intact trimer were also
observed (Fig. S34 and S35A).

Upon addition of 0.5 equivalents of TbCl; (15 uM), a new set
of peaks corresponding to the monometallated complex
Tb(Peptide); emerged (Fig. S35B) that increased in intensity
upon addition of 1.0 equivalent of TbCl; (30 puM). At one
equivalent of Tb**, the unmetallated trimer remained readily
detectable, although at lower abundance than the mono-
metallated complex, and a minor peak consistent with the
bimetallic complex Tb,(Peptide); was observed at very low
intensity (Fig. S35C).

An analogous experiment performed with 1.0 equivalent of
YbCl; per trimer produced similar complexes, including the
unmetallated trimer, Yb(Peptide);, and Yb,(Peptide);. In
contrast to Tb**, the unmetallated trimer was the most abun-
dant complex in the presence of Yb*", indicating weaker overall
binding under these conditions (Fig. S35D).

When spectra were acquired in the presence of both metals
(1.0 equivalent each of Th** and Yb®"), signals corresponding to
the unmetallated trimer, the monometallated Tb(Peptide); and
Yb(Peptide); complexes, and bimetallic species were detected.
Among the monometallated complexes, Tb(Peptide); was more
abundant than its Yb analogue. The bimetallic complexes
included the homobimetallic Th,(Peptide); and Yb,(Peptide)s
complexes, as well as the heterobimetallic YbTb(Peptide)s

Chem. Sci.
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Fig. 6 Native mass spectrum of LS2-1,5 following incubation with 1.0
equiv. of Tb** and Yb>* per trimer. An expanded view of the 7+ charge
state is shown. Peptide monomers, Tb, and Yb are indicated by green,
blue, and yellow circles, respectively.

species, the latter being the most abundant of the three (Fig. 6
and S35E, Table S10).

Even under conditions of excess Tb*" (2.0 equivalents of Tb**
and 1.0 equivalent of Yb*" per trimer), such that both binding
sites could be saturated by Tb*', the heterobimetallic
YbTb(Peptide); complex remained clearly detectable, despite an
overall increase in the abundance of Tb-containing species
(Fig. S35F).

Discussion
Accessing folded coiled coils bound to two Ln*" ions

The binding of Tb*" to a series of six coiled coils, each designed
to coordinate two Ln>" ions in distinct locations, was initially
investigated by CD spectroscopy. Despite the destabilizing
effect typically associated with introducing two Ln**-binding
sites into the hydrophobic core, folding could be recovered in
all constructs by extending the sequence with an additional
(sixth) heptad. This design adjustment generally yielded well-
folded coiled coils upon full metalation. CD titrations across
the series indicated binding of two equivalents of Tb*" per
coiled coil trimer.

Impact of site location on folding and Ln** coordination
chemistry

Across the coiled coil series, we systematically varied the posi-
tion of Ln**-binding sites to alter the inter-metal distance (vide
infra). Notably, isomeric sites, defined by identical amino acid
compositions placed at equivalent heptad positions (abcdefs),
exhibited marked differences in folding stability depending on
their location within the coiled coil. As expected, binding sites
embedded within core (buried) heptads were more destabilizing
than those placed within terminal heptads.”?**> Scaffolds

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sc00813e

Open Access Article. Published on 12 5 2026. Downloaded on 2026-05-22 2:04:06.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

containing exclusively buried sites, such as LS2'-2,3, were the
most destabilized, while those exclusively featuring terminal
sites, including LS2-1,5 and LS3-1,6, showed the highest degree
of folding. The additional seventh heptad in LS3-1,6, introduced
to accommodate longer Ln-Ln distances, provides the antici-
pated enhancement in folding.*

An apparent exception to these trends is the LS2-1,2
construct, which incorporates three adjacent binding layers
(AspsAsn;Asp;) near the N-terminus. Despite being constructed
from an adjacent terminal and buried site, this arrangement is
well tolerated and may be better described as an extended
terminal site. In contrast, the LS2'-2,3 peptide, which positions
two adjacent buried binding sites deeper within the core
(AsnsAsps;Asn;Asps), is significantly destabilized. Even upon full
Ln** coordination, folding is not fully restored.

Luminescence studies, including those using control
peptides, revealed that Tb*" sites can exhibit markedly different
emission characteristics. Sites that are more hydrated or
solvent-accessible tend to exhibit weaker emission, whereas
those that are more buried and coordinatively saturated show
enhanced luminescence, consistent with previously reported
trends."”

It remains unclear whether the coordination environment of
a given site can be modulated by the presence of a second
binding site. In the crystal structure of xLS$2"-2,3, the Tb*'-
bound Asn;Asp; site retains the same coordination geometry as
in its mono-metallic counterpart (Fig. S36), despite the prox-
imity (~1 nm) of a second Tb*" site. In contrast, the C-terminal
site in LS2-1,5 (site 1), derived from the previously characterized
MB1-4 construct,” does not replicate the coordination behav-
iour of its mono-metallic analogue. Specifically, luminescence
decay experiments reveal that while MB1-4 yields a hydrated
Tb(OH,), coordination state, the analogous site in LS2-1,5
exhibits features of a coordinatively saturated environment.
This may reflect stabilization from the additional heptad.

Binding two Ln** ions at defined distances: coiled coils as
molecular rulers

The modular and predictable architecture of de novo designed
coiled coils enables the precise placement of two Ln*" ions at
defined positions along the helical axis, effectively transforming
these constructs into nanoscale molecular rulers. To validate
these distances, we employed pulsed EPR spectroscopy to
measure the separation between two paramagnetic Gd** ions
bound at designated sites. The observed distances align closely
with those predicted by structural models of the LS2-1,X to LS3-
1,6 series.

The shortest accessible distance that DEER can measure is
limited by the physical attributes of the sample and the spec-
trometer hardware.?*?*** Therefore, while to the best of our
knowledge, the 2 nm distance in Gd,(LS2-1,3); is the shortest
Gd-Gd DEER measurement to date, in a non-model system, the
shorter intermetallic distances could not be accurately resolved
for binding sites separated by a single heptad. To experimen-
tally validate these shorter distances, we successfully crystal-
lized a related coiled coil containing two Tb*" ions, offering
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a complementary structural approach. While X-ray crystal
structures of coiled coils or helical bundles featuring multiple
metal ions have been reported (including dinuclear sites,**”
multi-metal clusters,*®*® and distinct transition metal
sites®'>%°), this structure represents the first example of a coiled
coil simultaneously coordinating two Ln** ions and at separate,
non-equivalent sites.

The measured Th-Tb distance of 11.9 A is in good agreement
with the expected spacing from design (Fig. 1 and 4). An inter-
vening Ile residue between the two binding layers, absent in
related constructs such as LS2/-2,3, is believed to enhance
overall structural stability and may position the central Tb**
more within the Asp layer. Models predict that replacing this Ile
with an Asn would shift the second Tb*" towards the N-
terminus, reducing the intermetallic distance to ~10.5 A
(based on Asp-Asp C,, backbone distances).

To our knowledge, the 11.9 A spacing represents the shortest
crystallographically observed distance between two distinct,
non-equivalent metal-binding sites within a coiled coil or
helical bundle (excluding cases with shared ligands) and the
only example of the same metal ion bound at two structurally
distinct, non-overlapping sites in such a scaffold.

By combining EPR spectroscopy with X-ray crystallography,
we have demonstrated the ability to construct a family of
molecular rulers spanning 1-5 nm with 1 nm resolution. This
level of spatial precision in metal site placement represents
a powerful tool for engineering next-generation
metalloproteins.

Structural characterization of distinct binding sites

One Tb*" is coordinated at an Asn;Aspj site near the N-terminus
of the coiled coil, closely resembling that in our previously re-
ported mono-metallic structure. Whereas the second Tb*" is
bound at an Asps-only site located more centrally within the
coiled coil. Although this site was examined previously, crys-
tallographic characterization was not possible due to poor
crystallizability when positioned near the N-terminus (CS1-1)."”
Relocating the site to a more central position within the coiled
coil has now enabled the first structural characterization of this
second distinct Ln** binding site.

Sequential and selective Tb** binding in a heterochromic
coiled coil

We next investigated whether selective and sequential binding
could be achieved between distinct metal-binding sites. While
some CD titrations exhibited biphasic profiles indicative of
sequential site occupancy, this behaviour was more clearly
resolved through luminescence spectroscopy. The non-linear
luminescence titration profiles arise from the distinct lumi-
nescence properties of individual Tb*" binding sites. A notable
exception is LS2-2,3, which lacks distinguishable luminescence
features, likely due to both Tb*" ions occupying similar, coor-
dinatively saturated, buried sites, that are expected to be simi-
larly emissive.

Site specific binding was investigated using the LS2-1,5
construct and its control variants, LS2-1,5(7Q) and LS2-
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1,5(35Q), which differ in the placement of Trp reporter residues.
These designs enable selective sensitization of Th** at each of
the two binding sites, allowing for independent monitoring of
site occupancy throughout the titration experiments (Fig. 3).
The titrations are consistent with the first equivalent of added
Tb*" predominantly binding to site 1 (C-terminal AsnzAsp;),
with only partial occupancy of site 2 (N-terminal Asp;). The
second equivalent of added Tb** then predominantly binds to
site 2. Overall, this results in Tb*" jons coordinating two
chemically distinct sites, resulting in divergent spectroscopic
properties.®

Global analysis of the LS2-1,5 titrations shows that both
binding sites can be treated as separate sites with association
constant of Tb*" for binding site 1 being over an order of
magnitude higher than for binding site 2. Cooperativity is not
required to describe the data. However, we note that the model
does not exclude the possibility that the Tb*" association
constant for site 2 is affected by Tb*>* binding to site 1. Any such
effect is insufficient to result in cooperative binding.

These studies have all been performed at pH 7, however,
lanthanide ion association constants are likely to be strongly
influenced by pH, and this will be investigated in the future.
However, lanthanide ion association constants for native and
other de novo proteins, tend to be reported at pH 7, unless being
investigated for lanthanide separation technologies. Our re-
ported values range from 10" to 10° M, which is consistent
with those for isolated EF-hand motifs and some de novo scaf-
folds.** While these values represent significant binding, they
do not yet achieve the exceptionally high association constants
seen in natural lanmodulin (LanM) and designed TIM barrel
protein scaffolds, which can exceed 10'* and 10 M~*.#>%3

Bimetallic coiled coils with two distinct metal-binding sites
have been reported previously,®******* including one example
incorporating Tb*" and Hg”>*.'* The present work, however,
establishes the first coiled coil scaffold capable of binding two
Ln*" ions, and does so at independent, non-equivalent sites
within a, single, well-defined assembly. This behaviour echoes
heterochromic Cd*" coiled coils, where binding order is
dictated by changes in the resulting coordination number and
geometry arising from different exogenous water coordina-
tion.®” In contrast, the Ln®" system described here likely retains
similar coordination number and geometries across the two
sites, despite differences in first coordination sphere ligands.

Heterobimetallic lanthanide coiled coil

The combined spectroscopic, displacement, and native MS data
reveal hierarchical and site-selective lanthanide binding to LS2-
1,5. Tb®* initially binds to site 1, which has the higher associ-
ation constant and is size-selective and coordinatively satu-
rated, to form Tb(;)(LS2-1,5);. Only upon further metal addition
does Tb*' bind to site 2, which has the lower association
constant and is more size-promiscuous, yielding the fully
loaded Tb)Th()(LS2-1,5); complex.

Importantly, the presence of Yb®>" does not perturb this
binding sequence. Tb*" titrations performed in the absence and
presence of Yb®" show nearly identical CD and luminescence
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titrations, and lifetime measurements confirm that the hydra-
tion environment of sub-stoichiometric Tb** remains
unchanged.

Displacement experiments provide additional insight into
the relative site preferences of the two lanthanides. We have
previously shown that smaller Yb®" cannot displace the opti-
mally sized Tb*" from a buried Asn,Asp; site, and its addition
does not lead to a decrease in Tb*" emission.'® Whereas, when
Th*"-saturated LS2-1,5 is titrated with Yb®", a partial decrease in
Th*" emission is observed, approaching the signal expected for
Tb(;)(LS2-1,5);. These data indicate that Yb*" preferentially
displaces Tb** from site 2, which has a lower association
constant and is less emissive, while Tb** remains bound at site
1, which has a higher association constant and is more emis-
sive. This behaviour is consistent with the relative association
constants extracted from global analysis of the luminescence
titrations. Binding of Yb** in the lower association constant,
size-promiscuous site 2 is an order of magnitude weaker than
Tb*' binding in the same site. This lower association constant
explains both the requirement for a large excess of Yb** to
replace Tb®" and why 1 equivalent of added Yb®*" does not
measurably affect Tb*" binding.

Native MS further supports this model by revealing the
formation of a heterobimetallic coiled coil complexes,
YbTb(LS2-1,5);, even under conditions where sufficient Tb** is
present to exclusively form the TbTb(LS2-1,5); complex.

Together, these results support the formation of a well-
defined heterobimetallic coiled coil, YbTb(;)(LS2-1,5);, in
which the two lanthanide ions are spatially segregated and
selectively bound at non-equivalent sites. We are keen to explore
how this scaffold can enable selective binding and discrimina-
tion between different pairs of lanthanide ions. The N-terminal
Asps-based site 2 exhibits greater hydration and broader ion
tolerance, while the C-terminal Asn;Asp; site 1 is more coor-
dinatively saturated and size-selective. This work thus demon-
strates the first de novo designed peptide scaffold capable of
simultaneously discriminating between and binding two
different lanthanide ions at closely related yet functionally
distinct sites.

Selective lanthanide discrimination remains a formidable
challenge due to the minimal differences in ionic radii and
coordination preferences across the series — an issue far more
severe than for transition metals. The successful realization of
Yb2)Tb(1)(LS2-1,5); highlights how bottom-up de novo meta-
lloprotein design can achieve a level of ion selectivity and
positional control that begins to approach that evolved in bio-
logical lanthanide chemistry.

Conclusions

We report the first example of a designed coiled coil scaffold
capable of binding two distinct lanthanide ions at independent,
non-equivalent sites, and present the first X-ray crystal structure
of a bimetallic lanthanide coiled coil complex. Remarkably, the
two Tb>* ions are located at a shortest-to-date metal-metal
separation of 11.9 A in a coiled coil scaffold, with no shared

ligands. This structure also provides the first direct

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sc00813e

Open Access Article. Published on 12 5 2026. Downloaded on 2026-05-22 2:04:06.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

crystallographic characterization of a lanthanide ion coordi-
nated within an Asps;-only site, establishing a new benchmark
in lanthanide-protein design.

The linear and modular arrangement of the binding sites
allows precise control over intermetallic distances, enabling the
development of molecular rulers with nanometre resolution (1-
5 nm). Importantly, we demonstrate that selective binding and
order of metal ion addition can be regulated through subtle
differences in the coordination environments, modulated by
ligand identity, site location, and solvent accessibility. Thereby
highlighting the critical role of exogenous water ligands in
lanthanide coordination chemistry.

Our dual-site designs produce a heterochromic coiled coil, in
which the same metal ion binds two chemically distinct sites,
resulting in different physical and spectroscopic properties.
Furthermore, we achieve site-selective discrimination between
two closely related lanthanide ions, Tb** and Yb*", within
a single scaffold. This represents a significant advance given the
notorious difficulty of achieving such selectivity among
lanthanides due to their similar ionic radii and coordination
preferences.

Together, these findings establish new design principles for
engineering selective, structurally well-defined lanthanide
binding sites into de novo protein scaffolds. This work opens
avenues for the creation of multifunctional metalloproteins and
lays foundational groundwork for applications in sensing,
catalysis, molecular magnetism, and rare-earth separation
technologies.
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