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ABSTRACT

Cardiac antibody light chain (AL) amyloidosis is characterized by the deposition of light chain (LC) variable domain (V) protein
in the heart. Transition metals such as copper and zinc have been suggested to enhance the toxicity of circulating soluble LCs. We

show here how divalent metal ions influence the aggregation behavior of the patient-derived A-III AL variable domain FOR005.

We characterize metal binding across dimeric, monomeric, oligomeric, and fibril aggregation states, using solution- and MAS

solid-state NMR spectroscopy, as well as molecular dynamics (MD) simulations. Zn** and Cu®" reduce the lag time for fibril

formation. In the dimer, the Cu®" binding site involves the side chains of residues D91 from protomer 1 and H96 from protomer 2.
The accelerated aggregation kinetics induced by Cu®* arises from differential stabilization of oligomeric intermediate states, either
through depletion of off-pathway intermediates or shortened lifetimes of on-pathway species. We find that Cu** does not bind to

a specific site but interacts nonspecifically with the protein fibrils. We hypothesize that a decrease of the cytosolic free pool of ions

perturbs the cellular ion homeostasis in cardiomyocytes which in turn can result in dysregulated metabolic function.

1 | Introduction

Protein misfolding and aggregation are causative for a broad
class of human diseases, including the systemic disorder
immunoglobulin light chain (AL) amyloidosis. In this dis-
ease, monoclonal plasma cells secrete misfolding-prone light
chain (LC) antibody proteins that circulate in serum, form
soluble oligomers, and deposit as insoluble amyloid fibrils
in target organs. Insoluble, fibrillar deposits are the major
culprit in cardiac AL amyloidosis. However, also, soluble LC
species are directly cytotoxic to cardiomyocytes and contribute
to progressive diastolic dysfunctions [1, 2]. Despite substan-
tial progress, the structural basis of LC misfolding and the

mechanisms by which soluble intermediates cause toxicity
remain poorly understood.

The misfolding pathway of LC variable domains (V) is thought
to proceed through a series of discrete intermediates [3]. In
solution, the protein predominantly exists as a noncovalent
dimer. Monomerization is an early step in the misfolding proc-
ess, followed by partial unfolding and formation of soluble oli-
gomeric species whose structures remain poorly defined. These
oligomers subsequently convert into -sheet-rich amyloid fibrils.
Understanding the energetics and structural features of each
step is critical for elucidating how sequence, environment, and
cofactors modulate aggregation.
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Among the extrinsic factors influencing amyloid formation, diva-
lent metal ions have emerged as important modulators of protein
misfolding. Transition metals such as copper (Cu**) and zinc
(Zn**) are essential for numerous cellular processes, including
enzymatic catalysis, redox balance, and signaling. Dysregulation
of their homeostasis is implicated in several protein aggregation
disorders, including Alzheimer’s, Parkinson’s, and prion diseases,
where metals can accelerate aggregation or alter fibril morphol-
ogy [4, 5]. Cu’®" and Zn*" ions can coordinate to histidine, aspar-
tate, and glutamate residues, stabilizing transient conformations
or perturbing native interactions that maintain protein stability.
Similar mechanisms may operate in immunoglobulin LCs, which
show sequence-dependent metal binding often involving the
CDRs and N-terminal regions.

In the context of AL amyloidosis, circulating LC proteins can
bind divalent cations and thereby potentially perturb cellular
ion homeostasis [6-8]. Studies have shown that exposure of car-
diomyocytes or cardiac fibroblasts to amyloidogenic LC proteins
induces oxidative stress, mitochondrial dysfunction, and apopto-
sis [9, 10]. Reactive oxygen species (ROS) formation in these sys-
tems is metal-dependent, suggesting that metal-LC interactions
may directly contribute to cytotoxicity.

Given the central role of Cu®" and Zn* in cellular physiology
and their ability to coordinate to side chains commonly present in
antibody variable domains, it is plausible that these ions modulate
the LC misfolding pathway. However, the molecular mechanisms
by which metal ions affect the conformational equilibria and
aggregation kinetics of LC proteins remain unclear. Specifically,
it is not known which intermediate states—native dimers, parti-
ally unfolded monomers, soluble oligomers, or fibrils—are most
relevant for metal binding, nor how metal coordination alters the
interconversion between these species.

To understand the effect of Cu®* and Zn** on LC misfolding, it is
essential to dissect their interactions along the entire aggregation
pathway. Metal ions may either destabilize the native dimeric
state, thereby promoting monomerization and misfolding, or
stabilize partially folded intermediates and fibrils through specific
coordination sites. These interactions could shift the population of
on-pathway and off-pathway species, ultimately affecting aggre-
gation kinetics and fibril stability. In this study, we investigate
the interactions of Cu®" and Zn** with the patient-derived A-III
AL variable domain FOR005 and its corresponding germline
(GL) protein.

Using solution- and solid-state nuclear magnetic resonance (NMR)
spectroscopy and molecular dynamics (MD) simulations, we char-
acterize metal binding to distinct conformational states of the LC
protein, including monomers, dimers, oligomers, and fibrils.

2 | Materials and Methods
2.1 | Protein Expression and Purification

Recombinant protein productions were purified as described
previously [11, 12]. Briefly, E. coli BL21 with a pET28(b+) vec-
tor encoding the FOR005 gene were cultured in LB medium
for biophysical experiments and in minimal medium for NMR

experiments. Bacterial expression was induced with 1 mM IPTG
at OD 0.6-0.8 followed by overnight expression at 37°C. Cells
were harvested, and inclusion bodies were isolated. Solubilized
protein from inclusion bodies was subjected to anion exchange
chromatography followed by refolding using redox agents and
a 3.5kDa dialysis bag. Finally, pure protein was obtained using
size exclusion chromatography. Molecular mass was confirmed
by using SDS-PAGE and ESI-MS. To produce isotopically labeled
protein, ""NH,Cl and "*C-glucose were employed as nitrogen and
carbon sources, respectively. All mutants were purified in the
same way as the patient protein. In all biophysical and NMR
experiments, the protein was solubilized in a 20mM phosphate
buffer [NaH,PO, + Na,HPO,] containing 50 mM NaCl. The pH
was adjusted to 6.5.

2.2 | Thioflavin T (ThT) Experiments

Fibril formation kinetics was measured using a ThT assay [13].
Prior to the ThT assay, protein solutions were centrifuged for
3-4h at 45,000rpm to remove preformed aggregates using a
table-top ultra-centrifuge (Beckman Optima MAX-E equipped
with a TLA-45 fixed angle rotor). 0.05% sodium azide was added
in all samples to avoid bacterial growth. Experiments were carried
out using a fluorescence spectrometer (FLUOstar Omega, BMG
Labtech), employing a fluorescence excitation and emission wave-
length of 448 and 482 nm, respectively. The FLUOstar is equipped
with 96-well plates (Thermo Fisher Scientific) accommodating
150pL in each well. All protein samples were incubated with
25uM ThT with constant agitation using double orbital shaking
(300 rpm). Divalent metal ion (copper chloride, zinc chloride (II))
stocks were prepared in water, and the equivalents added in this
experiment are mentioned in the figure and/or in the main text.
In all experiments, the sample temperature was kept constant at
37°C. The plates were sealed with polyester sealing film (Starlab)
to avoid evaporation. For each protein and concentration, three
replicates have been recorded.

2.3 | Transmission Electron Microscopy (TEM)

TEM experiments were performed in order to visualize fibrils.
Fibrils were washed with distilled water to remove phosphate
buffer prior to grid formation. Formvar/carbon 300-mesh copper-
coated carbon grids (Electron Microscopy Sciences) were exposed
first for 30s to an argon atmosphere. Five microliters of fibril
solution was then added to the grids and incubated for 1min.
Grids were subsequently washed with water and dried using filter
paper. For staining, 5pL of uranyl acetate (2%) was added for
up to 30s. Extra stain was removed from the grid using filter
paper. Grids were visualized in TEM employing a JEOL 1400
plus microscope.

2.4 | Fibril Sample Preparation for Solid-State
NMR

Fibril samples were prepared as described previously [12, 14].
Seeded FORO005 fibrils were prepared using 50 uM protein and
5% ex vivo seeds that were incubated for 2 weeks. To prepare
the copper containing fibril sample, a tenfold molar excess of
CuCl, was added to preformed seeded FORO0O5 fibrils. Protein
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aggregates were first centrifuged to reduce the volume to approx.
500 mL. Subsequently, the fibril slurry was sedimented for 1 h into
a 1.9-mm thin-wall ZrO, MAS rotor (Bruker Biospin), using a
spiNpack 1.9-mm rotor filling tool (Giotto Biotech) and a L-100
XP ultracentrifuge (Beckman Coulter) equipped with a SW 32 Ti
swinging bucket rotor operating at 28,000 rpm at 4°C.

2.5 | Protease Digestion of Fibrils

Fibrils were subjected to proteinase K digestion to assess their pro-
teolytic stability [15]. Prior to digestion, fibrils were washed with
milli-Q water. Twenty-two microliters of 10 X TCB buffer (200 mM
Tris, 1.4M NaCl, 20mM CacCl,, 1% w/v NaN,, pH 8.0) was added
to achieve a final reaction volume of 220 uL with a fibril protein
concentration of 200 pg/mL. The reaction mixture was incubated
at 37°C in a thermoblock, and digestion was initiated by the
addition of 0.4 pL proteinase K (Roche). The proteinase K assay
was performed using 0.692uM proteinase K and 8.6 pM FORO005,
atamolar ratio of proteinase K to FOR005 of 1:12.5 [15]. An initial
aliquot was collected immediately prior to addition of proteinase
K. Subsequent aliquots were taken at 5, 10, 30, and 60 min after
addition of the enzyme. Each aliquot was immediately mixed with
2 pL of protease inhibitor solution (200 mM phenylmethylsulfonyl
fluoride (PMSF) in methanol; Carl Roth), incubated at room
temperature for 10min, and then snap-frozen in liquid nitrogen.
After all time points were collected, samples were thawed at room
temperature and analyzed by SDS-PAGE using 4%-12% Bis-Tris
NuPAGE gels with MES SDS running buffer (Invitrogen).

2.6 | Solution-State NMR Experiments

All NMR experiments were conducted at 25°C, employing
1200MHz and 800 MHz Bruker Avance III spectrometer equip-
ped with cryogenic triple resonance probes. Assignments of the
NMR backbone chemical shifts were transferred from previously
assigned spectra [3]. NMR data was acquired and processed using
Topspin 4.1.1 (Bruker) software, and all spectral analyses were
performed using CcpNMR-V2 software [16].

To probe the effect of divalent metal ions, NMR spectra were recor-
ded using a 50 uM protein solution supplemented with metal ion
equivalents as specified in the main text. For the time-dependent
NMR aggregation assay, two samples were prepared: first, a 50 pM
FOROO5 reference protein solution, and second, a 50 pM protein
solution supplemented with a fourfold molar excess of CuCl,.
"H,">N HSQC spectra were recorded on a daily basis for 7 days
for both samples. To prevent bacterial contamination during
aggregation, 0.02% sodium azide was added to the protein samples
on day 1. Chemical shift changes in '"H,"”’N HSQC spectra were
calculated using the formula

Adyy = \/(AélH)z + %(Aélw)z

2.7 | Solid-State NMR Experiments

All solid-state NMR experiments were carried out at an external
magnetic field of 17.6 T (corresponding to a '"H Larmor frequency
of 750MHz). 2D "*C,"C correlation experiments were acquired

using DARR mixing using a mixing time of 50ms [17]. For 2D
B3C,°N correlation experiments, conventional NCA experiments
were recorded using a mixing time of 50 ms [18]. The fibril NMR
chemical shift assignments were obtained previously [14]. The
MAS rotation frequency was adjusted to 16.6 kHz, and the sample
temperature was maintained at 10°C using a cooling gas flow rate
of 550 L/h. Samples with and without CuCl, were measured in the
same spectrometer using similar parameters. CcpNMR-V2 was
employed for the analysis of all solid-state NMR experiments [19].

2.8 | Simulation Setup and Parameters

To analyze the effect of Cu’** ions on the FOR005 dimer
(PDB:5L6Q), we prepared four different simulation setups. In
the control setup, we used 50mM NaCl without Cu’* ions. In
the other three setups, we used 50mM NaCl and placed Cu**
ions either at binding site (BS) I, II, or at both sites. The initial
placement of the Cu®" ions was based on the BS of the Zn** atoms
in 5L6Q. During energy minimization, position restraints were
applied on the Cu** ions. Additionally, we modeled the structure
A-IIT LC amyloid fibril (PDB: 6Z10), using LocalColabFold [20, 21]
to reconstruct missing residues.

For each dimer setup, we performed three independent runs at
300K and three runs at 400 K. We performed six additional 200-ns
simulations at 300K for the dimer and three for the fibril, each
solvated in 150 mM CuCl,, without placingionsin BSTorII, to test
whether ions spontaneously occupy the experimental BS within
the MD timescale. In addition, we performed simulations of the
FORO005 monomer in 150 mM CuCl, and 50 mM NaCl.

To predict protonation states of titratable residues, the struc-
tures were preprocessed using the H++ webserver (http://
newbiophysics.cs.vt.edu/H++), assuming a salinity of 50mM,
a pH of 6.5, an internal dielectric constant of 10, and an external
dielectric constant of 80. Afterward, the protein structure was
placed in the center of a tetragonal box with a minimum distance
of 2.0nm between the protein and the boundaries of the simula-
tion box. The systems were solvated with OPC water and either
50mM NaCl or 150mM CuCl,. The dimer systems contained
roughly 73,000 particles in a box of (7.7 x 10.5 x 8.2) nm®, and
the fibril systems consisted of approximately 169,000 particles
with box dimensions of (13.7 X 12.1 x 9.1) nm>. For an optimal
combination with OPC water, we used Mamatkulov-Schwierz
ion parameters [22] for Na™ and Loche-Bonthuis parameters [23]
for C1” ions. To describe Cu** ions, we used the Li-Merz [24]
parameters. Protein force field parameters were taken from the
AMBER ff19SB force field [25], and protein topology files were
generated using AmberTools24 [26].

MD simulations were performed using GROMACS 2024.5 [27].
The initial energy minimization of the system was carried out
using a steepest descent algorithm, followed by a 1ns NVT
equilibration using the Berendsen thermostat [28] and 1ns NPT
equilibration employing the Berendsen barostat [29] as well as the
velocity-rescaling algorithm [30]. Finally, the production runs of
the systems were carried out using the leap-frog algorithm with
a 2 fs integration time step in the NPT ensemble where isotropic
pressure coupling was handled by the Parrinello-Rahman baro-
stat [31] with a reference pressure of 1 bar and a coupling constant
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of 5.0 ps, while temperature coupling was realized through the
velocity-rescaling algorithm with a reference temperature of
either 300 or 400K. We applied periodic boundary conditions
to the system in all directions. Long-range interactions were
handled by the Particle Mesh Ewald method with a 1.2 nm cutoff,
while van der Waals interactions were handled with a cutoff value
of 1.2nm. We used a Fourier spacing of 0.12nm and applied
long-range dispersion corrections for energy and pressure. All
hydrogen bonds were constrained with the LINCS algorithm [28].

2.9 | Snapshots

Snapshots of the dimer and fibril systems were created using
PyMOL 3.1.3 (The PyMOL Molecular Graphics System, Version
3.0 Schrodinger, LLC).

2.10 | Contact Frequencies

Contact frequencies for the Cu®*-dimer complex and the fibril
CuCl, systems were calculated using MDAnalysis 2.9.0 [32] and
the Contact Map Explorer Python package (https://github.com
/dwhswenson/contact_map) which is built upon the MDTraj
package [33].

2.11 | MMPBSA

MMPBSA calculations on the FOR005 dimer were done using
MMPBSA.py 14.0 [34] as a part of AmberTools 24. For the calcu-
lations, the representative structures of the main cluster for each
system (Cu®" in BS I, II, and I+1I) were taken as initial structures
for additional MD simulations. These structures were solvated in
150mM NaCl solution, the systems were neutralized with Na*
and Cl™ counter ions and then underwent a three-stage energy
minimization until convergence was reached using the steepest
descent algorithm with a decreasing step size for each of the
three stages. In the MMPBSA calculations, entropic contributions
arising from conformational changes upon binding are typically
neglected. To ensure consistency with this approximation, posi-
tion restraints were applied in the MD simulations, using repre-
sentative structures obtained from clustering with ions placed
in their respective BS. Specifically, to preserve the BS geometry,
position restraints of 10,000kJ mol™ nm™ were imposed on
protein heavy atoms and Cu®* ions during energy minimization.
Subsequently, the systems underwent 1ns of NVT using the
Berndsen thermostat with a coupling constant of 0.1ps. This
was followed by 1ns of NPT equilibration using the Berendsen
barostat, with a pressure coupling constant of 2 ps and a reference
pressure of 1bar, as well as the velocity-rescaling thermostat
with a temperature coupling constant of 0.1 ps. During NVT
and NPT equilibration and the 5ns production run, position
restraints of 1000kJ mol™ nm™ were applied to protein heavy
atoms and Cu** ions. For the production run, isotropic Parrinello—
Rahman pressure coupling with a coupling constant of 5 ps
was combined with the velocity-rescaling algorithm. For the
conversion of GROMACS files, the AMBER programs parmed and
cpptraj were used. Two hundred fifty frames, stripped from water
and Na™ and C1~ ions, were taken from the 5ns trajectories. The
FOR005 dimer was specified as the receptor and Cu** ions as
ligands, allowing for the calculation of binding free energies in

the absence and presence of Cu®* ions from a single trajectory.
Theionic strength was matched to the MD simulations at 150 mM.
Reported means and standard deviations were taken directly from
MMPBSA.py 14.0. The reported relative binding energy changes
AE, were normalized to the Cu**-bound state as follows:

2+
E];/padCu
AEg=1- 22—

wCu?*
bind

2.12 | RMSF, RMSD, and Dihedral Angles

RMSF and RMSD values were calculated with GROMACS after
backbone alignment and in reference to 5L6Q. Calculations
of the dihedral angles ® and ¥ were done using MDAnalysis
2.8.0 [32, 35, 36] where indicated fully allowed regions are
based on the calculations by Ramachandran, Ramakrishnan, and
Sasisekharan [37].

3 | Results

FORO005 is a patient-derived A-III LC sequence [12, 38]. The
respective GL is mutated at five positions, namely at residues
S31Y, F48Y, R49G, S51N, and A94G (mutations indicate transi-
tions from patient to the GL protein). The importance of the
individual mutants with respect to aggregation propensity and
thermodynamic stability has been studied recently [39]. It is
the aim of this work to characterize the interactions of divalent
metal ions with dimeric, monomeric, oligomeric, and fibrillar
LC variable domain FOR005. To pursue this question, we first
analyzed the influence of metal ions on the aggregation behavior
and subsequently characterized the interactions of the ions using
solution-state and MAS solid-state NMR and MD simulations.

3.1 | Aggregation Kinetics of FOR005 With Cu**
and Zn’* by ThT Assays

To characterize the effects of cationic metals on the protein
aggregation kinetics, we set up a ThT aggregation assay (Figure 1).
We find that high concentrations of both Cu®* and Zn>* decrease
the lag phase which precedes amyloid fibril formation. A catalytic
effect is observed for the patient protein FOR005 as well as for the
GL reference. Metals thus seem to promote fibril formation. While
the effect is more pronounced for the patient protein, we observe
that fibril formation for the GL protein is catalyzed as well by the
metal ions.

3.2 | MD Simulation Reveals Cu’* Binding Sites on
the FOR005 Dimer

The X-ray structure of FOR005 (PDB ID: 5L6Q) contains two
zinc ions (BS I and II) that are coordinated at the interface
between two protomers in the crystallographic dimer, involving
residues S2, D91, S92, and H96 [38]. We performed all-atom MD
simulations to investigate the interactions of divalent Cu® cations
with the FOR005 dimer. In the simulations, we focus on Cu**
since it has the largest effect on the NMR spectra (see below).
Our simulations show that the Zn** BS identified experimentally
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FIGURE1 | (A)FORO005 protein sequence. Residues indicated in yellow represent mutations with respect to the closest germline sequence (Y318,
Y48F, G49R, N51S, and G94A; mutations indicate transitions from GL to the patient protein). Residues color coded in red have been observed recently
to be dynamic and flexible in the oligomeric state [3]. Residues highlighted with black squares could be sequentially assigned in the amyloid fibril
structure [12]. ThT aggregation kinetics of (B) FOR005 and (C) GL in the presence of Cu** and Zn>*. The protein concentration was adjusted to 50 pM.
All experiments have been recorded at 37°C. Experiments have been performed in triplicates. For the patient protein FOR005 (B), the individual
experiments in absolute intensities are represented on the left, while the averages are shown on the right with normalization. For the germline protein

(C), only absolute intensities are shown. In all cases, metal ions were titrated in the concentration range from 0 to 4 equivalents. The legend in the upper

left panel applies to all experiments.

in the dimer also accommodate Cu** (Figure 2A,B). Cu*" ions
that were initially placed in these sites remained stably bound
throughout the simulations at both 300 and 400K. Notably, in
simulations in which Cu®* ions were initially positioned outside
of the BS, they diffused to and bound to the BS within 200ns.
In three independent simulations, BS I was consistently found
by Cu’*; the second BS was simultaneously occupied in one of
the three simulations. Subsequently, we analyzed three different
simulation FOR005 setups: In the first setup, Cu®* occupied site I
in the starting structure. In the second setup, the ion was placed in
site I, while two ions occupied both sites in the third simulation.
In all cases, the Cu®" ions were coordinated by the carboxylate
oxygen of D-91 from either monomer A or B, with a coordination
distance of approximately 1.5A (Figure 2B). Additionally, Cu**
was coordinated by three water molecules (Figure 2A), resulting
in a coordination number of 4-5 rather than the typical sixfold
coordination observed in bulk water [38]. In about one-third of
the simulations, the imidazole nitrogen of H-96 of chain A/B,
in addition to D-91 from chain B/A, coordinated the Cu®" ion
at a distance <3.5A (Figure 2B). Occasional coordination by

S-92 or S-93, as well as E-3, was observed. The coordination
geometry remained largely consistent whether one or two Cu**
ions were bound.

3.3 | Structure, Stability, and Flexibility of the
FORO005 Dimer Does Not Change Significantly in the
Presence of Cu’*

The metal BS involves residues in CDR-3. The CDR-3 loop is
known to be in a strained conformation and the initiation point
of unfolding and aggregation [3]. We therefore analyzed subse-
quently whether the structure and flexibility of the FOR005 dimer
is affected by the binding of one or two Cu®" ions. Root-mean-
square deviation (RMSD) analysis (Figure 2C, bottom) shows that,
in all cases, the dimer remains very close to the experimental
structure with RMSD values consistently around 2A (for no, one,
or two coordinated Cu®" ions). Similarly, Cu** binding does not
significantly alter the flexibility of the dimer. Root-mean-square
fluctuation (RMSF) profiles as a function of residue number
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FIGURE2 | (A)Representative structures of the two most populated clusters obtained from clustering Cu**-binding geometries over 3 X 200 ns of
MD simulations. (B) Residues coordinating the Cu’" ions within 3.5 A and their normalized contact frequencies from simulations initiated with cu*
in site I, site II, or both sites. A frequency of 1 corresponds to a contact over the full lengths of all trajectories. (C) RMSF of the FOR005 dimer calculated
using 5L6Q as reference. Average and standard deviations are shown based on three runs for systems with Cu®" in binding site I+ II and without Cu**

RMSD of the FOR005 dimer over the course of the MD trajectory with respect to 5L6Q. Results are shown with Cu®* in binding site I+ II and without
Cu®" for three simulations each. (D) Sampled backbone dihedral angles ¢ and y shown as Ramachandran plots for residues 49, 94, and 95 without Cu**
(top) and for Cu®* in binding site 1+ II (bottom). Favorable regions for non-glycine residues are indicated by green contours, and a regime favorable for

glycine, but less for other amino acids, is indicated in orange.

(Figure 2C, top) are nearly identical across all cases. We find
that the dynamics is not significantly increased in the presence
of Cu®*. Consistent with previous findings for the monomer
[39], we observe that the FOR005 dimer loop adopts energeti-
cally unfavorable backbone conformations, particularly at the
mutation sites G49R and N95 (Figure 2D). These conformations
are unfavorable for the non-glycine mutations and suggest local
structural strain. Interestingly, the backbone dihedrals for A94
are in an unfavorable conformation for the monomer both with
and without Cu** in agreement with previous MD simulations
[39]. In the dimer, A94 adopts a favorable backbone conformation
(Figure 2B), likely stabilized by additional interchain interactions.
In the presence of Cu®, the backbone transiently reverts to the
unfavorable conformation in one of three trajectories. However,
this brief event is unlikely to be relevant for misfolding.

To further assess the effect of Cu** binding on dimer stability, we
employed the molecular mechanics Poisson-Boltzmann surface
area (MM-PBSA) method to estimate the change in binding
energy between the two halves of the FOR005 dimer in the
presence and absence of Cu®*. The calculated binding energy for
the Cu®*-bound dimer is approximately 5% lower than that of
the apo form, indicating that Cu®** binding stabilizes the dimer
energetically. This stabilization arises primarily from favorable
electrostatic interactions between the Cu®* ions and partially

negatively charged side chains within the binding pocket, such
as the carboxylate oxygens of aspartate. However, these enthalpic
gains are at least partially compensated by entropic contribu-
tions, including conformational changes and the entropic gain
associated with the release of Cu®* ions into the solvent. In
summary, Cu** binding does not significantly affect the structure
or flexibility of the FOR005 dimer, causing only minor local
changes and a slight energetic stabilization of the dimer. The
small magnitude of this stabilization suggests that Cu®* does not
modulate aggregation by destabilizing the native state, but rather
by shifting the population of transient oligomeric intermediates.

3.4 | NMR Experiments of Monomeric FOR005 in
Solution

In solution, the FOR005 V; domain exists primarily as a monomer
with a K, for homo-dimerization on the order of 2mM for both
the patient and GL protein [3]. We therefore asked the question
how and if the metal ions interact with the FOR005 monomer.
To localize the metal BS in the monomeric FOR005 protein, we
titrated ions into a solution of N labeled protein and recorded
'H,"> N HSQC correlation experiments (Figure 3A,B). Cu** is a
paramagnetic ion that induces a line broadening and thus a
reduction of the NMR resonance intensities in the vicinity of the
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FIGURE3 | Metal binding to the monomeric antibody light chain domain FOR005. HSQC titration spectra of "N labeled 50 uM sample of FOR005
(A) and GL (B) in the presence and absence of cu*',zZn*", ca®", and Mg“. For Cu** experiments, a 4X molar excess was employed, while the experiments
involving Zn**, Ca**, and Mg>* were carried out using a 10x molar excess. The protein concentration was adjusted to 50 uM. All experiments have been
recorded at 37°C. (C) Absolute amide cross-peak intensities for FOR005 (middle) and GL (bottom) for different Cu®* concentrations. For the panel
representing FOR005, the distance between amides and the crystallographic Zn>" ion is represented (red solid line). (D) Residues coordinating the Cu**
ions within 5A and their normalized contact frequencies from simulations with 150 mM CuCl, of the dimer (top) and monomer (bottom). A frequency
of 1 corresponds to a contact over the full lengths of all trajectories. The orange lines refer to the binding site of the dimer (residues D91 and H96).
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metal BS. By contrast, Mg>*, Ca®*, and Zn** are diamagnetic ions
that only induce chemical shift perturbations for amide moieties
in close proximity of the metal. We observe pronounced effects on
cross-peak intensities in case the paramagnetic Cu®* ion is
employed for the titration, and very small chemical shift changes
for Zn**, while no effects are observable for Mg** and Ca**. We
find the largest effects for Cu®*, which is presumably due to the
paramagnetic properties of this cation and not necessarily due to
differences in binding affinity. Figure 3C shows the absolute
cross-peak intensity as a function of residue number for various
molar ratios of Cu*. We extracted the distance between the zinc
ion and each amide moiety using the PDB ID 5L6Q and have
included this information into Figure 3C. We find that the cross-
peak intensities follow the predicted distance distribution, sug-
gesting that Cu®* ions bind equally well to both FOR005 and GL
in solution.

We performed MD simulations of the FOR005 monomer and
dimer in 150mM CuCl, and identified all residues within 5A of
the Cu®" ions during the simulations (Figure 3D). Overall, the pre-
ferred interactions involve negatively charged oxygen-containing
residues and are similar for monomer and dimer. These preferen-
tial interactions sites correlate well with the cross-peak intensities
from the NMR experiments. We can thus rule out that Cu**
induces bleaching of the NMR resonances via formation of a
transient dimer. In addition, we do not find any evidence that
divalent metal ions perturb the equilibrium between monomeric
and dimeric FORO005 protein: The resonance frequencies of resi-
dues which are susceptible to dimerization (e.g., Q36, K38, G101,

(G102) are unaffected by the presence of Cu**, suggesting that the
equilibrium between monomer and dimer is not influenced by
the metal.

3.5 | NMR Experiments of Oligomeric FOR005 in
Solution

Next, we analyzed if Cu®* binds to other aggregation states of
FORO005 as well. For this purpose, we prepared an aged sample
of FOR005 by incubation of a freshly produced protein over a
period of 4 days as described previously [3]. We divided this
sample into two parts, supplemented one part with four equiv-
alents of Cu** and recorded solution-state HSQC experiments
(Figure 4). Similar as described previously [3], we find that the
sample is conformationally heterogeneous, can adopt different
conformations, and forms oligomers with molecular weights
on the order of 200-300kDa. Only the flexible regions of the
protein can be observed in the NMR experiments. For particular
amides, four to five different cross peaks are found that possibly
reflect off-pathway intermediate state structures. For the sample
prepared in the presence of Cu’*, we observe disappearance of
many cross peaks. Missing peaks can be explained either by
binding of the paramagnetic ion to specific regions of a structure
or by bleaching of NMR resonances of atoms in the vicinity of
the BS. Alternatively, titration of the metal might destabilize or
even prevent the formation of certain off-pathway intermediates.
In fact, we find that the manifold of cross peaks that are detected
for a particular amide 'H,"’N correlation is reduced.

41 FORO005 oV
| FOR005+ 4x Cu? |00
1 R " 785
110 N
| o @ &
‘e | Taswe
Q_ -
2
Z 1204 g { v
AT RIS .
1/ 21T
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FIGURE 4 | HSQC correlation spectrum of an FOR005 sample aged for 4 days in the presence and absence of a 4x molar excess of Cu’**. Only
flexible regions of the high molecular weight oligomer are observable. The disappearance of specific peaks suggests that Cu** decreases the population

of off-pathway oligomers. Chemical shift assignments are transferred from Pradhan et al. [3].
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Affected residues (V10, G15, V18, T21, D25, W35¢; D59, 64S, 69T,
G100) are distributed evenly across the protein sequence. This
suggests that metal binding rather selects for a certain polymorph
and depletes off-pathway polymorphs. The fact that the popula-
tion of off-pathway intermediates is decreased might explain
why aggregation in the presence of the metal is accelerated,
since the critical concentration required to form an aggregation
nucleus and convert into an amyloid fibril is reached faster. At
this point, we cannot rule out that Cu** may bind to a particular
polymorph and induces residue-specific paramagnetic line broad-
ening. Thereby, a particular aggregation intermediate state might

get stabilized. The formation of amyloid fibrils is then accelerated
by lowering the energetic barrier for the transition into the fibril
state. The data quality, however, does not allow to differentiate
between these two scenarios.

3.6 | Interactions of FOR005 Fibrils With Cu®*

Subsequently, we analyzed how the metal ions interact with
amyloid fibrils. For this purpose, we titrated Cu®* in a 10x molar
excess to a preformed FORO005 fibril sample and recorded MAS
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FIGURE5 | Cu® binding to preformed FORO0OS5 fibrils. (A) FORO00S5 fibrils titrated with 10x Cu®* appear blue, while the reference fibril sample
without copper is colorless. The TEM images of the fibril preparations show small morphological differences (scale bar: 200 nm). MAS solid-state NMR.

3C,>N correlation spectra recorded for a fibril sample (grown using ex vivo seeds) incubated with copper (blue) and the

Left: Superposition of the
reference sample without the metal (black). Right: Superposition of the 13¢,13¢C correlation spectra with (blue) and without (black) Cu’". Resonance
assignments were obtained from fibrils grown in the absence of copper [12, 14]. (B) Proteinase K stability assay. FOR005 fibril samples were incubated
for 5, 10, 30, and 60 min using proteinase K. The proteinase K assay was performed using 0.692 pM proteinase K and 8.6 puM FORO005, at a molar ratio of
proteinase K to FOR005 of 1:12.5 [15]. To investigate the effect of Cu®* on fibril stability, FOR00S5 fibrils were titrated with an equimolar concentration
of Cu”* ions. Left: Coomassie-stained SDS-PAGE gel showing the digestion of fibrils by proteinase K. The first lane (w/o0) shows untreated fibrils. The
assay was performed using 100 pg/mL fibril protein and 20 pg/mL proteinase K (M: molecular weight marker). Right: Normalized fibril intensity as a

function of time. Intensities were quantified using the program ImageJ.
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solid-state NMR experiments. We find that the fibril pellet adopts
a blue color (Figure 5A), suggesting that the metal ions bind to
the amyloid fibrils. On the other hand, solid-state NMR spectra
show only marginal differences in the presence and absence of the
metal. In particular, no resonances are disappearing which would
be expected in the presence of the paramagnetic ion.

Potentially, metal ions could bind to residues which were pre-
viously not detectable (residues 1-10; CDR2: 48-54, 59—68;
103-109) [12]. In order to find out whether copper stabilizes
the amyloid fibril fold, we carried out a proteinase K digestion
assay. FOR005 fibrils were incubated for 5, 10, 30, and 60 min
using proteinase K, as described in Schonfelder et al. [15]. As
expected, the gel bands yield decreasing intensities for prolonged
incubation with the protease. We find that the gel band intensities
disappear more slowly in the presence of one equivalent Cu**
ions suggesting that the metal in fact increases the fibril stability
against proteolytic digestion.

To rationalize the NMR results, we carried out MD simulations
involving the FORO005 fibril in the presence of Cu’**. We could
show previously [12] that the topology of the amyloid in the
solid-state NMR preparation is the same as in the cryo-EM study
[40]. The simulations reveal a Cu** binding pattern along the
fibril surface (Figure 6). Similar to the monomer and dimer,
the primary interaction partners are aspartate and glutamic acid
side-chain oxygens. The Cu®* ions preferentially bind in three
different locations, involving the N- and C-terminal residues, as
well as the loop region of the protein chains at the fibril tips. For
the former two, the Cu®* ions are coordinated by only one oxygen
or nitrogen atom. In the loop region, up to two contacts can form
(Figure 6), bridging interactions between adjacent peptide chains.
Importantly, we do not find Cu®* binding to the inner core of the
fibril or to the p-sheet surface further away from the fibril tips.
This is largely consistent with the NMR data, which do not yield a

specific Cu?" BS. Cu*t affects all resonances in a similar way, and
no dramatic changes in peak intensity are observed for specific
residues. Furthermore, terminal residues are not observable in
the solid-state NMR experiments. The simulations indicate that
Cu’* does not bind to a specific site but interacts nonspecifically
with the termini of the peptide chains which can bind many Cu**
ions. As such, the fibrils act as a reservoir accommodating many
metal ions.

4 | Conclusions

In this study, we examined how the divalent metal ions Cu**
and Zn** influence the aggregation behavior of the amyloidogenic
A-III AL variable domain FOR005 and its GL counterpart. Cu**
yields the strongest effects in NMR experiments due to the
paramagnetic nature of the ion. For both metals, we observe
a shortening of the lag phase preceding fibril formation in ThT
assays, indicating a metal-induced enhancement of the aggrega-
tion kinetics at high concentrations.

MD simulations identified two Cu®" BS at the dimer interface,
coordinated primarily by D-91 and H-96 residues. Despite
stable coordination, Cu** binding caused only minor local
structural changes and a slight energetic stabilization of the
dimer, showing that the native fold remains intact. MD shows
that Cu®* interactions preferably involve negatively charged
oxygen-containing residues and are similar for monomer and
dimer. For both monomeric and dimeric FOR005, dynamics in
particular in the CDR-3 loop region is unaffected by metal bind-
ing and cannot explain the changes in the rate of the aggrega-
tion kinetics. The MD results are consistent with solution-state
NMR experiments data and confirm the preferred interaction
sites of the metal ions.
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By contrast, Cu** binding seems to reduce the population of
off-pathway oligomeric intermediates, suggesting a shift toward
productive aggregation. Cu* ions are particularly well-suited for
modulating intermediate states, as they exhibit both high binding
affinity and fast exchange kinetics. The affinity of metal ions
for carboxylate oxygens increases in the order Ca’** < Mg*" <
Zn** < Cu®* [41], whereas exchange rates follow Mg*" < Zn**
< Ca** < Cu?' [42]. Consequently, Cu®* can transiently stabilize
both on- and off-pathway intermediates, leading to the observed
accelerated aggregation kinetics.

Our experiments indicate super-stoichiometric binding to amy-
loid fibrils and a decreased susceptibility to proteinase K digestion
in presence of Cu?*. The N- and C-termini of the protein are
identified as BS for metals by MD. No defined BS could be
identified for the fibril state in solid-state NMR experiments. The
super-stoichiometric binding mode of copper implies that aggre-
gates might act as a binding reservoir in the cell for this metal.

Independent of their binding affinities to native LC protein, other
ions such as Zn**, Mg®*, or Ca®* might influence the protein
aggregation kinetics and associate with misfolding intermediates
or amyloid fibrils. The high cellular concentration of these ions
and the abundance of LC protein in the plasma might hint toward
a role of protein aggregate—associated metal ions in disease. A
decrease of the cytosolic free pool of ions would perturb cellular
ion homeostasis in cardiomyocytes which in turn would result in
dysregulated metabolic function. Future studies will have to show
whether these metal ions affect the aggregation kinetics and bind
to oligomeric or aggregated LC protein.

Together, our findings support a model in which Cu®* accelerates
aggregation by differentially stabilizing transient intermediates,
either by reducing the population of off-pathway species or by
shortening the lifetimes of on-pathway states, ultimately promot-
ing fibril formation and stability.

Acknowledgments

This work was supported by the Deutsche Forschungsgemeinschaft
(German Research Foundation), DFG project Rel435/26-1, and was
funded by the DFG project number 529538247. We acknowledge sup-
port from the Helmholtz-Gemeinschaft. The authors acknowledge
the scientific support and HPC resources provided by the Erlangen
National High Performance Computing Center (NHR@FAU) of the
Friedrich-Alexander-Universitidt Erlangen-Niirnberg (FAU) under the
NHR project bl19ee and b253ee, the resources on the LiCCA HPC
cluster of the University of Augsburg, co-funded by the Deutsche
Forschungsgemeinschaft under Project-ID 499211671.

Open Access funding enabled and organized by Projekt DEAL.

Funding

This work was supported by Deutsche Forschungsgemeinschaft
(Re1435/26-1, 529538247, and 499211671) and Erlangen National High
Performance Computing Center (b119ee and b253ee).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

1. R. L. Liao, M. Jain, P. Teller, et al., “Infusion of Light Chains From
Patients With Cardiac Amyloidosis Causes Diastolic Dysfunction in
Isolated Mouse Hearts,” Circulation 104 (2001): 1594-1597.

2. G. Palladini, F. Lavatelii, P. Russo, et al., “Circulating Amyloidogenic
Free Light Chains and Serum N-Terminal Natriuretic Peptide Type B
Decrease Simultaneously in Association With Improvement of Survival in
AL,” Blood 107 (2006): 3854-3858.

3.T. Pradhan, R. Sarkar, K. M. Meighen-Berger, M. J. Feige, M. Zacharias,
and B. Reif, “Mechanistic Insights Into the Aggregation Pathway of the
Patient-Derived Immunoglobulin Light Chain Variable Domain Protein
FORO005,” Nature Communications 14 (2023): e3755.

4. K. J. Barnham and A. I. Bush, “Metals in Alzheimer’s and Parkinson’s
Diseases,” Current Opinion in Chemical Biology 12 (2008): 222-228.

5. C. Hureau and P. Faller, “Ap-Mediated ROS Production by Cu Ions:
Structural Insights, Mechanisms and Relevance to Alzheimer’s Disease,”
Biochimie 91 (2009): 1212-1217.

6. A. E. Pelaez-Aguilar, G. Valdes-Garcia, L. French-Pacheco, N. Pastor,
C. Amero, and L. Rivillas-Acevedo, “Site-Specific Interactions With
Copper Promote Amyloid Fibril Formation for A6aJL2-R24G,” ACS Omega
5(2020): 7085-7095.

7. R. Russo, M. Romeo, T. Schulte, et al., “Cu(II) Binding Increases the
Soluble Toxicity of Amyloidogenic Light Chains,” International Journal of
Molecular Sciences 23 (2022): 950.

8. A. E. Pelaez-Aguilar, F. Mata-Salgado, A. Morales-Ortiz, et al.,”
Cu(Il) Binding to the A6aJL2-R24G Antibody Light Chain Protein
Associated With Light Chain Amyloidosis Disease: The Role of
Histidines,“International Journal of Biological Macromolecules 270
(2024): 132393.

9. J. R. Shi, J. Guan, B. B. Jiang, et al., “Amyloidogenic Light Chains
Induce Cardiomyocyte Contractile Dysfunction and Apoptosis via a Non-
Canonical p38a MAPK Pathway,” Proceedings of the National Academy of
Sciences 107 (2010): 4188-4193.

10. L. Diomede, M. Romeo, P. Rognoni, et al., “Cardiac Light
Chain Amyloidosis: The Role of Metal Ions in Oxidative Stress and
Mitochondrial Damage,” Antioxidants & Redox Signaling 27 (2017):
567-582.

11. M. Hora, R. Sarkar, V. Morris, et al., “MAK33 Antibody Light Chain
Amyloid Fibrils are Similar to Oligomeric Precursors,” PLOS ONE 12
(2017): €0181799.

12. T. Pradhan, K. Annamalai, R. Sarkar, et al., “Seeded Fibrils of the
Germline Variant of Human A-III Immunoglobulin Light Chain FOR005
Have a Similar Core as Patient Fibrils With Reduced Stability,” Journal of
Biological Chemistry 295 (2020): 18474-18484.

13. M. Groenning, “Binding Mode of Thioflavin T and Other Molecular
Probes in the Context of Amyloid Fibrils—Current Status,” Journal of
Chemical Biology 3 (2010): 1-18.

14. T. Pradhan, K. Annamalai, R. Sarkar, et al., “Solid State NMR
Assignments of a Human A-IIT Immunoglobulin Light Chain Amyloid
Fibril,” Biomolecular NMR Assignments 15 (2021): 9-16.

15. J. Schonfelder, P. B. Pfeiffer, T. Pradhan, et al., “Protease Resistance
of ex vivo Amyloid Fibrils Implies the Proteolytic Selection of Disease-
Associated Fibril Morphologies,” Amyloid 28 (2021): 243-251.

16. W. F. Vranken, W. Boucher, T. J. Stevens, et al., “The CCPN Data Model
for NMR Spectroscopy: Development of a Software Pipeline,” Proteins:
Structure, Function, and Bioinformatics 59 (2005): 687-696.

ChemBioChem, 2026

11 of 12

95U8017 SUOWILIOD BAIIER1D) 3|qeatjdde au Aq peusenob e sapile WO ‘8N JO s8Nl 1o} Akiqi@UIUO A8]IM UO (SUONIPUOO-PUR-SWLRY/WD™A8 | IM ARl 1pUTUO//SANY) SUORIPUOD PUe SWB | 8U1 88S *[9202/20/9T] Uo Akigiauljuo A8jim ‘WwnuezsBunyosiod Ssyasine UeuyoueN i WNIUeZ z}oyw eH Aq 0910, 2160/200T 0T/Iop/wiod™Ae |Im Axelq 1 puljuoado.ne-A1is iusyo//sdiy woJj papeojunmoq ‘€T ‘9202 ‘€E9L6ET



17. K. Takegoshi, S. Nakamura, and T. Terao, “C 13 - 1 H Dipolar-Driven
C13-13C Recoupling without C13 Rf Irradiation in Nuclear Magnetic
Resonance of Rotating Solids,” The Journal of Chemical Physics 118 (2003):
2325-2341.

18. M. Baldus, A. T. Petkova, J. Herzfeld, and R. G. Griffin, “Cross
Polarization in the Tilted Frame: Assignment and Spectral Simplification
in Heteronuclear Spin Systems,” Molecular Physics 95 (1998): 1197-1207.

19.T.J. Stevens, R. H. Fogh, W. Boucher, et al., “A Software Framework for
Analysing Solid-State MAS NMR Data,” Journal of Biomolecular NMR 51
(2011): 437-447.

20. M. Mirdita, K. Schiitze, Y. Moriwaki, L. Heo, S. Ovchinnikov, and
M. Steinegger, “ColabFold: Making Protein Folding Accessible to All,”
Nature Methods 19 (2022): 679-682.

21. J. Jumper, R. Evans, A. Pritzel, et al,, “Highly Accurate Protein
Structure Prediction With AlphaFold,” Nature 596 (2021): 583-589.

22. S. Mamatkulov and N. Schwierz, “Force Fields for Monovalent and
Divalent Metal Cations in TIP3P Water Based on Thermodynamic and
Kinetic Properties,” The Journal of Chemical Physics 148 (2018): e074504.

23. P. Loche, D. J. Bonthuis, and R. R. Netz, “Molecular Dynamics
Simulations of the Evaporation of Hydrated Ions From Aqueous Solution,”
Communications Chemistry 5 (2022): e55.

24.7Z.Li, L. F. Song, P. F. Li, and K. M. Merz, “Systematic Parametrization
of Divalent Metal Ions for the OPC3, OPC, TIP3P-FB, and TIP4P-FB
Water Models,” Journal of Chemical Theory and Computation 16 (2020):
4429-4442.

25. C. Tian, K. Kasavajhala, K. A. A. Belfon, et al., “ff19SB: Amino-
Acid-Specific Protein Backbone Parameters Trained Against Quantum
Mechanics Energy Surfaces in Solution,” Journal of Chemical Theory and
Computation 16 (2020): 528-552.

26. D. A. Case, H. M. Aktulga, K. Belfon, et al., “AmberTools,” Journal of
Chemical Information and Modeling 63 (2023): 6183-6191.

27. M. J. Abraham, T. Murtola, R. Schulz, et al., “GROMACS: High
Performance Molecular Simulations Through Multi-Level Parallelism
From Laptops to Supercomputers,” SoftwareX 1-2 (2015): 19-25.

28.B. Hess, H. Bekker, H.J. C. Berendsen, and J. Fraaije, “LINCS: A Linear
Constraint Solver for Molecular Simulations,” Journal of Computational
Chemistry 18 (1997): 1463-1472.

29.H.J. C. Berendsen, J. P. M. Postma, W. F. van Gunsteren, A. DiNola, and
J. R. Haak, “Molecular Dynamics With Coupling to an External Bath,” The
Journal of Chemical Physics 81 (1984): 3684-3690.

30. G. Bussi, D. Donadio, and M. Parrinello, “Canonical Sampling Through
Velocity Rescaling,” The Journal of Chemical Physics 126 (2007): 014101.

31. M. Parrinello and A. Rahman, “Polymorphic Transitions in Single
Crystals: A New Molecular Dynamics Method,” Journal of Applied Physics
52 (1981): 7182-7190.

32. N. Michaud-Agrawal, E. J. Denning, T. B. Woolf, and O. Beckstein,
“MDAnalysis: A Toolkit for the Analysis of Molecular Dynamics
Simulations,” Journal of Computational Chemistry 32 (2011): 2319-2327.

33. R. T. McGibbon, K. A. Beauchamp, M. P. Harrigan, et al., “MDTraj:
A Modern Open Library for the Analysis of Molecular Dynamics
Trajectories,” Biophysical Journal 109 (2015): 1528-1532.

34. B. R. Miller, T. D. McGee, J. M. Swails, N. Homeyer, H. Gohlke, and
A. E. Roitberg, “MMPBSA.py : An Efficient Program for End-State Free
Energy Calculations,” Journal of Chemical Theory and Computation 8
(2012): 3314-3321.

35.J.Janin, S. Wodak, M. Levitt, and B. Maigret, “Conformation of Amino
Acid Side-Chains in Proteins,” Journal of Molecular Biology 125 (1978):
357-386.

36.S. C. Lovell, I. W. Davis, W. B. Arendall, et al., “Structure Validation by
Ca Geometry: ¢,y and Cf Deviation,” Proteins: Structure, Function, and
Bioinformatics 50 (2003): 437-450.

37. G. N. Ramachandran, C. Ramakrishnan, and V. Sasisekharan,
“Stereochemistry of Polypeptide Chain Configurations,” Journal of
Molecular Biology 7 (1963): 95-99.

38. K. Annamalai, F. Liberta, M. T. Vielberg, et al., “Common Fibril
Structures Imply Systemically Conserved Protein Misfolding Pathways In
Vivo,” Angewandte Chemie International Edition 56 (2017): 7510-7514.

39. G. J. Rottenaicher, B. Weber, F. Rithrnofll, et al., “Molecular
Mechanism of Amyloidogenic Mutations in Hypervariable Regions
of Antibody Light Chains,” The Journal of Biological Chemistry 296
(2021): 100334.

40. L. Radamaker, J. Baur, S. Huhn, et al., “Cryo-EM Reveals
Structural Breaks in a Patient-Derived Amyloid Fibril From Systemic
AL Amyloidosis,” Nature Communications 12 (2021): e875.

41. R. K. O. Sigel and H. Sigel, “A Stability Concept for Metal
Ion Coordination to Single-Stranded Nucleic Acids and Affinities of
Individual Sites,” Accounts of Chemical Research 43 (2010): 974-984.

42. L. Helm and A. E. Merbach, “Water Exchange on Metal Ions:
Experiments and Simulations,” Coordination Chemistry Reviews 187
(1999): 151-181.

12 of 12

ChemBioChem, 2026

95U8017 SUOWILIOD BAIIER1D) 3|qeatjdde au Aq peusenob e sapile WO ‘8N JO s8Nl 1o} Akiqi@UIUO A8]IM UO (SUONIPUOO-PUR-SWLRY/WD™A8 | IM ARl 1pUTUO//SANY) SUORIPUOD PUe SWB | 8U1 88S *[9202/20/9T] Uo Akigiauljuo A8jim ‘WwnuezsBunyosiod Ssyasine UeuyoueN i WNIUeZ z}oyw eH Aq 0910, 2160/200T 0T/Iop/wiod™Ae |Im Axelq 1 puljuoado.ne-A1is iusyo//sdiy woJj papeojunmoq ‘€T ‘9202 ‘€E9L6ET



	Mechanistic Insights Into Metal Binding in the Aggregation Pathway of an Immunoglobulin Light Chain Protein
	ABSTRACT
	1 | Introduction
	2 | Materials and Methods
	2.1 | Protein Expression and Purification
	2.2 | Thioflavin T (ThT) Experiments
	2.3 | Transmission Electron Microscopy (TEM)
	2.4 | Fibril Sample Preparation for Solid-State NMR
	2.5 | Protease Digestion of Fibrils
	2.6 | Solution-State NMR Experiments
	2.7 | Solid-State NMR Experiments
	2.8 | Simulation Setup and Parameters
	2.9 | Snapshots
	2.10 | Contact Frequencies
	2.11 | MMPBSA
	2.12 | RMSF, RMSD, and Dihedral Angles

	3 | Results
	3.1 | Aggregation Kinetics of FOR005 With Cu2+ and Zn2+ by ThT Assays
	3.2 | MD Simulation Reveals Cu2+ Binding Sites on the FOR005 Dimer
	3.3 | Structure, Stability, and Flexibility of the FOR005 Dimer Does Not Change Significantly in the Presence of Cu2+
	3.4 | NMR Experiments of Monomeric FOR005 in Solution
	3.5 | NMR Experiments of Oligomeric FOR005 in Solution
	3.6 | Interactions of FOR005 Fibrils With Cu2+

	4 | Conclusions
	Acknowledgments
	Funding
	Conflicts of Interest
	Data Availability Statement
	References


