
Redox Biology 37 (2020) 101691

Available online 25 August 2020
2213-2317/© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Research Paper 

Phosphorylated cofilin-2 is more prone to oxidative modifications on Cys39 
and favors amyloid fibril formation 

Marcello Pignataro a, Giulia Di Rocco b, Lidia Lancellotti c, Fabrizio Bernini c, 
Khaushik Subramanian d, Elena Castellini c, Carlo Augusto Bortolotti b, Daniele Malferrari c, 
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A B S T R A C T   

Cofilins are small protein of the actin depolymerizing family. Actin polymerization/depolymerization is central 
to a number of critical cellular physiological tasks making cofilin a key protein for several physiological functions 
of the cell. Cofilin activity is mainly regulated by phosphorylation on serine residue 3 making this post- 
translational modification key to the regulation of myofilament integrity. In fact, in this form, the protein seg
regates in myocardial aggregates in human idiopathic dilated cardiomyopathy. Since myofilament network is an 
early target of oxidative stress we investigated the molecular changes induced by oxidation on cofilin isoforms 
and their interplay with the protein phosphorylation state to get insight on whether/how those changes may 
predispose to early protein aggregation. Using different and complementary approaches we characterized the 
aggregation properties of cofilin-2 and its phosphomimetic variant (S3D) in response to oxidative stress in silico, 
in vitro and on isolated cardiomyocytes. 

We found that the phosphorylated (inactive) form of cofilin-2 is mechanistically linked to the formation of an 
extended network of fibrillar structures induced by oxidative stress via the formation of a disulfide bond between 
Cys39 and Cys80. Such phosphorylation-dependent effect is likely controlled by changes in the hydrogen 
bonding network involving Cys39. We found that the sulfide ion inhibits the formation of such structures. This 
might represent the mechanism for the protective effect of the therapeutic agent Na2S on ischemic injury.   

1. Introduction 

Proteins of the actin depolymerizing factor (ADF)/cofilin family are 
small proteins involved in a number of physiological processes [1,2]. 
Their main function is the depolymerization, severing and treadmilling 
of actin filaments. Through this primary function, they play numerous 
roles in the cell including maintaining sarcomere’s integrity for proper 
myocyte contractility [3–12]. Owing to their diverse cellular functions, 
abnormalities in proteins of this family are linked to a number of 

diseases, along with those collectively known as proteinopathies, char
acterized by protein precipitation in insoluble aggregates. Due to its 
recognized involvement in brain proteinopathies, most studies focused 
on the structure, function and regulation of the ubiquitous isoform 
cofilin-1. However, aggregates of the muscle isoform cofilin-2, precipi
tating with its substrate actin, have been described also in the skeletal 
muscle and the heart [4,13–18]. 

Cofilin activities and functions are mainly regulated by phosphory
lation at serine-3 (Ser3) [19–21] and changes in this post-translational 
modification (PTM) are associated with proteinopathies both in the 

* Corresponding author. Department of Chemical and Geological Sciences, University of Modena and Reggio Emilia, Via Campi 103, 41125 Modena, Italy. 
** Corresponding author. Medical University of South Carolina, 30 Courtenay Drive, 29425 Charleston, SC, USA. 

E-mail addresses: marco.borsari@unimore.it (M. Borsari), delmonte@musc.edu (F. Monte).   
1 These Authors contributed equally to the work. 

Contents lists available at ScienceDirect 

Redox Biology 

journal homepage: www.elsevier.com/locate/redox 

https://doi.org/10.1016/j.redox.2020.101691 
Received 24 May 2020; Received in revised form 6 August 2020; Accepted 17 August 2020   

mailto:marco.borsari@unimore.it
mailto:delmonte@musc.edu
www.sciencedirect.com/science/journal/22132317
https://www.elsevier.com/locate/redox
https://doi.org/10.1016/j.redox.2020.101691
https://doi.org/10.1016/j.redox.2020.101691
https://doi.org/10.1016/j.redox.2020.101691
http://crossmark.crossref.org/dialog/?doi=10.1016/j.redox.2020.101691&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Redox Biology 37 (2020) 101691

2

brain and in the heart [1,2,13,14]. However, other PTMs such as 
oxidation are also recognized pathogenic mechanism. Notably, the 
intertwining between phosphorylation and redox signaling emerged as a 
fundamental mechanism underlying cofilin changes in response to 
cellular environmental disorders and stress [6,8,9,22]. 

While Ser are substrates for phosphorylation, at the molecular level, 
cysteine residues (Cys) are key to the modifications induced by redox 
changes. Cys are particularly susceptible to oxidative stress forming 
covalent bonds within and between proteins. The number and position 
of the Cys would determine the consequences of oxidative stress on the 
protein’s molecular structure and function and, consequently, on the 
cell. Interestingly, cofilin-1 contains four Cys (Cys39, Cys80, Cys139, 
Cys147), whereas the muscle isoform, cofilin-2, only bears two (Cys39 
and Cys80). The presence of pairs of Cys allows the formation of intra- 
and intermolecular disulfide bridges. While both isoforms can form 
protein aggregates [13,14,16–18,23–26], whether oxidative stress 
would differently affect the isoforms propensity to aggregate based on 
the Cys content is unknown. Furthermore cofilin-1 aggregates following 
oxidative stress seem to contain only unphosphorylated protein [14,16], 
while the muscle aggregates are formed prevalently by phosphorylated 
cofilin-2 [13]. 

Such differences in the Cys distribution and phosphorylation state 
between cofilin isoforms aggregates led us to hypothesize that oxidative 
stress may have different effects on molecular changes or types of ag
gregation between the two isoforms. It also prompted us to investigate 
the interplay between phosphorylation and oxidation in the different 
mechanism by which oxidative stress promotes aggregation of cofilin-2. 
Specifically, we investigated how oxidative stress affects the molecular 
structure of the un/phosphorylated forms of cofilin-2, its interplay with 
phosphorylation in Ser3 and if/how this interaction fosters protein ag
gregation and its functional consequences on cells. To this purpose, we 
used the cofilin-2 phosphomimetic mutant S3D, in which the serine 
residue is substituted by an aspartic acid residue, which is known to well 
mimic the effect of phosphorylation. 

Finally, since sulfide ion is a known reducing agent and has been 
proposed as therapeutic agent to limit ischemic damage by suppressing 
cofilin-2 [27,28] we explored the molecular mechanisms by which sul
fide ion affects the propensity of cofilin-2 to aggregation. 

2. Materials and methods 

A detailed description of the materials and experimental procedures 
is reported in SI 1. 

No safety hazards were encountered. 

3. Results 

3.1. Cofilin-2 can be oxidized to form a disulfide bridge between Cys39 
and Cys80 and is facilitated by phosphorylation 

Oxidative stress is known to promote cofilin-1 aggregation, which is 
proposed to be strongly dependent upon the formation of an intra
molecular disulfide bridge between the two internal Cys39-80 [29–31]. 
These two residues are also present in the muscle isoform (cofilin-2). 
Instead, two external Cys residues (Cys139 and Cys147) are absent in 
cofilin-2 and it is unknown whether this would produce different ag
gregation response under oxidative stress. Therefore, we investigated 
the oxidation process of the two Cys featured by cofilin-2 and establish 
whether they can form an intramolecular disulfide bridge (S–S). For this, 
we used an electrochemical approach which allows a direct detection of 
the redox properties. Since Ser-3 phosphorylation regulates the structure 
and function of cofilin isoforms and is associated with actin bundles 
aggregation [13,17,18,26,27], we tested WT and the phosphomimetic 
mutant where Ser in position 3 is replaced with Asp to inhibit the 
binding to actin mimicking the inactive phosphorylated form of cofilin 
(S3D hereafter). 

We recorded a well-shaped cyclic voltammetry (CV) response (a 
signal consisting of well-defined and resolved peaks) consisting of a 
cathodic peak and the corresponding anodic counterpart on both the 
proteins at high scan rate (Fig. 1), indicating a reversible oxidation/ 
reduction process. The standard reduction potential E◦ was calculated as 
the semi-sum of the cathodic and anodic peak potentials and referred to 
SHE. We obtained E◦

WT = -0.168 V and E◦
S3D = -0.207 V (pH = 7, T = 20 

◦C). We observed a marked dependence of the electrochemical signals 
on the potential scan rate v, on the starting potential and on the delay 
time for both forms (details about the electrochemical behavior in SI2 
and Fig. SI 2.1- Fig. SI 2.4). The E◦ values of both WT and S3D showed a 
linear pH-dependence (SI2, Fig. SI 2.5) in the pH range 5–10, consistent 
with a single 2e− /2H+ mechanism as requested by the formation of a 
disulfide bridge. Control experiments performed after Cys alkylation 
showed that no electrochemical response occurs for the S-alkylated 
cofilin-2. Moreover, the E◦ values are similar to those obtained for di
sulfide reduction in other proteins [32,33]. Therefore, the observed 
electrochemical response can be confidently assigned to the formation of 
an intramolecular disulfide bridge between Cys39 and Cys80. 

S3D is characterized by a markedly more negative E◦’ value and by a 
significantly higher increase in current as a function of the delay time 
compared to WT (SI2, Fig. SI 2.4). Overall, the voltammetric results 
indicate that Ser3 phosphorylation facilitates the formation of Cys39-80 
S–S bridge under (electrochemical) oxidative stimuli. 

To explore the possibility that Cys residues could yield the disulfide 
bridge by chemical oxidation (we chosen hydrogen peroxide, the least 
reactive ROS), we performed the CV measurements in cathodic 
(reductive) scan on WT and S3D cofilin-2 treated with 50 μm H2O2 for 1 

Abbreviations 

ADF Actin Depolymerizing Factor 
AFM Atomic Force Microscopy 
Arg Arginine 
CD Circular Dichroism 
CV Cyclic Voltammetry 
Cys Cysteine 
E◦ standard reduction potential 
ATR-FTIR Spectroscopy Attenuated Total Reflectance - Fourier 

Transform InfraRed Spectroscopy 
Glu Glutamine 
IAA Iodoacetamide 

IF ImmunoFluorescence 
Leu Leucine 
MD Molecular Dynamics 
MS/MS Tandem Mass Spectrometry 
PTM Post-Translational Modification 
ROS Reactive Oxygen Species 
S3D Phosphomimetic cofilin mutant (serine 3 substituted by an 

aspartic acid) 
S–S intramolecular disulfide bridge 
TEM Transmission Electron Microscopy 
ThT Thioflavin-T 
TMT Tandem Mass Tags 
V Volts  
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h. For the WT, we did not observe any signal in cathodic scan with a 
delay time = 0 s, i.e. without electrochemically pre-oxidizing the 
adsorbed protein (SI2, Fig. SI 2.6A). Conversely, the S3D mutant showed 
an intense, well-defined cathodic signal (SI2, Fig. SI 2.6B) also without 
any delay time. Shape and intensity of this signal remained unchanged 
regardless of the delay time value. 

These results provide further evidence that phosphorylation of 
cofilin facilitates the formation of the disulfide bridge upon (mild) 
chemical oxidation. 

3.2. Effects of chemical oxidation by H2O2 on the cys residues of cofilin-2 
WT and S3D are shown by Tandem Mass Tags spectrometry 

Oxidative stress causes cardiodepression by changing the expression 
or phosphorylation of proteins [29]. Thus, here we further verified the 
differential susceptibility to oxidation modification between the phos
phorylated and non-phosphorylated form of cofilin-2 using Mass Spec
trometry. Oxidative modification of Cys is one of the major PTM 
involved in ROS-mediated cellular signaling. These modifications 
include sulfenic acid (Cys-SOH), sulfonic acid (CysSO3H), and inter- and 
intra-disulfide adduct formations, among others [30]. The most direct 
and sensitive method for determining the presence of such structural 
changes is the measurement of the mass of the oxidized cysteine residue. 
For this reason, we investigate the effects of chemical oxidation by H2O2 
on the Cys residues of cofilin-2 WT and S3D using ‘Tandem Mass Tags’ 
(iodoTMT) spectrometry (SI3) [31]. The analysis of the MS/MS spec
trum of the two peptides 34AVLFCLSDDKR46 and 73LLPLNDCR82 (pep
tides containing the two cysteines Cys39 and Cys80 that are obtained by 
tryptic digestion) upon addition of iodoacetamide (IAA) allows high
lighting their oxidation state as schematically represented in SI3. 
IodoTMT is based on the use of IAA to add a carbamidomethylation to 
the reduced Cys residue (SH-) resulting in an increase in mass of about 
57 Da (SI3 A and B). Oxidized cysteines are not reactive and, conse
quently, do not carry the modification (SI3 A and C). 

The MS/MS spectra of WT H2O2-treated cofilin-2 show that in both 
peptides the Cys are alkylated (data not shown), indicating that even 
upon chemical oxidation with H2O2 the Cys are still reduced. 
Conversely, S3D cofilin-2 treated with H2O2 produces peptides with Cys 
oxidized to sulfonic acid (RSO3H; +47 Da) or thiosulfonic acid (RS2O2H; 
+63 Da), as shown by the MS/MS spectra for the AVLFCLSDDKR 

fragment containing Cys 39 reported in SI 4 [30]. The two oxidized 
forms are degradation products of disulfide bridge [30]. The data 
resulting from iodoTMT spectrometry therefore support the electro
chemical results, indicating that, in the phosphorylated form, Cys 39 and 
Cys 80 are more prone to change their oxidation state to form a disulfide 
bridge (-S-S-). 

3.3. In silico studies on cofilin-2 in unphosphorylated and phosphorylated 
form by molecular dynamics (MD) simulations 

Protein phosphorylated state favors changes induced by oxidation 
[29]. To understand the molecular and structural basis of the 
phosphorylation-dependent oxidation of cofilin-2, we performed in silico 
studies on the unphosphorylated and phosphorylated form of cofilin-2 
by molecular dynamics (MD) simulations, paying particular attention 
to the environment surrounding the cysteine residues. Overall, MD 
simulations did not show major structural changes upon Ser3 phos
phorylation (SI 5). Rearrangements close to Cys39 and Cys80 were 
explored by mapping the occupancy percentage of other residues around 
5 Å from the S atom of the Cys residues and analyzing the H-bonds 
involving their side chains along the whole sampling obtained for both 
forms. The conformation and dynamics around Cys80 remain almost 
unaltered upon phosphorylation, while the dynamics of the surround
ings of Cys39 changes appreciably (Fig. 2). In particular, the main 
H-bond partners of the –SH group of Cys39 are Leu40 and Arg81 in the 
unphosphorylated form and change to Glu50 in the phosphorylated one 
[32]. In the latter, Cys39 becomes a hydrogen bond donor, resulting in a 
partially negative charge on the sulfur and decreasing of the thiol pKa. In 
this way, the Cys is more easily oxidizable [33–37]. This mechanism is 
known to underly the physiological redox regulation of a number of 
proteins in the body [34,37,38]. 

3.4. Cofilin-2 forms amyloid structures upon aerobic aging or in the 
presence of H2O2 

Phosphorylation of cofilin-2 is involved in formation of pathological 
aggregates in the heart and favors the formation of disulfide bridges 
under mild oxidative (H2O2) conditions [13,14,39,40]. Here we inves
tigated whether the presence of S–S bridge is the mechanisms that me
diates oxidative stress induced aggregation of cofilin-2. The possibility 
of forming amyloid structures is a critical aspect of this problem. For this 
reason, we used a variety of techniques (Circular Dichroism, 
Thioflavin-T (ThT) fluorescence emission and Fourier-Transform 
InfraRed Spectroscopy FTIR) able to directly identify the presence of 
the amyloid β-sheet. To this purpose, we investigated the progressive 
appearance of amyloid structures under unstressed conditions and upon 
incubation with H2O2 (H2O2/protein molar ratio = 10). 

Circular dichroism (CD): The far-UV spectra mainly depend on sec
ondary structure content and are indicative of the presence of α-helix 
and β-sheet structures or other conformation. The CD spectra of cofilin-2 
WT and S3D (Fig. 4) are typical of proteins featuring both α-helices and 
β-sheet rich regions (involving indeed in both proteins about 30% and 
20% of the amino acid residues, respectively). In fact, a minimum at 208 
nm, a well-shaped shoulder at about 222 nm and a very shallow 
shoulder at about 230 nm are observed (Fig. 3) [41]. Far-UV CD spectra 
of untreated cofilin-2 WT (Fig. 3A) and S3D (Fig. 3B) and cofilin-2 WT 
treated with H2O2 (Fig. 3C) showed quite similar time dependence. In 
fact, aging of these samples led to a slow, but progressive decrease in the 
intensity of the CD signals suggesting the formation of protein aggre
gates. Moreover, all these samples, regardless of whether or not they 
were exposed to H2O2, featured a peak forming around 215 nm, which 
increases with time and is well clean-cut after 3 days (Fig. 3A, B and C). 
This signal can be confidently associated with the formation of β-sheets, 
typical of amyloid structures [42,43]. After three days, the proteins form 
amorphous aggregates. Instead, the far-UV spectra of cofilin-2 S3D 
treated with H2O2 (Fig. 3D) shows, already from the first day, a more 

Fig. 1. Direct oxidation/reduction of cofilin cysteines. Cyclic voltammo
gram at high scan rate (2 Vs− 1) for cofilin-2 WT (orange line) and S3D (blue 
line) immobilized on anionic SAM of MUA/MU. Potentials are vs. SHE. Po
tential scans started from E = +0.2 V. Delay time: 50 s; Electrolyte solution: 10 
mM sodium perchlorate and 5 mM buffer phosphate at pH 7. T = 293 K. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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intense band at 215 nm. This signal becomes predominant after three 
days (Fig. 3D) and is accompanied by the formation of distinctly fibril
lary aggregates. 

ThT fluorescence emission: To confirm the formation of amyloid 
structures, fluorescence emission measurements were performed on 
samples of WT and S3D cofilin-2 in the presence of ThT, a fluorescent 
dye used to visualize amyloid structures [44–46]. Under the same 
experimental conditions used for CD measurements, we invariably 
observed the time dependent appearance of an emission band at 482 nm, 
diagnostic for the binding of ThT to amyloid structures (Fig. 4A). The 
signal intensity, however, decreases after >80 h (Fig. 4A). The time 
dependences of ThT fluorescence emission for the different samples (WT 
and S3D, with and without H2O2) are rather similar. This lack of dif
ferences is not surprising since the ThT emission is known to be 
dependent on type and dimension of β-aggregates (oligomers or fibrils) 
[46,47]. 

Infrared spectroscopy: The band of amide I vibration in proteins is 
very sensitive to the secondary structure of the backbone [48,49]. In 
fact, the α-helix is characterized by an amide I band falling near 1650 
cm− 1, while that of the (amyloid) β-sheet structures shifts to about 1630 
cm− 1. ATR-FTIR spectra realized on cofilin-2 WT and S3D, show a broad 
band at 1649 nm which can be confidently assigned to the α-helices of 
the protein with a minor contribution of the β-sheet structures (SI 6). For 
both forms, this band moves to 1638 nm (SI 6A and 6B, blue and red 
lines) over time. Upon treatment with H2O2, the WT protein shifts again 
to 1638 nm (SI 6A, green line), while S3D band moves up to 1629 nm (SI 
6B, green line). The broad band at 1638 nm could arise to the over
lapping of a band due to α-helices or random coil and a more pro
nounced contribution of β-sheets. For S3D, however, the contribution 

due to the β-sheets structures is remarkably enhanced. Therefore, the 
WT and S3D aggregates that are formed over time (including WT treated 
with H2O2) appear to be only partially composed of amyloid structures. 
Conversely, the sharp band at 1629 nm suggest that the aggregates 
formed by S3D treated with H2O2 predominantly contains amyloid 
structures, in agreement with the CD measurements. 

3.5. Phosphorylation drives the morphology of protein aggregates upon 
exposure to H2O2 

The morphology of the protein aggregates can be very different and 
plays a key role in several degenerative diseases, therefore we followed 
the aggregation process of cofilin-2 WT and S3D over time both in the 
absence and presence of H2O2 by Atomic Force Microscopy (AFM), a 
technique that allows to observe directly the morphology of the aggre
gate protein structures that are formed. The images where taken on 
freshly cleaved atomic-flat surface of clinochlore, a phyllosilicate which 
presents physico-chemical properties suitable for studying the adsorp
tion of proteins and protein aggregates [50,51]. In fact, the surface of 
this specific substrate simultaneously exposes regions of the TOT layer 
(TOT layer stands for tetrahedral-octahedral-tetrahedral layer) with 
negative surface potential and regions with positive surface potential, 
belonging to the brucite-like layer (bright areas) [51,52]. We observed 
aggregates of untreated WT and S3D cofilin-2 deposited on the posi
tively charged, hydrophobic, bright areas (SI 7A, C) as isolated protein 
structures of pseudo-circular/elliptical shape (red arrows) together with 
a prevailing population of structured globular aggregates of varying 
morphology (white arrows). The approximate minimum dimensions of 
the isolated pseudo-circular structures for both cofilin-2 WT and S3D are 

Fig. 2. Effect of phosphorylation on the hydrogen bonds network of cys39 and cys80 by MD simulation. (A) percentage occupancy around the sulfur atom of 
Cys39 or Cys80 along the whole trajectory, in gray scale. In black we have 100% of occupancy, in white 0%. For clarity reason, we have used the same structure to 
draw the data. (B) Hydrogen bonds persistence of every couple, as mean ± max/min values. The first number of the couple identifies the donor, the second one 
identifies the acceptor. 
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below 1 nm in height and <15 nm in width. Instead, fewer interactions 
were seen on the negatively charged, hydrophilic surfaces. Exposure of 
WT cofilin-2 to H2O2 (10:1 H2O2/protein molar ratio) for three days 
resulted in the deposition of globular aggregates preferentially on the 
positively charged (hydrophobic) areas that were almost completely 
saturated (SI 7B). Several structures, however, were present also on the 
negatively charged (hydrophilic) areas. The aggregates adsorbed on the 
positively charged (hydrophobic) areas were densely packed to form a 
monolayer. Moreover, we observed punctual pseudo-circular/elliptic 
structures adsorbed even onto the monolayer itself. The average 
height of the monolayer is about 1.5 nm. The smallest observed struc
tures have an average height of less than one nm and a width of less than 
10 nm. The negatively charged (hydrophilic) areas, instead, showed 
isolated adsorbed structures with a pseudo circular/elliptical geometry 
and size similar to the punctual aggregates adsorbed on the positively 
charged (hydrophobic) areas. 

S3D shows a different behavior upon exposure to H2O2 (SI 7D): well 
defined filamentous (fibrillar) structures completely covered the posi
tively charged (hydrophobic) areas, while no adsorbed aggregate was 
found on the negatively charged (hydrophilic) surfaces. The filamentous 
structures have the following approximate dimensions: height about 2 
nm and average length of 110 nm. In several cases the fibrils overlap and 
intertwine. 

Since bare mica is unable to immobilize cofilin-2 and its aggregates, 
we performed further AFM measurements using Mg(II)-treated mica. 
This processing is known to activate the surface of the mica to the 
adsorption of biopolymers and can be successfully used for negatively 
charged proteins. Under this experimental condition we confirmed the 
morphological characteristics of the cofilin-2 aggregates with and 

without H2O2 although aggregates were less densely populated (Fig. 5, 
SI 7 and SI 8) [47,53–55]. Overall, purified cofilin-2 forms aggregates 
over time under aerobic and oxidative (H2O2) conditions, but, primarily, 
oxidative stress induces the formation of amyloid fibrillary structures 
only for the phosphorylated cofilin-2. 

3.6. The susceptibility of phosphocofilin-2 to form amyloid β-sheet 
aggregates under oxidative stress is prevented by sulfide ion 

Sulfide has been proposed as a therapeutic agent in ischemia asso
ciated with cofilin-2 dyshomeostasis [27,28]. Here, we tested whether 
the mechanisms for this effect could be related to the ability to directly 
affect cofilin-2 aggregation processes with ThT fluorescence, AFM and 
ATR-FTIR. Fluorescence emission measurements of ThT (emission to 
482 nm) were carried out on cofilin-2 WT and S3D samples exposed to 
H2O2 and then treated with Na2S. Fig. 4B shows the change in ThT 
fluorescence with time with and without treatment with Na2S. The time 
dependence of the fluorescence intensity of WT was not affected by the 
presence of sulfide (Fig. 4B) while ThT fluorescence emission of S3D in 
the presence of sulfide was significantly lowered throughout the whole 
range of the investigated times. 

Similar to the results of ThT fluorescence, AFM measurements 
showed that the morphologies of the aggregates of WT cofilin-2 do not 
change over time in the presence of sulfide (Fig. 5), whereas strong 
differences were observed for the S3D mutant (Fig. 5). In fact, the 
fibrillary structures characteristic of S3D exposed to H2O2 (Fig. 5, SI 7, 
SI 8 and SI 9) disappeared with sulfide and were substituted by globular 
aggregates (Fig. 5). 

Using ATR-FTIR, regardless of the treatment with sulfide, the spectra 

Fig. 3. Effect of oxidative stress on the cofilin secondary structure shown by Far-UV CD. Far-UV CD spectra of cofilin-2 WT (A, C) and S3D (B, D) as a function 
of time (t = 0 blue, t = 1 day orange, t = 2 days gray, t = 3 days yellow), samples untreated (A, B) and treated with H2O2 (C, D). H2O2/protein molar ratio = 10. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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of WT samples exposed to H2O2 for 2 h showed an enlarged amide I band 
at about 1638 nm (SI 10). Untreated S3D samples, instead, showed a 
narrow band at 1629 nm (see above), but after exposition to sulfide the 
amide I band shifts to 1640 nm and broadens, resulting very similar to 
that observed for WT. 

These results suggest that, for S3D, the treatment with sulfide de
creases the amyloid β-sheet in cofilin-2 aggregates. 

3.7. Oxidative stress induces cofilin aggregation and sarcomeric disarray 
in cardiomyocytes 

Cofilin-2 precipitates in cofilin-actin rods in cardiomyocytes from 
human failing hearts and in mouse models of cofilin-2 knock-down. Here 
we tested whether the oxidative cofilin-2 structural changes induced by 
H2O2 observed in vitro and in silico are relevant also in the more complex 

cellular environment of ex vivo isolated cardiomyocytes recapitulating 
the accumulation of stress fibers observed in the mouse model [13]. To 
this end, we exposed normal C57Bl/6 WT mice cardiomyocytes to 10 
μM H2O2 treatment and imaged them by transmission electron micro
scopy (TEM) and immunofluorescence (IF). Concentrations of H2O2 
(>0.1 μM) are considered supra-physiological and known to induce 
oxidative stress and cell damage [56] and a range of 0.1–50 μM H2O2 has 
been shown to induce loss of high energy phosphate [57]. 

The exposed cells displayed signs of misfolded protein aggregate 
accumulation together with sarcomeric addensations and sarcomeric 
disarray (Fig. 6A), similar to what was found in patients with nemaline 
cardiomyopathy and mice models of cofilin-2 deletion [13]. 

Known changes described in cardiomyocytes following oxidative 
stress such as mitophagy were also evident in the images. Disarray was 
confirmed by IF as soon as 15 min after exposure, and positive staining 
for oligomeric aggregates was evident after 30 min of H2O2 exposure 
(Fig. 6B) supporting the susceptibility of cofilin-2 to oxidative stress in 
intact cells. 

4. Discussion 

A number of physiological functions in the cell depend on the dy
namic organization of the actin cytoskeleton, which, in striated muscle 
cells - including cardiomyocytes - is also essential for contractility. The 
rearrangement of actin cytoskeleton is primarily mediated by cofilin 
that, because of its critical functions, is tightly regulated by PTM. 
Phosphorylation is the main PTM regulating normal cofilin activity, yet, 
other PTM, such as oxidation, may affect cofilin function leading, to 
myocardial damage. 

The cardiodepressive effect of oxidative stress has been attributed, 
for the most part, to the effect on expression or phosphorylation of Ca2+

handling proteins, however, oxidative stress was also shown to induce 
changes in the phosphorylation status of the sarcomeric proteins [29,58, 
59], although oxidant agents, such as HNO have been shown to also 
have a cardioprotective effect via oxidation of both Ca2+ handling [60] 
and sarcomeric proteins [61]. Instead the effect of oxidative stress hasn’t 
been shown for the sarcomeric regulatory proteins. Since cofilin activity 
is, itself, regulated by phosphorylation, oxidative stress may mediate the 
abnormal function of cofilin and, consequently, of the thin filaments, 
found in degenerative diseases. 

Abnormalities of cofilin have been, in fact, shown to participate in 
the pathogenesis of degenerative diseases of the brain, skeletal and 
cardiac muscle and, most recently in myocardial ischemia [13,14,17,18, 
23]. Importantly, those studies identified cofilin-2 as a critical target of a 
therapeutic agent (sulfide) for this disease [27,28]. Thus, here we 
investigated the chemical consequences of changes in the redox equi
librium on cofilin-2, its phosphorylation state, how those changes may 
predispose to protein aggregation observed in diseases, and if oxidation 
of cofilin-2 represents the mechanism of protection of sulfide. 

4.1. Molecular response of cofilin to oxidative stress 

Although oxidation is possible for unphosphorylated cofilin, we 
found that oxidative stress affects the phosphorylated protein to a 
greater extent than the unphosphorylated counterpart. 

In cofilin-1, oxidation has been shown to determine the formation of 
disulfide bridges responsible for losing its actin-depolymerizing ability 
[39,62]. Instead no data are available for the muscle isoform, cofilin-2. 
This is important, because cofilin isoforms differ in Cys content under
lying potential different influence of redox imbalance on protein struc
ture and function and/or susceptibility to stress. Cofilin-1 contains four 
Cys paired in the external or internal structure of the protein (Cys39 and 
Cys80 buried internally, Cys137 and 139 exposed on the surface), while 
only the two internal Cys are present in cofilin-2. 

Since cysteines are unique amino acids for their property to undergo 
reversible redox reactions as part of their normal function, their 

Fig. 4. Effect of oxidative stress on cofilin amyloid formation shown by 
ThT fluorescence emission. (A) Plot of the time course of ThT fluorescence 
intensity for: ■ cofilin-2 WT, ▴cofilin-2 WT treated with H2O2, ◆ cofilin-2 
S3D, ● cofilin-2 S3D treated with H2O2. Protein concentration 5 μM, 10:1 
H2O2/protein molar ratio. The plot shows the mean value of 8 replicates, the 
error bar corresponds to the standard deviation. (B) Plot of the time course of 
ThT fluorescence intensity for WT (■) and S3D (◆) exposed to H2O2 (10:1 
H2O2/protein molar ratio, protein concentration 5 μM) for 2 h, then treated 
with Na2S at 2:1 M ratio with the protein. As references, the same samples 
treated with H2O2 but not with Na2S are also reported: (▴) cofilin-2 WT, (●) 
S3D. The plot shows the mean value of 8 replicates, the error bar corresponds to 
the standard deviation. 
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oxidation might cause the formation of cross-linked bonds (Cys-S–S-Cys) 
with the aim to provide structural stability to the proteins or change 
their structure or activity. Disulfide formation indeed requires the 
proximity of two Cys, but also chemical conditions favouring this pro
cess, like modifications of the thiol group acidity [34,38]. ROS species, 
in particular H2O2, are among factors responsible for Cys oxidation [63, 
64]. 

Our results provide evidence that, similar to what was obtained for 
cofilin-1 [39,62], a putative disulfide bridge forms under oxidative 
stress in cofilin-2 [33,65]. To verify this, we repeated the measurements 
with proteins treated with an alkylating agent. Cys alkylation, confirmed 
by mass spectroscopy, abrogated altogether the redox electrochemical 
response of the protein, supporting the fact that Cys are prone to a 
(partially) reversible oxidation. 

4.2. Phosphorylated cofilin-2 is more prone to oxidation and to form 
intramolecular disulphide bridges 

Under proper conditions, both unphosphorylated (WT) and phos
phorylated (phosphomimetic S3D) cofilin-2 can be oxidized, in a 
partially reversible manner, as shown in our CV measurements. How
ever, their ability and rate of formation of the disulfide bridge appear 
different. The electrochemical investigation indicates that the oxidation 
of the Cys is rather slow for both WT and S3D. This process, however, 
results remarkably slower for WT as shown by the plot of the peak 
currents vs. delay (pre-oxidation) time and the larger peak-to-peak 
separation (ΔEp = 130 mV for WT and ΔEp = 56 mV for S3D) which 
indicates that the electron transfer rate is much faster for S3D [66]. In 
addition, S3D oxidation is thermodynamically favored. In fact, this 
mutant showed an E◦’ value more negative than WT (E◦

WT = -0.168 V 
and E◦

S3D = -0.207 V), according to its overall higher tendency to 
convert to the oxidized non-native form. 

4.3. Changes in H-bond network of Cys39 account for the phosphorylated 
cofilin-2 permissive oxidation 

Interestingly oxidation of the Cys residues and the formation of the 
disulfide bridge only occurred for the phosphomimetic form of cofilin-2 
when oxidation was promoted by exposure to H2O2 as shown in our MS 
experiments. 

Our in silico modeling allowed us to elucidate the chemical basis of 
the oxidation process. Inspection of the three-dimensional structure of 
cofilin-l and -2 sampled with MD simulations showed that the mean 
distance between the sulfur atoms of the two internal Cys is large (about 
1 nm) and the percentage occupancy of spaces compatible with the 
formation of the disulfide bridge is rather limited, reasonably account
ing for the slow oxidation processes. 

The in silico simulations provided an explanation for the selective 
oxidation of the S3D form. Phosphorylation on Ser-3 leaves the envi
ronment of the Cys80 is almost unaltered, while it changes the H- 
binding partner of the internal Cys39 from the Leu40 and Arg81 to 
Glu50 making Cys39 much more prone to oxidation than the corre
sponding residue in WT, in which Cys39 acts as an acceptor of the H- 
bond, a mechanism described also for other proteins [34,67] and 
causing the formation of intramolecular disulfide bridges. 

4.4. Phosphorylation favors the formation of amyloid β-sheets 

The above conformational changes in phosphorylated cofilin-2 in 
response to redox state may predispose to protein aggregation in dis
eases associated with oxidative stress. While we were not able to 
correlate oxidation with the kinetic of formation of amyloid β-sheets in 
the protein aggregates using ThT binding, CD and ATR-FTIR measure
ments demonstrated the appearance fibrillar content in the S3D treated 
with H2O2. 

For both phosphorylated and unphosphorylated species, treated or 
untreated with H2O2, we invariably found evidence of the formation of 
amyloid β-sheets and the time course of the monitored signal suggested 
that a seeding mechanism was followed. Nevertheless, the variability of 

Fig. 5. Effect of oxidative stress on cofilin aggregation imaged by Atomic Force Microscopy. Morphological AFM images of the aggregates formed after 3 days 
on mica surfaces treated with Mg(II) by cofilin-2: WT, WT exposed 2 h to 50 μM H2O2, WT exposed 2 h to 50 μM H2O2 and then treated with 10 μM sulfide ion, S3D, 
S3D exposed 2 h to 50 μM H2O2 and S3D exposed 2 h to 50 μM H2O2 and then treated with 10 μM sulfide ion after three days. Protein concentration about 5 μM. 
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the replicates hampered the understanding of the mechanism by which 
phosphorylation affects cofilin-2 oxidation by H2O2. This shortcoming 
was previously reported for several amyloid β-aggregation phenomena 
and it was suggested to be an effect of the stochasticity of the seeding 
process [68]. 

In support of the CD and ATR-FTIR measurements, the AFM results 
showed that S3D treated with H2O2 forms elongated fibrillar structure, 
confirming that phosphorylated cofilin-2 can give rise to amyloid-like 
fibrils. The AFM results also indicate a higher affinity of the misfolded 
cofilin for positively charged hydrophobic surfaces. This suggests the 
possibility that misfolded proteins have higher propensity to adhere to 
the hydrophobic lipid bilayer of the cell membrane favouring the 
seeding of misfolded proteins released from dying cells. Thus, released 
aggregates may more easily deposit over a resting cardiomyocyte 
forming circular species and, over time, transmembrane channels. On 
the other hand, within the cell, the preferred hydrophobicity may favour 
the adhesion of misfolded proteins to intracellular membranes (ER, 

Golgi, lysosomes), lipid rich structures (lipid bodies), lipid metabolism 
organelles (mitochondria) or cell membrane for exocytosis favouring 
cell damage and further extracellular damping. 

4.5. Oxidized cofilin-2 induces aggregates 

The exposure of cardiomyocytes to oxidative stress supported the 
biological relevance of the oxidation-induced aggregation of cofilin-2. 
Exposure to supra-physiological concentrations of H2O2 induced the 
aggregation of cofilin and sarcomeric disarray. The increased oxidation 
observed after phosphorylation could diminish the pool of cofilin-2 by 
targeting cofilin-2 to degradation or by removing it from the phos
phorylation/dephosphorylation cycle, as oxidized cofilin-2 cannot react 
with LIMK1 [62,69]. These events could act as triggers and form the 
basis for a feedback mechanism, in which an initial small direct and/or 
indirect formation of aggregates leads to substantial protein dishomea
stasis and burden on the protein quality control (PQC) system. Scheme 1 

Fig. 6. Effect of oxidative stress on isolated car
diomyocytes morphology. (A) TEM images of 
C57Bl/6 WT cardiomyocytes exposed to normal 
media showed intact sarcomeric structure and mito
chondrial morphology (upper panels). Following 1 h 
exposure to 10 μM H2O2 cells showed sarcomeric 
disarray, addensations (arrow) (lower left panel) and 
mitophagy (lower right panel). (B) Immunofluores
cence images. Upper panels show C57Bl/6 WT iso
lated cardiomyocytes cultures in normal media or 
H2O2 for 15 or 30 min. Images show cofilin-2 redis
tribution to the sarcolemma after 15 min, cofilin ag
gregation (arrows) and pre-amyloid oligomers (PAO) 
accumulation (arrowheads) in the treated cells after 
30 min. Cofilin-2 loses the sarcomeric distribution in 
the treated cells and redistributes in the sarcolemma. 
In blue: DAPI staining of the cell nucleus. In red A11 
stained PAO; In green cofilin-2. Bottom panel: nega
tive control. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article.)   
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summarizes the effect of aerobic aging and H2O2 reaction on cofilin-2 
WT and its S3D mutant which can lead accumulation of misfolded 
protein aggregate of different morphologies in cardiomyocytes. 

4.6. Sulfide is effective in inhibiting the aggregation of phosphorylated 
cofilin-2 

The sulphide ion strongly affects the aggregation process of S3D and 
therefore, reasonably, of phosphorylated cofilin-2. In particular, sul
phide depresses the formation of β-sheet structures. Given the key role 
played by Cys39 in the protein aggregation, the possibility of a direct 
interaction between this amino acid residue and the sulphide ion cannot 
be excluded. Our findings may also provide a chemical explanation for 
the previously described cofilin-2 mediated protective effect of treat
ment with sodium sulfide (Na2S) against ischemic and inflammatory 
injury [27,28]. In addition to the proposed mechanism of the induction 
of microRNA (miR-21) suppressing cofilin-2 [27], it is also possible that 
sulfide would induce Cys S-sulfhydration of unbound cysteine residues 
[70] breaking the disulfide bond. Thus, sulfide may exert a dual mech
anism by breaking cofilin-2 disulfide bond and occupying the free Cys 
residues thereby changing the microenvironment around the Cys39. 
This mechanism may also be invoked to explain the reduction in the 
inflammatory response by mediating T-cell activation and migration. 

5. Conclusions 

Our findings support the importance of cofilin-2 in proteinopathies. 
The susceptibility of the phosphorylated cofilin-2 to oxidative stress may 
identify a possible trigger that initiate the aggregation cascade in non- 
ischemic and ischemic cardiomyopathies as well as in the aging or
gans where oxidative stress is elevated. Finally, the Cys39 intra
molecular interaction and the formation of the disulfide bridge may 
represent the mechanism mediating the susceptibility of the inactive 
cofilin to oxidative stress and explain the therapeutic effect of sulfide. 
Our findings underly the importance of preventing aggregation for the 
development of proteinopathies and the potential use of sulfide donors 
as therapeutic agents in ischemic and non-ischemic diseases in the brain, 

skeletal muscle and heart as well as aging. 

6. LIMITATIONS and STUDY in PERSPECTIVE 

Our study was mainly in silico and in vitro. Although some mea
surements made in cardiomyocytes result meaningful, in vitro cellular 
experiments with the phosphorylated form of cofilin-2 as well as in vivo 
experiments are required for the translational relevance. Thus, future 
studies would focus on testing the mechanism of formation of fibrillar 
structures in vivo, to understand how mitochondria are involved in the 
processes of formation of globular and fibrillar amyloid structures, to 
verify the possibility that the aggregation process, under physiological 
or pathological conditions, can also involve other proteins. 

Although our results suggest that the two internal Cys residues 
(present in both cofilin isoforms) are sufficient to destabilize the pro
teins structure under oxidative stress and potentially facilitate protein 
aggregation, it still remains to understand the role of phosphorylation in 
oxidation induced aggregation in cofilin-1 vs cofilin-2 that differs in 
terms of phosphorylated proteins content. 
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Scheme 1. Scheme depicting the effect of 
aerobic conditions and H2O2 reaction on 
cofilin-2 WT and its S3D mutant. Purified 
cofilin aggregates over time. Cofilin unphos
phorylated and phosphorylated are represented 
by their isosurfaces of electrostatic potential (in 
blue: positive potential, in red: negative). Under 
oxidative stress the phosphomimetic form of 
cofilin progresses towards the formation of am
yloid fibers, whereas the WT maintains the ag
gregation path found under aerobic conditions. 
Sulfide prevents the formation of both large ag
gregates as well as amyloid fibers in the WT and 
S3D.   
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