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a b s t r a c t

Gelsolin comprises six homologous domains, named G1 to G6. Single point substitutions in this protein
are responsible for AGel amyloidosis, a hereditary disease causing progressive corneal lattice dystrophy,
cutis laxa, and polyneuropathy. Although several different amyloidogenic variants of gelsolin have been
identified, only the most common mutants present in the G2 domain have been thoroughly character-
ized, leading to clarification of the functional mechanism. The molecular events underlying the patholog-
ical aggregation of 3 recently identified mutations, namely A551P, E553K and M517R, all localized at the
interface between G4 and G5, are here explored for the first time. Structural studies point to destabiliza-
tion of the interface between G4 and G5 due to three structural determinants: b-strand breaking, steric
hindrance and/or charge repulsion, all implying impairment of interdomain contacts. Such rearrange-
ments decrease the temperature and pressure stability of gelsolin but do not alter its susceptibility to
furin cleavage, the first event in the canonical aggregation pathway. These variants also have a greater
tendency to aggregate in the unproteolysed forms and exhibit higher proteotoxicity in a C. elegans-
based assay. Our data suggest that aggregation of G4G5 variants follows an alternative, likely
proteolysis-independent, pathway.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Gelsolin (GSN) is a multifunctional regulatory protein responsi-
ble for the assembly, disassembly and scavenging of actin fila-
ments through its severing and capping activities [1,2]. The
protein is organized in six homologous domains (G1-G6), sharing
the same GSN-like fold [3], each hosting at least one
Ca2+-binding site. In a Ca2+-free environment, the six domains are
closely packed together. Calcium binding induces both subtle local
and large global conformational changes [3–6], where actin bind-
ing surfaces of G2, G1 and G4 become exposed to solvent. The crys-
tal structure of the activated C-terminal half of GSN with or
without actin [4,7] has a structurally conserved G4:G5 interface,
suggesting that the interaction between the two domains is rele-
vant for the inactive as well as the activated conformations of
the protein.

Single point mutations of GSN gene are responsible for a sys-
temic form of amyloidosis called Familial Amyloidosis Finnish type
(FAF), also known as AGel amyloidosis (AGel). This autosomal
dominant disease, first reported by Jouko Meretoja in 1969 [8],
causes progressive deposition of amyloid fibrils in different organs
and tissues [9–16]. Currently there is no pharmacological treat-
ment blocking or slowing any form of AGel, and only symptomatic
treatments are offered to improve the overall quality of life. AGel
patients accept several surgeries, transplants and other invasive
and expensive medical procedures, which, however, do not remove
the source of toxicity [17,18].
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The most common forms of AGel are caused by substitutions in
G2, including D187N/Y mutations which result in systemic pro-
gressive deposition of amyloids [9,10], and N184K and G167R
mutations, associated with kidney-localized aggregates [19–21].
The molecular mechanisms underlying D187N/Y and N184K amy-
loidosis are well understood. These substitutions compromise the
G2 calcium binding site, leading to overall destabilization of the
domain [6,22–24], with exposure of an otherwise buried peptide,
which is aberrantly cleaved by furin in the Golgi [25]. The major
product of furin activity, the C68 fragment, becomes a substrate
of matrix metalloproteinases (MPP) and the proteolytic cascade
eventually leads to the production of two aggregation-prone pep-
tides of 5 and 8 kDa [26].

The mechanism of G167R aggregation instead still needs to be
fully elucidated. Although this variant shows local destabilization
and susceptibility to furin proteolysis similar to the others, this
mutation also promotes domain-swapped oligomerization of the
protein [27–29].

Several novel pathological variants have now been reported
[30–35], and A551P, E553K, and M517R cluster at the interface
between G4 and G5. Little is known about the pathological mech-
anisms underlying these recently-identified AGel forms. As furin is
a sequence-specific protease, G4 and G5 domains do not harbor
any putative site potentially recognized by this protease.

Possible furin-alternative processes have been suggested for a
sporadic form of AGel associated with the deposition of wild-
type (WT) GSN, which is resistant to furin proteolysis [36]. Ex vivo
mass spectrometry of amyloid deposits from AGel patients carry-
ing the G167R [20], A551P [30,37] and unidentified mutations
[19] revealed fragments not corresponding to the 5 and 8 kDa pro-
duct of furin and MMP proteolysis. It is not yet known whether
these peptides originate from alternative proteolytic patterns or
from the fragmentation of full-length GSN during the analysis.

The three novel pathological variants, A551P, E553K and
M517R, are ideal candidate systems to cast light on alternative
amyloidogenic pathways. While awaiting more clinical and
histopathological findings to reveal the nature of the aggregated
material, we here present a molecular profiling of the variants,
evaluating their folding stability, aggregation and protetoxic
potential and the impact of the substitutions on structure and
dynamics of the protein.
2. Results

2.1. G4:G5 variants do not boost GSN susceptibility to furin or impair
its physiological activity

All the amyloidogenic GSN variants characterized so far in
domain G2 had increased susceptibility to furin-dependent prote-
olysis in vitro [24,27,28,38]. To investigate whether A551P, E553K
and M517R substitutions affect the proteolysis, we first examined
their sensitivity to furin, using the WT and D187N GSN as controls.
As expected, only the D187N variant produced a significant
amount of the C68 fragment, the larger product of furin proteoly-
sis. Two additional faint bands were also observed for all variants.
These bands previously reported in similar experiments were
interpreted as a product of unspecific proteolysis [24] (Fig. S1).

The PROSPER algorithm, a machine learning-based predictor of
protease cleavage sites, excluded that the single point substitu-
tions of A551, E553 and M517 could generate novel protease cleav-
age sites [39].

We tested whether the mutations affect GSN’s physiological
function, i.e. its ability to bind and sever actin filaments in a
pyrene-labeled fluorometric assay. Under Ca2+-free conditions,
where GSN adopts the closed and compact conformation, actin
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binding and severing activity were negligible (0.62 ± 0.01 h�1 for
WT) and no pathological mutant analysed so far behaved differ-
ently [4,28]. The same was true for the A551P and M517R variants
(respectively 1.10 ± 0.01 and 0.78 ± 0.01 h�1) but not for E553K
mutant which surprisingly showed a six times higher severing
activity (3.80 ± 0.01 h�1) even in the absence of Ca2+ (Fig. 1).
Although such Ca2+-independent activity is probably not high
enough to be relevant in a physiological environment, it does sug-
gest that E553K substitution compromises the compact inactive
state of the protein. In the presence of Ca2+, all the tested variants
had high severing efficiency, similar to that of the WT protein, sug-
gesting there is no loss-of-function associated with these GSN
substitutions.

2.2. G4:G5 mutations affect both the stability and the unfolding
behavior of GSN

To investigate the effects of the G4 and G5 mutations on the sta-
bility of GSN, the three variants were subjected to temperature and
pressure denaturation studies following circular dichroism (CD)
and tryptophan fluorescence signals, and the analysis was repeated
for the two functional states of GSN, active and inactive. Both tech-
niques showed that G4:G5 substitutions significantly destabilize
the protein fold.

Although irreversible, thermal denaturation of GSN was suc-
cessfully used to characterize other G2-linked pathological vari-
ants (D187N, N184K and G167R) [27–29]. In the absence of Ca2+,
WT GSN displays prototypical single transition behavior, consis-
tent with the compact and nearly globular conformation of the
protein (Fig. 2A). In the presence of the ion, WT GSN unwinds,
many inter-domain contacts are modified or lost, and denaturation
takes place through a multi-state process [27,28]. Surprisingly, all
the variants also showed different qualitative behaviors, suggest-
ing a complex role of the mutated residues. The A551P mutation
led to stepwise denaturation even in the absence of Ca2+, while a
single transition was always observed for the E553K and M517R
variants.

Because of the differences in melting patterns, to quantify the
mutation-dependent destabilization we investigated the tempera-
ture of the first denaturation events (temperature of onset, Ton). Ton
for mutated GSN were lower than those of WT protein (Table 1). In
the absence of Ca2+, DTon (mutant-WT) is �9 �C for A551P, �13 �C
for E553K, and �9 �C for M517R. The addition of Ca2+ had little
effect on the Ton of WT and A551P proteins, while the extent of
destabilization was conformation-specific for E553K and M517R.
E553K appeared to be the most unstable of all the variants, with
a Ton of 39.9 ± 2.3 �C in the absence of Ca2+ (in agreement with
the actin-severing activity, Fig. 1B).

We also investigated the thermal stability of the G5 variants on
the isolated domain. The A551P substitution (Fig. S2) induced only
slight destabilization of the isolated domain compared to G5-WT
(Tm 63.4/55.8 �C with/without Ca2+), with a DTm of �4.4 �C in
Ca2+ and �5.1 �C without Ca2+, while E553K substitution strongly
destabilized G5-E553K, with DTm, respectively, �14.0 �C and
�19.3 �C compared to G5-WT.

The impact of the mutations on the stability of full-length GSN
proteins was also checked by pressure-induced denaturation fol-
lowed by intrinsic fluorescence emission. Besides the folding state
of the individual domains, Trp fluorescence monitors the loss of
inter-domain contacts and is thus informative of the conforma-
tional state of the protein. Denaturation can be modeled by a stan-
dard two-state equation with sloping baselines (Fig. 2B), a pattern
already observed in chemical denaturation studies on WT and
D187N/Y GSN [23], and interpreted as the result of highly dynamic
folded and unfolded states. Pm and DV0 (reported in Table 1),
defined, respectively, as the pressure of the transition midpoint



Fig. 1. Susceptibility to furin proteolysis and actin-severing activity. A. WT, D187N, A551P, E553K, M517R GSN were analyzed by SDS-PAGE before (t0) and 18 h after
incubation (t18) with furin. Full-length (FL) and C68 fragment are indicated. B. Actin-severing activity of WT and mutated GSN was evaluated with and without saturating
Ca2+ by measuring the fluorescence intensity of pyrene-labeled f-actin over time.

Fig. 2. Impact of the mutations on temperature and pressure stability. A. Thermal denaturation of WT GSN and A551P, E553K, and M517R variants analysed by circular
dichroism spectroscopy, both without (darker tracing) and with (lighter trace) saturating Ca2+. B. Pressure-induced denaturation at 20 �C followed by the change in
tryptophan fluorescence emission (same color code). Vp is the center of spectral mass (nm) of tryptophan emission. Lines show the fit of the data with a two-state equation
with sloping baselines [40].
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and the volume change between folded and unfolded states, are
used to quantify the mutation-dependent destabilization.

Pm showed good agreement with the thermal denaturation Ton
and confirmed the stability scale: WT > A551P � M517R > E553K.
All the variants had a reduction of the difference in stability
between the Ca2+ bound/unbound states compared to the WT
6357
(DPm = 155 MPa), modest for A551P (DPm = 115 MPa) and more
pronounced for E553K and M517R (85 and 73 MPa).

Assuming similar unfolding states for all the variants and in all
conditions, higher net DV0 values suggest a more compact folded
molecule. In fact, net DV0 was higher for the globular inactive
GSN (�152 mL/mol) than in its dynamic and extended Ca2+-



Table 1
Stability parameters for WT and mutated GSN. Mutation-dependent destabilization was evaluated with or without Ca2+ in thermal denaturation experiments followed by
circular dichroism in the far-UV region, and the temperature of onset of denaturation is reported (Ton). Protein stability was measured under the same experimental conditions, in
pressure denaturation studies followed by intrinsic fluorescence at 20 �C. The pressure of midpoint denaturation (Pm) and the difference of volume of the system, unfolded-folded
(DV0), are tabulated. Standard errors are reported.

Ton (�C) Pm (MPa) DV0 (mL/mol)

�Ca2+ +Ca2+ �Ca2+ +Ca2+ �Ca2+ +Ca2+

WT 53.0 ± 2.7 53.8 ± 3.0 174 ± 18 333 ± 21 �152 ± 16 �118 ± 8
A551P 44.2 ± 1.8 46.4 ± 3.8 116 ± 16 226 ± 25 �109 ± 9 �125 ± 7
E553K 39.9 ± 2.3 46.8 ± 3.7 86 ± 10 157 ± 14 �103 ± 8 �91.3 ± 9
M517R 44.3 ± 3.7 49.6 ± 1.7 121 ± 16 214 ± 13 �122 ± 17 �34 ± 1
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bound conformation (�119 mL/mol). In comparison with WT, all
mutations caused 20–30% reduction of net DV0 under Ca2+-free
conditions, particularly for A551P and E553K (�109 and �103
mL/mol), while the impact on this parameter in the presence of the
ion is harder to interpret. In particular, M517R had a very low value
(-34mL/mol) but this was probably because of a loss of cooperativity
of the process, as suggested by the gradual denaturation curve.
2.3. G4:G5 mutations give aggregation propensity to the unproteolysed
full-length protein

To dissect the determinants and mechanisms underlying the
pathological deposition of the A551P, E553K and M517R variants,
we investigated their aggregation propensity in vitro, with the
Thioflavin T (ThT) assay. This fluorogenic compound is specific
for amyloid-like structures both as soluble prefibrillar aggregates
and mature fibers and this property makes it widely used in diag-
nostics and kinetics studies.

The aggregation propensity of the G4:G5 variants, WT and
D187N proteins, in the presence and absence of Ca2+, was evalu-
ated at 37 �C under stirring (Fig. 3). In the presence of Ca2+, there
was no increase of ThT signal for WT and mutated GSNs over
five-day incubation. Behavior was similar in Ca2+-free conditions
for WT and the G2-linked D187N variant, which were already
reported not to aggregate in their unproteolysed form and under
near-physiological conditions [26]. In contrast, for the A551P,
E553K and M517R variants there was an increase of the ThT signal
indicative of their propensity to aggregate. This was particularly
evident for E553K and M517R.

A sequence-based amyloigenicity analysis with Amylpred2 [41]
identified several potential aggregation-prone sequences in WT
Fig. 3. Aggregation propensity of WT and mutated GSN. Propensity to form aggregates
performed with or without saturating Ca2+.
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GSN, in addition to the well-known amyloidogenic core in G2
[10]. Some of these sequences are close to the G4:G5 interface
(Table S1), suggesting that their exposure due to fragmentation
or misfolding of G4 and G5 domains may also lead to GSN
deposition.
2.4. Both sequence and structure contribute to G4:G5 mutants
(proteo)toxicity

We employed a C. elegans-based toxicity assay to characterize
the proteotoxic potential of the novel G4:G5 variants in vivo. C. ele-
gans specifically reacts to the toxic assemblies of amyloidogenic
proteins, with a reduction of the function of its pharynx, defined
as its pumping rate [42–45]. Employing this approach, we had
already noted a good correlation between the mutation-induced
destabilization and amyloidogenicity of isolated G2 domains [24].
Full-length proteins were administered to worms, with or without
Ca2+ (Fig. 4A–D). In the absence of Ca2+ experiments were also
repeated after a 5 days incubation under conditions similar to
those of the aggregation experiments (Fig. 4E–F). The pumping rate
of nematodes was measured 2 h and 24 h after the feeding to
assess the transient and permanent toxic effects.

In the presence of Ca2+, all GSN variants reduced pharyngeal
activity by 13% (WT) to 37% (M517R) (Fig. 4A). The effect lasted
over time except for theWT and the A551P protein, which reverted
to vehicle levels 24 h after feeding (Fig. 4B). The overall toxic effect
was less when the mutated proteins were given to the worms
without Ca2+, and the WT protein was not recognized as toxic
under these conditions. Pharyngeal pumping at 2 h was reduced
by 10–27%, following the same toxicity scale as in the presence
of Ca2+ (Fig. 4C). Under this experimental condition, the A551P
was evaluated by fluorimetric ThT assay on 10 mM GSN samples. Experiments were



Fig. 4. In vivo toxicity of full-length GSN is related to the protein sequence and conformation. A-D. Proteotoxicity of GSN samples and control (vehicle) was evaluated
with or without Ca2+. Data are mean ± SE (N = 30/group). *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 vs Vehicle, one-way ANOVA and Bonferroni post hoc test. E, F.
Proteotoxicity was evaluated also after a 5-day incubation at 37 �C in the absence of Ca2+. Data are mean ± SE (N = 10/group). *p < 0.05, **p < 0.005 and **** p < 0.0001 vs
Vehicle and ++++ p < 0.0001 vs mutated GSN. Pharyngeal activity was determined 2 h (A, C, E) and 24 h (B, D, F) after feeding GSN variants by counting the pharyngeal bulb
contractions (pumps/min).
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variant became able to induce permanent dysfunction (Fig. 4D).
Aging of D187N, M517R and A551P proteins resulted in a similar
reduction of the pharyngeal function rated 2 h after the treatment,
whereas E553K was much more toxic after the incubation (Fig. 4E).
The toxicity of the aged forms of D187N, E553K and M517R, but
not A551P, increased over time, indicating their strong ability to
permanently affect the worms’ pharyngeal function (Fig. 4F). These
data suggest that the various mutations induce destabilization of
the proteins over time, with different toxic properties.

Since thermal stability and time-dependent experiments
showed abundant amorphous precipitation of the most destabi-
lized variants, we also examined whether protein denaturation
by flash-heating affected their proteotoxicity (Fig. S3). Denatured
proteins lose their ability to impair the pharyngeal function of
worms, demonstrating that C. elegans specifically recognizes the
mutation-dependent toxicity of the folded proteins, whether in
the open, closed or aggregated conformations.

2.5. The mutations affect the structure and dynamics of the G4-G5
domains

To dissect the structural determinants of the mutation-
dependent destabilization, aggregation propensity and proteotoxi-
city we ran X-ray crystallography and molecular dynamics studies.
The elusive Ca2+-bound conformation of full-length GSN has never
been obtained, but crystallogenesis of the Ca2+-free protein is gen-
erally reproducible. All G2-linked mutants and the WT protein
were previously crystallized in similar conditions, for easy compar-
ison (same crystal lattice and similar quality of diffraction data), of
atomic models [3,28,29]. Despite multiple trials, E553K and M517R
proteins only grew poorly diffracting crystals, underlining once
more the high destabilization of these substitutions.

Crystals of A551P in the Ca2+-free conformation, instead, dif-
fracted to 3.0 Å. The quality of the diffraction data and of the model
is comparable to previously published structures (Table S2). Most
of the residues belonging to the six homologous domains could
be unambiguously traced in the electron density with the excep-
tion of some flexible linkers and a few stretches of G5. In this
domain noisy electron density did not allow accurate placement
of side chains and sufficient levels of detail for fine orientation
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even of the backbone, which obliged us to model a near-ideal
structure similar to that of WT (Fig. S4). Analysis of the normalized
B factor/residue becomes a valuable tool to quantify the increase in
dynamics of the G4G5 portion of the protein (Fig. 5A). The G5
domain has greater conformational flexibility even in the WT pro-
tein. A551P substitution did not significantly increase the dynam-
ics of the mutation site but rather that of the already flexible
stretches, residues 450–460, 525–540 and 570–575.

Unrestrained explicit-solvent molecular dynamics simulations
of the G4-G5 pairs (residues 412–630) were then run to explain
the role of the substitutions in the destabilization of the domains.
The A551P, E553K and M517R variants were subjected to triplicate
runs, each 1 ls long, which is sufficient to observe mutation-
induced local rearrangements but not long enough to sample
large-scale conformational changes, such as those required for
amyloid-like aggregation.

As a first analysis, we identified the most mobile regions of the
structures, computing the fluctuation of each residue with respect
to their initial position over the simulation time, plotted as B factor
in Fig. 5B. In accordance with the crystallographic data, the areas of
greater conformational flexibility common to all the analysed vari-
ants are the linker connecting the G4 and G5 (residues 520–530)
and the 450–460 loop. Interestingly, E553K had greater flexibility
also in the region between residues 540 and 550, which lies at
the interface between the G4 and G5 domains. This flexibility
may explain the actin severin activity, suggesting that this inter-
face might be partially opened and bind actin. There was a strong
local effect for the M517R variant, with a B factor peak correspond-
ing to the mutation site.

To rationalize the structural impact of each point mutation we
superimposed the starting protein configurations and those after
1 ls of simulation and calculated the corresponding root-mean
squared distance (RMSD), equal to 1.85, 2.10, 2.30 and 2.54 Å,
respectively, for the WT, A551P, E553K and M517R proteins
(Fig. 6). Comparison of these RMSD for the three variants suggests
increasing dynamicity of the overall G4-G5 portion, which is 13% to
37% higher than in the WT.

Both in the Ca2+-bound and Ca2+-free forms of WT GSN [3,7], G4
and G5 domains are paired within an interface consisting of two
parallel b strands (residues 517–520 and 549–553). The two



Fig. 5. Mutation-induced local conformational flexibility. A. Displacement of atoms of the backbone of the G4-G5 region are reported as the temperature factors of the
atomic models from crystallographic data for the WT protein (PDB id: 3FFN [3]) and A551P (this study). Both are expressed as Wilson B-factors, normalized in the latter
analysis (B z-score). B. Displacement of atoms of the backbone of the G4-G5 region are reported as the fluctuations with respect to their initial position through molecular
simulations of a G4-G5 construct.
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domains establish tight packing through an extended H-bond net-
work that contributes to global folding and stability of the protein.
In the A551P mutant there was a loss of the planarity of both edge
b-strands of G4 and G5 and of some helical portions. Proline resi-
dues are b breakers and impair strand-strand interactions [46].
The inter-strand bond between A551 and M517 was lost because
the closure of amino N in a pyrrolidine ring exhausts the electronic
demand for N (Fig. 6A). In the WT protein, E553 is involved in salt
bridges with the guanidine of residue R537 and the amide group of
K251, which confers high conformational stability (Fig. 6B). The E
to K substitution caused local rearrangements due to charge repul-
sion, which led to increased local flexibility. M517Rwas the variant
with the largest RMSD and showed strong destabilization of the
G4:G5 interface. In the WT protein M517 extends its side chain
towards a sulphur-aromatic motif (S-p, [47]) which includes resi-
dues F441, W466, M509 and F512 in the core of G4 (Fig. 6C). The
M517R mutation caused important upheavals of the S-p motif, as
it introduces a charged and bulky residue. In addition to the loss
of the p-S bond, the long side chain of R discouraged stabilizing
interactions with neighboring residues.

To support the qualitative information about the destabilization
of the G4:G5 interface induced by the mutations, we ran a statisti-
cal analysis of the strength of the hydrogen bond network between
the backbone of the strands at the G4:G5 interface, measuring the
occupancy of each inter-strand interaction along the simulations.
This analysis (details in Fig. S5) showed a loss of H-bond connectiv-
ity of the interface for the three variants, equal to �0.2, �1.19 and
�1.25 bonds, respectively, for M517R, E553K and A551P.
6360
3. Discussion

Increasing numbers of amyloidogenic variants of GSN have
been identified over the years as responsible for AGel, but only
those hosting the substitutions in the G2 have been so far charac-
terized at a molecular level. Little is known about the recently
identified A551P, E553K and M517R mutations hosted in the inter-
face between G4 and G5 domains, whose aggregation very likely
follows an alternative pathway. The G4:G5 interface does not har-
bor any putative site potentially recognized by furin (the protease
is sequence-specific), nor should the mutations affect the stability
of G2 or its susceptibility to proteolysis, thus representing an ideal
candidate system to explore alternative amyloidogenic pathways.

After excluding the furin cleavage as the triggering factor for
aggregation of the three pathological variants and any effect on
the physiological activity of GSN, we focused on the intrinsic stabil-
ity of the proteins, their aggregation propensity and toxicity, and
drew up a structural perspective of the effect of the substitutions
on the protein (summarized in Figure 7, also in comparison with
the already characterized G2-linked substitutions). These findings
are a step forward toward the identification of a link between
mutation and clinical phenotype, which is at the moment limited
partly by the absence of a proper prognostic biomarker for AGel.

The A551P variant was identified in a patient presenting, in
addition to AGel, another rare amyloidosis caused by a mutant of
the transthyretin protein (ATTR-V122I) [30,37]. The patient did
not have any clinical signs typical of AGel and overall A551P depo-
sition appeared to be responsible for a mild phenotype. A551P is



Fig. 6. Structural assessment of the impact of the G4 -G5 mutations on the interdomain arrangement of GSN. Final frames of MD simulation of (A) A551P, (B) E553K and
(C) M517R are represented as cartoon and colored light or darker (domain G4/G5) yellow, blue and magenta, respectively, and superimposed on the final frame of the WT
simulation, in grey. Images on the right show details of the respective mutation sites: mutated and interacting residues or those displaying significant displacements are
shown as sticks and labeled. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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also the only G4:G5 variant whose clinical findings hint at a novel
underlying molecular mechanism, since ex vivo analysis of the
deposits identified non-canonical peptides, either products of
alternative proteolytic pathways or of the deposition of the full-
length protein. As expected, the impact of A551P mutation on
the molecular features of GSN is mild (Fig. S6), with no large rear-
rangements and only modest destabilization of the protein. The
A551 residue is hosted by the edge b-strand of G5, and substitution
with a proline causes the loss of one H-bond and distortion of the
strand itself, which loses its planarity, and weakens the connectiv-
ity of the interface (Fig. 6A and Fig. S5). Yet such minor rearrange-
ments, in particular under Ca2+-free conditions, are sufficient to
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disturb the overall protein architecture and metastability basins,
and expose aggregation-prone stretches of the protein.

The S-p motif, of which M517 is part, appears to be a major
determinant of G4 stability. The M517R substitution destroys the
cluster of hydrophobic residues deep in the domain core, due to
the insertion of a charged and bulky residue. As a result, M517R
is the variant showing the widest flexibility spectrum (Fig. S6D),
with a B factor peak in the mutation area. However, this increased
conformational flexibility only results in modest destabilization, in
the A551P range (Fig. S6C), as evaluated by thermal and pressure
denaturations of the full-length protein. Although this mutation
has a strong impact on protein structure and dynamics, the effect
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is only localized and the slight destabilization of the overall archi-
tecture of the protein is likely to be only a consequence of the mis-
folding of the domain hosting the mutation. We observed the same
mechanism for other, previously characterised, GSN mutations
[24,28,38]. The M517R mutant is the one with the highest propen-
sity to form aggregates, and also the highest transient toxicity in
the C. elegans assay (Figure S6E–F). These findings suggest that
future studies should focus on the domain hosting this mutation,
looking for aggregation-prone sequences or cleavage sites of yet-
to-be-identified proteases.

At the time when this manuscript was being finalised, a novel
pathological variant, W466R, was identified in the same S-p motif
in G4 (Fig. 6C) [49]. This variant causes a clinical phenotype similar
to M517R, E553K and the classical D187N/Y mutations, including
corneal lattice dystrophy, cutis laxa and peripheral neuropathy.
The substitution introduces a positive charge in an otherwise
hydrophobic region, suggesting a similar destabilization mecha-
nism underlying both M517R and W466R variants.

The strongest molecular phenotype was for the E553K variant
(Fig. S6), the one with the lowest thermal and pressure stability
both when measured on the isolated domain and on the
full-length protein, suggesting that the substitution disturbs the
folding of the G5 domain and its interaction with G4. The mutated
protein adopts a partially opened conformation - i.e. active and
able to bind actin - even in the absence of calcium. None of the
pathological variants so far characterized showed a similar beha-
viour [28,29] However, loss of the Ca2+ -dependent modulation of
the actin-severing activity was obtained by engineering double to
quadrupole mutations at G2 and/or G6 calcium binding sites [3].
With denaturations near to physiological conditions, it was chal-
lenging to characterize this labile variant. Abundant amorphous
deposition was observed in all time course experiments but these
insoluble aggregates were not toxic. The variant is also prone to
form ThT-positive and toxic soluble aggregates, similarly to
M517R, with which it shares a similar clinical picture, but aggra-
vated in E553K patients also by cardiac involvement [31,32]. In
the E553K protein, a basic residue replaces an acidic one in an area
already crowded with positive charges, leading to intra- (G5) and
inter-domain (G4:G5) charge repulsion. As a consequence, the
two domains are pushed away and local connectivity is signifi-
cantly impaired. There was a good correlation between propensity
to aggregate and toxicity for the E553K variant, where we observed
the greatest permanent impairment of pharyngeal pumping at T5.
This time-dependent increase of toxicity is another unique feature
of E553K, previously observed for other amyloidogenic proteins in
the same C. elegans assay. For these better characterized systems it
was correlated with the formation of toxic soluble oligomers
[43,50,51]. Whether this is due to quantitative or qualitative fea-
tures of the aggregates remains to be established.

In conclusion, we identified a novel hotspot of GSN instability
and pathogenicity: the interface between domains G4 and G5.
Another intradomain interface (G2:G3) was recently shown to be
relevant for GSN amyloidogenicity [29]. Researchers were in fact
able to reproduce the amyloidogenic pathway underlying the
deposition of D187N/Y GSN by engineering mutations that impair
the interaction between domains G2 and G3. We also demon-
strated that different mechanisms of destabilization, namely
strand distortion, charge repulsion and steric hindrance, can all
cause local destabilization or loss of connectivity sufficient to relax
the GSN global architecture (Fig. 7). The reorganization of the
domains, in particular in the absence of calcium ions, that stabilize
the individual domains, leads to the exposure of stretches of the
protein prone to aberrant interactions. This novel mechanism of
GSN pathological aggregation is proposed here to stimulate more
clinical research, particularly on the chemical nature of patients’
deposits. Although the larger number of diagnoses, including those
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caused by new variants, suggest an increased awareness of the dis-
ease, AGel is still understudied.
4. Materials & methods

4.1. Protein production

The A551P, E553K and M517R variants in the full-length gel-
solin and the isolated G5 domain were produced by site-directed
mutagenesis, using the WT construct as a template and the Q5�

Site-Directed Mutagenesis Kit (New England BioLabs). Primers
were designed using the manufacturer’s software (nebasechan-
ger.neb.com). Wild-type (WT) full-length human GSN and the
three variants were expressed as heterologous proteins in E. coli
cells and purified following the protocols reported in [27,28], and
WT G5 domain and its A551P and E553K variants were produced
using the protocols for the isolated G2 reported in [27,38]. Briefly,
all the proteins were produced in E. coli SHuffle� (New England
Biolabs) and expression induced upon addition of 1 mM IPTG for
16 h at 18 �C in Luria Bertani broth. After harvesting, cells were
resuspended in 20 mM sodium phosphate pH 7.4, 500 mM NaCl
(for isolated domain we add 10% glycerol and 20 mM imidazole),
protease inhibitor cocktail (cOmplete, EDTA-free, Roche) and
10 mg/ml of Deoxyribonuclease I from bovine pancreas and
20 mM MgSO4. Cells were then lysed by high pressure in a Basic
Z Bench top (Constant Systems Limited, U.K.) at 25 kPSI and cen-
trifuged at 38,700 RCF for 450. Full-length variants were purified
by affinity chromatography using a HisTrap HP column (all column
materials were purchased from GE-Healthcare), followed by anion-
exchange (Resource Q) and size-exclusion chromatography on a
HiLoad 16/600 Superdex 200 column with buffer 20 mM HEPES
pH 7.4, 100 mMNaCl, 1 mM EDTA, 1 mM EGTA. For the purification
of isolated G5 variants, the affinity chromatography was followed
by the cleavage of the 6xHis-tag (5U of thrombin/mg of G5 for
1 h at room temperature) and then the sample was passed through
a HiLoad 16/600 Superdex 75 column equilibrated with 20 mM
HEPES pH 7.4, 100 mM NaCl, 3 mM CaCl2. All proteins were con-
centrated to 10 mg/ml and stored at �20 �C.

4.2. Furin proteolysis assays

Furin cleavage assays were done as reported in [24] using 4 U of
commercial furin enzyme (New England BioLabs Inc., Ipswich,
Massachusetts, USA) and 1 mg/ml of the WT, D187N, A551P,
E553K e M517R variants in 20 mM MES, pH 6.5, 100 mM NaCl,
1 mM CaCl2. The final volume of each reaction mix was 60 lL.
12 lL aliquots of the reaction mix were collected right upon addi-
tion of furin (t0) and after overnight incubation at 37 �C (t18). The
reaction was quenched by adding to each sample 4 lL of Sodium
Dodecyl Sulphate (SDS) loading buffer (Bio-Rad Laboratories Inc.,
Hercules, USA) supplemented with 0.7 M b-mercaptoethanol and
by incubating at 90 �C for 3 min. Proteolysis was then monitored
by gel electrophoresis (Nu-PAGE precast gel, Thermofisher scien-
tific) and blue-coomassie staining.

4.3. Fluorimetric actin severing assay

Pyrene-labeled rabbit skeletal muscle globular actin (G-actin;
Cytoskeleton, Inc. (Denver, CO, USA)) was used to evaluate the sev-
ering activity of the pathological variants of gelsolin. Preparation of
the solutions, actin manipulation and conversion of G-actin to fila-
mentous actin (F-actin) were reported elsewhere [52]. Measure-
ments were made at 20 �C with a Cary Eclipse fluorimeter
(Agilent Technologies, USA), with the following settings: excitation
and emission wavelength/slit, respectively, 365/5 and 407/5 nm;



Fig. 7. Different mechanisms of destabilization may trigger alternative amyloidogenic pathways. Graphical description of the impact of mutations on the hosting
domain. Previous studies showed that D187N/Y impairs Ca2+-binding in G2 [23,24,48], with the ion having a structural role, whereas N184K causes similar destabilization due
to a loss of connections, without affecting the capacity to bind the ion [28,38]. Both mutations lead to exposure of a proteolysis-sensitive site and trigger the canonical furin-
dependent aggregation mechanism. Despite the local destabilization and susceptibility to furin proteolysis, the mechanism underlying G167R aggregation still remains to be
fully elucidated [27]. The three mutations focused in this study (A551P, E553K and M517R) are not cleaved by furin, yet they disturb the interface between G4 and G5, where
the substitutions cluster. Three different mechanisms of destabilization were identified: distortion of the edge strand, charge repulsion, destabilization of the G4 fold,
respectively, for the A551P, E553K and M517R variant.
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averaging time 0.1 s. A 3 mL cuvette was used, with a stirring bar
for continuous agitation of the reaction mixture; 400 lL of a 4 lM
F-actin solution were incubated in the cuvette until stabilization of
the fluorescence signal, then 2 lL of 50 lM GSN were added
(0.25 lM final concentration). Once the signal was stable again,
the severing reaction was started by adding 2 lL of a 1 M CaCl2
solution (final free Ca2+ concentration > 1 mM). Data were normal-
ized based on initial and end-point fluorescence measured in the
presence of Ca2+. For the Ca2+-free assays, measurement is started
on addition of the proteins and the depolymerization rate is calcu-
lated by linear fitting over 3 min.
4.4. Denaturation monitored by circular dichroism and fluorescence
emission

Thermal stability of theGSNvariantswas evaluated aspreviously
reported [28]. Briefly, proteins were diluted to 0.2 mg/mL in 20mM
HEPES, pH 7.4, 100 mMNaCl and either 1 mM EDTA or 1 mM CaCl2.
Loss of protein secondary structures was monitored following
circular dichroism at 218 nmduring a 20 to 95 �C temperature ramp
(1 �C/min). The temperature of onset (Ton) of denaturation for the
full-length proteins was calculated by fitting the linear portion of
the curve and at the beginning of the denaturation. For the isolated
domains which showed standard two-state behavior, the melting
temperature (Tm) was calculated as reported [27].

Fluorescence spectra of WT and mutant GSN were monitored at
equilibrium as a function of pressure, from 0.1 to 600 MPa, at 20 �C,
on a homemade apparatus using pulsed excitation (kex 292 nm)
[53]. Fluorescence emission in the spectral range 300–430 nm
was monitored by a back-illuminated 1340x400 pixels CCD camera
(Princeton Instruments Spec-10:400B (XTE) Roper Scientific, Tren-
ton, NJ), cooled to �60 �C. The reversibility of the changes induced
by pressure was checked at the end of each pressure cycle. Pressure
effects were not promptly and completely reversible for all the
proteins analyzed: after 12 h the recovery of the fluorescence char-
acteristics was 70–80% for WT and less (about 50%) for the
mutants, both without (1 mM EDTA) and with Ca2+ (50 mM):
The delayed recovery suggests that after decompression there is
slow, continuous reorganization of the loose structure. Folding/un-
folding transitions of multidomain proteins are usually character-
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ized by a few partially folded equilibrium intermediates in which
folded and unfolded domains coexist [54,55]. Usually these inter-
mediate states are produced fast, and slowly evolve to the native
one [54]. At each pressure, the spectral changes in protein fluores-
cence emission were quantified by determining the center of spec-
tral mass, defined as mP = (RmiFi)/FT) where Fi is the fluorescence
intensity at the wavenumber mi, and FT is the total fluorescence
emitted from the protein. The fraction of unfolded protein was
determined at each pressure from the displacement of mP [56].
Pressure unfolding was analyzed following a two-state model
(N M U) [57], implemented with sloping baseline correction [23].

4.5. Crystallization, structure solution and analysis

For crystallization trials we used an Oryx-4 nanodispenser
robot (Douglas Instrument) with the sitting drop vapor-diffusion
method. Experiments were carried out using A551P concentrated
to 10 mg/mL (120 lM) in 20 mM HEPES, 100 mM NaCl, 1 mM
EGTA, 1 mM EDTA, pH 7.4 at 20 �C. The best diffracting crystals
appeared in 1.3 M ammonium sulfate, 100 mM Tris–HCl, 15% glyc-
erol, pH 8.5. X-ray diffraction data of A551P were collected at
beamline I04 at Diamond Light Source (Harwell Science and Inno-
vation Campus in Oxfordshire). A551P data were processed using
XDS [58] and scaled with AIMLESS [59]. Structures were solved
by molecular replacement with PHASER [60] using the WT gelsolin
crystal structure (PDB ID 3FFN [3]) as a search model. Phenix refine
[61] was used for refinement of the structure and the manual
model was built with Coot [62]. The structure of full-length
A551P (two molecules in the asymmetric unit) was deposited with
PDB ID 7P2B. On account of the better quality of the electron den-
sity for chain A, we used this molecule for the analyses. The struc-
ture was analysed with PyMOL (Schrödinger; DeLano 2002), which
was also used to prepare the figures. B-factors were normalized
(Bz-score) and analyzed as reported in [63].

4.6. Oligomerization kinetics monitored by ThT fluorescence

Aggregation kinetics were followed using an in situ ThT fluores-
cence assay based on the increase of the ThT fluorescence signal
when bound to b sheet-rich structures [64]. The different variants,
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at a final concentration of 10 mM, were incubated under continuous
orbital shaking in 20 mM Hepes buffer pH 7.4, 100 mM NaCl and
either1mMCaCl2or1mMEDTA, at37 �C inmicroplatewells (Micro-
plate Corning 3881, 96-well, low-binding, Corning Inc. Life Sciences,
Acton, MA) with 20 lM ThT and 0.02% NaN3 (100 lL solution/well).
ThT fluorescence was measured every 5 min using an F500 Infinity
plate reader (Tecan Italia Srl, Cernusco Sul Naviglio, Italy). The dye
was excited at 448 nm, and emission was measured at 485 nm.

4.7. Proteotoxicity studies on C. elegans

The Bristol N2 strain was obtained from the Caenorhabditis ele-
gans Genetic Center (CGC, University of Minnesota, Minneapolis,
MN, USA) and propagated at 20 �C on solid Nematode Growth
Medium (NGM) seeded with E. coli OP50 (CGC) for food. The effect
of WT GSN and GSN carrying the D187N, A551P, E553K or M517R
mutation on pharyngeal behavior was investigated as already
described [24]. Briefly, worms were incubated with 1.5 lg/mL of
protein (100 worms/100 lL) in 20 mM HEPES solution containing
100 mM NaCl (Hepes solution) and 1 mM CaCl2 or 150 mM EDTA,
pH 7.4. Hydrogen peroxide (1 mM) was administered in dark con-
ditions as a positive control (100 worms/100 lL). Control worms
were fed 20 mM HEPES solution with 1 mM CaCl2, pH 7.4 (100
worms/100 lL) only.

After 2 h of orbital shaking, worms were transferred onto fresh
NGM plates seeded with OP50 E. coli. The pharyngeal pumping
rate, measured by counting the number of times the terminal bulb
of the pharynx contracted over a 1-min interval (pumps/min), was
scored 2 and 24 h later. In selected experiments C. elegans were fed
1.5 lg/mL GSN (100 mL/100 worms), previously incubated or not at
37 �C for 5 days in 20 mMHepes solution containing 1 mM CaCl2 or
150 mM EDTA. After 2 h of orbital shaking, worms were transferred
onto fresh NGM plates seeded with OP50 E. coli and pharyngeal
activity was determined 2 h and 24 h later, as described above.

For the experiments with the heat-denatured variants, WT,
A551P and M517R proteins at 1.5 lg/mL in 20 mM Hepes solution
containing 100 mM NaCl and 1 mM CaCl2 before and after incuba-
tion at 100 �C for 10 min were fed to C. elegans (100 worms/100 mL).
Control worms (100 worms/100 mL) were treated with 20 mM
Hepes solution containing 100 mM NaCl and 1 mM CaCl2 alone.
Pharyngeal pumping was measured 2 h and 24 h after the treat-
ment as described above.

4.8. MD simulations

Starting configurations for molecular dynamics simulations
were built on the basis of the crystallographic structure of full-
length WT GSN (PDB ID: 3FFN [3]), retaining residues M412 to
L630 of chain A, comprising G4 and G5 domains. The truncation
sites were capped with neutral acetylated and N-methylated ter-
mini. The structures of the three mutants A551P, E553K and
M517R were generated in silico by substitution of the mutated resi-
due. Each mutant and the WT model were parameterized with the
AMBER ff14SB force field; protonation states for pH 7.4 were
assigned with the ProteinPrepare algorithm [65]. The resulting sys-
tem was solvated with TIP3P water in a 79 � 79 � 79 Å3 box, neu-
tralized and ionized with 150 mM NaCl. The preparation and
building steps were conducted using the HTMD package [66].

Each system was energy-minimised for 500 steps with the L-
BFGS algorithm, then equilibrated at 1 atm constant pressure
(NPT) for 20 ns with the Berendsen thermostat. Given the relatively
high stability of all of the variants, the dynamics at varying temper-
atures was probed with a set of exploratory runs of 1 ls each at
300 K, 325 K and 343 K, held with the Langevin thermostat.

Consistent with the thermal stability measurements, only at
343 K the simulations displayed any appreciable modulation of
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the local dynamics on the sampled time-scale of 1 ls. In order to
gather sufficient sampling, production MD runs were carried out
in triplicate for each variant and WT form at 343 K in unbiased
constant-volume conditions. The 12 trajectories (4 systems � 3
replicas) were then analysed with custom Python scripts to com-
pute donor–acceptor distances and local mean squared displace-
ments. All the runs employed a 4 fs time step with the hydrogen
mass repartitioning scheme [67] and rigid bonds, and were com-
puted on GPU clusters with the OpenMM 7.4.1 library [68] with
the MiniOMM wrapper.
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