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Vimentin S-glutathionylation at Cys328 inhibits filament
elongation and induces severing of mature filaments
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Vimentin intermediate filaments are a significant component of the
cytoskeleton in cells of mesenchymal origin. In vivo, filaments assemble and
disassemble and thus participate in the dynamic processes of the cell. Post-
translational modifications (PTMs) such as protein phosphorylation regulate
the multiphasic association of vimentin from soluble complexes to insoluble
filaments and the reverse processes. The thiol side chain of the single vimen-
tin cysteine at position 328 (Cys328) is a direct target of oxidative modifica-
tions inside cells. Here, we wused atomic force microscopy, electron
microscopy and a novel hydrogen—deuterium exchange mass spectrometry
(HDex-MS) procedure to investigate the structural consequences of S-nitro-
sylation and S-glutathionylation of Cys328 for in vitro oligomerisation of
human vimentin. Neither modification affects the lateral association of tetra-
mers to unit-length filaments (ULF). However, S-glutathionylation of
Cys328 blocks the longitudinal assembly of ULF into extended filaments. S-
nitrosylation of Cys328 does not hinder but slows down the elongation.
Likewise, S-glutathionylation of preformed vimentin filaments causes their
extensive fragmentation to smaller oligomeric species. Chemical reduction of
the S-glutathionylated Cys328 thiols induces reassembly of the small frag-
ments into extended filaments. In conclusion, our in vitro results suggest S-
glutathionylation as a candidate PTM for an efficient molecular switch in
the dynamic rearrangements of vimentin intermediate filaments, observed
in vivo, in response to changes in cellular redox status. Finally, we demon-
strate that HDex-MS is a powerful method for probing the kinetics of
vimentin filament formation and filament disassembly induced by PTMs.

Abbreviations

AFM, atomic force microscopy; EM, electron microscopy; ESI-MS, electrospray ionisation mass spectrometry; HDex-MS, hydrogen—
deuterium exchange mass spectrometry; PTM, post-translational modification; ULF, unit-length filaments; TES, N-[tris(hydroxymethyl)
methyl]-2-aminoethanesulfonic acid, 2-[(2-hydroxy-1, 1-bis(hydroxymethyl)ethyl)Jamino]ethanesulfonic acid.
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Introduction

Intermediate filament (IF) proteins form an extended
cytoplasmic filament system in all metazoan cells [1].
Vimentin, a prominent member of the large IF protein
family, is expressed primarily in cells of mesenchymal
origin such as fibroblasts, lens fibre cells, endothelial
cells and lymphocytes [2]. In muscle, vimentin is co-ex-
pressed and co-assembles during embryogenesis with
desmin, a protein with high amino acid sequence iden-
tity with vimentin but unique functional properties [3-
5]. Vimentin is important in cell migration [6], fibrob-
last proliferation [7], lymphocyte extravasation [8] and
the epithelial-mesenchymal transition [9]. Of note, the
primary amino acid sequence of vimentin is evolution-
arily highly conserved, from shark to humans, with the
remarkable conservation of a single cysteine at the
identical corresponding position in a conserved struc-
tural fold [4].

The IF proteins harbour a conserved tripartite struc-
tural organisation with a central o-helical ‘rod’ of
about 300 amino acids, divided into segments (1A, 1B,
2A, 2B). These segments are interconnected by linkers
L1 and L12 and flanked by flexible amino- and car-
boxyl-terminal domains (Fig. 1A). Via their rod
domains, IF proteins form parallel coiled coils. Two
such dimers associate into a half-staggered, anti-paral-
lel complex, referred to as a tetramer (Fig. 1A). Tetra-
mers are soluble in low-ionic-strength buffer, and their
assembly can be initiated by raising the ionic strength
through addition of monovalent ions. The first phase
of assembly is characterised by lateral in-register asso-
ciation of 8-10 tetramers to a unit-length filament
(ULF) (Fig. 1B). This reaction is rapid and under
standard conditions completes within 1 s [10]. In the
second phase, ULFs longitudinally anneal with each
other and with already formed short IFs (Fig. 1C).
The third phase of assembly is initiated after several
minutes of incubation when filaments stochastically
start to radially compact and reduce their diameter
from around 17 to 11 nm [I11]. As a result of the
assembly process, the number of free ends decreases,
but micrometre-length filaments further elongate by
end-on annealing [12]. These mature IFs are remark-
ably stable in vitro with scarcely any loss of tetramers
and no apparent disassembly over time [13].

In contrast, in vivo, the IF system is highly dynamic
in terms of filament movement through the cytoplasm
and disassembly/assembly cycles. The apparent contra-
diction between in vitro stability and in vivo dynamics
of vimentin filaments is easily explained by the fact
that multiple post-translational modifications (PTMs)
induce intermediate filament lability [14].

Vimentin S-glutathionylation affects assembly kinetics

Phosphorylation on serine, threonine and tyrosine
residues is the best characterised way for disassembling
IF proteins [15]. Other PTMs may affect IF substruc-
ture dynamics [16-20]. The single highly reactive cys-
teine 328 plays a unique role in the regulation of
vimentin properties. Cys328 is a sensitive sensor of
intracellular redox status and oxidative stress. Its side-
chain thiol groups are the direct targets of endogenous
or exogenous oxidative modifiers.

The single highly reactive cysteine 328 plays a
unique role in the regulation of vimentin properties.
Cys328 is a sensitive sensor of intracellular redox sta-
tus and oxidative stress. Its side-chain thiol groups
are the direct targets of endogenous or exogenous
oxidative modifiers. In cells treated with electrophilic
lipids or with diamide, existing vimentin filaments are
disrupted but only for wild-type vimentin and not its
Cys328 mutants. In vitro, preincubation of vimentin
with electrophilic lipids leads to Cys328 lipoxidation.
Treatment with diamide causes the formation of
vimentin disulfide. Such modifications impede NaCl-
induced filament formation in different ways either by
delaying the elongation process, forming irregular fila-
ments, aggregates, or by significantly increasing the
filament diameter. If vimentin was treated with the
redox modifiers after NaCl-induced polymerisation,
the chemical modifications were not hindered, but the
bundling and elongation impairment was weak
[20,21].

S-nitrosylation and S-glutathionylation are other
oxidative modifications of vimentin detected in vivo.
The exact role of such modification has not been
reported [22-24]. S-nitrosylation and S-glutathionyla-
tion are strictly regulated, reversible PTMs of proteins.
Much like phosphorylation, they function as binary
signalling ‘switches’ and regulate protein function,
interactions and localisation [25,26].

No methods yet exist to directly trace the conse-
quences of a PTM of a single protein inside cells. For
this reason, to follow the effect of S-nitrosylation and
S-glutathionylation of Cys328 on the vimentin proper-
ties and its filament assembly and disassembly in vitro,
we study homogeneously modified recombinant human
vimentin and salt-jump-induced in vitro assembly con-
ditions. In addition to using atomic force microscopy
(AFM) and electron microscopy (EM) data as tradi-
tional ways to study these processes, we present a
newly established method based on monitoring the
hydrogen—deuterium exchange by mass spectroscopy
(HDex-MS). The HDex-MS approach relies on our
previous results showing that analysis of the deutera-
tion of only three peptides in the vimentin sequence —
peplA, pep2A, and pep2B (Fig. 1) — distinguishes the
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Fig. 1. Model of vimentin tetramer (A), ULF (B) and filament (C) based on the previous hydrogen—deuterium exchange study [27]. Peptides
diagnostic for assembly are marked as pep1A (dark blue), pep2A (cyan) and pep2B (green) segments. Cysteine residue at position 328 is
indicated by a red star. Flexible linkers L1 and L12 are not shown for simplicity. In a tetramer, coil1A segments are schematically separated
to mark their role in the inter-tetrameric interactions as discussed in Ref. [27]. Pep1A, flexible in the tetramer, becomes stabilised in ULF
upon interaction with pep2A (red circle in B). Additional protection in pep1A and pep2A is observed from the longitudinal assembly in which

pep2B forms contact sites (red circle in C).

oligomeric state of vimentin among tetramer, ULF
and filament [27]. Therefore, the hydrogen—deuterium
exchange level in these peptides can be used to follow
the structural transitions accompanying filament for-
mation.

Here, we show that modification of the only cysteine
residue of vimentin by S-nitrosylation and S-glu-
tathionylation, respectively, has distinct effects on fila-
ment assembly kinetics and stability. Whereas S-
nitrosylation only slows down the monovalent salt-
jump-induced filament assembly, S-glutathionylation
has a striking dual effect: it obstructs the filament
assembly from modified soluble oligomers and,
remarkably, severs mature filaments if subjected to the
derivatisation. Our data strongly support the hypothe-
sis also propounded by others that reversible oxidative
modifications of vimentin are an essential element of
the cellular redox code, and the cell may use them to
fine-tune the dynamics of intermediate filaments result-
ing from changes in the redox environment. The pre-
sented results provide additional information that
Cys328 modifications influence only the longitudinal
and not the lateral assembly step.

5306

Results

Initial characterisation of glutathionylated and
nitrosylated vimentins: The purity of proteins

To address whether the in vitro assembly and disas-
sembly properties of vimentin change because of chem-
ical modification of the single cysteine 328 by
nitrosylation and glutathionylation, we prepared
homogeneous samples of the modified recombinant
vimentin using chemical derivatisation with GSNO
and GSSG, respectively. We used mass spectrometry
(MS) and SDS/PAGE to verify the completeness of
the glutathionylation and nitrosylation reactions and
the integrity of the final protein products. In the
nonreducing SDS/PAGE gel (Fig. 2A), both nitrosy-
lated (Vim-SNO) and glutathionylated (Vim-SSG)
vimentin showed similar mobility as the wild-type pro-
tein (Vim-WT). Often, a small band which could cor-
respond to a dimeric vimentin species was observed.
The band did not always disappear under reducing
conditions. As MS spectra did not show any signs of a
covalent vimentin dimer presence, we interpret this
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band as some not fully denatured, very stable nonco-
valent dimer of vimentin known to form even in 6 M
urea. As expected, the addition of the -NO or -SG
group to a single cysteine thiol increased the mass of
vimentin by 29 and 305 Da, respectively (Fig. 2B). We
also carefully examined the MS spectra to look for
other vimentin modifications, but the only additional,
low-intensity signals observed corresponded to minute
amounts of potassium adduct (+39 Da).

Oligomerisation status of vimentin variants
under different conditions

We used the homogenous proteins to compare the oli-
gomeric state of wild-type vimentin to the Cys328-
modified vimentin variants under low salt conditions
(5 mm TES, pH 7.5). Analytical ultracentrifugation
confirmed the formation of stable tetrameric com-
plexes for all of them. The s-values were 4.9 S for
Vim-WT, 5.0 S for Vim-SNO, and 4.7 S for Vim-SSG,
in line with previously published values for recombi-
nant vimentin. Thus, neither nitrosylation nor glu-
tathionylation affected the sedimentation behaviour of
vimentin at low ionic strength (Fig. 2C).

Vimentin S-glutathionylation affects assembly kinetics

In vitro, the assembly of vimentin tetramers into
full-length filaments can be initiated by the addition of
monovalent salts. To investigate whether the modifica-
tions of vimentin at Cys328 influenced such assembly,
we performed experiments with the three protein vari-
ants by adding potassium chloride to tetramer solu-
tions in Smm TES buffer, pH 7.5 (final KCl
concentration 0.1 m). After 2 or 16 h at room temper-
ature (RT), the samples were precipitated by centrifu-
gation at 22 000 g. SDS/PAGE was used to analyse
the pellet (P), and supernatant (S) fractions for the
salt-treated samples in comparison with the same sam-
ples not initially challenged with potassium chloride
(Fig. 3A, left two lanes in each panel).

Presence of both Cys328 modifications impaired for-
mation of insoluble vimentin oligomers in comparison
with Vim-WT. After 2 h in 0.1 m KCI, some part of
Vim-SNO was still present in the soluble fraction, and
only after 16 h, total amount of the protein was in the
pellet (middle panel). For Vim-SSG, the assembly into
insoluble filaments almost did not occur. Even after
16 h of incubation under assembly conditions, only a
minor amount of Vim-SSG was found in the pelleted
fraction, showing just a slight increase from 2 to 16 h
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Fig. 2. Characterisation of WT vimentin and its Cys328-modified variants. (A) SDS/PAGE analysis of vimentin and its variants (Vim-WT, Vim-
SNO, Vim-SSG) at reducing and nonreducing conditions. In the bottom panel in A, the gel lines were spliced from the same gel. (B) ESI-MS
data deconvoluted with MaxEnt 1 of Vim-WT, Vim-SNO and Vim-SSG. (C) Sedimentation velocity ultracentrifugation analysis of Vim-WT,
Vim-SNO and Vim-SSG. In panel C, data were fitted (dotted line) using two Gaussians shown as continuous coloured line for the major
species. M 1, protein marker (Biomol PINK Prestained Protein Ladder); M 2, protein marker (Thermo Scientific Unstained Protein Molecular
Weight Marker, Thermo Fisher Scientific, Waltham, MA, USA). The results are representative of three independent experiments.
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(right panel). In contrast, Vim-WT fully sedimented
already at 2 h with only traces of the protein left in
the supernatant (left panel).

Visualisation of in vitro assembly products using
atomic force microscopy and electron
microscopy

To assess in more detail what are the products of
in vitro vimentin assembly after Cys328 nitrosylation
and glutathionylation, we visualised the appropriate
pure protein samples after 2 h under assembly condi-
tions using AFM and EM. While extended filaments
readily formed for Vim-WT (Fig. 3B,C, left panels),
Vim-SSG built only small structures (Fig. 3B,C, right
panels). The obtained pictures further supported the
idea that glutathionylation almost blocks the elonga-
tion step of the vimentin filament assembly. Unexpect-
edly, though Vim-SNO oligomers formed less pellet
when precipitated by centrifugation, AFM and EM
images showed the formation of filaments with similar
lengths to Vim-WT but somewhat more tortuose
(Fig. 3B,C, middle panels).

Filament-length measurement of Vim-WT for
model-derived assembly kinetics

To gain insight if the filament elongation process
under the conditions used subsequently for HDex-MS
experiments agrees with the previously described
kinetic model of vimentin assembly [28], we measured
the mean length of the filaments of WT vimentin at

Fig. 3. The influence of Cys328
nitrosylation and glutathionylation on
vimentin filament assembly. (A) SDS/PAGE
analysis of soluble (S) and insoluble (P)
fractions obtained after centrifugation for
Vim-WT, Vim-SNO and Vim-SSG before salt
addition (-), and after incubation with 0.1 m
KCl for 2 h (+/2 h) as well as 16 h (+/16 h).
(B) AFM and EM images (C) of Vim-WT,
Vim-SNO and Vim-SSG assembled for 2 h
in the presence of 0.1 m KCI. Bars: (B)

1 um; (C) 100 nm. The results are
representative of the experiments
performed in triplicate.

2 mg-mL~" concentration at 22 °C in 5 mm TES pH
7.5, 0.1 m KCI (Fig. 4). We visualised vimentin struc-
tures by AFM at a shorter assembly time (5 min),
because at the high protein concentration used here, at
longer times filaments grew so long that they entangled
when deposited onto the support and we could not
accurately determine their length. Therefore, we
employed a previously developed calculation of fila-
ment-length growth over time. In particular, we pre-
dicted the time-dependent filament growth by relying
on the length distribution measured at a single time
point for a distinct assembly condition. This approach
yields an elongation constant for predicting filament
length over any desired time period at the indicated
temperature, buffer condition and protein concentra-
tion [28]. Figure 4A depicts a representative AFM
image for the above conditions and shows a wide spec-
trum of short to long filaments with a mean length
corresponding to 4 ULFs incorporated per filament,
on average (i.e., ~ 190 nm). As filaments elongate by
longitudinal annealing with each other, they reach an
average length of 20 ULF by 2000 s (Fig. 4B). This
elongation naturally corresponds to a decay in the
number of filament ends (Fig. 4C), gradually lowering
the probability of further end-to-end filament anneal-
ing.

HDex-MS to study the kinetics of assembly of
vimentin to filaments

The elongation process is mediated by a 3-nm overlap
reaction between the end of coil 2 of one filament and
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the start of coil 1 of a second filament. Thus, the tight
interaction of these two ~ 20 amino acid segments
reduces their domain mobility [1], an event that has
indeed been quantitatively measured by HDex-MS for
vimentin assembly [27]. Here, we explored if a broader
time period could be accurately investigated using
HDex-MS. In particular, we sought to track the effect
of Cys328 PTMs located close to the assembly-respon-
sible domains on domain mobility and filament assem-
bly kinetics.

To obtain insight into the mechanism by which the
glutathionylation of a single cysteine residue affects
the assembly process, we applied HDex-MS. In this
experiment, we monitored the time course of structural
changes after the initiation of tetrameric vimentin
assembly into higher-order oligomeric states by rapid
addition of KCI to a final concentration of 0.1 m. At
various times after the salt jump, an aliquot of reac-
tion mixture was withdrawn, and hydrogen—deuterium
exchange was initiated by the addition of a tenfold
volume of buffered D,O (Fig. 5). The H-D exchange
was terminated after 10 s by lowering the temperature
and the pH with 2 M glycine, pH 2.5 of the samples.
Such acidification sufficiently blocks the further
exchange of hydrogen to deuterium. The aliquots were
taken from the samples at several time points between
10 s and 16 h after the salt jump. Additionally, an ali-
quot was taken immediately after initiating the assem-
bly (first row in Fig. 5) and assigned to ¢ =1 s.

We have focused on monitoring the deuteration
level of only three indicative peptides in the vimentin
sequence (peplA, pep2A, pep2B), as indicated in
Fig. 1A. This selection was based on our earlier

Vimentin S-glutathionylation affects assembly kinetics

observation that exchange in these three regions is
starkly different among tetramers, ULFs and filaments
[27]. Therefore, the exchange level in these peptides
can be used to follow the structural transitions accom-
panying filament formation. We observed that peplA,
which spans amino acids 108-117 (QELNDRFANY)
in coil 1A, changes its status from unprotected to
partly protected during ULF formation. Subsequently,
the same segment becomes even more strongly pro-
tected upon elongation to filaments. Changes in peplA
are accompanied by increased protection of the pep-
tide pep2A, which spans coil 2A segment 280-289
(AAKNLQEAEE) upon formation of ULF. More-
over, elongation also involves changes in the pep2B
peptide, which spans the C-terminal region of coil 2B
from 400-408 amino acids (YRKLLEGEE).

Changes in deuteration of the three peptides after
the salt jump are shown in Fig. 6A,B for Vim-WT and
Vim-SSG, respectively. Exchange levels measured
before the salt jump are indicated by a green horizon-
tal line and correspond to the exchange value charac-
teristic for tetrameric state. In the case of Vim-WT
(panel A), the exchange level in peplA and pep2A
decreases rapidly, and at the first time point of 10 s
reaches 47% and 69%, instead of the 75% and 84%,
respectively, observed in tetramers. Such values have
been described before for ULFs or short filaments
containing a few ULFs, in which these two regions
become partly protected after tetramers associate later-
ally. Much smaller changes at the shortest times were
observed for pep2B, in which the exchange is mainly
sensitive to the ULF-to-filament transition step. At
times longer than 10 s, in all three peptides, we

B C
30 100+
T 2 S
oD (2]
= 20 e
;§.’ ° 60
5 151 é
40
[ =4
& 104 3
ic
= 5] 20|
0
10° 10' 10° 10° 10° 10' 10° 10°

Time [s] Time [s]

Fig. 4. Filament-length measurement of Vim-WT and model-derived assembly kinetics. (A) Vimentin (2 mg-mL~") was assembled at 22 °C
for 5 min, and filaments were visualised by AFM. Filaments exhibited a mean length of ~ 190 nm, which corresponds to 4.0 ULF integrated
on average into filaments at this time point. (B) Calculation of the time-dependent filament-length generation over time (red line) with the
help of the value determined at 5 min (red square) and the elongation constant described previously [28]. (C) Decay in the number of free
filament ends (purple line) due to end-to-end joining of filaments during the assembly process. The values were calculated using the number
of filaments determined in (B). The purple square indicates the time point of the filament-length measurement and is equivalent to the red
square in (B). Bar in (A): T um. The results are representative of the experiments performed in duplicate.
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+0.1M KCI

Pepsinolysis
LC-MS

Fig. 5. Schedule for the HDex-MS experiment used to monitor
domain dynamics during vimentin assembly. Blue squares mark
neutral pH under H,O buffer conditions, green squares mark
neutral pH under D,O buffer conditions, and red squares mark
acidic pH conditions.

observed the second stage of structural transformation,
leading to much higher protection levels, that is higher
structural stability in all three regions. These changes
in protection follow the well-known kinetics of the
elongation step in which the end-to-end annealing of
ULFs leads to decay of the free ULF ends and forma-
tion of filaments (Fig. 6A, red line showing decrease
of filament ends; see Fig. 4).

For Vim-SSG (Fig. 6B), modification of Cys328
only weakly affected the changes in deuteration level
observed at the shortest times in peplA and pep2A.
This result indicates that ULF formation seems to be
undisturbed by this modification. However, a signifi-
cant difference for Vim-SSG was observed at later
assembly times. We detected a strong stabilisation
(30% less deuteration) in all three peptides for Vim-
WT, whereas for Vim-SSG, we detected only a small
increase in protection (2-4%). Such small changes in
per cent of deuteration indicate that proper longitudi-
nal contacts do not form in contrast to the contact
regions for lateral assembly. Of interest, in compar-
ison with Vim-WT, in Vim-SSG, the exchange in
pep2B became significantly more decreased at 10 s of
assembly. This result indicated that the glutathionyla-
tion of Cys328 induces premature stabilisation in this
region already at the step when tetramers associate
into ULFs, a possible reason for the inability to form
the proper longitudinal contacts expected at the elon-
gation step. Red lines in panel A and orange lines in
panel B show that the HDex data obtained in this
work mainly lie on the curves calculated depending
on the elongation kinetic model of vimentin [28].
Thus, the direct quantitation of the change in domain

M. Kaus-Drobek et al.

mobility of the elongation-mediating segments in coil
1A and coil 2B provides further strong support for
the elongation model of vimentin, originally deduced
from time-lapse filament-length measurements using
EM [29].

The dependence of the in vitro assembly
efficiency on the degree of vimentin
glutathionylation

To assess how the degree of vimentin glutathionylation
influences its assembly, we initially combined Vim-SSG
and Vim-WT tetramers in a 1 : 1 molar ratio and trea-
ted the mixture with standard assembly conditions.
Figure 7A shows a time dependence of HDex
exchange levels for peplA, pep2A and pep2B in such
solution. The patterns of exchange suggest that if 50%
of vimentin is glutathionylated, the ULFs form with
almost the same efficiency as for pure Vim-WT, but
filaments elongate much slower. To find the relation
between the percentage of vimentin glutathionylation
and effectiveness of the ULF formation and elonga-
tion, we mixed individually prepared Vim-SSG and
Vim-WT tetramers in several proportions and mea-
sured HDex protection levels after a single time point
of 2.5 h after the salt jump. For such a time point, we
saw significant effects in earlier experiments. Figure 7B
presents data obtained in the titration experiment for
all three marker peptides (black labels). For every
Vim-WT/Vim-SSG mixture, red labels show calculated
weighted sums of HDex exchange values measured
separately for pure Vim-WT and pure Vim-SSG. Our
data indicate that modification of only a fraction of
cysteines by glutathionylation can significantly alter
elongation rates of vimentin filaments. The exchange
levels for each peptide increases with increasing
amount of glutathionylated form. While for pep2A
(Fig. 7B, middle panel) the HD exchange increases
only slightly, for peplA and pep2B the changes
(Fig. 7B, left and right panels) are significant and indi-
cate inhibition of filament longitudinal assembly.
These changes are proportional to Vim-SSG content
but get even more efficient if there is more than 40%
of Vim-SSG.

The effects of glutathionylation/reduction on
mature vimentin filaments

Post-translational modification reactions such as pro-
tein kinase phosphorylation of extended filaments can
disassemble them [30], so we investigated whether
existing Vim-WT filaments reorganise as a conse-
quence of subsequent cysteine glutathionylation. For
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Fig. 6. The course of HDex levels in three vimentin peptides that are diagnostic for filament assembly. HDex levels (% of deuteration) after
10 s of exchange in D,O of the pepl1A peptide (left panel), pep2A (middle panel) and pep2B (right panel) in Vim-WT (A) and Vim-SSG (B), at
1s,10s, 1 min, 5 min, 30 min, 2.5 h and 16 h after salt jump. In (A), the red lines represent the decay of the number of filament ends
over time for Vim-WT, as calculated using the elongation constant (see Fig. 4, right panel). The 1-s time point was excluded from the fit
(see Materials and methods). In (B), the orange lines depict the corresponding calculations for Vim-SSG; the red dotted lines represent the
data obtained for Vim-WT as shown in (A). The error bars represent standard deviations of three independent experiments.

this purpose, we induced S-glutathionylation of mature
filaments with 5 mm oxidised glutathione (GSSG) and
monitored the changes by AFM. The extended, several
micrometre-long filaments of Vim-WT (Fig. 8A) were
broken into short species clearly longer than a typical
ULFs length (ca. 65 nm) with a maximum length of
ca. 700 nm (Fig. 8B). To investigate the reversibility of
this process, we treated the Vim-SSG initially incu-
bated in a standard assembly buffer with an efficient
thiol reducing agent (TCEP). After Cys328 was
reduced, incubation for 2 h was enough for vimentin
to reorganise back into the longer IFs with a length
up to even 3.5 pm (Fig. 8C).

We also used HDex-MS for the three marker pep-
tides to follow structural changes after addition of oxi-
dised glutathione to filaments. When GSSG was added
to Vim-WT filaments, the deuteration levels increased
in all three peptides during the incubation (Fig. 9,
open navy circles). The deuteration of peplA increased
from roughly 10%, characteristic for filaments, to
almost 50%. Pep2A and pep2B exhibited smaller
changes, from 45% to 60% and from 22% to 48%,
respectively (Fig. 9, middle and right panels). The
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observed changes in deuteration strictly followed the
time course of the glutathionylation of vimentin at
Cys328, which we monitored independently by measur-
ing masses of peptides containing Cys328 (Fig. 9, left
panel, orange trace). Thus, when GSSG is added after
filament formation, the segments in peplA, pep2A and
pep2B become heavily deuterated, indicating that they
are no longer protected, with time reaching values
characteristic for ULFs or filaments consisting of a
few ULFs. Because changes in HDex almost instanta-
neously follow the glutathionylation of cysteine, the fil-
ament fragmentation appears to occur even before a
larger fraction of cysteines is glutathionylated.

HDex-MS-based kinetics used to study the effect
of Cys328-nitrosylation on vimentin assembly

To investigate at the molecular level whether the nitro-
sylation causes significant alterations with respect to
domain dynamics, we subjected the protein to a
detailed HDex-MS analysis, focusing again on the
three indicative peptides peplA, pep2A and pep2B
(Fig. 10).
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Fig. 7. The impact of a different fraction of glutathionylated vimentin on vimentin assembly. (A) The course of HDex levels in three vimentin
peptides in filaments assembled from a equimolar mixture of Vim-WT and glutathionylated vimentin. HD exchange levels (% of deuteration)
after 10 s of incubation in D,O of the peptides pep1A (left panel), pep2A (middle panel) and pep2B (right panel) in a 1 : 1 mixture of Vim-
WT and Vim-SSG at 1's, 10 s, 1 min, 5 min, 30 min, 2.5 h and 16 h after the salt jump. Marine lines represent the decay in the number of
filament ends over time for the 1: 1 mixture of Vim-WT and Vim-SSG calculated from the HDex data using the elongation constant
described in [28]. The 1-s time point was excluded from the calculation (see Materials and methods). The corresponding curves for the
measurements of the individual components Vim-WT (red dotted line) and Vim-SSG (orange dotted line) are taken from Fig. 6A,B. (B)
Dependence of HDex levels (% of deuteration after 10 s exchange) on increasing amount of glutathionylated vimentin after 2.5 h of
standard assembly (black circles). Red circles represent calculated weighted sums of HD exchange level measured for pure Vim-WT and
Vim-SSG proteins under the same conditions. The error bars represent standard deviations of three independent experiments.

We observed that in Vim-SNO, peplA becomes
slightly less protected than in Vim-WT throughout
the assembly process. It stayed more exchanged
(19.7% versus 12.2%) even in filaments formed after
a 16-h incubation under standard assembly conditions
(Fig. 10, left graph). Pep2A is less protected in Vim-
SNO during most of the incubation time, but after
16 h, the protection is nearly the same (Fig. 10, mid-
dle graph). Pep2B, like in Vim-SSG, is more pro-
tected at 10 s of assembly (see deuteration: 42.4% in
Vim-SNO, as compared to 51.1% in Vim-WT,;
Fig. 10, right graph), but at the final filamentous
state, the protection is almost the same as for Vim-
WT. Over-stabilisation of pep2B, similarly observed
at earlier times in Vim-SSG, is also present in Vim-
SNO, but in that case leads only to slower elonga-
tion. Thus, the effect of nitrosylation strongly con-
trasts with that of glutathionylation, and it would be
interesting to explore the interplay of the two modifi-
cations in the cell.

Discussion

In this work, we demonstrate in an in vitro model sys-
tem the consequences of S-glutathionylation and S-ni-
trosylation of the conserved, single cysteine 328 to the
filament assembly of vimentin. In particular, for
homogenous recombinant proteins, Vim-WT, Vim-
SNO and Vim-SSG, we compare the kinetics of salt
jump—-induced oligomerisation. We characterise the
steps of both polymerisation and depolymerisation
through measuring the HDex level at three protein
regions (peplA, pep2A and pep2B), which we previ-
ously described as critical for organisation of filament
structure [27]. Our data show specific sensitivity of the
oligomerisation kinetics to the modification status of
vimentin’s single cysteine thiol: (a) All three vimentin
proteoforms studied here form stable tetrameric spe-
cies under low salt conditions; (b) neither S-nitrosyla-
tion nor S-glutathionylation of Cys328 in tetramers
alters the kinetics of lateral association of tetramers
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into ULFs; and (c) the presence of either thiol modifi-
cation affects the kinetics of the longitudinal assembly
of ULFs into long filaments. However, whereas
Cys328-nitrosylation only slows down the elongation
step and the final assembly products are similar to
wild-type-like  filaments, the  S-glutathionylated

Vim-WT +0.1m KCl + GSSG_ Vim-SSG + 0.1 m KCI + TCEP

c

Filament disassembly
Cys™*5-SH glutathionylation 5
o,

Cys#2%-SSG reduction 4

Vim-WT Vim-SSG

Filament reassembly

Fig. 8. Remodelling of vimentin filaments by glutathionylation/
reduction of Cys328. AFM images of Vim-WT (2 mgmL™")
assembled for 2 h under standard conditions (A) and treated
subsequently with GSSG, leading to severed filaments (B). (C)
AFM images of Vim-SSG assembled under standard conditions
after reduction of cysteines with TCEP, which restores unmodified
vimentin. Scale bar: 1 um. Panels (A), (B) and (C) are
representative images that were consistently obtained from the
experiments carried out in triplicate. (D) Schematic summary of the
effect of glutathionylation/reduction on vimentin filaments.

Vimentin S-glutathionylation affects assembly kinetics

vimentin cannot form the long filaments and exists
only as soluble, short oligomers.

The precise molecular basis of the differential
response of vimentin to various Cys328 thiol modifica-
tions is not yet well described. The oxidative PTMs
diversely alter molecular mass, chemical reactivity, and
charge and may impose different steric hindrance
effects in the modified site. They also may induce dis-
tinct conformational and allosteric effects. Figure 11
represents a simplified scheme of vimentin oligomerisa-
tion which takes into account the possible steric effect
of a bulky S-glutathione group, where S-glutathionyla-
tion does not disturb the peplA/pep2A interaction
that is characteristic for ULF formation but sterically
interferes with the peplA/pep2B interaction observed
in filaments, thus impeding ULF elongation.

Cys328 of vimentin is a unique redox sensor. Prefer-
ential oxidation of vimentin, compared to other
cytoskeletal proteins, was already reported in 1989 in
cultured rheumatoid synoviocytes under mild oxidative
stress. That study was the first to suggest that Cys328
oxidation may have a role in vimentin cytoskeleton
rearrangement [31,32]. Further research has shown
that Cys328 fully exposes the thiol side chain to the
solvent in the tetrameric structure and it does not form
disulfide bonds between the cysteine thiols belonging
to the same tetramer [33]. However, the Cys328 thiol
is particularly reactive towards low-molecular-weight
compounds, such as aldehyde 4-hydroxynonenal [20],
the antitumor and anti-inflammatory prostaglandin
PGA1 [34], the oxidative adduct malondialdehyde
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Fig. 10. The influence of Cys328-nitrosylation on vimentin filament assembly. HD exchange levels (% deuteration) in the three marker
vimentin segments pep1A (left panel), pep2A (middle panel) and pep2B (right panel), observed at different times after initiation of assembly
of Vim-SNO (black circles). Olive lines depict the decay of filament ends over time for Vim-SNO as obtained from calculations using the
elongation constant. Red dotted lines represent corresponding curves for Vim-WT (Fig. 6A). Error bars represent the standard deviations of

three independent experiments.

accumulated on the surface of senescence-associated
cells [35].

Perez-Sala et al. recently demonstrated that some
modifications at the Cys328 site affect vimentin assem-
bly/disassembly in cells. /n vivo effects of lipoxidation
observed by these authors ranged from mild to drastic
perturbations of filament assembly, depending on the
nature of the thiol modifier. The same modifications
altered filament morphology in vitro. They changed
the length of the vimentin filaments obtained by
in vitro assembly, but in contrast to what we have
observed for vimentin S-glutathionylation, did not lead
to disassembly of preformed filaments [21]. Recently, it
has been shown that covalent products of Cys328 thiol
with exogenous compounds: ajoene from garlic, and
withaferin A (WFA) from ayurvedic medicine drug,
which both exert anti-metastatic activity in cancer
cells, disrupt vimentin network in cells [36-38].

S-glutathionylation and S-nitrosylation studied in
this work are endogenous PTMs that have now been
detected in vivo for multiple proteins thanks to
advances in redox proteomics methods [39]. In particu-
lar, Vim-SSG has been identified inside cells in oxida-
tively stressed human T Iymphocytes, human red
blood cell membrane-bound proteins, and proteins
secreted in glutathionylated form by macrophages
stimulated with lipopolysaccharide (LPS) [23-24.,40].
Treatment of living cells with diamide which induces
vimentin glutathionylation [24] has led to disassembly
of filaments and the appearance of vimentin dots [20].

Data presented in this work offer the first suggestion
that S-glutathionylation of Cys328 has the potential to
serve as a reversible, redox-regulated switch for synthe-
sis-independent turnover of vimentin from small sol-
uble oligomers to the insoluble filaments and

vice versa. Based on our in vitro studies, we envision
that spatiotemporally selective S-glutathionylation of
vimentin could offer a way to modulate the severing
of mature filaments into small soluble entities and their
re-annealing into new long filaments. These processes
account for vimentin’s role in cell migration, the
epithelial-mesenchymal transition and its interaction
with other cytoskeletal proteins, including actin and
microtubules [41].

S-nitrosylation of vimentin, other intermediate fila-
ment proteins (desmin, GFAP, NF-H and o-in-
ternexin), and more than 50 different cytoskeletal
proteins have been detected in several physiologic and
pathologic states (for a recent review, see Ref. [42]).
Our results show that S-nitrosylation does not have a
significant effect on the kinetics of vimentin polymeri-
sation. However, even the small inhibition of filament
elongation observed in our studies cannot be disre-
garded because it may play a more subtle role in the
regulation of vimentin assembly/disassembly. To date,
S-nitrosylation has been observed in more than 3000
proteins. It affects their function in different ways. A
subset of cellular proteins is constitutively S-nitrosy-
lated and may serve as storage molecules for the quite
reactive nitrogen oxide (NO) produced throughout the
body [43]. Some protein SNOs are NO donors. By
transnitrosylation, they transmit the NO group to
other protein thiols that are distant from the local
nitrosylation site inside or outside the cell [44]. Because
oxidative modifications are mutually exclusive on a
single cysteine thiol, the SNO group might serve to
protect the thiol from derivatisation by other oxidative
molecules. In contrast, unstable protein SNOs serve as
active intermediates, enhancing the formation of fur-
ther redox modifications, especially mixed disulfides
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Vim-SSG

Fig. 11. Proposed model of the steric effect of S-glutathionylation (marked as orange pin, right panel) on the vimentin filamentation process
in comparison with Vim-WT (left panel). Contact sites between pep1A (dark blue) and pep2A (cyan) are not disturbed in Vim-SSG when ULF
is formed (A), but S-glutathionylation severely blocks contacts between peptides pep1A and pep2B (green) during longitudinal assembly into

filaments (B).

such as the S-glutathionylated proteins [45]. Which of
the roles is played by the SNO in vimentin remains to
be determined.

Previous results have indicated that cells simultane-
ously use S-nitrosylation and S-glutathionylation,
together with other endogenous derivatives of a single
regulatory cysteine, to process different redox-related
signals into distinct biological properties [46,47]. Our
data show substantially different consequences of S-ni-
trosylation and S-glutathionylation on vimentin assem-
bly, especially the step of elongation of ULFs into
long filaments. It would be interesting to determine if
similar mechanism governs the role of other oxidative
PTMs, for example the vimentin modifications formed
with compounds used in natural medicine such as
withaferin A and ajoene [37,48]. Recently, there are
several attempts to develop a redox proteomics meth-
ods which would analyse and quantify multiple redox
PTMs of a single cysteine thiol in a protein [49].
Determining the relative levels of different thiol modi-
fications of vimentin in living cells and finding out
how they affect multiple oligomerisation equilibria
states and the multiple biological functions could be of
great importance in designing pharmacological
approaches for treating vimentin assembly-related dis-
ease [50]. The effect of S-glutathionylation at a single
position of the vimentin sequence also draws attention
to the fact that even little modifications of a single
amino acid may critically change the oligomerisation
process. Thus, experimental approaches which use

biotinylation or fluorescent labelling of the cysteine
moiety, or analyses requiring substitutions of cysteine
and its placement at other positions in the vimentin
sequence, should be treated with much caution. We
strongly suggest using the HDex-MS method described
in our work to prove that the modification, mutation
and deletion of vimentin do not affect oligomerisation
kinetics and thermodynamics.

To study the role of oxidative PTMs we have
worked out a new, label-free procedure to monitor in
time the two significant steps of oligomerisation of
vimentin: the lateral association of tetramers into
ULFs, and ULF elongation into filaments. The new
and unique feature of the procedure is that HDex-MS
measures the submicroscopic structural status at three
small protein regions, which as we described in previ-
ous work are indicative of the structural status of an
oligomer: tetramer, ULF, or filament [27]. This is in
contrast to current methods that mostly rely on tracing
oligomer sizes and shapes and thus are more sample
concentration-dependent. These methods also have
limitations in characterising the oligomerisation at dif-
ferent time windows.

Some studies used subsecond times of the process,
as in the case of SAXS measurements, combined with
a fast mixing device when the rapid formation of
ULFs followed the mixing of vimentin with high
ionic strength buffer. But subsequent steps could not
be tracked using this setup [51]. Lopez et al. used
time-resolved static light scattering and dynamic light
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scattering that characterise the hydrodynamic and
gyration radii of molecules in solution quite well,
along with the opportunity to model the mass distri-
butions of oligomer families. These authors could fol-
low the second step of the longitudinal growth of
ULFs into filaments [52]. Time-lapse EM and scan-
ning force microscopy were used to examine mean fil-
ament length on timescales of seconds to minutes
[53]. Viscosimetry enabled tracking of filament forma-
tion over minutes [54,55], whereas near-UV CD
allowed tracking both steps over time, stressing the
role of aromatic residues and the distinct radial com-
paction step [11]. Winheim et al. [12] observed the
assembly of long filaments (2-3 days of incubation)
from end-to-end annealing of shorter filaments.
Recently, a stopped-flow method enabled us to study
the formation of ULFs on a time scale from millisec-
onds and determine the rate constant for the lateral
assembly of ULFs, which occurs in a time frame
below 1 s [10].

All kinetic parameters of vimentin assembly pre-
sented above depend on protein concentration, temper-
ature and even mixing conditions. The experimental
setup used in this study was established by us previ-
ously [27]. The temperature of the assembly reaction
was lowered to 22 °C to slow down the kinetics of the
process. To obtain optimal signal-to-noise ratios for
MS spectra of most peptic peptides, the concentration
of vimentin was set to 2 mg-mL ™' which is higher than
physiological levels [56].

Under such conditions, we could observe the
expected two main steps of the assembly and we could
compare the main kinetic steps between WT and S-
modified variants of vimentin. Moreover, our data fit
well to the kinetic models derived from experiments
performed under standard assembly conditions as
described in [28]. HDex-MS provides also an opportu-
nity to quantify the dynamics of depolymerisation of
vimentin filaments and follow the degree of depoly-
merisation, as shown by disassembly of vimentin fila-
ments in the presence of oxidised glutathione into
shorter segments containing few ULFs.

In conclusion, we propose the HDex kinetics as a
general method to compare numerous variants with
mutations or PTMs, under various conditions and
over a considerable time scale of seconds to days. The
developed experimental setup allows to accurately
determine and compare the influence of different fac-
tors on the kinetic parameters of the crucial steps in
hierarchical oligomerisation of vimentin. We believe
that this approach could be more generally applied to
other filament-forming IF proteins, which are challeng-
ing to study using classical methods.

M. Kaus-Drobek et al.

Materials and methods

The reagents used during experimental procedures were
purchased from Sigma Aldrich (St. Louis, MO, USA),
unless stated otherwise. The experiments presented in this
work were performed on different protein preparations.

Vimentin expression and purification

The expression of vimentin was performed in
Escherichia coli TG1 cells, and purification was carried out
following the method of Nagai and Thorgerson [57], as pre-
viously described [58].

Two millilitre of a preculture in TB medium (Terrific
Broth; Formedium, Hunstanton, UK) was added to the
Fernbach flask with 400 mL TB supplemented with ampi-
cillin at 50 pgmL~! concentration. The expression of
vimentin was performed at 37 °C for 16 h. The culture was
centrifuged at 5000 g for 10 min at 4 °C, the supernatant
was discarded and bacterial pellet was used for inclusion
body purification. Subsequent stages of pellet treatment,
before dissolving it in urea were carried out on the ice.

First, the pellet was resuspended in 8 mL of a Lysis Buf-
fer containing 50 mm Tris/HCI pH 8.0, 25% sucrose, 1 mm
EDTA and homogenised ten times in a precooled Dounce
Homogenizer. The suspension was supplemented with
20 mg of lysozyme and incubated for 30 min, then 100 uL
of 1 M MgCl, 15 pL of RNAse A (6.25 mg-mL~'; Roche
Diagnostic GmbH, Mannheim, Germany), 10 uL of
DNAse I (Roche Diagnostic GmbH), 100 uL of a freshly
prepared saturated PMSF (100 mg in 1.5 mL of ethanol)
and 200 pL of Igepal CA-630 were added and homogenised
10 times. The suspension was incubated for 10 min and
then 20 mL of a Detergent Buffer (20 mm Tris/HCl pH
7.5, 200 mm NaCl, 1% sodium deoxycholate, 1% Igepal
CA-630, 2 mm EDTA) supplemented with 200 uL of 1 m
DTT (Carl Roth GmbH, Karlsruhe, Germany), 300 uL of
saturated PMSF and 100 pL of 50 mm Pefablock SC
(SERVA Electrophoresis GmbH, Heidelberg, Germany)
was added, homogenised and incubated for additional
10 min. The suspension was transferred to Nalgene tubes
and centrifuged for 20 min at 7000 g. The supernatant was
discarded and the pellet was resuspended in 20 mL of a
Washing Buffer (10 mm Tris/HCl pH 8.0, 0.5% Triton X-
100) supplemented with 20 pL of 1 M DTT, 50 pL 50 mm
Pefablock SC and 100 uL of saturated PMSF. The suspen-
sion was homogenised eight times, incubated 10 min and
centrifuged again for 10 min at 7000 g. Again, supernatant
was discarded, and the pellet was resuspended in 20 mL of
a Washing Buffer containing 1.5 M KCl and additives
(20 pL of 1M DTT, 50 pL 50 mm Pefablock SC and
100 pL of saturated PMSF), homogenised eight times and
incubated for 30 min, then centrifuged for 10 min at
7000 g. The pellet was washed with 20 mL of a Washing
Buffer with 20 uL of 1 m DTT, 50 pL 50 mm Pefablock
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SC and 100 pL of saturated PMSF, homogenised, incu-
bated for 10 min and centrifuged as before. Pellet was
resuspended in 20 mL of a buffer containing 10 mm Tris/
HCI pH 8.0, 0.1 mm EDTA, 20 uL of 1 m DTT, 50 uL
50 mm Pefablock SC and 100 pL of saturated PMSF.
Again, after homogenisation, incubation and centrifugation
the pellet was ready to be dissolved in 16 mL of a Urea
Buffer that contain 9.5 m urea, 10 mm Tris/HCl pH 7.5,
SmMm EDTA supplemented with 160 pL of saturated
PMSF and 160 pL of 1 m DTT. The solution was homoge-
nised and finally centrifuged using a Beckman ultracen-
trifuge (Beckman Coulter Optima L-90K, Brea, CA, USA,
rotor 45 Ti) at 20 °C and 142 500 g. for 60 min. This time,
the pellet was discarded and the supernatant containing
vimentin was transferred to a Falcon tube. Methylamine
hydrochloride (MAC) solution was added to a final concen-
tration of 10 mm. The protein was frozen and kept at
—20 °C for the further purification procedure.

Next day after thawing, the vimentin sample was diluted
twice in a degassed Urea buffer II containing 8 M urea,
S mwMm Tris/HCI, 1 mm EDTA, 0.1 mm EGTA pH 7.5 and
1 mm DTT. The protein sample was subjected to anion
exchange chromatography with DEAE Sepharose Fast
Flow (GE Healthcare Life Sciences, Chicago, IL, USA).
About 25 mL of DEAE beads suspension was mixed with
25 mL of Urea Buffer II and degassed for 15 min. The
beads were loaded onto a glass Econo-column® from
BIORAD (Hercules, CA, USA) and then were equilibrated
with 50 mL of Urea Buffer II. Diluted vimentin sample
was loaded onto the column and left for binding with grav-
ity flow. The beads were washed with 50 mL of Urea buf-
fer II. The protein was eluted with a salt gradient (0-0.3 m
KCI in Urea Buffer II) using gradient mixer device with
50 mL of solution per one chamber. Fractions containing
eluted protein were detected by Bradford reagent and then
tested on a 12% SDS/PAGE and those with high protein
concentration and reasonable purity were pooled and
stored at —20 °C with 10 mm MAC. Next day after thaw-
ing, the protein sample was diluted three times with Urea
Buffer II and applied for a cation exchange chromatogra-
phy with CM Sepharose Fast Flow (GE Healthcare Life
Sciences) with the same experimental setup like for DEAE
Sepharose. The purity of eluted fractions was monitored on
a 12% SDS/PAGE. Pure vimentin samples were pooled
and the protein concentration was measured with Bradford
assay with BSA as a standard. Vimentin sample with
10 mm MAC was aliquoted and kept at —80 °C before
refolding procedures.

Vimentin refolding

The vimentin assembly into tetramers was carried out as
described previously, with the exception that 5 mm TES,
pH 7.5, was used as buffer instead of Tris/HCl or NaPi
used in the previous studies [27,59].
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After thawing, 1 mL of a vimentin sample was applied
onto a 2 mL Slide-A-Lyzer dialysis device (10 kDa MWCO;
Thermo Scientific). The protein sample was first equilibrated
in a buffer containing 8§ M urea and 5 mm TES pH 7.5 and
then subjected to step-wise dialysis against 5 mm TES pH 7.5
containing 6 M urea, then 4 M urea, followed by 2 M urea
with 1 mm DTT (each dialysis step performed for 20 min at
RT) and 5 mm TES pH 7.5 with 1 mm DTT for 16 h at 4 °C.
Finally, the dialysis was performed against 600 mL of 5 mm
TES pH 7.5 for 2 h at RT. The protein was collected from
the dialysis membrane, centrifuged at 22 000 g. for 10 min
and applied for concentration in Millipore Centrifugal Filter
Unit (10 kDa MWCO, 6 mL; Merck Millipore, Burlington,
MA, USA). Protein stock was kept at 2 mg-mL~' concentra-
tion at 4 °C.

Preparation of Cys328-nitrosylated and Cys328-
glutathionylated forms of vimentin

To obtain Cys328-nitrosylated vimentin (Vim-SNO),
reduced vimentin Vim-WT (0.5 mg-mL~') was incubated
with 10 mMm S-nitroso-glutathione (GSNO), pH 7.5, in the
dark for 2 h at room temperature (RT). GSNO was pre-
pared immediately before the S-nitrosylation reaction by
the incubation of 200 mm reduced glutathione (GSH) with
220 mm NaNO, for 10 min at RT. S-glutathionylated
vimentin (Vim-SSG) was obtained by incubating Vim-WT
(0.5 mg-mL~") with 5 mm oxidised glutathione (GSSG) in
Smm TES, pH 8.5, for 16 h. After the given time, both
reactions were stopped by dilution of the samples with
5 mm TES, pH 7.5, and the remaining excess of glutathione
derivatives was removed by buffer exchange in a centrifugal
filter unit (10 kDa MWCO, 6 mL; Merck Millipore). The
expected molecular mass after modification was confirmed
by ESI-MS (electrospray ionisation mass spectrometry).
The stability was monitored by 12% SDS/PAGE. The final
concentration of all protein samples was maintained at
2 mg-mL~'.

Filament assembly conditions

The assembly reaction of Vim-WT, Vim-SNO and Vim-
SSG in 5 mm TES, pH 7.5, was initiated by the addition of
one tenth volume of 1 M KCI solution in 5 mm TES, pH
7.5. Incubation was for the specified time points at 22 °C,
unless stated otherwise.

Analytical ultracentrifugation

Sedimentation velocity experiments were performed in a
Beckman Coulter ProteomeLab XL-I analytical ultracen-
trifuge (Indianapolis, IN, USA), equipped with AN 60Ti 4-
hole rotor and 12-mm path length, double-sector charcoal-
Epon cells, loaded with 400 pL of samples (0.5 mg-mL™")
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and 410 pL of buffer (5 mm TES, pH 7.5). The experiments
were carried out at 20 °C and 22 000 g. using the continu-
ous scan mode and radial spacing of 0.003 cm. Scans were
collected in 4-min intervals at 280 nm. The fitting of absor-
bance versus cell radius data was performed using DCDT+
software, version 2.4.3 [60]. Biophysical parameters of the
buffer, density and viscosity at 20 °C were measured using
a Anton Paar DMA 5000 density metre (Anton Paar
GmbH, Graz, Austria) and Lovis 2000 ME viscometer
(Anton Paar GmbH). Protein partial specific volumes (V-
bars) were estimated using SEDNTERP software (version 1.09,
Spin Analytical, Durham, NH, USA).

Atomic force microscopy

All AFM experiments were performed in air as described
previously [61]. For this purpose, 10 pL of the assembled
vimentin samples (2 mg-mL ') was diluted to 0.1 mg-mL ™"
with assembly buffer (5 mm TES, pH 7.5, 0.1 m KCl), fixed
by adding an equal sample volume of 0.2% glutaraldehyde
in assembly buffer. The samples were applied to a freshly
cleaved sheet of mica and allowed to adsorb for 10 s, and
the specimen was washed with 0.5 mL of a fixing buffer to
remove unbound species. After 45 s, the specimen was
washed with distilled water and dried under a steady
stream of nitrogen. HQ-AU-150 (Asylum Research,
Oxford, UK) tips were used in AFM experiments. All
images were captured in a tapping mode using an AFM
Nanoscope V (Digital Instruments, Veeco, Santa Barbara,
CA, USA) with software 7.30.

Electron microscopy

Transmission electron micrographs of unmodified and
modified vimentin species assembled at 0.2 mg-mL~! con-
centration for 2 h at 22 °C were collected after fixation
with glutaraldehyde and negative staining with uranyl acet-
ate, as described previously [59].

Hydrogen-deuterium exchange mass
spectrometry

Hydrogen—deuterium exchange mass spectrometry experi-
ments for Vim-WT, Vim-SNO and Vim-SSG were per-
formed as described previously [27]. Initially, the sequence
coverage of vimentin by LC-MS (liquid chromatography
mass spectrometry) detected peptides was determined in
H,O under the subsequently used HDex-MS experimental
conditions. Briefly, 5 uL of the protein stock (2 mg-mL™")
was diluted 10-fold by the addition of 45 uL of 5 mm TES,
pH 7.5, prepared in H,O. The sample was then acidified
with 10 pL of 2 M glycine-HCI, pH 2.5, and flash-frozen
before further analysis. The samples were hand-thawed
immediately before injection into the SYNAPT G2 High
Definition Mass Spectrometry (Waters, Milford, MA,
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USA). First, samples were loaded onto an immobilised pep-
sin column (Poroszyme Immobilized Pepsin; ABI, Carlsbad,
CA, USA) with 0.07% formic acid in water as a mobile
phase (flow rate 200 uL-min~"). Peptides generated by the
pepsin cleavage were captured on a 2.1 x 5 mm CI18 trap
column (ACQUITY BEH CI18 VanGuard pre-column,
1.7 um resin; Waters) and resolved with an ACQUITY
UPLC-BEH CI18 reversed-phase column (1.0 x 50 mm,
1.7 um; Waters) using a gradient of 6-40% acetonitrile in
0.1% (v/v) formic acid at a flow rate of 55 pL-min~'. All
fluidics, valves and columns were kept at 0.5 °C, except for
the pepsin column, which was kept at 20 °C inside the tem-
perature-controlled digestion compartment.

HDex-MS experiments were performed for the unmodi-
fied and modified vimentin species in the absence or pres-
ence of 0.1 m KCI. All samples were subjected to the same
experimental conditions as used for the sequencing step of
nondeuterated samples described above, but H,O was
replaced with D,O (99.9%; Cambridge Isotope Laborato-
ries, Tewksbury, MA, USA).

Two control HDex-MS experiments were carried out
that took into account the minimum and maximum
exchange of a given peptide. Briefly, to obtain a minimum
exchange, D,O reaction buffer was added to the quenching
buffer, cooled on ice before the addition of protein stock,
and flash-frozen before pepsin digestion and LC-MS analy-
sis. For the maximum exchange, 5 pL of protein stock was
mixed with 45 pL of D,O reaction buffer, incubated over-
night, and then mixed with quenching buffer and analysed
as described above.

HDex-MS data analysis

Deuterium uptake for each peptide resulting from the
exchange was calculated using DYNAMX'™ HDX DATA ANALY-
sis Software 3.0 (Waters) based on the peptic peptide list
obtained from the PROTEINLYNX GLOBAL SERVER'™ software
(Waters, Milford, MA, USA) with the following acceptance
criteria: minimum intensity threshold: 3000; and minimum
products per amino acids: 0.3. Isotopic envelopes of pep-
tides after exchange were analysed and corrected using DY-
NAMX 3.0. Final data were exported to Excel (Microsoft
Office, Redmond, WA, USA). The percentage of sample
deuteration was calculated with a formula that takes into
consideration the minimum (M.0) and maximum exchange
(Mx100) of a given peptide:

(Mcx _Mcxo)

b(%) = (M 100— M ,0)

x 100%.

Error bars for the percentage of deuteration D (%) were
calculated and represented as standard deviations of three
independent experiments. Final graphs were plotted using

ORIGINPRO 8.0 (OriginLab, Northampton, MA, USA) soft-
ware.

5318 The FEBS Journal 287 (2020) 5304-5322 © 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies



M. Kaus-Drobek et al.

Kinetics of filament assembly/disassembly
monitored by HDex-MS

Vimentin and its modified versions (2 mg:-mL~") were incu-
bated with 0.1 m KCI at 22 °C. After specific time points
(1s, 10 s, 1 min, 5 min, 30 min, 2.5 h and 16 h), 5 pL of
each sample was subjected to exchange in 5 mm TES, pH
7.5, buffer with 0.1 m KCl prepared in D,O for 10 s,
quenched, flash-frozen and then analysed by HDex-MS as
described above.

To interpret the changes in deuteration levels in three
vimentin marker regions, the elongation kinetic model
obtained before was used [28]. Only the 10 s and later time
points were included in fitting procedures because they
encompass the elongation time frame. Data collected for
control just after mixing with D,O (marked 1 s) reflected
low protection of marker regions in tetramers present in
the sample during mixing, as expected, because the starting
sample contained only tetramers. Therefore, this time point
was not included in the fitting dataset.

To study vimentin depolymerisation by HDex-MS,
GSSG, pH 7.5, was added to each filament sample (final
concentration, 5 mm) to induce glutathionylation of Cys328
of vimentin. After specific time points (5 min, 30 min, 2 h,
5 h, 24 h), 5 puL of each sample was diluted with D,O reac-
tion buffer, left for 10 s, and quenched with low pH buffer
(2 M glycine pH 2.5) on ice. After being flash-frozen and
then thawed, the HDex pattern of each sample was anal-
ysed as described above. The vimentin glutathionylation
level at each time point was calculated from the MS spec-
trum of the vimentin fragment 299-408 that contains the
modified cysteine 328 residue. The concentration ratio of
unmodified and glutathionylated vimentin peptide was cal-
culated based on the fraction of the MS peak intensities of
modified and unmodified fragments. The sum of peak
intensities did not change significantly during the experi-
ment, so for clarity, it was assumed that protein glu-
tathionylation does not significantly change the ESI
efficiency for Cys-containing peptides. Kinetics of glu-
tathionylation of vimentin was calculated assuming a single
exponential transition from reduced to modified vimentin.

Remodelling the vimentin filaments by
glutathionylation/reduction of Cys 328 monitored
by AFM

To study vimentin filament disassembly, 5 mm GSSG (pH
7.5) was added to the vimentin filament sample
(2 mgmL™', 0. m KCI, 2 h at RT) and left for specific
time points. For visualising the effect of cysteine reduction,
TCEP neutral solution, pH 7.0, was added to Vim-SSG
and incubated for 2 h at RT under standard assembly con-
ditions, to a final concentration of 7 mMm and left for next
2 h. The samples were fixed and subjected to imaging as
described above for AFM methodology. The length of

Vimentin S-glutathionylation affects assembly kinetics

vimentin structures was measured with IMAGE] program
(Research Services Branch, National Institute of Mental
Health, Bethesda, MD, USA).
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