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ABSTRACT

Lanthanide ions are difficult to separate from one another due to their similar chemical
properties. The discovery of lanthanide binding peptides and proteins in nature has led to an
increased interest in the possibility of utilizing the strong binding of peptides to lanthanide ions
for their separations; as such, there has been an effort to identify or design peptides with
improved lanthanide binding and selectivity toward particular lanthanide ions. In this study, we
designed lanthanide binding cyclic peptides (LBCPs) with molecular dynamics simulations,
electronic structure calculations, and emission spectroscopy. Luminescent decay measurements
were done to determine the number of water molecules coordinated to the Eu*" ion in Eu-LBCP
complexes and compare to the predicted number of water molecules by computation to assess the
lanthanide binding affinity of LBCPs. Measured stability constant show binding of the LBCPs to
the Eu®" ion with stronger than micromolar affinity. We were able to identify multiple peptides
that selectively bind to middle lanthanides. We describe the structural basis of the lanthanide-
binding selectivity trend with strongest binding to the middle lanthanides, followed by the
heavier lanthanides, and finally to the lighter ions.



Introduction

Rare earth elements (REEs), which include the lanthanides (Lns), have a wide range of
applications in technologies such as electronics'?, clean energy production®*, energy storage®,
and bio-imaging techniques®’. Despite being abundant in the earth’s crust, the similarities in the
physical and chemical properties of Ln ions present a challenge for their separation from each
other. Current methods for extracting REEs such as hydrometallurgy®, liquid membrane
separation’® and electrochemical separation'® often require large amounts of resources and energy
to reach the level of purity required for technological applications, and they can also produce

large amounts of chemical waste that leads to deleterious environmental impacts.® !

Peptides and proteins are increasingly recognized as a promising avenue for lanthanide
extraction and separation.!!~!® It was shown that some organisms incorporate lanthanides and
utilize them in their metabolism.!”!® The unique coordination chemistry of Ln ions resulting
from their relatively large ionic radii, their chemical hardness, and their redox inertness make
them robust and versatile as Lewis acid catalysts in enzymes. The versatility of peptides, as well
as their tendency to form unique structures through intramolecular interactions allows for the
tuning of the coordination environment around Ln*" ions, potentially increasing their selectivity
toward particular Ln** ions. Moreover, peptides can be used both as chelating agents'®?? in the
liquid phase and be immobilized on solid surfaces for adsorption-based extractions.!*?32*

The chelation of peptides to Lns results in applications as probes to study the structure

and function of biological systems. Ln*>" ions are used as chemical shift reagents in nuclear

625 in X-ray

28-34

magnetic resonance spectroscopy and contrast agents in medical imaging,

crystallography to increase scattering,?®?’ and in luminescence imaging techniques.

Proteins that bind selectively to Lns have been identified in biological organisms.?>-3

Inspired by nature, Ln-binding peptides have been designed and synthesized.!!*”-*8 In the present
study we design lanthanide binding cyclic peptides (LBCPs), and use a combination of classical
molecular dynamics (MD) simulations, density functional theory (DFT) calculations, and
experimental luminescence decay measurements to characterize the lanthanide binding structure
and affinity of the LBCPs. We compare the number of water molecules coordinated to the Ln**
ion in Ln-peptides complex structures predicted with MD with experimentally measured values,
based on the presence of OH bonds in molecules coordinated to Ln>" ions that leads to non-
radiative deexcitation of emissive excited states.***’ In addition to containing amino acid
residues that are known to bind to Ln** ions with carboxylate functional groups, the peptides in
this study were chosen to be small (~20 amino acids) to ensure one-to-one coordination with the
Ln*" ions to facilitate resolving the coordination structure. Smaller Ln-peptide complexes are
more easily resolved computationally, and avoiding multiple lanthanide binding sites allows to
assign spectroscopic measurements to the binding site. The peptides were cyclized with a

disulfide bond between the N- and C-terminal cysteine residues to stabilize their structures.*! 3



Methods

Computational Methods

An initial configuration of each Eu*"-peptide complex was generated from the sequences of each
peptide and was subjected to a series of classical molecular dynamics (MD) annealing
simulations to sample a large conformational space and determine the structure of each Eu-
peptide complex in water. The Eu®" ion was chosen to be able to measure emission spectra and
because we recently optimized the non-bonded force field parameters of the Eu** ion to bind
with carboxylate and amine-containing ligands similar to peptides.** The starting structure for
electronic structure calculations with other Ln*" ions was that obtained with MD of the Eu**
complex, with the Eu** ion replaced with the Ln*>* ion being studied. Differential binding
energies of the peptides and the Nd**, Eu**, and Yb*" ions were computed as the AAE for the
exchange reaction with the La** complex of the peptide as the reference (see Scheme 1) using
electronic structure calculations.

Scheme 1. Exchange reaction between La®>" and other Ln*" complexes of each peptide (PEP).
Ln(H,0),>* + La(H,0),,PEP — La(H,0)o°>" + Ln(H,0),PEP + (m + n — x — 9)H,0

AAE = E[Ln(H,0),PEP] + E[La(H,0),>*] + (m + n — x — 9)E[H,0] — E[Ln(H,0),°>"] — E[La(H,0),,PEP]
(1)

The La®" complex was chosen as the reference molecule as in our previous work, ¢ and Nd**,
Eu®*, and Yb*" as representative of the early, middle, and late lanthanides, respectively.

Identifying the Ln coordination structure in peptide complexes with molecular dynamics
simulated annealing

The initial configurations of the cyclic peptides were generated from the peptide sequence using
the MODPEP* program, which is well suited for small, cyclic peptides. All our LBCP sequences
have N-terminal and C-terminal Cys residues that cyclize the peptide structure with a disulfide
bond. For each peptide, one Eu*" ion was inserted in the location corresponding to the center of
mass for all carboxylate groups present in the peptide. The initial configurations of Eu-peptide
complexes were placed at the center of a 10 nm box, and Na* or CI” counterions were added to
balance the charge of the system when needed, although most peptides have a 3- charge to
compensate the Eu®" charge. The geometry of the Eu-peptide complexes was minimized in gas
phase followed by a 5ns NVT simulation at 363 K with a timestep of 1fs. Next, the Eu-peptide
complex structure from the gas phase MD simulation the was placed at the center of a 4.5 nm
box and solvated with 3800 water molecules. The water solvated Eu-peptide complex was then



subjected to a 5 ns NPT simulation to equilibrate the dimensions of the box at 1 bar and 298 K.
Then, a series of NVT simulations of the system were performed in temperature windows of 363
- 313 K in decreasing 20 K temperature intervals for 1 ns each, and a final 5ns simulation at 298
K to equilibrate the structures. Finally, the resulting structure was minimized to complete the
classical MD protocol.

In all MD simulations temperatures were maintained at their respective values via the
velocity rescaling thermostats,*® and for NPT simulations the pressure was maintained using the
Berendsen barostat.*’ The ff14sb forcefield®® was used for all the peptide atoms, since it has been
shown to accurately predict structures for peptides and proteins.’'* For the Na* and CI" ions
OPLS-AA parameters were used. Force field non-bonded parameters for Eu*" ions were taken
from our previous work, in which they were optimized to reproduce the coordination structure
for Eu-EDTA.**% The TIP3P water model>* was used for the solvent. A distance cut-off of 9.0 A
was used for all non-bonded interactions. All the classical MD simulations and optimizations
were performed using the GROMACS v2021°° software.

Density functional theory calculations

The structure of each Eu-peptide complex resulting from the classical MD simulated annealing
protocol, along with coordinating water molecules, were extracted to use as a starting point for
further density functional theory (DFT) optimizations, replacing the Eu ion with La, Nd, or Yb.
To account for the possible differences in water coordination to the Ln*" ion predicted by
classical force fields and DFT computations, the two closest water molecules not coordinated to
the Ln*" ions were also included. Due to the large size of Ln-peptide complexes, the structures
were truncated in a theozyme approach where constraints are placed on outside carbon atoms to
mimic the full peptide structure.’® Figure 1 shows an example of the chosen truncated region.
The atoms included in the truncation for DFT calculations were chosen primarily based on
coordination (or proximity) to the Ln** ions or the presence of hydrogen bonds with coordinating
amino acid residues. However, to allow for the computation of differential binding energies, for
any given peptide, the choice of the truncation scheme was the same for all Ln*" ions, including
all residues that bind to any of the Ln** ions studied. The coordinates of backbone carbon atoms
where the structure was truncated, and the a-carbon atoms of the amino acid residues included in
the structure were frozen in all optimizations so that the truncated structure is consistent with the
Ln-peptide complex.



Figure 1. Structure of a Nd-peptide complex (Nd-LBTO). The truncated region chosen for
DFT calculations is shown using ball-and-stick representation, and the rest of the molecule is
shown in blue.

The truncated structures of the Ln-peptide complexes were optimized first using the
MO06° functional: non-Ln atoms were modeled with a 6-31G(d)*® basis set and the Ln atoms
were modeled with effective core potentials and corresponding basis sets (the Stuttgart RSC
Segmented + ECP*”). The conductor-like polarizable continuum model®® (CPCM) was used to
account for the effect of solvation by water and the D3 dispersion correction®® was used to
account for dispersion forces. Once the initial optimization was carried out, the water molecules
that remained uncoordinated to the Ln** ion were removed and the structures were optimized
again using the larger cc-PVTZ% basis set for non-Ln atoms. Single-point energy calculations
were then carried out on the optimized geometries at the M06 level of theory and utilizing the
DKH2 relativistic Hamiltonian:%* the ma-DKH-def2-TZVPP basis set®* was used for ligand and
water atoms and SARC-DKH-TZVP® was used for Ln atoms. All DFT computations were
carried out using ORCA v.50.02%6%7 and the resolution of identity chain of sphere (RIJCOSX)®
algorithm was used for efficiency. The optimization and single point energy calculations with the
levels of theory described here replicated the pK, values of all Ln** aqua ions, and can predict
experimental trends of relative binding energies of Ln-ligand complexes.**#¢:67

Experimental Methods

Peptides were purchased from GenScript (Piscataway, NJ, USA) and from Creative Enzymes
(Shirley, NY, USA) at >98% and >96% levels of purity, as determined by HPLC.



Stock 1.0 mM solutions of Eu*" chloride and nitrate salts were prepared in deionized water.
The exact concentrations of the Eu®" salts were determined by complexometric titrations with
EDTA (0.01 M) using xylenol orange as an indicator.”

The peptide stock solutions with an approximate concentration of 1 mM were prepared
by dissolving a weighted sample of the peptide powder in 0.5 ml water. The exact concentration
was determined by measuring the absorbance at 280 nm of a mixture of 20 ul of peptide sample
solution in 2.0 ml of a 6 M aqueous solution of guanidine hydrochloride and using the equation
below, with reported extinction coefficients of 5,685 M~'cm™! for tryptophan, 1,285 M~'cm™! for
tyrosine, and 125 M 'em™! for cystine.”!

£(280) [M ! cm '] = (#Trp)(5,685) + (#Tyr)(1,285) + (#Cystine)(125) (2)

To prepare Ln-peptide complexes and solutions with a resulting complex concentration of
1x107> M, known volumes of solutions of the Ln salts and of the peptide corresponding to a
molar ratio of 1:1 were mixed in deionized water and stirred overnight to ensure complete
binding due to the low concentrations. The resulting samples were stored at 5 °C.

The emission spectra were recorded using a Perkin Elmer LS 55 spectrometer at 25.0+0.1
°C. Eu’" spectra were collected in the 500-750 nm range, with a scanning speed of 250 nm/min;
slit widths for excitation and emission were set to 14 nm. In all measurements, the gain
parameter was set to 900 V.

Luminescence lifetimes for Eu®" were measured by monitoring its emission intensity at
616 nm on a Horiba Fluorolog spectrofluorometer at 25.0+0.1 °C using the DataStation software
package, with data collected at 0.01 ms intervals over a 14 ms period following an initial 0.01 ms
delay. The samples were excited at 288 nm using a xenon flash lamp, with a pulse interval of 61
ms. Excitation and emission slit widths were both set to 9 nm. Lifetimes were also measured on
the Perkin Elmer LS 55, using the Short Phosphorescence Decay software package with a 0.1 ms
delay, 0.1 ms time step, excitation and emission slits set at 14 nm and a 900 V gain.

The resulting decay curves were fit in Origin software to the single-exponential function
below:

y = Arexp () + 70 ()

where y is the luminescence intensity at time x after the excitation pulse, 41 is the initial
amplitude, # is the luminescence lifetime, and yo accounts for the background signal.
Measurements were done with both nitrate and chloride anions.

The number of water molecules coordinated to the Eu atom, ¢, was estimated based on
the measured lifetimes (7) in regular and deuterated water using the empirical equation:’?

q =111 (13} — 15,0 — 0.31) (4)



Stoichiometric data for complex formation in solution, along with corresponding stability
constants, were determined by UV-VIS spectrophotometric titration and evaluated using SupraFit
software.”® Additional details and titration plots (Figures S1 — S3) appear in the Supporting
Information (SI).

Results and Discussion

We designed a variety of lanthanide binding cyclic peptides (LBCPs) to assess their ability to
strongly bind lanthanide salts in our quest to develop improved lanthanide separation systems.
Our process involved computing a library of structures with the following design principles: 1)
cyclized with a disulfide bond for binding strength and overall stability; ii) a sequence with less
than 30 amino acids for 1:1 binding following the induced fit principle; and iii) having
carboxylate-containing residues with a net peptide charge of 3~ or 4™ to bind Ln** ions. We
generated ~100 sequences and narrowed down the library to those peptides that had the fewest
predicted water molecules in the first coordination sphere of the Eu** ion, as a quick screening
metric of binding strength. An example of a peptide that was screened but not selected for further
study appears in the SI.

In addition to our designed LBCPs, to test our computational approach, we also studied
known baseline systems, two peptides with available structural and thermodynamic experimental
data: the lanthanide binding tag reported in a study® by Imperiali et. al, (hereafter referred to as
LBTO) and a cyclic peptide containing the sequence in the EF1 hand of lanmodulin (hereafter
referred to as cEF1).!%% The sequences of our LBCPs, as well as those of LBTO0 and cEF1,
appear in Table 1.

Table 1. Sequences of the peptides investigated in this study. Lanthanide-coordinating residues
(in the case of Eu* for the LBCPs) are indicated in bold.
Peptide Sequence

LBCP1 | CEGGRDDDRGGGC

LBCP2 | CVLKLDWAEADAAQDAADLKLVC
LBCP3 | CTNKNDWSESDSAQDSSDNKNTC
LBCP4 | CTNKNDWGEGDGAQDGGDNKNTC
LBCP5 | CTNKNDWGEADAAQDAADNKNTC
LBCP6 | CTNKNDWSEADAAQDAADNDKTC
LBTO YIDTNNDGWYEGDELLA

cEF1 CDPDKDGTIDLKEC

Structural Agreement with Experiment



To compute accurate binding energies of Ln-peptide complexes, the simulated annealing
classical MD protocol needs to replicate the coordination structures of Ln-peptide complexes
with high fidelity. Figure 2 shows the reported X-ray crystal structure of the Tb-LBTO0
complex,*® overlayed with the Eu-LBT0 complex predicted with MD simulation. The computed
and crystal Ln-O coordination bond distances are found in Table S2. The close match between
the experimental structure and the predicted structure suggests that structures found through the
simulated annealing MD protocol have sufficient accuracy to serve as a good starting point for
DFT computations. Although the starting point for all cyclic peptide complexes were based on
MODPEP, which is well suited to predict cyclic peptides, the starting point of the Eu-LBTO
simulation was the crystal structure.

GLuU12
GLU9

TRP7

ASP1

Figure 2. The X-ray crystal structure for Tb-LBTO (blue) and computational structure
(pink) for the Eu-LBTO complexes.

To further verify our protocol, we compared cEF1 with the EF hand of lanmodulin. Table
S3 shows that the residues in the EF1 hand of lanmodulin that coordinate a Nd** ion in the Nd-
LanM crystal structure'® are the same as those that coordinate the Eu** ion in a cyclic peptide
that includes the same sequence (cEF1). The sequences are identical, except that cEF1 has
cysteine residues at the end and beginning of the sequence to form the cyclic peptide, while EF1
is part of larger peptide (lanmodulin). The overall structural differences between the small cyclic
structure of cEF1 compared with the larger lanmodulin result in Ln*" coordination structure with
more significant differences than those observed in Figure 2, see overlapped structures in Figure
S4. However, despite these differences, EF1 and cEF1 share the identity of the Nd*" coordinating
amino acid residues, as well as carboxylate binding conformation (bidentate or monodentate)



same between the two structures (Table S3). This qualitative agreement in coordinating residues
supports that our simulated annealing MD protocol will capture the coordination structure of
small cyclic peptides to Ln** ions (the initial structure of cEF1 was predicted, not from crystal),
but not the larger protein structure. Similarly, other studies have observed that the structure of
acyclic form of the EF hand is different from the structure of the EF hand in lanmodulin,’*7¢
showing that the loop itself will not keep the native structure.

The number of coordinated water molecules (g-values) in each Ln-LBCP complex can be
used as an indirect measure of the binding strength of each peptide. Moreover, g-values are also
relevant to the spectroscopic properties of these complexes, since the presence of water
molecules in Ln complexes leads to fluorescence quenching. To further assess the validity of our
computational protocol in describing the structures of LBCP complexes with lanthanides, we
compared the number of water molecules coordinated to Eu®* ions (¢) in the predicted structures
of the Eu-LBTO and Eu-LBCP complexes with g-values obtained from experimentally measured
luminescent decay lifetimes.’?> The results show (Table 2) that the predicted number of water
molecules from computation are within the margin of error of the measured g-values for three of
the six LBCPs. For LBCP1, LBCP4 and LBCP6 the measured ¢ value is 1 to 2 water molecules
higher than predicted. It is likely that we are overestimating measured g values due to the low
concentration (1x107> M) that results in the presence of free Eu®" ions; these are reported to be
solvated with eight to nine complexed water molecules.””””° Further, for LBTO0, computation and
experiment agree within one water molecule. Also, the crystal structure of Tb-LBTO, which
differs from the Eu-LBTO solution measurements in this work, does not have any Ln-coordinated
water molecules,*® as predicted by computation.

Table 2. Predicted number of coordinated water molecules g in MD computations compared to
the experimental ¢ value. Average values and standard deviation provided when more than one
measurement was performed. Emission lifetimes and individual ¢ values appear in the
Supporting Information.

Predicted number of coordinated water molecules  Experimental ¢ value
LBT0 | 0 0.9
LBCPI | 3 5.0+0.7
LBCP2 4 4.0+0.8
LBCP3 | 5 57+0.7
LBCP4 | 2 42+0.6
LBCP5 | 4 3.8+1.8
LBCP6 3 56+04

To assess the effect of the simulation time on the structure of the complex, we ran a 5
microsecond NVT simulation of the Eu-LBCP1 complex at 363 K to ensure a larger sampling of
possible conformations. While the number of coordinated water molecules fluctuated between 3



and 4, and the structure of the cyclic backbone varied, the residues coordinated to the Eu** ion
remained the same as the coordinating residues found using the annealing MD protocol, as
shown in Figure S5. The average number of Eu-coordinated water molecules in the 5-
microsecond simulation was 3.1+ 0.6. We should clarify that our simulated annealing protocol is
suitable to identify the Ln** coordination structure (which did not change in the 5-microsecond
simulation of Eu-LBCP1), but not the overall peptide structure (which did vary during the 5-
microsecond simulation of Eu-LBCP1). Our protocol is focused on Ln*" ion coordination in
peptides; it is not for protein structure prediction.

Thermodynamic Agreement with Experiment

Our measured stability constants for the Eu-LBCP2, Eu-LBCP3, and Eu-LBCP4 complexes are
shown in Table 3. The LBCP free energies of binding at room temperature to Eu** are in the
same order of magnitude as that of Eu-LBTO (~40 kJ.mol™").?

Table 3. Experimental stability constants of LBCPs.

Complex Measured logK Corresponding AG (kJ.mol!) at 298 K
Eu-LBCP2 6.02+0.73 -34.3
Eu-LBCP3 5.08+0.33 -29.0
Eu-LBCP4 5.58+0.13 -31.8

Across the lanthanide series, as shown in Table 4, for Ln-LBTO0 complexes, there is
qualitative agreement in the relative binding energies from our calculations with measured
experimental stability constants.*® The magnitudes differ due to the absence of many interactions
in the truncated analogue of the complexes, and the lack of inclusion of the entropic effects;
however, the same stability trends are observed, with stronger binding of the LBTO peptide to the
Eu** ion, followed by that to Yb*", and then Nd*", all relative to the stability of the La-LBTO
complex. This trend is also observed in many of the complexes with other peptides investigated
in this study. In almost all cases, the differential binding energy decreases with decreasing ionic
radii, reaching a minimum for the middle lanthanides (e.g., Eu*"), followed by a small increase
with the later lanthanides observed with of Yb*". A similar preference for the middle lanthanides
has been observed with macrocyclic ligands.*

Table 4. Comparison between the experimental binding free energies and computed binding
energies for the, Nd, Eu, and Yb complexes with LBTO, relative to the La-LBTO0 complex.

Complex Experimental AAG (kJ.mol ") Computed AAE (kJ.mol ")
La-LBTO 0.0 0.0

Nd-LBTO -6.2 -11.1

Eu-LBTO 9.9 -52.5

10



Yb-LBTO | -8.7 -41.7

To further validate our method, we computed the differential binding energies with
respect to La>" for additional Ln** complexes with LBTO0, using the DFT-optimized geometries
for La®*, Nd**, Eu®", or Yb*" (chosen based on proximity in size) as the initial geometry for the
DFT optimization of the other Ln*" complexes. As seen in Figure 3, the agreement with
experiment is maintained. This includes the sharp decrease in the differential binding energies
close to Eu*", and the smaller increase for later lanthanides.
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Figure 3. Differential binding energies with respect to lanthanum from experiment *® (black)
and DFT computations (red) using Scheme 1.

Coordination Structures and Binding Trends of Lanthanide Binding Cyclic Peptides

The differential binding energies (AAE) of Nd**, Eu** and Yb*" with respect to La** for each
LBCP, and LBTO as a comparison, are shown in Figure 4. The trend of the relative binding
energies across the Ln>" series observed with LBT0% is maintained most LBCPs reported in this
work, with the exception LBCP1 and LBCP4. Stronger binding to the middle lanthanides than
the later lanthanides can be explained as a result of a combination of two different effects. The
decrease in the ionic radii of Ln*" ions leads to smaller Ln-O distances, which results in an
increase in electrostatic attraction. However, as the ionic radius gets smaller for the late
lanthanides, steric repulsion between the coordinating residues in the peptides leads to slightly
weaker binding, as in the case of Yb**.

Notably, LBCP2 and LBCP6 have stronger binding to Nd**, Eu**, and Yb** than LBTO,
which suggests that the binding selectivity of LBCPs to particular Ln*" ions can be improved.

11



The differences in trends observed for other LBCPs shows cyclic peptides are a ligand scaffold
that can be tuned to change Ln-Ln selectivity.

10.0
-»-LBCP1
ol -»-LBCP2
--LBCP3
100 | -»-LBCP4
LBCP5
:_20.0 | -e-LBCP6
-é -=-LBT0
3 -30.0 |
=
2400 |
-50.0 |
-60.0 |
-70.0

La Nd Eu Yb

Figure 4. Differential binding energies of LBCPs, relative to the La complex of each peptide,
with LBTO as a comparison.

Table 1 includes the sequences of the LBCPs with the residues coordinated to the Ln**
ions in bold; most commonly carboxylate containing residues (Asp or Glu) bind, and in some
cases, C-terminal carboxylate groups and backbone amide carbonyl groups bind as well. A
combination of mono- and bi-dentate carboxylate binding is also observed in the EF domains of
lanmodulin.”® Water molecules bind the Ln** ion when the peptide does not fill all Ln*" binding
sites. A full description of the coordinating structures of LBCPs with the Eu*" ion is shown in
Table 5.

Table 5. Description of the coordination structure of Eu-LBCP complexes.
Complex Description

Eu-LBCP1 | Two (2) bidentate carboxylates from Glu2, Cys13 (C-terminus). One (1)
monodentate carboxylate from Asp7. Three (3) water molecules.

Eu-LBCP2 | Two (2) bidentate carboxylates from Glu9, Asp11 (C-terminus). One (1)
monodentate carboxylate from Aspl5. Four (4) water molecules.

12



Eu-LBCP3

Eu-LBCP4

Eu-LBCP5

Eu-LBCP6

One (1) bidentate carboxylate from Asp18. Two (2) monodentate carboxylates from
Aspll, Aspl5. Five (5) water molecules.

Two (2) monodentate carboxylates from Asp6, Asp18. Three (3) backbone amides
from Asp6, Aspl8, Glyl7. Two (2) water molecules.

One (1) bidentate carboxylate from Asp18. Two (2) monodentate carboxylates from
Glu9, Aspl5. One (1) amide from Aspl5. Four (4) water molecules.

Three (3) bidentate carboxylates from Glu9, Asp11, Cys23 (C-terminus). Three (3)
water molecules.

The Eu-LBCPS5 and Eu-LBCP6 complexes (Figure 5) have the largest predicted AAE
between La and Eu, yet they display different Eu-coordination structures. While simulations
predict that LBCP5 will bind the Eu*" ion on the side of a helical structure with a combination of
mono- and bi-dentate carboxylates, simulations predict that LCPC6 will bind the Eu*" ion with
three bidentate carboxylate groups. No other Eu-LBCP complex is predicted to have three
bidentate carboxylate groups (Table 4), suggesting that the structural feature that results in tighter
Ln*" ion binding is bidentate carboxylate groups.

Figure S. The predicted structure of Eu-LBCP5 (left) and Eu-LBCP6 (right) complexes.

The LBCPs presented in this work show that de novo designed peptides can bind
lanthanide ions with sufficient binding strength to form complexes, and that selectivities to

particular lanthanide ions will differ according to the lanthanide coordination structure.
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Conclusion

We present lanthanide binding cyclic peptides (LBCPs) that were designed using a combination
of molecular dynamics simulations, electronic structure calculations, and experimental
measurements of the luminescent decay lifetimes of Eu-LBCP complexes. The computational
approach can predict the structure of a previously resolved Ln-peptide complex. The predicted
number of water molecules coordinated to the Ln ion in Ln-LBCP complexes agree with
measured values. The measured stability constants of the LBCPs are in the same order of
magnitude as previously characterized lanthanide binding peptides. Some LBCPs identified in
this work are predicted to preferably bind the middle lanthanides with a selectivity similar to that
of a previously known lanthanide binding tag.>® We describe the structural basis underpinning
the lanthanide-binding selectivity trend observed (middle > late > early). Although a lower
number of Ln-coordinating water molecules in Ln-peptide complexes is a quick metric to assess
binding strength, the Ln-peptide complexes with a higher number of bidentate carboxylate
groups that coordinate the Ln ion result in stronger binding.

14
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