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A B S T R A C T

The intermediate filament protein vimentin constitutes a critical sensor for electrophilic and oxidative stress,
which induce extensive reorganization of the vimentin cytoskeletal network. Here, we have investigated the
mechanisms underlying these effects. In vitro, electrophilic lipids, including 15-deoxy-Δ12,14-prostaglandin J2
(15d-PGJ2) and 4-hydroxynonenal (HNE), directly bind to vimentin, whereas the oxidant diamide induces
disulfide bond formation. Mutation of the single vimentin cysteine residue (Cys328) blunts disulfide formation
and reduces lipoxidation by 15d-PGJ2, but not HNE. Preincubation with these agents differentially hinders NaCl-
induced filament formation by wild-type vimentin, with effects ranging from delayed elongation and increased
filament diameter to severe impairment of assembly or aggregation. Conversely, the morphology of vimentin
Cys328Ser filaments is mildly or not affected. Interestingly, preformed vimentin filaments are more resistant to
electrophile-induced disruption, although chemical modification is not diminished, showing that vimentin (lip)
oxidation prior to assembly is more deleterious. In cells, electrophiles, particularly diamide, induce a fast and
drastic disruption of existing filaments, which requires the presence of Cys328. As the cellular vimentin network
is under continuous remodeling, we hypothesized that vimentin exchange on filaments would be necessary for
diamide-induced disruption. We confirmed that strategies reducing vimentin dynamics, as monitored by FRAP,
including cysteine crosslinking and ATP synthesis inhibition, prevent diamide effect. In turn, phosphorylation
may promote vimentin disassembly. Indeed, treatment with the phosphatase inhibitor calyculin A to prevent
dephosphorylation intensifies electrophile-induced wild-type vimentin filament disruption. However, whereas a
phosphorylation-deficient vimentin mutant is only partially protected from disorganization, Cys328Ser vimentin
is virtually resistant, even in the presence of calyculin A. Together, these results indicate that modification of
Cys328 and vimentin exchange are critical for electrophile-induced network disruption.

1. Introduction

Intermediate filaments constitute cytoskeletal structures of high
plasticity that perform essential cell functions, from providing me-
chanical support for cell organelles, to playing critical roles in cell di-
vision, migration or response to injury or inflammation [8,12,13].
Under pathophysiological conditions, cells undergo oxidative, carbonyl
or glycative stress due to the generation of increased levels of reactive
species. Many of the reactive compounds, including electrophilic lipids
and sugars, form covalent adducts and crosslinks in proteins altering
their structure and function, and contributing to pathogenic and/or

defense mechanisms [53,62]. Intermediate filaments are exquisitely
sensitive to oxidative and electrophilic stress. In fact, intermediate fi-
lament proteins, including vimentin, glial fibrillary acidic protein
(GFAP) and lamins are the direct targets for covalent modification by
nitrosylation, lipoxidation and various types of oxidations
[10,23,41,54]. Under stress conditions, intermediate filament proteins
like vimentin or GFAP undergo extensive reorganization, the pattern of
which displays cell-type and stimulus-dependent features [13,60].
Thus, in response to strong thiol oxidants, like diamide, fragmentation
of vimentin filaments has been observed [42]. In addition, certain
mediators bearing unsaturated carbonyl moieties, including
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cyclopentenone prostaglandins (cyPG), induce strong bundling and/or
juxtanuclear condensation of cytoplasmic intermediate filaments,
which in some cases display the characteristics of aggresomes [42,60].
The biological significance of this remodeling is still not completely
understood. A dual role could be hypothesized because intermediate
filament remodeling could be both a mediator of cell damage and a
mechanism of defense. As an amplification of damage, cells in which
vimentin has undergone juxtanuclear “collapse” may display mitotic
abnormalities [13]. In addition, intermediate filament proteins bearing
other modifications related to oxidative stress-induced cell damage, like
carbamylation, can show increased immunogenicity and behave as
autoantigens in autoimmune disease [38]. On the other hand, vimentin-
delimited aggresome structures could help isolating abnormally un-
folded or damaged proteins for lysosomal clearance, generally through
autophagy [28,34]. Moreover, intermediate filament proteins could act
as decoys or scavengers of oxidants or electrophiles [1], or buffers of
phosphate groups [56], serving to limit the effects of stress kinases.
Indeed, nuclear lamins, which are also targets for oxidative modifica-
tions, appear to play such a role since oxidative damage is more intense
in cells ectopically expressing cysteine to serine mutants of these pro-
teins [41].
Structurally, direct modification by electrophilic species [42,54],

phosphorylation [15,29,51], proteolysis [50,57], and interaction with
other cytoskeletal systems [6,24,44] have been involved in vimentin
remodeling induced by several agents. Phosphorylation is a main me-
chanism for the regulation of vimentin organization, since it can affect
assembly and protein-protein interactions [15,37]. Vimentin is a sub-
strate for a plethora of kinases, acting in physiology and pathophy-
siology, and phosphorylation sites are distributed all over the sequence
of the protein, with special abundance in the amino-terminal end [51].
Vimentin phosphorylation has been shown to play a key role in dis-
assembly in mitosis and in response to various stresses [32,56].
Nevertheless, the structural mechanisms underlying vimentin re-
organization in response to reactive species are not completely under-
stood. Type III intermediate filament proteins possess a conserved cy-
steine residue, Cys328 in vimentin, that is important for the effect of
oxidants under partially denaturing conditions in vitro [47], and for
vimentin reorganization in response to electrophilic compounds in cells
[42]. Moreover, several mutations of this residue alter filament as-
sembly and/or properties in cellular models [42,60]. Therefore, cy-
steine modification appears to be required for vimentin reorganization
in response to certain stimuli. Alternatively, this cysteine residue could
be involved in protein-protein interactions important for vimentin re-
organization.
The vimentin intermediate filament network is a dynamic cyto-

plasmic structure with distinctive characteristics compared to the other
cytoskeletal systems [24]. Vimentin filaments are non-polar and can
grow at both ends [20]. In addition, severing and end-to-end fusion of
filaments or filament fragments has been reported, both in vitro and in
cells [4,35,63]. Lastly, filament subunits can be exchanged at any point
along the length of the filaments [4,66]. Vimentin dynamics appears to
be very active in cells, and it may involve traffic of vimentin precursors
as well as exchange of subunits [42,46,66]. Subunit exchange along
vimentin filaments can also take place in vitro, and rates of approxi-
mately 1% exchanged subunits per hour have been measured [35].
These special characteristics of vimentin filament organization can be
important for the remodeling induced by reactive species. Here, we
have addressed the morphological alterations and potential mechan-
isms of vimentin modification by various electrophiles in vitro and in
cells. Our results indicate that lipoxidation or oxidation of vimentin
before polymerization is required for filament disruption in vitro and
may also be determinant in cells. Therefore, preformed filaments ap-
pear to get (lip)oxidized without undergoing significant disruption,
whereas assembly or reassembly of (lip)oxidized vimentin “subunits”
brings about the disruption of the network. Moreover, our results
confirm the critical role of the vimentin single cysteine residue, Cys328,

in network remodeling induced by electrophilic agents.

2. Materials and methods

2.1. Reagents

Electrophilic lipids 15-deoxy-Δ12,14-prostaglandin J2 (15d-PGJ2)
and its biotinylated analog, and 4-hydroxynonenal (HNE), were from
Cayman Chemical. Hydroxynonenal-dimethyl acetate, sodium azide,
dibromobimane (DBB), dimethylsulfoxide (DMSO) and diamide were
from Sigma. Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
(FCCP) and calyculin A were from Santa Cruz Biotechnology. Anti-vi-
mentin antibody (sc-6260) and its Alexa-488 and agarose conjugates
were from Santa Cruz Biotechnology, anti-phospho-Ser56 and anti-
phospho-Ser72 vimentin antibodies were from MBL, and anti-actin was
from Sigma. Secondary antibodies conjugated to horseradish perox-
idase (HRP) were from DAKO.

2.2. Protein preparation

Recombinant human vimentin wild type (wt) and Cys328Ser, pur-
ified essentially as described [22], were obtained from Biomedal
(Spain). The protein in 8M urea, 5mM Tris-HCl pH 7.6, 1mM EDTA,
10mM 2‑mercaptoethanol, 0.4mM PMSF and approximately 0.2M KCl
(resulting from elution with a 0–0.3M KCl gradient) was ultrafiltrated
using Millipore Amicon Ultra filter units (10 K pore size) and dialyzed
step-wise in 5mM Pipes-Na pH 7.0, 1mM DTT containing decreasing
urea concentrations (8, 6 and 2M). Final dialysis was performed for
16 h at 16 °C in 5mM Pipes-Na, pH 7.0, 0.25mM DTT (hypotonic
buffer) [33]. The ultrafiltration step was necessary for efficient removal
of metal chelators used during the purification procedure [33]. Protein
concentration was estimated from its A280, using an extinction coeffi-
cient of 22450M−1 cm−1. Aliquots of the protein were kept at − 80 °C
until assayed. Throughout this work, amino acid numbering for vi-
mentin includes the initial methionine.

2.3. Vimentin modification by oxidants and electrophiles in vitro

Modification of vimentin was assessed by gel-based techniques.
Briefly, vimentin at 3.8 μM in 5mM Pipes-Na, pH 7.0 was incubated for
60min at room temperature in the presence of the indicated com-
pounds. DTT final concentration was kept below 0.2mM. Incorporation
of biotinylated prostaglandins was analyzed by SDS-PAGE followed by
blot and biotin detection with HRP-streptavidin. HNE adduct formation
was estimated by protein immunoreactivity after SDS-PAGE and wes-
tern blot with an anti-HNE adducts antibody (Calbiochem). The effect
of diamide and of DMSO was assessed by electrophoresis under non-
reducing conditions followed by western blot.

2.4. Electron microscopy

Vimentin polymerization was induced by incubation with 150mM
NaCl for 5min or 1 h at 37 °C before or after treatment with electro-
philic compounds. Assays were repeated at least three times and all
incubation mixtures were processed in duplicate. Filaments were fixed
by addition of 0.1% (v/v) glutaraldehyde. Drops of incubation mixtures
were applied onto carbon support grids (MESH CF 400 CU UL, Aname),
which were subsequently washed with water and stained with 2% (w/
v) uranyl acetate. Grids were inspected on a JEOL transmission electron
microscope JEM-1230, equipped with a digital camera CMOS TVIPS
TemCam-F416. Electron microscopy (EM) images were processed with
FIJI software for the measurement of filament width using the “plot
profile” plugin of straightened filaments. On average, 50 filaments were
measured per experimental condition.
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2.5. Plasmids and transfections

The bicistronic plasmids RFP//vimentin wt and Cys328Ser, for the
expression of human wt vimentin or its Cys328Ser mutant, respectively,
and DSred Express2 protein (RFP) as separate products, have been
previously described [42]. The backbone vector pIRES2 DSred Express2
was from Clontech. The GFP-vimentin wt fusion construct has been
reported previously [54]. A synthetic sequence of the vimentin N-
terminal (residues 1–136) including serine to alanine mutations on
amino acids 7, 25 39, 47, 56, 65, 66, 72, 73, 83 and 87 (numbered from
methionine 1), cloned in the pUC57 vector, was obtained from Gene-
script. This plasmid was digested with XhoI and the fragment subcloned
into the same site of the RFP//vimentin wt vector to yield a phos-
phorylation-deficient (“SA”) human vimentin mutant (RFP//vimentin
(1–136)SA). For transient transfections, 1 μg of DNA and 3 μl of Lipo-
fectamine 2000 (Invitrogen) were used per p35 dish, according to the
manufacturer instructions.

2.6. Cell culture and treatments

SW13/cl.2 cells stably transfected with RFP//vimentin wt or RFP//
vimentin Cys328Ser (RFP//vimentin wt and Cys328Ser cells, respec-
tively) have been previously reported [42]. Cells were cultured in
DMEM (Invitrogen) supplemented with 10% (v/v) fetal bovine serum
(Sigma or Biowest), and antibiotics (100 U/ml penicillin plus 100 μg/ml
streptomycin, Invitrogen). For maintenance of stably transfected cells,
500 μg/ml, final concentration, of G-418 (Invitrogen) were added to the
culture medium. For glucose depletion, cells were washed with DMEM
without glucose and cultured in this medium. For immunofluorescence,
cells grown on glass coverslips were treated with vehicle (0.1% (v/v)
DMSO) or electrophilic compounds in DMSO at the indicated con-
centrations for 2 h at 37 °C, in the absence of serum. Diamide treatment
(1mM final concentration) was carried out for 5 or 15min, as in-
dicated. In protection assays, cells were preincubated with DBB at
100 μM for 15min, with 20mM sodium azide for 15min or 10 μM FCCP
for 20min, prior to the addition of 1mM diamide. For calyculin A
pretreatment, cells were incubated with vehicle (0.2% (v/v) DMSO) or
20 nM calyculin A in DMSO for 15min at 37 °C before addition of
diamide or 15d-PGJ2 for 15 more min. At the end of treatments cells
were washed with ice-cold PBS, fixed and processed as detailed below.

2.7. Cell lysis and western blot

For preparation of total cell lysates, cell monolayers were washed
with ice-cold PBS and homogenized in 50mM Tris-HCl pH 7.5, 0.1mM
EDTA, 0.1mM EGTA, 0.1mM β-mercaptoethanol, 0.5% (w/v) SDS,
20mM sodium orthovanadate, 50mM sodium fluoride, containing
protease inhibitors (2 μg/ml each of leupeptin, aprotinin and trypsin
inhibitor, and 1.3 mM Pefablock). Cell lysates were cleared of debris by
centrifugation at 10,000 g for 5min at 4 °C. Protein concentration was
determined by the Bicinchoninic acid method (Pierce, Thermo Fisher,
Rockford, IL, USA). Lysates were incubated at 95 °C for 5min in
Laemmli sample buffer and aliquots containing 30 μg of protein were
analyzed by SDS-PAGE. Proteins were transferred to Immobilon-P
membranes using a Semi-Dry system from Bio-Rad. Blots were blocked
with 2% (w/v) non-fat dried milk and incubated with primary anti-
bodies, typically at 1:500 dilution, and with HRP-conjugated secondary
antibodies, at 1:2000 dilution, as previously described [42]. In all cases,
the signal was obtained with the enhanced chemiluminiscence system
(ECL) from GE Healthcare, upon exposure of the blots to Agfa Curix
film.

2.8. Immunofluorescence

Cells were fixed with 4% (w/v) paraformaldehyde, permeabilized
with 0.1% (v/v) Triton X-100, blocked with 1% (w/v) BSA in PBS and

incubated with anti-vimentin-Alexa 488 at 1:200 dilution. After
washing, cells were incubated with Phalloidin-Alexa568 (Molecular
Probes) for filamentous actin (f-actin) staining. All the procedure was
carried out at room temperature. Coverslips were mounted on glass
slides with Fluorsave (Calbiochem). Images shown were acquired on
Leica SP2, SP5 or AF6000 LX microscopes. Image analysis was per-
formed with software from Leica (LasX) or FIJI. Particle counting was
carried out with Diatrack software [59].

2.9. FRAP assays

For FRAP assays, SW13/cl.2 cells cultured on p35 glass bottom
dishes (Mattek Corp.) were transiently transfected with RFP//vimentin
wt (0.8 μg) plus GFP-vimentin wt (0.2 μg), and 3 μl of Lipofectamine
2000 (Invitrogen), following manufacturer instructions. Forty eight
hours after transfection, cells were placed on a thermostatized chamber
for observation with a Leica SP5 microscope, essentially as described
previously [42]. Briefly, a prebleach image was taken, after which an
area of 18×1.5 µm was bleached by three pulses of 488 nm laser
power. Postbleach single section images were acquired every 3 s for
5min. Fluorescence recovery was registered and plotted in recovery
graphs. A minimum of twenty FRAP assays were carried out per ex-
perimental condition.

2.10. Vimentin solubility assays

RFP//vimentin wt cells were treated with the indicated agents. At
the end of the treatment, cells were lysed in 20mM Tris-HCl pH 7.4,
600mM NaCl, 0.5% (v/v) Triton X-100, 0.1 mM sodium orthovanadate
and protease inhibitors (2 μg/ml each of leupeptin, aprotinin and
trypsin inhibitor, and 1.3mM Pefablock). Lysates were centrifuged at
12,000 g for 10min at 4 °C. Aliquots from pellet (30 μl, insoluble vi-
mentin) and supernatant (15 μl, soluble vimentin) fractions were se-
parated by SDS-PAGE and vimentin content was assessed by western
blot [5,42].

2.11. ATP measurements

The luminescent ATP detection assay (Abcam) was used to measure
steady-state ATP concentrations. RFP//vimentin wt cells were seeded
onto 96 well glass bottom plates (1.5× 104 cells/well) and grown for
48 h. Cells were treated with inhibitors of oxidative phosphorylation
(20mM NaN3 for 15min or 10 µM FCCP for 20min), in the absence of
glucose. ATP concentrations were determined in triplicate by lumi-
nescence measurement using a Varioskan Flash microplate reader
(Thermo) according to the manufacturer's instructions.

2.12. Statistical analysis

All experiments were performed at least three times. Results are
presented as average values ± standard error of mean (SEM).
Statistical analyses were carried out using GraphPad Prism 5. For
comparisons of different sets of values the Student's t-test was used.
Differences were considered significant for p < 0.05. For comparison
of multiple data sets the one-way analysis of variance followed by
Tukey's post-test was used. Statistically significant differences are in-
dicated on the graphs and/or in the figure legends.

3. Results

3.1. Several electrophilic species interact covalently with vimentin

In order to assess the impact of lipid electrophiles and oxidants on
vimentin structure and function, we first monitored their interaction
with the purified protein by means of gel-based assays. The electro-
philic compound diamide is a widely used oxidant because it reacts
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Fig. 1. Electrophilic lipids and oxidants induce covalent modification of vimentin. (A) Structures of the electrophilic lipids/compounds used and their me-
chanisms of adduct formation with proteins. Diamide reacts through its diazenecarbonyl moiety with thiol groups of proteins, a two-step reaction between the
thiolate anion and the diazene double bond yielding a disulfide and a hydrazine [26]. 4-Hydroxynonenal (HNE) forms two types of adducts with proteins: via Schiff's
base formation by reaction of the aldehydic group with an amino group of the protein and by a Michael addition to a nucleophile by the active alkene bond. The
cyclopentenone prostaglandin 15-deoxy-Δ12,14-PGJ2 (15d-PGJ2) modifies proteins by Michael addition reaction through its electrophilic carbon atoms indicated with
asterisks. The structure of DMSO is shown. (B) Diamide induces disulfide-bonded vimentin oligomers. Purified vimentin wild type (wt) or Cys328Ser (C328S), as
indicated, was incubated at 3.8 μM in the presence of 1 or 5mM diamide for 1 h at room temperature, after which, incubation mixtures were subjected to SDS-PAGE
under reducing or non-reducing conditions and vimentin oligomeric species were visualized by western blot or total protein staining with Sypro Ruby, as indicated.
The proportion of oligomer vs monomer was estimated by image scanning. (C) Modification of vimentin by HNE. Purified vimentin wt or Cys328Ser was incubated
with vehicle (DMSO, 5% v/v) or HNE at 50 μM or 100 μM for 1 h. HNE adduction and vimentin levels were assessed by western blot with an anti-HNE adducts and
vimentin antibodies, respectively. The signal from the anti-HNE antibody, after subtracting the background value (vehicle) was corrected by the vimentin level. (D)
Modification of vimentin by biotinylated 15d-PGJ2. Vimentin wt or Cys328Ser was incubated in the presence of vehicle (DMSO, 5% v/v) or the biotinylated analog of
15d-PGJ2 (15d-PGJ2-B) at 10 μM or 50 μM for 1 h. Incubation mixtures were subjected to SDS-PAGE, electrotransferred, and the incorporation of 15d-PGJ2-B was
assessed by detection of the biotin signal on blots with HRP-conjugated streptavidin. Vimentin levels were monitored by western blot. (E) Vimentin wt or Cys328Ser
was incubated in the presence of the indicated concentrations of DMSO (v/v) for 1 h and the generation of disulfide-bonded oligomeric species was assessed by SDS-
PAGE under non-reducing conditions and western blot and the levels of dimer were estimated in overexposed films by image scanning. The size of the molecular
weight standards used (in kDa) is shown at the left of the blots. All experiments were performed at least three times and average values of the determinations ± SEM
are presented either in the graphs or below the blots, except for protein staining for which a representative experiment is shown. (*p < 0.05 vs 50 μM HNE in panel C
or vs the same condition for vimentin wt in panel D). WB, western blot.
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with thiolate anions forming adducts with cysteine residues, ultimately
provoking disulfide bond formation (Fig. 1A) [26]. Incubation of vi-
mentin wt with diamide led to the formation of a vimentin oligomer, of
approximately 150 kDa, which accounted for over 50% of the protein
present in the incubation, and was not observed in the case of the vi-
mentin Cys328Ser mutant (Fig. 1B). The same results were obtained by
western blot with anti-vimentin antibodies and by total protein staining
with Sypro-Ruby, which illustrates the purity of the protein preparation
as well as the absence of other oligomeric bands. The 150 kDa oligomer
is compatible with a previously characterized oxidative vimentin dimer
[47], which shows an unexpectedly high electrophoretical mobility due
to the elevated proportion of α-helix in this protein. This dimer appears
also after cysteine crosslinking of vimentin or the related protein GFAP
[42,43,47]. The dimer was not detectable when samples were analyzed
under reducing conditions, indicating that is formed by disulfide
bonding of vimentin (Fig. 1B).
Incubation of vimentin with HNE resulted in the formation of HNE-

protein adducts, as detected by western blot with an anti-HNE adducts
antibody [58]. The levels of adducts detected under these conditions
were not diminished in the vimentin Cys328Ser mutant, consistent with
the ability of HNE to form adducts with several nucleophilic residues
(cysteine, histidine or lysine) [11] (Fig. 1C). The biotinylated analog of
the cyPG 15d-PGJ2 (15d-PGJ2-B) formed adducts with vimentin, as
previously shown by us [42]. Vimentin wt incorporated 15d-PGJ2-B in a
concentration-dependent manner, as detected by SDS-PAGE and blot-
ting for biotin detection (Fig. 1D). In contrast, adduct formation with
vimentin Cys328Ser was markedly diminished. This is consistent with
the reactivity of 15d-PGJ2, which preferentially forms adducts with
cysteine residues, although one histidine adduct has been identified for
Δ12-PGJ2, a cyPG with related structure [64]. Of note, lipid electro-
philes used in these assays were dissolved in DMSO as vehicle. Since
DMSO has been reported to oxidize cysteine [39], we also explored the
putative effects of DMSO on the formation of a vimentin dimer. As
shown in Fig. 1E, vimentin incubated in the presence of DMSO shows a
small amount of disulfide crosslinked dimer, only detectable in over-
exposed blots of non-reducing gels, which does not occur in the
Cys328Ser mutant. Taken together these results show that vimentin
cysteine is susceptible to modification by structurally diverse com-
pounds, which may form adducts or induce disulfide-bonded dimers.

3.2. Effect of several oxidants and electrophiles on vimentin filament
assembly in vitro

To explore the effect of reactive species on vimentin function we
first used EM to assess NaCl-induced filament formation after pre-
incubation with vehicle or the various agents. At early polymerization
times, 5 min after addition of 150mM NaCl, both vimentin wt and
Cys328Ser formed filaments of nearly normal appearance, the ends of
which could be frequently observed in the EM fields, suggesting that
they had not reached their full length (Fig. 2A). Strikingly, filament
formation was severely impaired in diamide pre-treated vimentin wt,
which only formed polymorphic aggregates. Interestingly, when ex-
ploring the effect of lipid electrophiles, we observed that just pre-
incubation in the presence of vehicle (DMSO 5% v/v) altered vimentin
wt filament morphology, since filaments formed were shorter than the
control, showing a 25% reduction in average length (quantitated in
Fig. 2A, right panel). Preincubation with HNE resulted in filaments of
an even shorter average length, accounting for a further 27% short-
ening with respect to the DMSO vehicle. Therefore, these observations
suggest that electrophilic agents alter filament elongation or end-to-end
annealing at early times of polymerization. Importantly, these altera-
tions were absent or attenuated in vimentin Cys328Ser preincubated
with either agent. Filaments formed by vimentin Cys328Ser pre-
incubated in buffer (control) were longer than those of wt under the
same conditions. Notably, polymerization after preincubation with
diamide was totally preserved in the mutant protein. Preincubation

with DMSO resulted in a non-significant 6% reduction in the average
length of vimentin Cys328Ser filaments, whereas preincubation with
HNE reduced average filament length by 19% with respect to DMSO.
Thus, while filament shortening by DMSO was virtually abolished in the
mutant vimentin, HNE still decreased the length of vimentin Cys328Ser
filaments at early time points. Nevertheless, the effect of HNE was
significantly attenuated in vimentin Cys328Ser with respect to the wt.
Next, we explored filament morphology at the end-point of poly-

merization. Vimentin wt preincubated in hypotonic buffer and then
incubated with 150mM NaCl for 1 h, formed long filaments, typically
spanning several microns, showing the characteristic degree of poly-
morphism and an average diameter of 13.5 ± 0.3 nm (Fig. 2B), mea-
sured as exemplified in Fig. 2B, right panel. Vimentin Cys328Ser
formed nearly normal filaments of 12.6 ± 0.3 nm in diameter, al-
though at some points they showed a rougher appearance than wt.
Quantitation of apparent filament diameter is shown in Fig. 2D. Dia-
mide-preincubated vimentin wt showed even larger aggregates at this
time point, connected to some filamentous structures (Fig. 2B). Inter-
estingly, formation of filaments by diamide-treated vimentin Cys328Ser
was preserved. After 1 h polymerization, filaments formed by vimentin
wt preincubated with DMSO (5% v/v) reached normal length. Never-
theless they showed a consistently wider diameter (15.0 ± 0.2 nm)
(Fig. 2B and D), whereas the diameter of vimentin Cys328Ser filaments
was not affected by DMSO. Remarkably, HNE-induced disruption of
vimentin wt was still obvious after 1 h polymerization, with formation
of short filaments, frequently spanning less than one micron, for which
both ends were visible in the same field at the magnification used, and
displaying intense bundling. Filament width showed a marked increase,
reaching a diameter of 16.9 ± 0.9 nm. Most of the HNE-induced al-
terations were clearly attenuated in the vimentin Cys328Ser mutant
(Fig. 2B, lower panels), which showed long, individual filaments.
Nevertheless, HNE pretreatment still induced a significant increase in
vimentin Cys328Ser filament width with respect to preincubation with
DMSO alone, although filament diameter did not reach 14 nm. Thus, in
general, the morphology of vimentin Cys328Ser filaments at end point
polymerization was also protected against disruption induced by pre-
treatment with lipoxidants with respect to the wt.
Finally, we explored the effects of the cyclopentenone 15d-PGJ2 on

filament end-point morphology (Fig. 2C). Preincubation with low
concentrations of 15d-PGJ2 did not induce major alterations, and in-
creases in filament width were not significant with respect to the DMSO
vehicle. However, with increasing concentrations (> 25 μM), filaments
became more irregular and with more frequent aggregates. Vimentin
Cys328Ser typically showed more entangled filaments and structures
resembling knots, although individual filaments were more preserved
and homogeneous than those of the wt. Nevertheless, at the highest
concentrations of 15d-PGJ2 assayed, both vimentin wt and Cys328Ser
showed amorphous protein assemblies that failed to elongate.
Taken together, these results show that preincubation with oxidants

or electrophiles severely impairs NaCl-induced vimentin filament for-
mation in a manner dependent on the presence of Cys328, therefore
confirming the importance of this residue in filament organization.
Moreover, the morphological alterations induced show distinct features
depending on the electrophilic agent.

3.3. Preformed vimentin filaments display increased resistance to disruption
by lipoxidation or oxidative crosslinking

In cells, vimentin exists both in polymerized and non-polymerized
forms. Therefore, we explored the susceptibility of polymerized vi-
mentin wt to (lip)oxidation in vitro (Fig. 3). When polymerization was
induced without previous incubation at room temperature, control fi-
laments showed an average diameter of 12.3 nm, thus significantly
narrower than when polymerization was started after preincubation in
buffer (Fig. 3A). Interestingly, we observed that treatment of preformed
vimentin filaments with diamide had little effect on filament
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morphology, compared with the severe impairment of filament for-
mation provoked by treatment with diamide prior to polymerization
(Fig. 3A). Although DMSO still induced an increase in the width of
preformed filaments, remarkably, the bundling and elongation im-
pairment induced by both HNE and 15d-PGJ2, and the wider diameter
detected upon HNE treatment, were clearly attenuated in preformed

vimentin filaments (Fig. 3A). To clarify whether the protective effect of
polymerization was associated with a hindrance of chemical mod-
ification we performed gel-based assays as in Fig. 1. Curiously, poly-
merized vimentin underwent diamide-induced disulfide crosslinking to
a similar extent than non-polymerized vimentin (Fig. 3B). Analogously,
a small amount of vimentin oligomer was observed in overexposed gels

(caption on next page)
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upon preincubation under these conditions (2 h incubation), either in
the absence or presence of DMSO. Importantly, covalent modification
by HNE or 15d-PGJ2-B was not diminished by prior polymerization, and
a tendency to increase was observed at the higher concentrations.
Therefore, the protective effect of previous polymerization against fi-
lament disruption does not seem to correlate with a lower modification
extent. Nevertheless, the topology of the modification in the filaments
could be different than in the non-polymerized protein, affecting ac-
cessible residues with little consequence on filament stability. Thus,

vimentin lipoxidation or diamide-induced oxidation in vitro is more
deleterious if occurring prior to assembly. Since cells possess both
polymerized and non-polymerized vimentin, we set out to explore these
effects in cells.

3.4. Impact of (lip)oxidation on vimentin organization in cells

The consequences of electrophile treatment were studied in vi-
mentin-deficient SW13/cl.2 adrenal carcinoma cells, stably transfected

Fig. 2. Electrophilic agents and lipoxidation disrupt vimentin filament assembly in vitro. Purified vimentin wt or Cys328Ser (C328S) was preincubated with
1mM Diamide, 5% (v/v) DMSO or 100 µM HNE for 60min (A) and (B), or with increasing concentrations of 15d-PGJ2 (C), after which, polymerization was induced
by addition of 150mM NaCl (final concentration), for 5min (A) or 60min (B) and (C). Aliquots of the incubation mixtures were processed as detailed in the
Experimental Section and filaments were visualized by electron microscopy. Images shown are representative of at least three independent assays with similar results.
In (A), the length of at least 50 filaments per experimental condition, except for diamide, which induced irregular aggregates, was measured, and the results are
depicted in the scattered plot shown in the right panel. A p value< 0.001 was obtained for comparison between all experimental conditions by one-way analysis of
variance followed by Tukey's post-test, except for vimentin Cys328Ser control vs DMSO, and vimentin wt control vs vimentin Cys328Ser HNE (non significant). In the
figure, only the differences between some of the conditions are marked for clarity (§p < 0.001). In (B), the right image depicts the method for estimating filament
width along segments of at least 100 nm. The graphs shown in (D) summarize width measurements under several of the experimental conditions shown in (B) and
(C). Results shown are average values from at least 60 individual filaments per experimental condition± SEM (*p < 0.05 vs control and # p < 0.05 vs DMSO by
unpaired Student's t-test). Scale bars are 200 nm for (A)–(C) and 100 nm for (B), right panel.

Fig. 3. Effect of oxidation or lipoxidation on the morphology of preformed vimentin filaments. Purified vimentin wt was treated in the absence (control) or
presence of the indicated oxidants or electrophilic lipids before or after NaCl-induced polymerization. (A) Filament morphology was monitored by electron mi-
croscopy. Scale bars, 200 nm. The histogram in the right panel shows filament width quantitated as in Fig. 2. Results shown are average values ± SEM of 3–5
experiments totaling from 20 to 60 filaments per experimental condition. (#p < 0.05 vs control of electrophile treatment before polymerization; ‡p < 0.05 vs
DMSO before polymerization; *p < 0.05 vs control of electrophile treatment after polymerization; §p < 0.05 vs the same treatment before polymerization by
unpaired Student's t-test). ND, not determined. (B) Vimentin was incubated for 1 h at r.t. in the absence (-NaCl) or presence of NaCl (+NaCl), after which, it was
treated with the indicated oxidants or electrophilic lipids for an additional hour and the extent of modification was assessed as in Fig. 1. Results shown in graphs are
average values ± SEM of three independent determinations. Comparisons were made vs the same conditions in the absence of NaCl. (# p < 0.05 vs -NaCl by paired
Student's t-test).
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with vimentin wt or Cys328Ser [42]. Consistent with our previous re-
sults, and shown here for reference (Fig. 4A), electrophilic agents dis-
rupted the vimentin filament network leading to different patterns
[1,42]. Diamide induced a drastic and rapid disruption of vimentin fi-
laments leading to disperse dots, whereas 15d-PGJ2 produced vimentin
filament condensation and juxtanuclear concentration in “aggresome-
like” structures (Fig. 4A). The vimentin Cys328Ser mutant showed at-
tenuated responses to these agents, as quantitated in Fig. 4A, lower
panels, being virtually resistant to the effect of diamide. This is con-
sistent with the lack of modification of this mutant by the cyPG PGA1-B
[17] or by bifunctional cysteine crosslinkers [42] in cells. To further
characterize vimentin reorganization we explored the proportion of
soluble vs polymerized vimentin wt, following a high-salt/Triton X-
100-based protocol according to [5]. Interestingly, these treatments did
not increase the proportion of soluble vimentin wt (Fig. 4B). In fact,
diamide slightly reduced soluble vimentin, an observation compatible
with increased vimentin aggregation or cysteine crosslinking. Im-
portantly, no low molecular weight vimentin fragments, indicative of
degradation, were observed. Under all conditions, actin, which was
used as a control of the specificity of the effects, was predominantly
soluble. Therefore, vimentin reorganization by these agents does not
appear to be related to increased vimentin disassembly into more so-
luble subunits or degradation products.

3.5. Modulation of vimentin dynamics in SW13/cl.2 cells

If, as suggested by the results obtained in vitro, preformed filaments
are more resistant to disruption, cellular network fragmentation in re-
sponse to diamide would require active vimentin exchange on fila-
ments, in order that, hypothetically, reassembly of modified vimentin

within the time-frame of the experiment would result in abnormal fi-
laments. Therefore, we first assessed vimentin filament dynamics by
FRAP, using cells transiently transfected with a combination of un-
tagged vimentin wt (80%) and GFP-vimentin wt (20%) in order to
highlight the vimentin filaments and perform photobleaching [42].
Reappearance of fluorescence in the targeted region could be detected
few seconds after photobleaching, although total recovery required
several minutes (Fig. 5A), indicating very active vimentin dynamics in
this model. Nevertheless, the nature or the oligomerization state of the
fluorescent vimentin incorporated into the bleached filaments cannot
be ascertained with this technique. Thus, we next explored several
strategies aimed at hampering vimentin dynamics. First, we employed
cysteine crosslinking to “fix” vimentin filaments. The bifunctional cy-
steine reagent dibromobimane (DBB) irreversibly crosslinks vicinal
cysteine groups within a distance of 3–6 Å [36], and selectively stabi-
lizes the vimentin network [42]. DBB significantly prevented fluores-
cence recovery, indicating that it blocks vimentin exchange on fila-
ments. Quantitative analysis of these results is shown in Fig. 5A, lower
panel.
Several elegant works have shown that the exchange of subunits on

vimentin filament precursors, as well as their microtubule-dependent
transport, require ATP [45,46]. A commonly used strategy to lower ATP
levels involves the use of inhibitors of oxidative phosphorylation, to
block mitochondrial ATP synthesis, in combination with glucose de-
pletion to limit ATP production through glycolysis [40,66]. Therefore,
we incubated SW13 cells, transiently transfected with the combination
of vimentin and GFP-vimentin described above, in glucose-free medium
together with FCCP. This agent is an ionophore and mitochondrial
oxidative phosphorylation uncoupler that disrupts ATP synthesis by
transporting protons across the inner mitochondrial membrane,

Fig. 4. Effect of electrophilic agents on vimentin organization in cells. (A) SW13/cl.2 cells stably transfected with RFP//vimentin wt or Cys328Ser (C328S) were
treated with 1mM diamide for 15min or 10 µM 15d-PGJ2 for 2 h, after which, cells were fixed and the vimentin network was visualized by immunofluorescence.
Scale bars, 20 µm. The graphs below depict the proportion of cells with totally fragmented vimentin filaments in control or diamide treated cells (left panel), or cells
with aggresome-like structures upon treatment in the absence or presence of 15d-PGJ2 (right panel). Results are average values± SEM of three experiments totaling
at least 150 cells (**p < 0.01 vs control wt; #p < 0.05 vs diamide wt; *p < 0.05 vs control wt by Student's t-test). (B) The amount of soluble vimentin wt upon
treatment with the indicated agents was monitored by cell fractionation and western blot with anti-vimentin antibody in soluble (S) and pellet (P) fractions. As a
control, blots were probed with anti-actin antibody. The proportion of soluble vimentin wt was estimated by image scanning and average values obtained from three
experiments± SEM are shown in the graph.

A. Mónico, et al. Redox Biology 23 (2019) 101098

8



dissipating the proton gradient [3]. Recovery of fluorescence on vi-
mentin filaments was nearly abolished in FCCP-treated, glucose-de-
pleted cells (Fig. 5A), indicating a sharp inhibition of vimentin dy-
namics. Further insight into the effect of these strategies on vimentin
organization was obtained from vimentin solubility assays, which
showed a marked reduction in the amount of vimentin in the soluble
fraction from cells treated with DBB, consistent with enhanced forma-
tion of crosslinks [42] (Fig. 5B). This effect was selective for vimentin
since the amount of soluble actin was not reduced accordingly (Fig. 5B,
lower blot). In contrast, FCCP plus glucose depletion apparently had no
effect on vimentin solubility (Fig. 5B).

3.6. Inhibiting filament dynamics protects the vimentin network from
diamide-induced disruption

To explore the impact of blocking filament dynamics on the dele-
terious effects of (lip)oxidation, we employed the above described
strategies prior to treatment with diamide (Fig. 6). We chose diamide

for these assays due to the short incubation time necessary for its effect
and the clarity of the morphological changes induced: Between 80%
and 90% of the cells showed total reorganization of vimentin filaments
into dots after a 5 or 15min incubation (Fig. 6A), as quantitated in
Fig. 6B. Consistent with our previous observations, cysteine cross-
linking with DBB completely prevented the fragmentation of vimentin
filaments induced by diamide, even after a 15min treatment [42], al-
though a tendency of vimentin to accumulate next to the nucleus was
observed. Similarly, preincubation with FCCP in glucose-free medium
almost completely prevented filament fragmentation upon short-term
diamide treatment (5min). However, FCCP induced an intense con-
densation of vimentin filaments characteristic of aggresome formation,
which has been previously reported and considered to be independent
from the inhibition of oxidative phosphorylation [31]. A similar result
was obtained with sodium azide, which disrupts the mitochondrial re-
spiratory chain by inhibiting cytochrome C oxidase [55]. However, it
should be noted that the protective effect of ATP-depleting approaches
was attenuated after longer diamide treatments and that the use of

Fig. 5. Modulation of vimentin dynamics in SW13/cl.2 cells. (A) Assessment of vimentin dynamics by FRAP. SW13/cl.2 cells were transiently transfected with
RFP//vimentin wt plus GFP-vimentin wt for live cell monitoring as detailed in the experimental section. FRAP assays were performed in cells treated with vehicle
(control), 100 μM DBB or 10 μM FCCP in glucose-free medium for 10–30min. Representative images acquired prior to (prebleach), immediately after (0 s) and 150 s
after bleaching are shown. The bleached area is delimited by a dotted yellow rectangle. Scale bars, 10 µm. The graph shows measurements of the fluorescence
intensity of the bleached area taken every 3 s. Results are average values of at least 10 determinations± SEM. Differences between values from control and treated
cells were statistically significant at all time points by Student's t-test. (B) Vimentin solubility under the conditions of the assays was determined as in Fig. 4. The
graph depicts average values from 3 to 7 determinations± SEM (*p < 0.05 vs DMSO (vehicle) by unpaired Student's t-test).
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these inhibitors for longer periods or at higher concentrations was
precluded by their own toxic effects. Additionally, the induction of vi-
mentin juxtanuclear accumulation by DBB treatment or ATP depletion
precluded the evaluation of the protective effects of these strategies on
the perturbations of the vimentin network elicited by 15d-PGJ2. Im-
portantly, strategies inhibiting vimentin filament dynamics selectively
protected the vimentin network vs f-actin distribution from disruption
by diamide (Fig. 6A). Control cells showed a homogeneous distribution
of f-actin, characterized by the presence of short cytoplasmic fibers as

well as a cortical actin layer and peripheral structures typical of focal
adhesions. Treatment with diamide induced f-actin disruption with
appearance of a reticular pattern. Consistent with previous observations
[42], pretreatment with DBB altered f-actin on its own, inducing jux-
tanuclear aggregation, and did not attenuate the effect of diamide. In-
terestingly, FCCP induced a marked alteration of f-actin per se, which
predominated over the effect of diamide, characterized by a drastic
accumulation coincident with the aggresome-like structure observed in
some cells by vimentin immunofluorescence. Sodium azide induced a

Fig. 6. Effect of inhibiting vimentin filament dynamics on diamide-induced network disruption. (A) SW13/cl.2 cells stably transfected with RFP//vimentin wt
were pretreated with 100 µM DBB for 15min in serum-free medium or with 20mM NaN3 or 10 µM FCCP for 15 or 20min, respectively, in glucose- and serum-free
medium, as indicated, before addition of vehicle (control, left images) or 1mM diamide (right images) for 15min (for DBB-pre-treated cells) or 5min (in the case of
FCCP or NaN3-pretreated cells). Cells were fixed and vimentin distribution (green) was assessed by immunofluorescence. F-actin distribution (red) was monitored by
phalloidin staining. Merged panels show the overlay of vimentin and actin signals. (B) The extent of filament severing under every condition was estimated as the
proportion of cells showing completely fragmented vimentin. In every experiment, at least 300 cells were monitored per experimental condition. Results are average
values ± SEM of three experiments. (**p < 0.0001 vs diamide 5min, # p < 0.05 vs diamide 15min). (C) Steady-state ATP levels under the different experimental
conditions were determined as detailed in the experimental section. Results are presented as mean values of three experiments performed in triplicate ± SEM
(*p < 0.05 vs control, § p < 0.05 vs DMSO in glucose-free medium by unpaired Student's t-test).
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Fig. 7. Interplay between (lip)oxidation and phosphorylation in vimentin network disruption. (A) Cells stably transfected with RFP//vimentin wt were
treated with vehicle (DMSO) or 20 nM calyculin A for 30min. The effect of calyculin A on vimentin solubility was assessed as in Fig. 4. The graph depicts average
results from three determinations ± SEM (*p < 0.05 vs control by paired Student's t-test). The levels of phospho-Ser56 (pS56) and phospho-Ser72 (pS72) vimentin
were estimated by western blot with phosphospecific antibodies in soluble and pellet fractions (B) or in total cell lysates (C). The position of phosphorylated vimentin
is indicated by arrows and that of non-specific bands, marked as “ns”. In (C), dotted lines show where lanes from the same gel have been cropped. The graphs in (B)
and (C) show the ratio of phosphorylated vimentin vs total vimentin, in soluble fractions (B) or total cell lysates (C), as average values± SEM from three independent
assays. (**p < 0.01 vs control). (D) Cells stably transfected with RFP//vimentin wt or Cys328Ser (C328S) were pretreated with vehicle (DMSO) or 20 nM calyculin A
for 15min, after which, 1mM diamide or 50 μM 15d-PGJ2 were added for 15 more min and cells were fixed and processed for detection of vimentin by im-
munofluorescence. (E) SW13/cl.2 cells were transiently transfected with the phosphorylation-deficient mutant RFP//vimentin SA and 48 h after transfection they
were treated with 1mM diamide for 15min. The distribution of vimentin was assessed by immunofluorescence. The degree of filament fragmentation was estimated
by counting the number of vimentin particles per cell using the Diatrack software. The histogram shows the number of dots per cell (mean ± SEM) obtained from 40
cells measured in three independent experiments (**p≤ 0.0001 vs the dots per cell in diamide-treated, vimentin wt-expressing cells by unpaired Student's t-test).
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bristly appearance of f-actin per se, but it did not improve the disrup-
tion induced by diamide.
The efficacy of the various approaches used for cellular ATP de-

pletion prior to treatment with diamide was confirmed by measuring
total ATP levels, which showed a significant decrease of steady-state
ATP levels in cells treated with FCCP or sodium azide in glucose-free
medium (Fig. 6C).

3.7. Interplay between phosphorylation and (lip)oxidation in vimentin
network reorganization

Vimentin hyperphosphorylation elicited by phosphatase inhibitors
has been reported to induce vimentin disassembly in some experimental
models [15]. Therefore, we hypothesized that, if blocking dynamics
protected vimentin from (lip)oxidation-induced remodeling, inducing
disassembly through phosphorylation might have the opposite effect.
Treatment of RFP//vim wt cells with the phosphatase 1 and 2 A in-
hibitor calyculin A (20 nM for 15min) induced an increase in the pro-
portion of vimentin in the soluble fraction, indicating disassembly
(Fig. 7A). In addition, upon calyculin A treatment, levels of phospho-
Ser72 vimentin tended to increase in the soluble fraction (Fig. 7B) and
significantly augmented in total cellular lysates (Fig. 7C). Longer pre-
treatments or higher concentrations of calyculin A could not be used
due to cell toxicity. Morphologically, calyculin A induced coalescence
of vimentin filaments together with the appearance of a more diffuse
cellular background, although no filament fragmentation was observed
(Fig. 7D, left panels). Interestingly, pretreatment with calyculin A

intensified the disruption of the vimentin wt network induced by
electrophilic agents (Fig. 7D, left lower images). Thus, in calyculin A-
pretreated cells diamide induced intense filament fragmentation and
aggregates formation, together with the appearance of diffuse cyto-
plasmic vimentin, suggesting that both agents cooperate in filament
disruption. In turn, 15d-PGJ2-induced network disorganization was also
potentiated by calyculin-A pretreatment, resulting in amorphous con-
densations and loss peripheral filaments.
Importantly, vimentin Cys328Ser was resistant to disruption by ei-

ther of these agents alone or in combination (Fig. 7D, right panels), and
filaments were better preserved, which stresses the importance of cy-
steine modification for vimentin remodeling even in the presence of
phosphatase inhibitors.
As an initial approach to estimate the potential contribution of vi-

mentin phosphorylation to filament disruption by electrophilic agents,
we explored the response of a phosphorylation-deficient vimentin “SA
mutant”, previously used in studies with cellular and animal models
[32], in which 11 phosphorylatable serine residues present in the
protein N-terminus, have been substituted for alanines (Fig. 7E). The SA
vimentin mutant formed full filaments, although with a more irregular
appearance than those of wt. Diamide treatment induced an intense
fragmentation of the vimentin SA network, although longer filament
fragments coexisted with dots in some cells (Fig. 7E). Quantitation of
the extent of disruption as the number of filament fragments detected
per cell showed a less exhaustive filament severing of the vimentin SA
network than of the vimentin wt (Fig. 7E, right panel). Nevertheless,
these results should be taken cautiously, since it cannot be discarded

Fig. 8. Importance of vimentin dynamics
for the disruption of vimentin filaments
induced by (lip)oxidation. In vitro, pre-
incubation of soluble vimentin with electro-
philic lipids and/or oxidants (lipoxidants)
hampers subsequent filament formation in-
duced by NaCl, leading to impaired elongation
and/or aggregates, filaments of increased dia-
meter or filament bundles, in a manner de-
pendent on the presence of Cys328. In contrast,
lipoxidation of preformed filaments does not
severely alter filament morphology. In cells
with active vimentin dynamics, lipoxidants
induced filament fragmentation or condensa-
tion of vimentin wt, but not Cys328Ser
(C328S). Minimizing vimentin dynamics pro-
tects the morphology of the vimentin wt net-
work upon (lip)oxidation. Phosphorylation
may contribute to vimentin network disruption
induced by electrophilic compounds. Taken
together these observations suggest that in-
corporation of modified vimentin subunits into
filaments would be the process leading to net-
work disruption.
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that the multiple substitutions may affect the structure or assembly of
this mutant in a way not yet characterized.
Taken together these results indicate that phosphorylation and

oxidative modifications may cooperate in the disruption or remodeling
of the vimentin network in response to electrophilic agents. However,
cysteine modification appears to be a strict requirement.

4. Discussion

The vimentin network is a highly dynamic structure capable of rapid
rearrangements, which in the course of seconds or a few minutes can
lead to extensive filament remodeling in response to oxidants, heat
shock and several types of stress [19,30,54]. Vimentin is a critical
sensor for oxidative or nitrosative stress [23], and is the target for li-
poxidation by several electrophilic lipids [42]. Both types of mod-
ification induce marked vimentin network reorganization. Here, we
have addressed the mechanisms underlying these effects. Our results
show that in vitro, vimentin (lip)oxidation prior to assembly is dele-
terious for filament formation, resulting in morphological alterations
including aggregation, increased filament diameter, heterogeneity and/
or bundling. However, (lip)oxidation of preformed filaments is better
tolerated. These effects have a clear counterpart in cells, where (lip)
oxidation induces a marked reorganization of the vimentin network.
Nevertheless, blocking vimentin dynamics effectively preserves net-
work morphology. These observations indicate that for electrophiles to
disrupt vimentin organization, active dynamics/subunit exchange
should be taking place. Therefore, it could be speculated that mod-
ifications of assembled filaments do not severely disrupt the network
and that the critical step in the remodeling of vimentin would be the
reassembly of “(lip)oxidized subunits”. These observations are sum-
marized in the scheme shown in Fig. 8.
The in vitro experiments herein reported show the modification of

vimentin by various electrophilic species, which can be detected by
immunological techniques or tagged analogs of reactive lipids.
Electrophile-induced modification of vimentin follows patterns related
to the reactivity of the various species. Thus, diamide induces disulfide
bonding, therefore dependent on the presence of the single vimentin
cysteine, Cys328. In contrast, HNE, which has a broader reactivity and
can form both Michael adducts with various nucleophilic residues and
Schiff bases with amino groups, forms adducts with both vimentin wt
and the Cys328Ser mutant. Although Cys328 has been reported as the
main site of addition of HNE in vimentin in biological systems [7], our
results indicate that, in vitro, other sites can be adducted by HNE when
Cys328 is not present. The cyPG 15d-PGJ2 can form Michael adducts
with cysteine, although adducts of other cyPG, namely, Δ12-PGJ2, with
histidine residues have been reported [64]. Under our conditions, 15d-
PGJ2-B preferentially modifies vimentin wt, confirming that Cys328 is
the main target for lipoxidation by this species. This is consistent with
experiments in several cell types, showing that modification and dis-
ruption of vimentin Cys328Ser by electrophilic species was attenuated
with respect to the wt [17,42,54]. Cys328 has been reported to be the
target for several oxidative modifications, besides lipoxidation, in-
cluding thiolation, glutathionylation and nitrosylation [14,16,25]. This
indicates that this cysteine residue is particularly reactive. Never-
theless, these modifications, and in particular lipoxidation, affect se-
lected cysteine residues in other proteins including actin, tubulin, heat
shock proteins or elongation factors, among others. Indeed, we have
previously reported that lipoxidation by cyPG affects a selective subset
of reactive proteins in cells [49], among which vimentin arises as a
major target [54].
The reactive species responsible for vimentin modification can then

be very varied. This means that the cysteine residue can be decorated
by structurally diverse moieties. Importantly, the functional con-
sequences of (lip)oxidation also present a structure-dependent pattern.
Thus, in vitro, diamide induces irregular vimentin aggregation and a
profound disruption of filament morphology. The effect of DMSO on

oxidative modifications is seldom reported [39]. Nevertheless, we
realized that preincubation with DMSO alone reduced filament length
at early polymerization times and induced an increase in the apparent
diameter of vimentin wt, but not Cys328Ser filaments at end-point
polymerization. Therefore, this effect could be related, at least in part,
to oxidative modifications of the cysteine residue, reflected by the ap-
pearance of the vimentin disulfide-bonded dimer in DMSO-treated vi-
mentin wt. Treatment with HNE led to the formation of filaments that
appeared even shorter and thicker at early and late time-points of
polymerization, respectively. 15d-PGJ2 induced miscellaneous altera-
tions. Interestingly, even preincubation in buffer before polymerization
results in wider filaments than when polymerization is induced without
delay (13.4 nm vs 12.3 nm, Fig. 3A), thus suggesting that some oxida-
tion occurring during preincubation affects filament assembly. This
possibility is also supported by the observation that filaments formed at
early polymerization times, induced after 1 h preincubation, achieve a
greater length in the case of vimentin Cys328Ser than the wt (Fig. 2A).
The information from the structural models available [27], together
with previous evidence, could lead to at least two hypotheses to explain
the observed variations in diameter: either there could be an increased
separation between vimentin subunits or a higher number of subunits
per filament section. Indeed, vimentin filaments are polymorphic and
can comprise a variable number of tetramers per section [35]. Whereas
the most accepted model comprises eight tetramers per section [2,52],
up to 12 tetramers have been observed in some settings, and even 24,
depending on the assembly conditions and the presence of certain di-
valent cations [21]. In addition, the presence of a low proportion of
oxidatively modified vimentin or of disulfide-crosslinked dimers could
affect the overall disposition of vimentin tetramers in the filament, af-
fecting filament elongation as well. Further work would be necessary to
ascertain these possibilities. Taken together these results suggest that
filament elongation and diameter are highly sensitive to vimentin (lip)
oxidative modifications.
Importantly, most morphological alterations are either blunted or

attenuated in the vimentin Cys328Ser mutant, thus illustrating the
functional importance of this residue for filament assembly and as a
sensor for electrophilic or oxidative stress. Thus, Cys328 is emerging
both as a hot spot for posttranslational modification in vimentin and as
a switch or hinge influencing the assembly of the protein.
Remarkably, although in preformed filaments modification by

electrophiles occurs to the same or even higher extent than in un-
assembled vimentin, its functional outcome is markedly attenuated.
This could imply that in preformed filaments modification occurs at
exposed sites that do not severely interfere with filament structure, nor
induces filament unravelling or disassembly. In contrast, modification
of isolated subunits appears to interfere with subsequent assembly. This
could be the result of steric hindrance due to the adducted moiety.
Alternatively, modification of Cys328 could induce conformational
changes in isolated subunits which would not occur once integrated in
filaments or, contrariwise, preclude conformational changes needed for
assembly or maturation of filaments. In particular, disulfide bonds
could form between cysteine residues located within close distance in
assembled filaments without inducing disruption, whereas in isolated
subunits they could elicit associations not suitable for further assembly
or elongation.
In summary, our in vitro results can be recapitulated as follows:

Mild oxidation of vimentin (as that elicited by preincubation with
buffer or DMSO) associates with shorter filaments at early time points
of polymerization and with an increase in filament width at end-point
polymerization that are dependent on the presence of Cys328. Diamide
induces a drastic perturbation of filament assembly both at early and
late time points, which require Cys328 and does not take place in
polymerized filaments. HNE pretreatment leads to shorter filaments
than those formed after DMSO pretreatment, both at early time points
and at end-point polymerization, at which time intense filament
bundling and a wider diameter are also apparent. Among HNE-induced
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alterations, shortening and bundling at end-point polymerization re-
quire Cys328, whereas all alterations are attenuated in preformed fi-
laments. Pretreatment with 50 μM15d-PGJ2 correlates with more in-
tense bundling and irregular filament shape, both of which are
attenuated in Cys328Ser vimentin, as well as in vimentin wt preformed
filaments.
The oxidant diamide poses an interesting case, because it induces an

intense disruption of vimentin polymerization, which is clearly de-
pendent on the presence of Cys328. Therefore, we have used diamide as
a model electrophilic compound in cells, together with the cyPG 15d-
PGJ2. Nevertheless, the nature of the modification induced by diamide
is not completely understood. Although a disulfide-bonded vimentin
dimer is clearly formed in vitro, it was not observed in cells [42], in
which mixed disulfides with small molecules resulting in glutathiony-
lation or cysteinylation could also occur. Alternatively, in short-term
treatments, the diamide adduct (Fig. 1A) could also be present. These
possibilities will be the object of future studies.
In cells, filaments are subjected to continuous exchange, although

the nature of the “subunits” being exchanged (whether they are tetra-
mers, unit-length filaments or filament fragments) and the rate at which
this exchange occurs are not completely understood. Under our ex-
perimental conditions FRAP occurred within seconds/minutes, in-
dicative of active filament dynamics, meaning “subunit” shedding and
reincorporation.
When we applied treatments intended to minimize vimentin dy-

namics, the rate of fluorescence recovery was blunted. Under these
conditions we observed nearly full protection of the vimentin network
against diamide-induced disruption. This suggests that, as observed in
vitro, preformed filaments may be resistant to disruption, which leads
us to hypothesize that disruption occurs when (lip)oxidized vimentin
“subunits” attempt to incorporate into filaments. The motile properties
of vimentin filaments are known to require ATP [66]. However, the
mechanism by which inhibitors of ATP synthesis block vimentin dy-
namics is not fully understood. From the comparison of the initial and
final images of FRAP experiments it appears that ATP depletion also
reduces global filament movement, although subunit exchange is con-
sidered to be independent from full filament motility [61]. Regarding
subunit exchange, it has been hypothesized that ATP could be necessary
for phosphorylation of vimentin or for the action of an ATP-dependent
cofactor (kinase or chaperone) that would contribute to tetramer dis-
sociation and prevent reassembly [46]. Nevertheless, the possibility
that the protective effect of mitochondrial uncouplers could be due to
their impact on other mitochondrial functions or to the contribution of
indirect mechanisms, cannot be discarded.
Vimentin disassembly in response to various stimuli and during

mitosis is related to an increase in phosphorylation. Several kinases, the
target residues of which concentrate in the N-terminus of the protein,
act in a concerted way during mitosis to promote disassembly in a cell
type-dependent manner [9,65]. In particular, Ser39 and Ser72 are
phosphorylated by AuroraB, and/or RhoK [18,32], and mutation of the
target phosphorylation sites at the N-terminus of the protein leads to
mitotic abnormalities. Moreover, phosphorylation by PKA in inter-
phase, which occurs at multiple sites of the protein, leads to vimentin
disassembly [15]. In addition, microinjection of the catalytic subunit of
PKA has been reported to induce vimentin bundling and in extreme
cases, fragmentation into dots similar to those observed here with
diamide [29]. We attempted to increase the proportion of phosphory-
lated vimentin by incubation with the phosphatase inhibitor calyculin
A. This effectively increased the level of phosphorylated vimentin and
the proportion of soluble vimentin, and altered the vimentin network.
When combined with (lip)oxidation agents we observed a more intense
disruption. This, together with the fact that a phosphorylation-deficient
vimentin mutant showed a partial but significant protection from dia-
mide-induced fragmentation suggests that phosphorylation and (lip)
oxidation can cooperate in network disruption. Indeed, in cells, oxi-
dative stress or electrophilic agents could also lead to inhibition of

phosphatases, as has been described for phosphatases 1 and 2A [48],
leading to vimentin hyperphosphorylation. Nevertheless, the contribu-
tion of the phosphorylation of other proteins to the effects of phos-
phatase inhibitors cannot be excluded.
A critical observation is that vimentin Cys328Ser appears to be

completely protected from filament fragmentation, even in the presence
of calyculin A and diamide, which reinforces the role of the cysteine
residue as a gatekeeper of vimentin organization, either by direct
modification or by indirect mechanisms. It would be interesting to ex-
plore whether this mutant is also protected from alterations of the vi-
mentin network induced by other stimuli.
Altogether we have demonstrated the severe impact that oxidative

and electrophilic modifications can have on vimentin assembly in vitro
and in cells, and proposed their interplay with phosphorylation levels in
the cellular context, which could further modulate the intermediate
filament network. The consequences that alterations in these regulatory
connections may have in a pathophysiological context, during aging or
mitosis will most probably depend on the extent of the oxidative da-
mage and the activation/inactivation of redox-responsive kinases and
phosphatases.
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