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S1. System preparation

We extracted one calcium bound LBT molecule (see Fig. 1a from manuscript) from the
Protein Data Bank (ID code 1TJB),' and stripped all the waters and ions not necessary
for the structural integrity. Subsequently input files required for the terbium were
created using MD parameters for the Th** ion obtained from Quiao et al.?, and this
new PDB file was used to create a system consisting of a molecule of TbLBT situated
in the middle of a cubic box (side 41.9 A) of (20% glycerol in water) solvent using the
Packmol program.’? Two Na* ions were added to ensure the neutrality of the system.
The five negative charges in the LBT peptide are countered by the three positive
charges belonging to terbium, and the two positive charges contributed by the Na*
ions. The cubic box generated was comprised also by 1884 water molecules and 116
glycerol molecules (Fig. S1). This ensured that the MD simulations were performed in
a mixture of water/glycerol mimicking experimental samples for previous EPR
experiments.*

Figure S1. Visualization of the final PDB file created with the packmol software
corresponding to the TbLBT molecule in a solvent box. The cubic box contains LBT
(cartoon format), a Tb> ion (green sphere), Na* ions (purple spheres), and a mixture

water-glycerol (stick format) as solvent. The image was generated via PyMOL version
1.7.2.1.



S2. Validation of the Force Field using BSLYP

The quality of the MM potential employed to describe Terbium-protein interactions
has been tested comparing the structural model obtained from our simulations with
the result of a cluster calculation at BSLYP level, using the CEP-31G basis set. The
cluster included the metal and the surrounding residues with a total of 102 atoms.
Starting from a structure selected from the 3 K MD simulation we optimized the
complex at the QM level. The resulting structure (see Fig. S2) is very similar to the
initial one, keeping the same coordination and thus validating the MM force field
employed in our work. The distances of the metal to the closest protein oxygen atom
are very similar in the QM and MM descriptions (2.26 and 2.27 A, respectively). The
distances to the rest of oxygen atoms forming the first coordination shell are longer at
the QM level than in the MM treatment (typically by 0.1-0.2 A). In spite of this
difference, the overall picture obtained at the two theoretical levels for Tb®
coordination are remarkably similar.

Figure S2. Cluster model of Terbium coordination by TbLBT. The structure colored in
green [blue/red /white is obtained with the MM potential used in MD simulations
while the structure colored in blue is obtained after BSLYP/CEP-31G optimization.
Nonpolar hydrogen atoms are not represented for clarity.



Table S2. Coordinates of the Tb** complex optimized at the B3LYP /cep-31G level
represented in Figure S2.

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z

1 7 0 -0.097992 -2.713197 4.762617
2 1 0 0.615677 -3.253891 5.257676
3 6 0 0.355716 -2.270604 3.421243
4 1 0 -0.516088 -2.055413 2.787463
5 6 0 1.261034 -0.984875 3.467514
6 1 0 0.694170 -0.193162 3.993071
7 1 0 2.184893 -1.184506 4.031616
8 6 0 1.633815 -0.430501 2.074416
9 8 0 2.806462 0.075556 1.871980
10 8 0 0.710143 -0.497598 1.144948
11 6 0 1.172138 -3.438021 2.812507
12 8 0 2.031785 -4.060867 3.520833
13 7 0 0.930564 -3.729192 1.484067
14 1 0 0.162734 -3.255545 0.978080
15 6 0 1.680235 -4.795109 0.804856
16 1 0 2.291690 -5.317802 1.553500
17 6 0 2.636291 -4.348834 -0.330626
18 8 0 3.381101 -5.218575 -0.887956
19 7 0 2.611214 -3.019639 -0.728173
20 1 0 1.889276 -2.390024 -0.370550
21 6 0 3.374912 -2.604829 -1.921807
22 1 0 4.010561 -3.465140 -2.182056
23 6 0 2.450622 -2.324382 -3.157452
24 1 0 3.078804 -2.221391 -4.053784
25 1 0 1.775649 -3.186673 -3.289193
26 6 0 1.597331 -1.064884 -2.954476
27 8 0 1.016295 -0.874385 -1.818647
28 7 0 1.498852 -0.164624 -3.959062
29 1 0 0.994629 0.725733 -3.771161
30 1 0 2.028630 -0.286109 -4.816881
31 6 0 4.355427 -1.410958 -1.728740
32 8 0 5.063940 -1.051955 -2.727672
33 7 0 4.439599 -0.805844 -0.496974
34 1 0 3.818660 -1.066180 0.271508
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S3. MD protocol

An overview of the different steps involved in the molecular dynamics calculations
during this work is represented in the scheme below (Fig. S3). The NPT ensemble and
pmemd program from the Amber2017 package were employed,® together with the
ff14SB force field for the peptide® and the TIP3P pairwise additive model for water.’
Glycerol molecules were parameterized using Antechamber.!® The MD setup was
identical for simulations at the three temperatures studied (300 K, 30 K and 3 K). The
temperature and pressure were controlled using Langevin thermostat and Berendsen
barostat respectively. The timestep in all cases was 2 fs with bonds involving
hydrogens fixed using SHAKE.?

PDB file 1TJB (LBT)
Glycerol structure (mol2)

l

Box building

Packmol

 J

Minimization
AMBER
(pmemd or sander)

NG

L] l
e SR / Equilibration /" Equilibration
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Figure S3. Workflow showing the MD stages that this work entailed. Three different
production runs were performed at three different temperatures (300K, 30 K and 3K).



Before the actual molecular dynamics simulation was perfomed a minimization in two
stages was carried out. The first stage only minimized the solvent (water and glycerol
molecules) in the box, and kept the peptide and ions in a fixed position (using
cartesian restraints). This stage consisted in a total of 1000 cycles, the first 500 cycles
using the steepest descent method, and the final 500 cycles using the conjugate
gradient minimization. The second stage of the minimization included all the
components of the system (TbLBT, Na* ions, water and glycerol), and was performed
during 2000 cycles. The first 500 cycles employed the steepest descent algorithm, and
the last 1500 cycles used the conjugate gradient method.

The simulation protocol was as follows: first, the system was heated during 1 ns from
0 K to 300 K, and then was equilibrated at 300 K for 120 ns in the NPT ensemble at a
pressure of 1 bar. The production run for this temperature had a duration of 390 ns.
The last frame of the simulation at 300 K was used for the production run at 30 K by
gradually lowering the temperature from 300 to 30 K during 1 ns and then
equilibrating the system during the next ns at 30 K. The same protocol was used to
initiate the production simulation at 3 K. For 30 K and 3 K the production simulation
had a duration of 500 ns.



S4. Quantification of quantum effects employing RPMD

Zero-point energies (ZPE), which are not considered in a classical treatment, can
increase the magnitude of structural fluctuations. However, this effect can be
compensated, at least partially, by differences in the probability distribution between
quantum and classical oscillators. In the quantum picture the probability maxima is
found for zero displacement, while in the classical picture the maxima are found at the
extreme positions. These two effects go in opposite directions regarding the influence
of vibrational fluctuations on the spin energy levels. To further investigate the
possible impact of quantum effects on our results obtained at the lowest temperature,
we have run a 100 ps long ring polymer molecular dynamics (RPMD) simulation,
which allows to include statistical description of nuclear quantum effects in classical
MD simulations.”

The RPMD calculations were performed using I-PI force engine.! Each atom was
described by a 32-bead ring polymer. Forces were provided through sander Fortran

API using the same potential as for the classical simulations. The system was

thermostated at 3 K using path integral Langevin equation.*
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Figure S4.1. Comparison between the violin plots of the spin energy level distributions over a 1000
MD timesteps (a total of 100 ps) in the ground J multiplet of ThLBT at 3 K calculated by either
AMBER MD, the technique employed in this work, or Ring Polymer Molecular Dynamics, which
accounts for nuclear quantum effects.
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Figure S4.2.Comparison between the spin energy fluctuations for the first excited state during two
sample 1000 fs trajectories at 3 K, calculated by either AMBER MD, the technique employed in this

work, or Ring Polymer Molecular Dynamics, which also introduces the effects of quantum
tunneling.

Figures S4.1 and S4.2 show the similarity between the results obtained as per the
classical molecular dynamics methodology indicated in the present work vs the results
including quantum nuclear effects through RPMD. As can be seen, there are no
substantial differences after consideration of quantum effects, neither in the case of
the distribution of energies of the different spin states (Fig. S4.1), nor for the

qualitative evolution of the first excited state during a continuous picosecond (Fig.
S4.2).

10



S5. Spin energy levels calculations using MD output as input

Once the MD calculations for the TbLBT system were done, it was possible to proceed
with the ultimate goal, which was to estimate the influence of molecular motions of
TbLBT in frozen solution on its electronic spin energy levels. The details of how the
dynamics of molecular movements are coupled with the dynamics of electronic spins
are subtle and not yet well understood. An effective coupling between them is only
possible if the time scales of the protein motions and the spin dynamics of the system
are similar. Diverse phenomena are involved in the dynamics of spin energy levels:
among them optical excitations and magnetic relaxation. These phenomena occur at
characteristic time scales and can range between ps for optical transitions, and
fractions of ms for spin-lattice magnetic relaxation. To better comprehend the time
scales of the molecular motion in our system, we aimed to estimate the spin energy
levels within the ground J multiplet throughout the trajectory in the MD, employing
the cartesian coordinates of the donor atoms involved in the lanthanide coordination.

Thus, the calculation of the spin energies for the 13 electron spin states of Th**
required, thus the extraction of the coordinates of the potential oxygens involved in
the sphere coordination of the Tb?" ion from the MD run. This was accomplished
employing a fortran90 script (hack_atoms.F90) implemented in-house. This script
requires an input file that defines the number of time steps between two consecutive
extractions of coordinates, the number of atoms to extract the coordinates from, and
the indexes of the relevant atoms whose coordinates are to be to be collected. The
cartesian coordinates of atoms, from what we can think of as snapshots of the TobLBT
molecule every a certain number of time steps, are written in the output file
(HACK_ATOMS.txt) one line for time step. It has to be noted that the spacing between
time steps was set in the MD simulations as 2 fs, and this has a consequence on how
separated are the snapshots/frames we obtain. This script served to communicate
with the parallel AMBER pmemd.cuda code (MPI). We obtained a txt file with the
desired coordinates in a designated order.

The coordinates at each snapshot were therefore used as an input for SIMPRE 1.1, a
fortran77 code based on an effective electrostatic model of point charges around a
lanthanide magnetic ion to estimate the spin energy levels based on the position
(coordinates) of the atoms directly bound to the magnetic ion. This package allowed us
to estimate the 13 electron spin energy levels of Tb®" in a computationally efficient
way. These 13 energy levels arise from the fact that the Tb? ion has a total angular
momentum (J) of 6, and as such, the secondary total angular momentum (M) can take
2J + 1 values. The package has already been successfully applied to several
mononuclear systems with single-molecule magnetic behavior,™ and, thanks to the
parameterization of common ligands as effective charges, it is possible to build upon
these results to not only rationalize but also predict the properties of more complex
systems. In this context a well-tested geometrical model known as Radial Effective
Charge (REC) model was used '*'®, which evaluates the crystal field effect by placing
an effective charge along the lanthanide-ligand axes (Fig. S5). This effective charge,

11



Figure S5. Electronic pair of a ligand X oriented towards the nucleus of a trivalent
lanthanide cation. The effective charge is located between the lanthanide and the donor
atom at R . = Ri - Dr. Extracted with permission from the thesis of J. J. Baldovi,

ff
2016.* e

which is smaller than the formal charge, and located at a closer distance compared
with the crystallographic distance, reproduces the covalency effects.

As some of us did in a previous work,* we classify the donor atoms according to their
formal charge, which can have values of 0.0, -0.5 and -1.0. Donor atoms of formal
charge 0.0 correspond to non-charged oxygen atoms, as is the case of the oxygen
belonging to the amide in Asn5, and the carbonyl oxygen in the Trp7 backbone. The
formal charge of -1.0 is assigned when only one of the oxygen atoms belonging to a
carboxylate group from an aspartate or glutamate aminoacid is coordinating the
lanthanide, as can be the case of Asp3, Asp7, Glull and Glul4.

Table S5. Criteria for radio reduction and effective charge assignation for the donor atoms,
taking into account wether the metal-coordinating oxygens belong to the same aminoacid
residue.

Oxygen Number of donor D, Z
identifier atoms belonging to (Radius reduction) (Effective charge)
same residue

D3:0D1 0 0.895 0.105
D3:0D1 1 1.100 0.085
D3:0D2 0 0.895 0.105
D3:0D2 1 1.100 0.085
N5:0D1 - 1.350 0.069
D7:0D1 0 0.895 0.105
D7:0D1 1 1.100 0.085
D7:0D2 0 0.895 0.105
D7:0D2 1 1.100 0.085
W9:0 - 1.350 0.069
E11:0E1 0 0.895 0.105
E11:0E1 1 1.100 0.085
E11:0E2 0 0.895 0.105
E11:0E2 1 1.100 0.085
E14:0E1 0 0.895 0.105
E14:0E1 1 1.100 0.085
E14:0E2 0 0.895 0.105
E14:0E2 1 1.100 0.085
WAT:O - 1.350 0.069
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When both oxygen atoms belonging to the aminoacid residues above mentioned are
coordinating the metal, then a formal charge -0.5 is assigned to each one of the two
oxygens in the carboxylate group. A peculiarity of the present work is that the
Molecular Dynamics simulations produce a series of snapshots of the atomic positions
for all atoms involved in the lanthanide coordination (which we define taking the
threshold of a maximum distance to the Tb? of 3 A), so the coordinating oxygen atoms
can be different in every time step. This allows to consider the possibility of atoms
entering or exiting the coordination sphere. In practice, in a given timestep two
oxygens belonging to the same carboxylate residue can be forming the coordination
sphere, and in the next timestep only one of the two is.

The input files that SIMPRE1.1 requires are two. One defines the computational
parameters and yes/no switches for the calculation (simpre.par). The second input file
(simpre.dat) defines the coordinates for the oxygen atoms that act as ligands taking
the metal atom (Tb? ion) as origin of coordinates, contains the effective point charge
values for these atoms, and also defines some other output options.

This is the first application of REC and SIMPRE for dynamical fluctuations of the
positions, but the robustness and applicability of SIMPRE in presence of small
structural distortions is well stablished. A clear example is the work where the REC
parameters proved to be robust against both (a) changing from one polyoxometalate to
a completely different one that preserves approximately the coordination sphere and
(b) a change in the lanthanide itself, which affects the coordination sphere because of
the lanthanide contraction.!” In this case, 10 different structures are described by 2
REC parameters, where 8 of the 10 are used to fit the parameters and the other 2 are
used as an independent test. Moreover, in practice this meant the prediction of the
single-ion magnet behavior of a Nd** complex (a metal that has rarely been reported as
presenting these properties). Furthermore, there is indication that REC+SIMPRE are
able, at least sometimes, to match ab initio calculations, when they are both tested
against the real gold standard of spectroscopic information.®

13



S5.1. Python script to manage calculations of electronic spin energy levels
for MD snapshots

The analysis of the MD results was performed using a python 2.7 script developed
during the present work (see scheme in Fig. S5.1).

HACEK_ATOMS. out
READ -— id_atoms.txt

" new _ NO
EE——— < time step? \>—P END
N e \

e
~ e
™~
R //
YES
select atoms
change transform at 3 A or closer
origin of cartesian to to Ln¥, simpre.dat
coordinates spherical assign effective ——
to L™ coordinates charge & i i
reduced radius
extract Spin . execute
.out - —
Energy Levels simpreo®® | SIMPREL.1 A
simpre.par
(append to) —
out.txt

Figure S5.1. Flowchart diagram showing the processing of each line from the input
file HACK_ATOMS.out (each line containing coordinates for the Tb>* ion and the other
coordination atoms in a time step) in the amberHACKZ2simpre.py program.

This python script uses as input a dat file containing the cartesian coordinates of Th**-
coordinated atoms, and a general simpre.par file, to estimate the spin energy levels for
each MD snapshot. An additional input file (id_atoms.txt) was required to identify the
procedence of the distinct oxygens that coordinate the metal, so that effective charges
and reduced radius could be assigned before the generation of the simpre.dat file (see
Table S5 and Fig. S5.1). The effective charges and reduced radius used are discussed
in Rosaleny et al., 2018.* The obtention of the spin energy levels using the script
required the execution in a loop of SIMPRE1.1 for each snapshot.
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S6. Spin Energy Levels at 3 K, 30 K and 300K

The spin energy levels for a series of time steps belonging to an isobaric isothermic
MD simulation at 30 K were estimated using the approach explained in section S5.
The coordinates of the atoms involved in the coordination sphere of Th?* (in the context
of our system TbLBT) were obtained using the force field-based AMBER software in
combination with a script developed in-house. These coordinates were used as input
for our script (amberHACKZ2simpre.py), and the spin energy levels were calculated
with SIMPRE1.1. The energy levels obtained were refered to the lowest one, so that
the first level always had an energy value of 0 cm™.

The representation of the energies of the different spin states during the simulation
can be seen in Fig. S6.1. The figure shows a large fluctuation of the spin energy for
each particular level. For instance, for the second electronic spin energy level (plotted
in aquamarine), the value of the energy in one time step experiences a big variation
for the next time step (in this figure the time between data points plotted is 100 ps).

700

Spin Energy (em™)

0 100 200 300 400
time (ns)

Figure S6.1. Spin energy levels in the ground J multiplet of TbLBT during a ~500 ns
trajectory at 30 K as calculated by AMBER + SIMPRE, instantaneous energies.
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Figure S6.2. Spin energy for the second level for MD at 3 K, 30 K and 300 K. All time

steps produced for the depicted MD run are plotted for 1 ps.
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S7. Autocorrelation plots
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Figure S7. Autocorrelation plots of the spin energy levels for the first, second and
highest excited spin states of the ground J multiplet resulting from the MD simulations

at 3 K, 30 K, and 300K.
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