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Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative disease marked by progressive motor neuron
loss, leading to muscle paralysis and respiratory failure. Genetic mutations, notably in the ANXA11 gene, have
been implicated in both familial and sporadic ALS forms. ANXA11 functions as a cellular “tether,” orchestrating
the transport of RNA-protein complexes and lysosomes through its N-terminal (Nt) and C-terminal (Ct) domains,
respectively. This study uncovers a novel calcium-dependent regulatory mechanism governing the intra-
molecular interaction between these domains. Using biochemical, biophysical, and computational approaches,
we suggest that in the absence of calcium, ANXA11 adopts a closed conformation with stable Nt-Ct interactions.
Elevated calcium levels induce a conformational shift, disrupting this interaction and exposing binding sites for
RNA and membranes. Crucially, we show that the ALS-associated D40G mutation in the Nt domain impairs this
calcium-regulated interaction, favoring a persistent open conformation that predisposes to toxic protein aggre-
gation. These findings reveal that calcium acts as a molecular switch modulating ANXA11 conformation and
function, providing new insights into its role in ALS pathogenesis and potential therapeutic targets.

understood, though genetic factors are known to play a significant role
(1,2).

1. Introduction

Amyotrophic Lateral Sclerosis (ALS) is a devastating neurodegener-
ative disorder characterized by the progressive loss of both upper and
lower motor neurons. This degeneration leads to muscle weakness, pa-
ralysis, and ultimately, respiratory failure, which is the primary cause of
death in affected individuals. Despite extensive research, the precise
molecular mechanisms underlying ALS remain incompletely

In recent years, genetic mutations in different genes have been
associated with ALS. Notably, mutations in the ANXA11 gene have
emerged as significant contributors to both familial and sporadic forms
of the disease.

Recent studies have revealed that ANXAl1l serves as a “tether”,
facilitating transport by connecting motor “vehicles”, such as lysosomes,
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carrying “hitchhiker” complexes like RNA-protein assemblies (3).
Tethers formed by ANXA11 enable the rapid and efficient transfer of
materials, including mRNAs, to dendrites or axon terminals (4,5). Spe-
cifically, its N-terminal domain (Nt) binds directly to RNA, while the C-
terminal domain (Ct) interacts with lysosomes, effectively linking these
organelles and cargo together to promote passive intracellular transport
vital for neuronal function.

ANXA11 is a 56 kDa widely expressed calcium-dependent phos-
pholipid-binding protein that belongs to the annexin protein super-
family. These proteins are present in every Kingdom, except for Yeast
(2). Humans have 12 annexin members: A1-A11 and A13 (2).

Annexins share a highly conserved Ct domain characterized by the
presence of four motif repeats, each one able to bind a Ca®* ion. Each
annexin motif comprises ~70 amino acids arranged into five a-helices,
termed A-E. The loops connecting the AB and DE helical hairpins
contain the Ca®*" binding site (2,6,7). At variance with the Ct, the
annexins Nt has great variability in length and sequence determining the
functional specificity of each subfamily (8).

The Annexin Al (ANXA1l) Nt domain has been extensively charac-
terized. It is composed of 40 amino-acids folded in a helix-turn-helix
(HtH) able to interact with the C-term domain in the absence of cal-
cium. This latter indeed, when present, induces a conformational change
that leads to the release of the Nt domain which becomes available for its
functions (9). ANXA11 has, on the other hand, the longest N-terminus of
~200 residues, characterized by a low complexity, due to a sequence
enriched in Gly, Tyr, and Pro. Multiple sequence alignment, secondary
structure predictions and NMR experiments suggested the presence of a
putative helical motif around residues 38 to 59 (10-12), in agreement
with a previous investigation of recombinant mouse ANXA1l and
human ANXA1. Specifically, in Al, the helix packs against the core
domain in the absence of calcium ions, but this interaction is released
upon calcium activation, freeing the Nt domain, thus able to promote
protein-protein interaction. Interestingly, it was predicted a similar
regulation mechanism for the ANXA11 Nt domain (1,11).

Recently, mutations in ANXA11 were identified in patients with fa-
milial and sporadic ALS by whole-exome sequencing (1,2). Specifically,
mutations in the Nt domain, such as G38R and D40G, have been shown
to cause abnormal accumulation of ANXA11-aggregates within motor
neurons in postmortem spinal cord tissue (2). These aggregates are
indicative of disrupted cellular processes and may contribute to
neuronal degeneration.

Despite these findings, the precise pathogenic mechanisms by which
ANXA11 mutations contribute to motor neuron degeneration remain
unclear. It is hypothesized that impaired tethering of RNA granules and
lysosomes—critical for proper mRNA transport and cellular homeo-
stasis—may play a role, potentially leading to neuronal stress and
degeneration. Further research is needed to elucidate how these muta-
tions disrupt ANXA11's functions and contribute to ALS pathogenesis.

This study presents, for the first time, a detailed molecular mecha-
nism underlying the interplay between the two ANXA11 domains and
how it is regulated by calcium. Additionally, our results reveal that the
ALS-associated ANXA11 Nt-D40G (Ntpsog) mutation disrupts inter-
domain interactions between the Nt and Ct bypassing calcium regula-
tion, leading to abnormal protein aggregation. These insights enhance
our understanding of ALS pathology and could inform the development
of therapies aimed at stabilizing ANXA11 interactions, restoring miti-
gating neurodegeneration.

2. Results

2.1. Structural characterization and calcium ions binding properties of
ANXA11 Ct

Before testing ANXA11l's Nt and Ct functions, we confirmed their
proper folding. Circular dichroism (CD) analysis of the Ct, without the
thioredoxin carrier, revealed typical a-helix signals, with minima at 210
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and 222 nm (Fig. 1a, black line). K2D2 estimated about 70% o-helix
content, aligning with other annexins (13-15). The Nt is mostly disor-
dered with few structured elements (12).

Heating the Ct to 75 °C caused a broad minimum in the CD spectrum,
indicating protein aggregation (Fig. 1a, green line). Cooling to 5 °C did
not restore the original spectrum (Fig. 1a, dotted line), suggesting irre-
versible aggregation. Moreover, Differential Scanning Calorimetry
(DSC) for the combined protein (Fig. 1b, black line) and thioredoxin
alone (Fig. S1) as a control that showed a single peak at 70 °C. The Ct
showed two endothermic peaks: peak 1 at 46.5 °C for the Ct and peak 2
at 68.5 °C attributed to Thioredoxin.

2.2. ANXA11 Ct domain binds calcium

To investigate and quantify the Ct ability to bind Ca®*, we performed
DSC experiments where the Ct thermal transition was measured in the
presence and absence of Ca?t in 10 fold molar excess with respect to
ANXA11l Ct. The experiment in presence of Ca?’ showed that the
melting temperature (Tm) of the Ct domain was slightly elevated
(46.97 °C; Fig. 1b, peak 1 red line) compared to the Tm in the absence of
calcium (46.53 °C; Fig. 1b, peak 1, black line). To assess calcium binding
to the Ct domain, we performed DSC experiments measuring its melting
temperature with and without Ca®" (10-fold excess with respect to Ct).
Ca?* caused a slight increase in Tm from 46.53 °C to 46.97 °C (Fig. 2b,
peak 1, red and black line respectively) and raised enthalpy from 107 to
113 kcal/mol, indicating a Ca?" binding, likely through interactions
with outer loops. This effect was specific to Ct, as calcium did not alter
Thioredoxin's thermal behavior (Fig. 1b, peak 2, red and black line). To
further analyze the calcium binding properties of Ct, we conducted
fluorescence experiments with increasing Ca2* (Fig. 1¢). The addition of
Ca?* induced a quenching up to 25% of the fluorescence intensity at
306 nm supporting that Ca%* directly binds to Ct.

To quantify Ct interaction with Ca?*, we used isothermal titration
calorimetry (ITC) that provided accurate measurements of binding af-
finity, enthalpy, and stoichiometry. The titration with Ca®* revealed
biphasic thermograms (Fig. 1d), indicating two distinct binding pro-
cesses and distinct binding sites. Four binding sites were identified: two
high-affinity binding sites with dissociation constant K4 = 1.8 + 0.4 pM
and two moderate-affinity binding sites with Kq = 38 & 8 pM, as a result
of the application of the thermodynamic binding equations shown in the
Supplementary Materials (Binding model for calcium binding to annexin
Al1 and data analysis in ITC). These two groups of calcium-binding sites
have different strengths and thermodynamic behaviors. Indeed, all sites
bind calcium mainly due to entropy (-TAS:+ = —8.3 kcal/mol and -TAS:
= —14.9 kcal/mol) with little or unfavorable contribution from enthalpy
(AH1 = 0.5 kcal/mol and AH2 = 8.9 kcal/mol). The discovery of two Kq'‘s
for Ca®* binding to Ct suggests that the four sites can be divided into two
groups. Although annexins’ ability to bind calcium is well known (15),
to our knowledge, this study provides the first direct quantification of
Ca2* affinity for ANXA11 Ct.

2.3. Nt and Ct domain interaction is calcium dependent

After characterizing the structure and calcium-binding ability of Ct,
we wanted to investigate the possible intra-molecular interaction be-
tween Nt and Ct of ANXA11. Such intramolecular interactions have been
already described for ANXA1 (16,17), but never for ANXA11, which has
a longer Nt.

To test this interaction, we used microscale thermophoresis (MST).
We labeled ANXA11 Ct with a fluorescent dye and gradually added
increasing amounts of the unlabeled Nt (0.75 nM - 25 pM), testing both
with and without different Ca®t levels. We observed changes in the
fluorescence signal indicating that the Nt and Ct bind with a K4 of about
4.3 + 2.4 pM in the absence of Ca?" (Fig. 1e, red circles). Upon adding
Ca%* at 15- and 30-fold excess with respect to Ct concentration the
binding weakened significantly. At 15-fold Ca?* excess, the Kq increased
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Fig. 1. | Calcium engagement with ANXA11 Nt and Ct governs its interdomain. a, Far-UV spectra of ANXA11 C-terminal domain: black, 5 °C; green, thermal

unfolding at 75 °C; dotted, cooling to 5 °C. b, DSC thermogram of C-term in absence (black) and presence (red) of Ca’*

; first derivative highlights transition midpoint

(Tm = 46.53 °C without Ca2+, 46.97 °C with Ca®"). ¢, Fluorescence spectra of C-term (6 pM) with increasing CaClz (0-32 pM, Aex = 277 nm, 298 K, pH 7.45). d,
Calorimetric titration of Ca>" (540 uM) binding to ANXA11 C-term (13.5 pM) at 25 °C; top, thermogram; bottom, binding isotherm fitted with the classes of binding
sites model. e, MST quantification of C—N interaction: normalized fluorescence of labeled proteins titrated with unlabeled N-term at 20 °C; fitting with MO Affinity

Analysis v3.0.5.

to around 11.2 + 4.6 pM, and at 30 times excess, the binding was no
longer detectable (Fig. le, green and blue circles respectively). These
findings indicate that Ca®" disrupts the interaction between the two
domains of ANXA11, suggesting that it negatively influences their
intramolecular interaction.

To provide a detailed atomistic and dynamic representation of the
Nt-Ct interaction, both in the presence and absence of Ca®" ions, we
conducted two independent 2.5 us long molecular dynamics (MD)

simulations for the following models: *Nt-Ct-Ca®* (the Ct domain, R191-
D505, plus a peculiar helix-turn-helix (HtH) motif of the Nt, 137-G66,
plus four bound-Ca®" ions, grey spheres), *Nt-Ct (same model as pre-
vious one, without Ca?" ions) and Ct-Ca>*t (control model including the
Ct domain and the four Ca®* ions).

The root mean square deviation (RMSD) analysis reports on the
stability of the Ct (Fig. 2a) and the Nt HtH motif (Fig. 2b) under different
conditions. In particular, in the presence of Ca®" ions (Fig. 2a, *Nt-Gt-
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Fig. 2. | MD analysis of ANXA11 Ct and Nt HtH motif with and without Ca®*. a, RMSD analysis of ANXA11 C-terminal domain for the *Nt-Ct-Ca>* (cyan), the
*Nt-Ct (magenta), and the control system, Ct-Ca%* (orange). b, RMSD analysis of ANXA11 N-terminal HtH motif when bound to Ct, with and without ca®t (cyan and
magenta, respectively). ¢, RMSF analysis of Nt HtH motif and Ct domain for the three systems: *Nt-Gt-Ca®* (cyan), *Nt-Ct (magenta), and Ct-Ca>" (orange, control);
for the last one no HtH is present. d, Ct:Nt contact analysis performed for the *Nt-Ct system, in magenta and violet the contact count along Replical and 2,
respectively, with the related running averages (grey and light-brown). e, Ct:Nt contact analysis performed for the *Nt-Ct system *Nt-Ct-Ca®* system, in blue and
cyan the contact count along Replical and 2, respectively, with the related running averages (grey and brown). f, ANXA11 Ct cartoon structure (top, bottom and side
views, starting conformation of the *Nt-Ct-Ca%* simulations) in the presence of both the Nt HtH motif and the four Ca®* ions. The repeats forming the Ct domains are
coloured green and yellow, the HtH motif in red. The AB loops are highlighted in pink, blue, cyan and magenta. The Ca%* are shown as grey spheres.
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Ca*, cyan curve) the Ct is quite stable in the absence or the presence of
the Nt HtH motif (Fig. 2a, Ct-Ca®" and *Nt-Ct-Ca2* systems, cyan and
orange curve, respectively). On the contrary, in the *Nt-Ct system
(Fig. 2a, magenta line) the RMSD variation reached values above 0.3
nm, highlighting a higher flexibility.

Indeed, in the absence of Ca*t ions, Ct residues in the AB loops
(K214-E220, K286-E292, E369-E376, R445-D451 in magenta, blue, pink
and cyan respectively in Fig. 2f) fluctuate much more than in the other
two systems, as shown by the root mean square fluctuation (RMSF)
analysis reported in Fig. 2¢c. The behavior of the Nt HtH motif is quite
peculiar: it remains quite stable in the absence of Ca®" but exhibits huge
flexibility in its presence. Indeed, the RMSD of the HtH motif in *Nt-Ct
system increases significantly in the second part of the simulations, with
respect to that in the *Nt-Ct-Ca®" system (Fig. 2b, magenta and cyan
curves, respectively). Accordingly, also the RMSF shows higher values
(Fig. 2¢). The visual inspection of the MD trajectories show a complete
unbinding of the Nt HtH fragment from the Ct, thus suggesting that the
presence of Ca?" unfavour Nt-Ct interaction (see Fig. S2a, Videos 1 A/
1B). On the contrary, in both replicas of the *Nt-Ct simulations the final
structure revealed a bound conformation, with the HtH motif still
interacting with the Ct domain (Fig. S2b, Videos 2 A/2B). This is sup-
ported by the counting of the Nt-Ct contacts reported in Fig. 2d/e.
Indeed, while in the *Nt-Ct system (Fig. 2d), the number of contacts
remain stable during the simulation, in the *Nt-Ct-Ca®* system (Fig. 2e)
we observe a large reduction of interactions eventually reaching zero
when the two domains are completely separate. The control simulations
of the Ct-Ca?* confirmed the persisting ions-binding at the AB loop sites
(Figs. S3j and S3c).

Our experimental and computational results suggest that ANXA11
exists in two conformations: a compact “close” form where the Nt and Ct
interact intramolecularly, and an “open” form where this binding among
the two domains is lost, likely allowing for interaction with other mol-
ecules. The protein conformations can be further characterized in terms
of the molecule radius of gyration (Rg) along the simulations (Fig. S4a);
indeed calculating the average Rg of the sampled conformations it is
possible to clearly distinguish on a quantitative basis the two states
(Fig. S4b). Importantly, this conformational change is Ca?*-dependent
and appears to be a key feature of ANXA11's function, facilitating in-
teractions with RNA and lysosomal membranes in the open conforma-
tion. This represents the first experimental confirmation of such an
intramolecular interaction within the annexin with long Nt.

Based on the results from the MD simulation with the HtH motif, we
aimed to verify its binding to the Ct region through a wet-lab approach.
We expressed and purified this motif as described in the Materials and
Methods. The Ct was labeled with a fluorescent dye and increasing
amounts of HtH (from 0.75 nM to 25 pM) were gradually added. We
observed changes in the fluorescence signal, indicating that the HtH and
Ct interact, with a dissociation constant (Kd) of approximately 5 + 1 pM
in the absence of Ca* (Fig. S5, green circles). These findings support the
evidence from the MD simulations, suggesting that the HtH motif is the
main contributor to the interaction between the Ct and Nt regions, as
reflected by the similar Kd values measured for the full-length Nt and the
HtH motif.

2.4. ANXA11 Ntpygpg mutant disrupts the binding with Ct

To understand the role played by ANXA11 in ALS and gather infor-
mation on the role played by ANXA11l interdomain interaction and
within RNA transport, we decided to study the mutation Ntp4og (car-
rying a single Asp-to-Gly substitution at position 40) identified in
ANXA11's Nt domain and found in ALS patients. This mutation is located
right at the binding surface between the Nt and Ct domains of ANXA11,
allowing us to characterize the binding properties of the Nt p.D40G
mutant with the Ct, both with and without Ca®*. These findings are
important for understanding how this disease-associated mutation af-
fects ANXA11 physiological function.

International Journal of Biological Macromolecules 358 (2026) 151719

We performed MST measurements using 10 nM labeled Ct, titrated
with increasing (0.75 nM-25 pM) unlabeled Ntp4og. Fluorescence
changes showed little to no binding (Kq > > 20 pM, Fig. 3a, green). The
wild-type Nt binding curve (Kg = 4.3 &+ 2.4 pM) is also shown (Fig. 3a,
red) for comparison. To better understand how the Ntpsog mutation
within the HtH motif affects the Nt-Ct intradomain interaction, two MD
replicas of *Ntp4og-Ct simulations were performed where the Ct did not
present the four Ca%* bound. This *Ntp4g-Ct simulation was compared
with the *Nt-Ct one carried out previously. This helped us assess the
combined impact of the D40G mutation and calcium removal. As ex-
pected, RMSD and RMSF analyses of *Ntp4og-Ct showed similar desta-
bilization of the Ct domain's loops observed in the *Nt-Ct, with
deviations and fluctuations comparable to previous wild-type simula-
tions without Ca®* (Fig. 3b and 3d vs. Figs. 2a and 2c¢, magenta curves).

Two new features appeared in the RMSF analysis of the D40G
mutant. First, the HtH motif's instability was similar to the *Nt-Ct-Ca%*
system (Fig. 3d vs. Fig. 3¢, cyan). Second, fluctuations in the first helix
(L39-Q48) of the HtH motif were even more pronounced than in other
systems (Fig. 3d vs. Fig. 2¢, cyan and magenta). Moreover, the residues
D249-E257 and Y279 within the Ct showed increased flexibility not
observed previously. These Ct residues normally interact with the HtH
motif. The acquired flexibility of the mutated HtH, due to the missing
Asp at position 40, appears to influence nearby residues on the opposite
side of Ct (Fig. 3f structure).

The p.D40G mutation significantly destabilized the HtH-Ct interac-
tion, even without Ca®*, unlike the *Nt-Ct simulations. By the end of
*Ntp4og-Ct simulations, contacts dropped to zero (Fig. 3e), and RMSD
rose to ~3 nm (Fig. 3c) indicating the complete loss of any intra-
molecular bond between the two domains; this is also is also reflected in
a steep rise in terms of Rg after 1.75 ps, indicating a close-to-open
conformational transition (Fig. S4, green panel). Final simulation-
sampled conformations (Fig. S3d, Videos 3 A/3B) confirmed the un-
binding events. To our knowledge, this is the first experimental and in
silico evidence demonstrating a role of this mutation within the ANXA11
function, highlighting that the p.D40G mutant bypasses the essential
requirement of Ca?" regulation based on the self-interaction between
the Nt and Ct of ANXA11. This loss of regulation leads to the aberrant
exposure of the Nt, even when it is not physiologically required, most
likely resulting in protein precipitation (18).

3. Discussion

To better understand the role ANXA11 has in ALS and gather mo-
lecular evidence regarding the ability of ANXA11 to bind lipid mem-
branes via Ct and RNA via Nt (4), we produced its Nt and Ct domains for
individual analysis. These allowed us to investigate the ability of Nt and
Ct to interact and how it is regulated by calcium and affected by the
Ntp4og mutant, which is linked to ALS.

Structural studies show that Ct is mostly helical, like other annexins,
and its stability is increased by the Ca®" binding probably through the
interaction with surface loops. While the Ca?*-binding sites in many
annexins have been characterized (2,8), direct evidence of cat binding
to annexins is scarce (15). We discovered by ITC that Ct has two sets of
Ca?*-binding sites with high and moderate affinity, unlike ANXA4,
which has uniform calcium binding across its four loops (15).

For the first time in annexins with a long Nt, we examined the role of
Ca?" in regulating interactions between the Nt and Ct, providing clear
evidence of a direct interaction between these domains that is highly
sensitive to Ca2t levels. Specifically, increasing Ca®" concentrations
gradually weaken their interaction till the complete dissociation. This
indicates that Ca®" functions as a molecular switch: in the absence of
Ca®*, the domains interact, thus remaining in a closed conformation;
when Ca?" is present, the interaction is disrupted, resulting in an open
conformation where both domains are exposed to bind different part-
ners. To confirm this result, it will be necessary to conduct a specific
experiment using the full-length ANXA11.
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sampled distant conformation from the starting one due to the absence of Ca®*, like in *Nt-Ct simulations (Fig. 2a, magenta).c, RMSD of the Nt HtH motif (I37-G66)
carrying the p.D40G mutation, in the occurrence of an unbinding event in both replicas, HtH motif detaching from the Ct domain, a rapid increase of the deviation is
observable. d, RMSF analysis of the *Ntp40g-Ct simulations: HtH motif and Ct domain are pointed out; even in the absence of Ca®* ions, due to the p.D40G mutation,
the fluctuations of the HtH residues are large, in particular the L39-Q48 ones; large fluctuations in the Ct domain can be found at the four AB loop regions, and at
residues D249-E257 (D helix) and Y279 that were initially pairing with the HtH. e, HtH/Ct contact analysis in the *Ntp4s-Ct simulations, in dark- and light-green the
contact count along Replical and 2, respectively, with the related running averages (grey and light-brown), both sampling the disruption of the interaction between
the two domains at ~2.2 ps. f, ANXA11 Ct structure (side view, starting conformation of the *Ntp4og-Ct simulations) with the interacting HtH (red) carrying the Asp-
to-Gly mutation at position 40 (black/white licorice and zoomed in below); such an interaction will be lost during the simulations (Videos 3 A and 3B).
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MD simulations confirmed the experimental results adding detailed
insights into the Ct:Nt interaction. Without Ca2*, the two domains bind
stably. Ca* in addition to the simulation disrupts the interaction both
stabilizing the Ct structure and increasing HtH motif fluctuations. These
opposite effects lead to the decoupling of their dynamics leading to their
rapid dissociation. This ability to exist in two conformations is crucial
for modulating cellular functions, acting as a sensor, and enabling rapid
responses to stimuli. Similar mechanisms have been observed in ANXA1,
where calcium triggers the release of the short Nt to carry out its specific
roles (1). Even if the study of the influence of the disordered portion of
the Nt on the HtH:Ct interaction might require further in silico investi-
gation, this is the first documented Ca®>* regulatory mechanism for an
annexin with a long Nt. It is tempting to suggest it may be a common
feature across the annexin family.

Few considerations are needed to discuss the biological relevance of
our data. The concentration of free Ca?* within cells varies widely
depending on cellular location and conditions (19). Under resting con-
ditions, Ca?* levels typically range from 40 to 100 nM, whereas in the
extracellular matrix, they can reach approximately 1-2 mM (20). The
Ca%" concentration within intracellular organelles, such as the endo-
plasmic reticulum (ER), generally ranges between 100 and 500 pM (19).

Considering this information and our calculated dissociation con-
stant (Kd) for the binding between the Ct and Nt domains, we propose a
model in which fluctuations in Ca?* levels function as a switch between
two functional states of ANXA11. Specifically, during neuronal activa-
tion, when Ca®" levels rise, Ca®* binding to the Ct domain would rapidly
induce the transition to the “open” conformation. This dynamic process
is biologically significant, as ANXA11 must alternate between open and
closed conformations. The open state should be stabilized only when
binding partners are available, with Ca?* acting as the key regulator
orchestrating these conformational shifts.

Discovering the role of Ca2* in the regulation of ANXA11 prompted
us to investigate its connection to ALS, with a focus on the Ntpsog
mutant, which is associated with toxic protein aggregation, as described
in literature (18,21,22). Our data suggest that the loss of Ca%t regulation
of the Nt-Ct interaction caused by this mutation may result in a more
stable open conformation, in which the Nt residues are more exposed to
the solvent. This conformational change could be associated with an
increased tendency for protein aggregation (18,22). Although we cannot
rule out the possibility that binding partners may also contribute to the
tendency to aggregate, the primary effect of the p.D40G mutation in our
model appears to be the disruption of the intramolecular interaction
between the Ct and Nt domains, independent of the presence of ca?t.
Interactions with other partners are likely to occur only after the Nt and
Ct are freed from this intramolecular association. Together, these mo-
lecular insights into ANXA1ll's calcium-dependent conformational
regulation and its disruption by ALS-linked mutations provide a mech-
anistic understanding of how alterations at the protein level may
contribute to the pathological protein aggregation and cellular
dysfunction observed in ALS.

4. Material and methods
4.1. ANXA11 Nt, Ct and Ntp49g domain production

Variations of previously published purification protocols were used
to obtain soluble, highly pure isolated ANXA11 Nt (residues 1-191)
domain (12). A modified purification protocol was instead adopted for
the Ct (residues 201-505), the Ntp4og mutant (p.D40G mutant, residues
1-191), and the Helix-turn-helix portion (HtH) of the Nt domain (resi-
dues 37-70).

The N-terminal (Nt, residues 1-191), C-terminal (Ct, residues
201-505), NtD40G and HtH fragments of ANXA11 were produced as
thioredoxin fusion proteins, a strategy employed to enhance protein
solubility, using constructs cloned into a pET His6é TEV LIC plasmid.
Expression was carried out in E. coli BL21 (DE3) cells grown in LB
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supplemented with 100 pg/mL ampicillin at 37 °C until OD600 reached
0.6, followed by induction with 1 mM IPTG at 20 °C overnight. Cells
were lysed in buffer containing 20 mM Tris-HCI pH 7.5, 150 mM NaCl
for Ct or 20 mM NacCl for Nt and Ntpsog, 10 mM imidazole, 1 mM DTT,
and 1 mM PMSF. Soluble proteins were purified by Ni-NTA chroma-
tography using an elution buffer matching the lysis buffer but containing
300 mM imidazole. For the Ct domain, eluted fractions were collected in
tubes supplemented with EDTA to a final concentration of 50 mM. When
necessary, the thioredoxin tag was removed by TEV protease digestion
overnight at 4 °C during dialysis against SEC buffer (20 mM Tris-HCl pH
7.5, 150 mM Nacl for Ct, and 20 mM NaCl for Nt, HtH and Ntp4og).
Proteins were further purified by reverse Ni-NTA chromatography and
size-exclusion chromatography on a Sephadex 75 10/300 column.
Chromatograms showed a single peak corresponding to the monomeric
form of each domain.

4.2. Circular dichroism (CD)

CD spectra were acquired using a Jasco J-815 spectropolarimeter
equipped with a Jasco PFD-425S Peltier system. Measurements were
performed in a 0.1 mm path length quartz cuvette under a continuous
nitrogen 5.5 flow to minimize oxygen interference at wavelengths near
200 nm. Protein samples were prepared at 0.1 mg/mL in 20 mM Hepes
buffer, pH 7.5. Spectra were recorded in the 190-260 nm range at a
scanning speed of 100 nm/min. Each spectrum represents the average of
three consecutive scans. Secondary structure estimation was performed
using K2D2 and K2D3 algorithms. Thermal unfolding profiles were
recorded by monitoring the CD signal at 222 nm from 5 °C to 75 °C ata
heating rate of 1 °C/min. Spectra were collected at 5 °C, 25 °C, 30 °C,
40 °C, 50 °C, 60 °C, and 75 °C.

4.3. Differential scanning calorimetry

The DSC experiments were performed using VP-Capillary DSC,
Malvern Instruments Ltd. Worcestershire, UK. The samples were placed
in the calorimeter in a 200-pl sample cell against a 200-pl -ml reference
cell that was filled with a blank solution consisting of the Ct of protein
containing its own buffer. Both tdx-Ct fused protein and thioredoxin
were used at 14 pM in all experiments. The cells were equilibrated inside
the calorimeter for 10 min at 25 °C before heating up to the final tem-
perature at a given rate. Cycles of cooling and reheating of the samples
were performed to obtain the background for buffer subtraction or to
test the hypothetical refolding. Replicate runs did not vary more than
0.25 °C. The denaturation temperature Ty, and the AH were determined
by fitting the data with the ORIGIN embedded program suite. To
perform the analysis at different scan rates, the cells were pre-
equilibrated with at least 10 cycles of buffer in the same setup of the
experiment.

4.4. Fluorescence Measurements of the Ct with Ca®*

Fluorescence measurements were performed on a PerkinElmer® LS-
55 spectrofluorimeter equipped with a liquid thermostated cell holder
set at 25 °C. Excitation was set at 277 nm and emission spectra were
recorded from 292 to 400 nm. Protein concentration was 6 pM, scan
speed 50 nm/min, with excitation/emission slit widths of 5.0 and 8.0
nm. Protein samples were prepared in 200 pL of buffer (20 mM HEPES,
150 mM NaCl, pH 7.5). Calcium titrations were carried out by successive
additions of CaCl: to reach final concentrations from 0 to 32 pM, without
altering protein concentration, and the intrinsic fluorescence of tyrosine
residues in the protein structure was used to monitor changes in the
microenvironment upon calcium binding (23,24) and each addition,
solutions were mixed and spectra acquired. Control experiments were
performed by adding equivalent buffer volumes instead of CaCl..
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4.5. Microscale Thermophoresis measurements

The binding affinity between the Ct and Nt domains, as well the
interaction with Nt 37-70 (Helix-turn-helix, HtH) and the interaction of
the Ntpsog variant with Ct, were investigated by microscale thermo-
phoresis (MST) using a Monolith NT.115 instrument (NanoTemper
Technologies, Munich, Germany). Measurements were performed using
the Nano Red LED at 100% excitation power and MST power at 40%. Ct
was labeled with the Protein Labeling Kit RED-NHS 2nd Generation
(MO-L011, NanoTemper Technologies, Munich, Germany), yielding ~7
pM labeled protein with a labeling degree of ~0.6. The Nt-Ct binding
was measured using 5 nM labeled Ct and Nt concentrations ranging from
0.75 nM to 25 pM. Ntpgog/Ct and HtH-Ct binding was measured under
the same conditions as Ct/Nt. All MST measurements were carried out at
20 °C in 20 mM Tris-HCl and 20 mM NacCl buffer, pH 7.5, with 0.05%
Tween-80, and data were analyzed using MO Affinity Analysis software
v3.0.5 (NanoTemper Technologies, Munich, Germany).

4.6. Isothermal titration calorimetry measurements

The calorimetric titrations were performed in a VP-ITC microcalo-
rimeter at 25 °C (MicroCal, Malvern-Panalytical, Malvern, UK). A pro-
tein solution of 13.5 pM (Ct) in the calorimetric cell was titrated with
CaCly solutions previously prepared in chemically matched buffer (Tris-
HCI 20 mM, NaCl 150 mM, pH 7.5). A CaCl: solution at a concentration
of 540 pM was used as titrant. A series of 4-uL injections were performed
with a spacing of 150 s, stirring speed of 500 r.p.m., and reference power
of 10 pcal-s L. The heat evolved after each ligand injection was obtained
from the integral of the calorimetric signal and normalized by the moles
of ligand injected. The heat due to the binding reaction was estimated as
the difference between the observed heat of reaction and the corre-
sponding heat of dilution by including an adjustable term in the fitting
routine accounting for the background injection heat. The experimental
data were fitted using a model with two classes of independent binding
sites (n = 2 per class), reflecting the biphasic nature of the isotherm. The
data analysis for ITC was performed with Origin 7.0 (OriginLab).

4.7. Computational model predictions

In the absence of an experimental ANXA11 (UniProt entry P50995)
structure, a query on the AlphaFold Protein Structure DB built on
AlphaFold 2 (available at https://alphafold.ebi.ac.uk) (25,26) was per-
formed. Then, taking advantage of the recently updated version of the
AlphaFold AI model (27) — available as a web server at https://alphaf
oldserver.com/about — we also predicted ANXA11 structure in the
presence of Calcium ions.

By means of the AlphaFold Server different predictions of ANXA11
(from Ile37 to Asp505) were attempted, in the presence of four Ca®* ions
and in their absence. Each job (producing five different predicted
models) was repeated three times on the platform using a different
randomly generated seed, for each chosen molecule combination. This
allowed us to make a first comparison between the prediction in the
absence of Ca?" ions generated by AlphaFold 2 (obtained from the DB
with entry P50995, Fig. S3a), and the predictions by Alphafold 3.

Careful visual investigation of the models was performed to verify
the quality of the predictions (e.g. absence of steric clashes, loop con-
formations, calcium ion coordination). The resulting structures with and
without Ca®" ions (Fig. S3b and Scc respectively), represented the best
obtained models in terms of predicted template modeling score and
interface predicted template modeling score, and led to a different
outcome in terms of the occurrence of the quaternary interactions be-
tween the Nt and the Ct domain.

In order to shed light on the role of Calcium in ruling the interaction
between the Ct domain and the HtH motif of the N-terminal domain),
the following models were built and simulated: *Nt-Ct, ANXA11 in the
absence of Calcium ions (removing the amino acids from 67 to 190, in
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order to focus only on the interaction between the HtH motif and the Ct
domain); *Nt-Ct-Ca?*, where 4 Calcium ions were added also grafting
the so-called AB-loops, coordinating the ions —i.e. Lys214-Asp219 (Cal,
Fig. S2f), Lys286-Asp291 (Ca2, Fig. S2g), Gly368-Asp375 (Ca3,
Fig. S2h), Arg445-Lys450 (Ca4, Fig. S2i) — accordingly; Ct-Ca®", the
control model of the Ct domain in the presence of Calcium ions, but in
the absence of the Nt HtH motif. Moreover, taking the resulting *Nt-Ct
model and removing the side chain of the Asp40, easily replaced by a H
atom, the disease-associated p.D40G variant (18) was obtained, thus
carrying a glycine in place of an aspartic acid residue at position 40 of
the HtH motif in the N-terminal domain, thus named *Ntp4og-Ct.

The choice of including the structured portion only of the Nt domain
(i.e. HtH motif) in the models (named as *Nt) actually allowed, in the
subsequent MD, to reduce both the noise deriving from a 123 amino
acids-long disordered stretch (#67-#190) and the volume of the simu-
lation box, thus the number of solvent molecules. More specifically, their
absence, rather than being a limitation, opens up the possibility of
directly investigating the effect of the Ca ions on the interplay between
the HtH motif and the Ct domain, or better still its regulation in the
absence of any other possible minor factor.

4.8. Molecular dynamics simulations

The selected predicted protein models were let explore the confor-
mational space available to them in simulations (via equilibrium MD),
with the GROMACS 2024 engine (28); a widespread protocol (29,30)
(details in SI) was applied to set up, minimize and equilibrate the sys-
tems before the 2.5 ps-long production simulations (2 replicas for each
investigated system) using the amber14sb force field (31), the velocity-
rescaling thermostat (32) and the stochastic cell rescaling barostat (33).

For the analysis of the trajectories we employed multiple tools: the
Gromacs suite (34,35) was used for the RMSD, RMSF, contact analysis
and the analysis of the radius of gyration. All the details are provided in
SIL
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