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Affiliation: 1. Institute for X-Ray Physics, University of Goettingen,5

Friedrich-Hund-Platz 1, 37077 Göttingen, Germany6

*Corresponding author. Email: sarah.koester@phys.uni-goettingen.de7

Abstract8

The cytoskeleton is formed by three types of filamentous proteins – microtubules, actin fila-9

ments, and intermediate filaments (IFs) – and enables cells to withstand external and internal10

forces. Vimentin is the most abundant IF in humans and has remarkable mechanical properties,11

such as high extensibility and stability. It is, however, unclear to which extent these properties12

are influenced by the electrostatic environment. Here, we study the mechanical properties of13

single vimentin filaments by employing optical trapping combined with microfluidics. Force-14

strain curves, recorded at varying ion concentrations and pH values, reveal that the mechanical15

properties of single vimentin IFs are influenced by direct (pH) and indirect (ionic) charge vari-16

ations. By combination with Monte Carlo simulations, we connect these altered mechanics to17

electrostatic interactions of subunits within the filaments. We thus find possible mechanisms18

that allow cells to locally tune their stiffness without remodelling the entire cytoskeleton.19

One-Sentence-Summary: Adaptable force-strain behaviour of single cytoskeletal filaments20

in varying electostatic conditions allow cells to tune their mechanical properties rapidly and21

locally.22
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MAIN TEXT23

Introduction24

It is meanwhile well accepted that the mechanical properties of cells are, to a large extent,25

governed by the cytoskeleton, a stabilising, yet flexible framework, which is composed of mi-26

crotubules, actin filaments, and intermediate filaments (IFs), together with motor proteins and27

crosslinkers. While microtubules and actin filaments are conserved in eukaryotic cell types,28

there are around 70 different genes encoding IFs in man that are expressed according to the29

cell’s specific requirements (1, 2).30

Despite differences in their amino acid sequence, all cytoskeletal IF proteins share their sec-31

ondary structure with a tripartite alpha-helical rod and disordered head and tail domains (3, 4).32

During the hierarchical assembly, two monomers form a parallel coiled coil and these dimers33

organise into anti-parallel tetramers in a half-staggered arrangement. The tetramers assemble34

laterally to form unit length filaments (ULFs), which in turn elongate to filaments by end-to-end35

annealing (3). The resulting biopolymer comprises a complex high-order arrangement of coiled36

coils (3), which allows IFs to be extended up to at least 4.5-fold their initial length (5–7). This37

enormous extensibility is in stark contrast to microtubules and F-actin (8).38

Vimentin is the IF typically expressed in mesenchymal cells (2) and up-regulated during the39

epithelial-to-mesenchymal transition in wound healing, early embryogenesis, and cancer meta-40

stasis (9). In addition to being highly extensible (7, 10, 11) vimentin is flexible (12–14) and41

stable (15). During stretching, three regimes are observed in the force-strain data (7, 10, 11, 16,42

17): an initial linear, elastic increase, a plateau of relatively constant force, and a subsequent43

stiffening regime. These regimes have been linked to structural changes in the protein (16). The44

initial linear increase is described as elastic stretching of the filament consisting of the alpha-45
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helices, the plateau as the unfolding of alpha-helical structures, and the stiffening as the further46

stretching of the unfolded structure.47

A similar three-regime force-distance behaviour has been found for single coiled coils (18, 19),48

which are a common theme in protein structures. The overall structural stability of coiled coils49

depends on the buffer conditions, however, the results are partially conflicting. Some studies50

show an increased stability at low pH compared to neutral pH (20, 21), whereas others find51

higher stability in neutral pH conditions (22, 23). It has been discussed that the response of52

a coiled coil to altered pH conditions depends on the concentration of salt ions in the buffer53

but also on the sequence of the peptide (24). Molecular dynamics simulations of the isolated54

vimentin coiled-coil dimer (17) agree qualitatively with experimental force-strain curves of55

single coiled coils (18, 19, 25) and vimentin filaments (7, 11). These results indicate that coiled56

coils play a pivotal role in the force-strain response of mature IFs.57

Here we address the open question of how strongly the variability of the mechanical response58

observed for coiled coils in different measurement conditions is conserved in fully assembled59

vimentin IFs. We study the response of mature vimentin IFs to tuning of the ionic conditions of60

the buffer and to the internal charge distribution in the protein by adjusting the pH of the buffer,61

and find that both factors strongly influence the mechanics of single vimentin IFs. Monte-Carlo62

simulations enable us to link electrostatic interactions within the filament and modifications of63

the free energy landscape of the unfolding reaction to the observed force-strain behaviour. The64

possibility to tune filament mechanics fast and locally may have important implications within65

living cells.66
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Results67

Cations stiffen single vimentin IFs68

To investigate the effect of the ionic environment on the mechanical behaviour of single vi-69

mentin filaments, we stretch the filaments after incubation in different buffers. For compar-70

ability, all filaments are assembled in standard assembly buffer (2 mM phosphate buffer (PB)71

with 100 mM KCl, pH 7.5, see Fig. 1a for a schematic representation of the hierarchical as-72

sembly pathway) before the stretching experiment. A single filament is then tethered to optic-73

ally trapped beads and incubated in the respective measuring buffer for 30 s before stretching.74

A graphical protocol of the experiment is shown in Fig. 1b. Fig. 1c shows a typical resulting75

force-strain curve, where the strain is defined as ε = (L − L0)/L0 with the original filament76

length, L0, measured at 5 pN force.77

The mechanical response of single filaments to stretching shows a clear dependence on the ex-78

perimental conditions, as shown in Fig. 2. All panels show average data and the individual79

curves are omitted here for clarity, but are shown in Supplementary Figs. S1 and S2. The three80

regimes that have been previously reported (7, 10, 11, 16, 17) are evident in the force-strain data81

recorded under standard assembly conditions as shown in Fig. 2a (100 mM KCl, see legend for82

colour code): The initial linear increase (I in Fig. 1c), the plateau (II) and the subsequent stiff-83

ening at high strains (III) can be clearly distinguished. Note that what we describe as “plateau”84

here does not necessarily have a slope of zero, but a considerably decreased slope compared to85

the rest of the curve. The curves recorded at high salt concentrations, i.e. c(KCl) = 100 mM86

or 150 mM and c(MgCl2) = 5 mM or 10 mM, are consistent with this mechanical behaviour.87

In particular, the initial slopes, which describe the initial elasticity of the filament, agree well88

between these four salt conditions, as shown in detail by the solid circles in Fig. 3a. These values89
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are determined by fitting the initial slopes of the individual force-strain curves (Supplementary90

Figs. S1 and S2).91

When the filaments are incubated in low salt buffer (PB, pH 7.5), where tetramers are known92

to be stable (26), before stretching, the mechanics change significantly. Fig. 2a shows that93

the complete curve is shifted to lower forces, the initial slope is lower and the plateau is less94

pronounced. The decreased initial slope is indicative of a softer material. As a consequence of95

this softening, the filament can be stretched to higher strains as compared to high salt buffers96

before the maximum force of the optical trap is reached. The curve measured at 50 mM KCl97

lies between the data for low salt buffer and the standard assembly buffer curve, as does the98

maximum strain for this condition. Independent of the measuring conditions, the strain at which99

the initial linear increase ends is at εI = 0.14 ± 0.04 (see Fig. 2a), showing that the elastic100

extensibilty of the filament is not affected by the salt ions. It is remarkable that the slope of the101

plateau is constant for all buffers, as shown in Fig. 3a by the open circles.102

Amino acids, the building blocks of proteins, may be either hydrophobic, polar or charged.103

Ions in the buffer interact with those polar and charged amino acids that are accessible within a104

supramolecular structure, thus mediating interactions within the assembled filament. Here, we105

refer to such electrostatic interactions caused by ions in the buffer as indirect charge effects.106

The similarity between the curves at c(KCl) = 100 mM or 150 mM and c(MgCl2) = 5 mM or107

10 mM indicates that predominantly the cations are causing the different behaviour and not the108

Cl− anions. In contrast, if it were mainly the Cl− ions that caused the stiffening of the filaments,109

we would expect the curve at c(KCl) = 50 mM to lie above both MgCl2 curves since cKCl(Cl−)>110

cMgCl2(Cl−) for all measured buffers.111

The cations do not only stiffen but also stabilise the single filaments as shown in Fig. 3b by112
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the relative count of stable filaments (solid bars), metastable filaments (cross-hatched bars),113

and instable filaments (open bars). The stability is defined according to the maximum force114

reached during stretching, Fmax. Filaments are sorted into the groups presented in Fig. 1c115

(instable: Fmax < 100 pN, metastable: 100 pN < Fmax < 650 pN, stable filaments:116

Fmax > 650 pN or bead pulled out of trap). The fraction of stable filaments increases from117

0.45 for the measurements in low salt buffer to 0.84 ± 0.06 (average and standard deviation118

from data at c(KCl) = 100 mM and 150 mM, and c(MgCl2) = 5 mM and 10 mM) at higher119

salt concentrations. The cations additionally promote bundling (see Supplementary Fig. S3a).120

This observation agrees well with the reported behaviour of vimentin networks where – with121

increasing concentrations of multivalent ions – freely fluctuating networks collapse to dense122

aggregates (27). Combined with these findings, our results show that the c(Mg2+) dependent123

stiffening of vimentin networks, as previously suggested by rheology experiments (13), is solely124

due to stronger interactions between filaments and no additional stiffening of single filaments125

in the network.126

IF mechanics adapt to pH changes127

Whereas the interactions of ions with the protein described in the previous section represent128

an indirect charge effect on the filament, we can also directly manipulate the charge of specific129

amino acids, e.g. by varying the pH of the buffer. To keep the two effects separate, at first,130

we use the curve recorded in the low salt buffer (2 mM PB, pH 7.5) as a starting point and do131

not add any additional salt ions. As the cytoplasmic pH in eukaryotic cells is reported to lie132

between 7.0 and 7.4 (28), we lower the pH to 7.0. The resulting curves are shifted to higher133

forces and the plateau region is shorter compared to the low salt buffer at pH 7.5 (see Fig. 2b134

and Supplementary Fig. S2c,d). The stiffening effect is amplified at even lower pH as shown135

by data for pH 6.5 and pH 5.8. The curves recorded in these low pH conditions are remarkably136
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similar to each other and the filaments are considerably stiffer than in all previous measurement137

conditions with the plateau almost disappearing. If we, in contrast, increase the pH from 7.5138

to 8.5, the mechanics of the filament do not change. Thus, the adaption of the filament occurs139

between pH 6.5 to 7.5 and it assumes an intermediate state at pH 7.0.140

In line with the observations for varying salt concentrations reported above, the strain reached141

with the initial, linear increase (εI =0.17±0.03) is not strongly influenced by the pH of the142

measurement buffer. This result shows that the elastic extensibility of the filament is neither143

strongly affected by direct nor by indirect charges. Additionally, the initial slope at low pH is144

the same as for the standard assembly buffer or high salt concentrations (Fig. 3a,c), indicating145

that low pH and high salt have a similar effect on the initial stiffness of the filament. The146

decrease of the initial slope with increasing pH is plotted by solid circles in Fig. 3c and is evident147

in the force-strain curves at low strains in Fig. 2b. In contrast to the cations, the pH clearly148

affects the unfolding mechanism responsible for the plateau formation and the increased slope149

of the plateau region at low pH suggests that the force needed for unfolding events increases150

with decreasing pH. Because the onset of the stiffening moves to lower strains for low pH, the151

strain range of the plateau becomes very short. Unlike for filaments in varying salt conditions152

(Supplementary Fig. S4a), the ratio of the initial slope and slope of the plateau does not change153

with the pH (Supplementary Fig. S4b).154

Taken together, our force-strain data on vimentin IFs at different pH values show that the over-155

all stiffness of the filament and the unfolding are altered considerably when the charge of a few156

specific amino acids is varied. This assumption is further supported by the stability behaviour of157

the filaments (see Fig. 3d). Here, the fraction of stable filaments, represented by solid bars, de-158

creases with increasing pH, from 0.92 at pH 5.8 to 0.27 at pH 8.5, while the force-strain curves159

do not change between pH 7.5 and 8.5 or between 5.8 and 6.5. A stabilisation or destabilisa-160
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tion therefore still continues even if the force-strain behaviour of the stable filaments are not161

affected.162

IF stiffening saturates at low pH163

We observe an overall weaker stiffening by indirect (cationic) charge shifts compared to direct164

(pH) charge shifts on single vimentin filaments. This phenomenon is especially prominent in165

the plateau regions. To understand the interplay of the two effects, we compare two sets of166

data recorded at different pH (7.5 and 5.8) without additional salt and with 100 mM KCl each.167

The four average curves are shown in Fig. 2c. At pH 5.8, 100 mM KCl does not have a strong168

effect, and the curves with and without additional salt are strikingly similar (purple), especially169

when compared to the pronounced effect of 100 mM KCl at pH 7.5 (green). This observation170

suggests that the stiffening is already saturated at low pH without salt and the ions only have171

a negligible effect. To ensure that the saturation of the stiffening we observe at low pH is172

constant on the time scales accessible here, we further investigate the temporal evolution of173

the adaptation of the mechanics of the filament at low pH. The negligible difference between174

curves (Supplementary Fig. S5) recorded at incubation times of 15 s, 30 s, and 60 s shows that175

the additional interactions within the filaments have developed already after a few seconds.176

Variations in the free energy landscapes influence filament mechanics177

The observed filament softening in low salt buffer and stiffening at low pH raises the question178

of how these mechanical properties are governed by molecular charge interactions within the179

filament. To answer this question, we first regard the initial slope of the force-strain curves in180

Fig. 2. The initial slope decreases when fewer monovalent cations are present and increases with181

decreasing pH. In our 1D experimental setting, we can interpret the initial slope as a measure of182

the filament stiffness, which for the sake of modelling we describe by the spring constant of the183
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filament, κf . We expect an increase with the number of monomers, N , per cross-section of the184

filament (29). We can, however, exclude the possibility of a reorganisation of mature filaments185

in vitro by addition or loss of subunits as it only occurs on timescales of tens of minutes (30)186

which is much slower than the time scales of our experiments. We can therefore safely assume187

that the number of monomers is constant during our experiments. Instead, stiffening of the188

filament may originate from an increase of the spring constant of an individual alpha-helix, κα,189

as shown in the Monte-Carlo simulated force-strain curves in Fig. 4a. An increased stiffness190

can furthermore be explained if we regard the filament as a bundle of protofilaments. If these191

protofilaments are fully coupled to each other, the persistence length of the bundle increases as192

N2 instead of linearly in N in the uncoupled case (29). An increase in coupling strength and193

thus an increased initial slope may be caused by higher salt concentration or lower pH and is194

thus in line with our experimental results. It should be noted, however, that we do not include195

this effect in our simulations. Instead, we simulate ‘subunit coupling’, see Fig. 4b, that describes196

the size of fully coupled lateral subunits into which the monomers are organised (31). Thus,197

in higher order subunits, more elements have to unfold simultaneously to achieve the length198

change, ∆L, of the filament. This effect already plays a role for the initial stretching and leads199

to a slightly increased slope (see inset of Fig. 4b).200

The origin of intra-filament coupling is found in the structure of vimentin. Each vimentin201

monomer has an excess of -19 e negative charges. A representation of the charge distribution202

in the vimentin monomer is shown in Fig. 5a. The excess negative charges are mostly found in203

coil 1B, coil 2 and the tail. As most polar and charged amino acids are not buried within the204

alpha-helix (32), the excess negative charges of neighbouring monomers within the filaments205

are likely to be in close proximity. The resulting repulsion presumably destabilises the filament206

structure. The decreased initial slope and reduced stability we observe in low salt conditions207
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therefore indicates that cations screen or – in case of multivalent ions – cross-bridge these208

repulsions. This is supported by the fact that vimentin is known to assemble in the presence of209

a sufficiently high concentration of cations and to disassemble in low salt buffer (26).210

In contrast to the ion mediated, indirect, electrostatic effect, a pH change directly influences the211

charge pattern of the protein sequence. To be specific, in the pH range used here, we switch his-212

tidines from being uncharged to positively charged in an acidic environment. In vimentin there213

are six histidines at various positions, indicated by the arrows in Fig. 5a. These additional pos-214

itive charges increase the number of possible electrostatic interaction sites between monomers215

in the filament (Fig. 5b), and therefore in our case decrease the repulsion, increase attraction,216

and promote coupling in the filament, similar to added ions.217

Whereas the change of the initial slope is well explained by variations of κα, other experiment-218

ally observed changes in the force-strain curves, such as the plateau slope and length are not219

reproduced by this variation. To be able to compare the mechanisms that affect the plateau, we220

first examine the unfolding reaction that leads to the plateau formation. The force level of the221

plateau F plateau (Fig. S6), the force reached at strain εI1, is a measure of the energy necessary222

for unfolding. Fig. 4c shows a schematic and simplified energy landscape for the transition223

from the alpha- to the unfolded state (green). The energy barrier EA between the two states is224

indicated in Fig. 4d. The optical trap is approximated by a harmonic potential (dashed line). By225

applying a force (Fig. 4d), the harmonic potential is moved to the right, thereby decreasing the226

energy barrier in the total potential (blue) and the unfolded state becomes more probable.227

The simulated force-strain curves in Fig. 4b reveal a strong dependence of F plateau on the subunit228

size. By choosing a small subunit size such as Nsub = 4 we are able to reproduce the observed229

decrease of F plateau in low salt buffer. At low pH, F plateau is even higher than in high salt buffer.230
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Thus, EA is apparently even further increased at low pH. This behaviour may be explained by231

an increased free energy difference, ∆G, between the alpha- and unfolded state (purple curve232

in Fig. 4h as compared to green curve in Fig. 4d), thus rendering the transition from the alpha-233

to the unfolded state less probable at the same applied force (Fig. 4g,h), effectively increasing234

F plateau. Fig. 4e shows how ∆G influences the force-strain curve.235

In addition to an increased F plateau, we also observe a shortening of the plateau at low pH236

(Fig. 2b). The length of the plateau, εII − εI, depends on the number of unfolding events237

and the length increase during unfolding, ∆L. Here, by the ‘number of unfolding events’ we238

summarise (i) fully unfolded ULFs and (ii) partially unfolded ULFs, as each of them consists239

of 32 monomers with three coils each, which can unfold fully or in parts. As εI is relatively240

constant in all measuring conditions, εII is a measure for the length of the plateau. Fig. 4f241

demonstrates how a decrease of ∆L shortens the plateau.242

Earlier interpretations of the plateau being a transition from the alpha-helices to beta-sheets243

would allow for an elongation to strain 0.77 (7, 17) in the plateau. This value agrees with εII at244

high salt concentrations, but is exceeded at low salt conditions and not reached at low pH values245

(Fig. 2). Recent results indicate that the unfolding is in fact not a two-state process but that246

alpha-helices first unfold to a random coil structure (33). These random coils could be either247

longer or shorter than the beta-sheet conformation and thereby explain the variations in ∆L.248

The remarkably short plateaus we observe at low pH indicate a strong influence of the pH on249

∆L. From the simulation in Fig. 4f we learn that decreasing ∆L furthermore increases the slope250

of the plateau, which agrees well with the increase of the slope we observe at low pH (Fig. 3c).251

The additional positive charges located at the sites of the histidines might act as crosslinkers in252

the filament, ‘locking’ the monomers in place and thereby decreasing ∆L.253

11

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted September 26, 2019. ; https://doi.org/10.1101/784025doi: bioRxiv preprint 

https://doi.org/10.1101/784025
http://creativecommons.org/licenses/by-nc-nd/4.0/


Combining the simulations and the experimental results, we are now able to explain the ob-254

served increase of the initial slope, shortening of the plateau, shift to higher forces F plateau at255

low pH or high salt conditions by increased subunit coupling and decreased ∆L. Additionally,256

for the low pH conditions, a more pronounced ∆G comes into play, whereas for high salt, κα257

is increased. The slope of the plateau can be modelled by a decrease of the subunit size or of258

∆L. As we observe no change of the slope of the plateau throughout all salt conditions at pH259

7.5, these effects seem to be balance out during the plateau formation.260

Discussion261

Previous studies of the stability of single coiled coils at varying pH and ionic strength showed262

partially conflicting results (20, 22, 24). These opposing observations can be understood in263

the light of different primary sequences that lead to coiled coils of varying stability, based on264

the length of the coils (19), the hydrophobic packing or helix propensity, i.e. how prone an265

amino acid is to form alpha-helical structures (25), and electrostatic interactions in the coil266

(20, 22, 24). The effect of the electrostatic environment we report here is valid for vimentin267

but might be considerably weaker or stronger for other types of IFs. As the charge patterns in268

different types of IFs vary, the extent of the effect of salt ions scales according to the strength269

of the repulsion between subunits in the different IFs. For example, similar IFs, such as desmin270

and glial fibrillary acidic protein (GFAP) have an excess charge of -15 e and -13 e, respectively.271

We therefore expect the effect of ions to be weaker in these filaments (1). We further expect the272

effect of pH changes in the physiologically relevant range to scale with the number of histidines273

per monomer. Whereas vimentin and desmin have six histidines (NH = 6), GFAP (NH = 8)274

contains more potential additional interaction sites at low pH (1). The effect in GFAP may275

therefore be even stronger than observed here for vimentin.276
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As the cytoplasmic pH typically lies between 7.0-7.5 (34), the mechanical properties of vi-277

mentin are susceptible to pH changes in this range. Thus, cells are equipped with a “tool” to278

rapidly and locally tune their stiffness without remodelling the whole cytoskeleton. However,279

it remains unclear, how relevant the adaptability of the IF mechanics is in living cells. One280

intriguing phenomenon, where considerable pH changes and the up-regulation of vimentin in281

epithelial cells coincide, is wound healing. In epithelial wounds, mesenchymal cells expressing282

vimentin promote healing of the skin. During the restoration of the tissue, these cells might283

be exposed to pH milieus reaching from the healthy skin pH (4.0-6.0) to the body’s internal284

pH (7.0-7.4) (28, 35). Vimentin is not only up-regulated in the cells but also excreted into the285

extracellular space (36). The result of our studies suggest that the mechanical changes vimentin286

undergoes in this pH range are considerable and might play a role within cells as well as the287

extracellular space during skin repair.288

To conclude, we directly relate the mechanical response of single vimentin filaments to stretch-289

ing in different buffer conditions to variations in the molecular electrostatic interactions in the290

filament. Our results show that the strong response to the electrostatic environment reported for291

coiled coils is preserved in mature vimentin filaments. A likely interpretation is that salt ions292

in the buffer screen or bridge electrostatic repulsion in the hierarchical structure and thereby293

stabilise the filaments. Additional positive charges in the amino acid sequence caused by a294

lowered pH stabilise and stiffen vimentin filaments as well. Thus, our results indicate that the295

mechanical role of IFs in cells can adapt to local pH and ion concentrations. Both effects, salt296

and pH, may allow cells to locally tune their stiffness without having to rebuild the entire cyto-297

skeleton and thereby adapt their mechanics to varying requirements. In this context, we show298

that stiffening of vimentin networks that was previously reported upon the addition of Mg2+
299

relies on increased inter-filament interactions and does not originate form stiffening of single300
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filaments. Thus, by ensuring a relatively constant stiffness, extensibility, force-strain behaviour,301

and stability of the filaments at physiological potassium concentrations and in conditions that302

are known to affect the bundling behaviour of vimentin, we suggest that network mechanics can303

be tuned independent of the single filament properties.304
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Materials and methods305

Experimental Design306

The experiments were performed using a setup that combines optical traps, confocal micro-307

scopy and microfluidics (C-Trap, Lumicks, Netherlands). A four-inlet glass microfluidic flow308

cell enabled easy change of buffer during the experiment as the sub-channels in the flow cell309

were separated by laminar flow. The syringes feeding the microfluidic flow cell were driven310

by air pressure. Solutions were injected into the four channels as follows and as shown in311

Supplementary Fig. S8a: 1: beads in measuring buffer, 2: measuring buffer, 3: assembly buf-312

fer, 4: vimentin in assembly buffer. Figure 1b shows a simplified sketch, excluding channel313

2 that is used for calibration of the traps. For the optical trap measurements, the filaments314

were diluted 150-fold in assembly buffer. Maleimide-functionalised polystyrene beads (Kisker315

Biotech, Steinfurt, Germany) (11, 37) were diluted in measuring buffer. The optical trap was316

calibrated by analysis of the power spectral density of the thermal fluctuations of the trapped317

beads. Filaments were tethered to trapped beads in assembly buffer in flow. The flow was then318

stopped, the beads with the tethered filament were moved to the measuring buffer and the fil-319

aments incubated for 30 seconds without flow. The filaments were stretched at a loading rate320

of 0.21 ± 0.05 µm/s. For each condition, force-strain curves of at least seven single, stable321

filaments were recorded. As measuring buffers we used 2 mM PB at varying pH (5.8 - 8.5) and322

concentrations of KCl (0, 50, 100, 150 mM) or MgCl2 (0, 5, 10 mM) (Carl Roth, Germany).323

The concentrations and pH conditions given are the buffers that were injected into the micro-324

fluidic chip. Because the flow was stopped during incubation and stretching of the filaments,325

diffusion of the cations between the assembly and measuring buffers, and the assimilation of the326

pH have to be considered. This means that the conditions in proximity to the filament during327

the measurement were slightly different to the injected buffer. The temporal development of328
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the salt concentrations and the pH at the measurement position was simulated and is described329

below.330

Protein preparation331

Human vimentin (mutant C328N with three additional amino acids, GGC, at the C-terminus)332

was recombinantly expressed and purified as previously described (11). The protein was la-333

belled with ATTO647N maleimide (ATTO-Tec, Germany) (30, 38). Reconstitution and as-334

sembly was performed as previously reported (11). In brief, unlabelled and labelled monomers335

were mixed (4% labelling ratio) and reconstituted at room temperature by dialysis into 2 mM336

phosphate buffer (PB, Carl Roth, Germany) at pH 7.5, decreasing the Urea (Carl Roth, Ger-337

many) concentration every 30 min in steps of 6, 4, 2, 1, 0 M Urea and an subsequent overnight338

dialysis step at 8-10 ◦C. Filaments were assembled by dialysis into assembly buffer (2 mM PB339

with 100 mM KCl (Carl Roth, Germany) at pH 7.5) at 36 ◦C for 16 h at a protein concentration340

of 0.2 g/L.341

Data analysis342

From confocal videos of the filament stretching and the force-strain behaviour, bundles were343

identified and the force-strain curves of the bundles excluded from further analysis.344

Calculation of single force-strain curves: For each filament, the initial length, L0, was de-345

termined and used for the calculation of the strain: ε = (L − L0)/L0. To obtain L0, the raw346

force-distance curve was smoothed with a moving average with a window width of 10 data347

points to account for fluctuations of the trap. The initial length was set as the length at the last348

data point before the smoothed curve reached 5 pN.349

Analysis of the filament stability: Data curves were sorted according to the maximum force350

reached during stretching, Fmax, into the groups presented in Fig. 1c (instable: Fmax < 100 pN,351
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metastable: 100 pN < Fmax < 650 pN, stable filaments: Fmax > 650 pN or bead pulled out of352

trap). For stable and metastable filaments, the force-strain curves were plotted.353

Calculation of average force-strain curves: For each condition, the average maximum strain354

of all stable filaments was calculated. Each stable force-strain curve was scaled to the average355

maximum strain, interpolated to 200 values, and the forces were averaged. Metastable filaments356

were weighted according to the total number of stable and metastable curves and projected onto357

the average curve up to their yield-strain (31).358

Analysis of the slope of the plateaus: The plateau of each single force-strain curve was ana-359

lysed for all stable filaments as they show a complete plateau. A typical analysis for one single360

force-strain curve is shown in Supplementary Fig. S7. The point of maximum strain, εmax, of361

each curve was used to find the mid data point, εmid, of the curve (yellow in Supplementary362

Fig. S7a). The data points with relatively constant slope were determined. To do so, the dif-363

ferential of each single force-strain curve was calculated. To account for changes in length of364

the curve and noise of the data, each differential force-strain curve was then smoothed using a365

moving average with the width of 1
20

of the number of data points in the curve before εmax. The366

values dF
dε

at the 10 data points before and after εmid were averaged to find dF
dε

(εmid). Next, the367

first maximum of dF
dε

, position A, was calculated (marked in Supplementary Fig. S7a). The first368

and last data point to fulfil dF
dε
< εmid + 0.35·

(
dF
dε

(A)-dF
dε

(εmid)
)

were termed εI (red, solid) and369

εII (blue, solid), respectively. To ensure that the transition regions between I, II and III were370

not included in the analysis of the slope of the plateau, a linear regression (green line) of the371

force-strain curve was calculated for the centre 80% of the length of the plateau (between the372

open red and blue circles). The mean slope and standard deviation were calculated for each373

measuring condition.374
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Analysis of the force of the plateaus: For the analysis of F plateau, εI determined from the375

average force-strain curve for each condition was used. The force at εI for each single force-376

strain curve was determined and the mean value and standard deviation were calculated.377

Determination of the end points of the elastic and plateau regions: For the determination378

of the slope of the plateau, the regression was calculated over a large region of the force-strain379

curve. This approach compensated for noise in the data. However, the noise limits the accurate380

determination of εI and εII. Therefore, for the analysis of εI and εII for each condition, the381

average force-strain curves were used as shown in Fig. 2. The average curves were treated in382

the same way described above for the single force-strain curves. The only difference was that383

here the dF
dε

curves were smoothed with a moving average of 15 data points.384

Analysis of the initial slope of the force-strain curves: The initial slope was determined for385

strains from 0.02 to 0.1 or to a force of 100 pN, whichever occurred earlier.386

Flow simulations387

A simplified microfluidic chip design (Supplementary Fig. S8a) was used for finite element388

method (FEM) simulations with COMSOL Multiphysics 5.3 (COMSOL GmbH, Göttingen,389

Germany). Flow and diffusion were simulated for an average velocity of 0.001 m/s lam-390

inar inflow for each inlet for water with K+ (DK = 1.67 10−9 m2/s) (39) or Mg2+ (DMg =391

0.594 10−9 m2/s) ions (39). For the pH, the concentration of hydrogen ions c(H+) was cal-392

culated as c(H+) = 10
-pH and the diffusion of H+ was estimated by (DH = 8.17 10−9 m2/s)393

(39). First, the equilibrium ion distribution in the chip was simulated under flow. Taking this as394

a starting condition, a second simulation was calculated without flow, only allowing diffusion.395

The change of the concentrations of the cations and H+ ions was simulated at the position of396

the force-strain measurement (Supplementary Fig. S8a, red mark) for a duration of 5 min. The397

18

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted September 26, 2019. ; https://doi.org/10.1101/784025doi: bioRxiv preprint 

https://doi.org/10.1101/784025
http://creativecommons.org/licenses/by-nc-nd/4.0/


equilibrium pH is reached within the first minute and then stays relatively constant over time398

and in the flow cell. This resulting equilibrium pH was clearly distinguishable for the different399

measuring buffers. The change of cation concentrations (Mg2+ from the measuring buffer, K+
400

from the adjacent assembly buffer) is shown in Supplementary Fig. S8b for the example of the401

10 mM MgCl2 measuring buffer.402

Force-strain Monte-Carlo simulations403

A vimentin filament was mechanically modelled as previously described (11, 31). The force-404

strain behaviour of the modelled filament was determined by a Monte-Carlo simulation written405

in MatLab (31). The simulation was run with one varied parameter while keeping the others406

constant as shown in Fig. 4a,b,e,f. The default parameters were the alpha-helical spring constant407

(κα = 5.5), the number of monomers in a subunit (Nsub = 32), the free energy difference408

between the alpha-state and unfolded state (∆G = 2) and the length by which an alpha-helix409

can extend upon unfolding ∆L = 1.410
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Supplementary Materials411

Fig. S1. Force-strain curves for each salt condition measured.412

Fig. S2. Force-strain curves for each pH condition measured.413

Fig. S3. Relative count of single filaments and bundles for each condition.414

Fig. S4. Ratio of the initial slope and the slope of the plateau for each measuring condition.415

Fig. S5. Force-strain curves for filaments stretched in phosphate buffer (PB), pH 5.8 with416

varying incubation times.417

Fig. S6. Plateau force of the force-strain curves.418

Fig. S7. Analysis of the slope of the plateau for one single force-strain curve.419

Fig. S8. Results of FEM simulations.420
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Fig. 1: Stretching experiments on fully assembled vimentin filaments. (A) Schematic of

the hierarchical assembly of vimentin monomers into filaments. In each step, the respective

precursor subunit is highlighted in red. (B) Measurement protocol of the optical trap experiment

in microfluidic flow channels: Two beads are captured and calibrated (1), a single filament

is covalently attached to both beads (2) and stretched after a 30 s incubation period in the

measuring buffer (3). (C) Typical force-strain curve for a vimentin filament showing the elastic

(I), plateau (II) and stiffening (III) regime. The strain at the transition of region I to II is εI, from

II to III it is εII. The force ranges for classifying the filaments according to their stability are

indicated on the right.
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Fig. 2: Force-strain behaviour of single vimentin filaments. All curves shown are averages

of the individual measurements shown in Supplementary Figs. S1 and S2. The strain values

at the end of the initial linear regime εI (red) and the plateau regime εII (blue) for all average

curves are indicated. (A) Effect of indirect charge shifts caused by salt ions in the measurement

buffer. (B) Effect of direct charge shifts by varying pH conditions. While εI is similar in all

measurements, εII increases for lower c(KCl) and for increasing pH. (C) Comparison of the

effect of an addition of 100 mM K+ ions at pH 7.5 and 5.8.
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Fig. 3: Mechanical properties of single vimentin filaments. (A),(C) Analysis of the initial

slopes (solid circles) and slopes of the plateau regions (open circles) of all metastable and stable

filaments. The error bars indicate the standard deviation. (B),(D) The stability of the measured

filaments is presented as fractions of instable, metastable and stable filaments.
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Fig. 4: Monte-Carlo simulations of force-strain curves and schematics of energy land-

scapes. (A) An increased κα causes an increase of the initial slope. (B) A stronger coupling

into larger subunits moves the plateau to higher forces, decreases the slope of the plateau and

weakly influences the initial slope. The insets in a and b show the initial slope for each para-

meter set. (C) Energy landscapeE plotted against the reaction coordinate χwith minima for the

alpha- and unfolded state at high salt conditions (green) within the harmonic potential corres-

ponding to the optical trap (dashed line). The resulting total potential is shown in blue. Without

applied load, the alpha-state is stable. (D) By moving the optical trap, and thereby the har-

monic potential, the energy barrier is reduced and the unfolded state becomes more probable.

(E) A higher free energy difference ∆G between the alpha- and unfolded state increases F plateau

without affecting the slope of the plateau. (F) Increasing the length of the unfolded monomer

increases εII. (G) The suggested energy landscape at low pH, which leads to an increased en-

ergy barrier ∆G, shows a higher EA making the transition to the unfolded state less probable,

(H) even after applying the same trap load as in (F).
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Fig. 5: Charged amino acids in vimentin. (A) Top: Schematic representation of the vimentin

monomer. The positions of histidines in one vimentin monomer are marked with arrows. Bot-

tom: The charges of the amino acids are plotted versus their position in the sequence. The

number of amino acids that carry a positive (lysine and arginine, blue) or negative charge (as-

partic acid and glutamic acid, red) at pH 7.4 are shown for the head, coils, linkers and tail. (B)

The possible additional intra-filament interaction sites upon charge changes in the histidines are

marked by ‘x’ for the visible front half of the red ULF.
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Supplementary Materials545
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Fig. S1: Force-strain curves for each salt condition measured. (A)-(E) All single measure-

ments of meta stable and stable filaments are plotted (thin lines) along with the average curves

(bold lines, as shown in Fig. 2a in the main text).
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Fig. S2: Force-strain curves for each pH condition measured. All single measurements of

meta stable and stable filaments are plotted (thin lines) along with the average curve (bold lines,

as shown in Fig. 2b) (A)-(E) Show data recorded at increasing pH values and (F) measurements

at pH 5.8 with 100 mM KCl.
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Fig. S3: Relative count of single filaments and bundles for each condition. The bundles

were identified from the confocal images and from the force data. Only single filaments were

used in further analysis. (A) The increased fraction of bundles at higher salt concentrations

indicates that the ions promote filament bundling. (B) The fraction of bundles does not show a

trend at different pH conditions.
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Fig. S4: The ratio of the initial slope and the slope of the plateau for each measuring

condition. The respective slopes are presented in Fig. 3 in the main text. (A) The ratio changes

at different salt conditions as the plateaus have the same slope, whereas the initial increase

changes at different salt conditions. (B) The ratio of the slopes in buffers of increasing pH stays

relatively constant.
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Fig. S5: Force-strain curves for filaments stretched in phosphate buffer (PB), pH 5.8 with

varying incubation times. All single measurements are plotted by thin lines, the average curves

are shown by bold lines. Within the variation of the single curves in each condition there is no

difference apparent between the incubation times.
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Fig. S6: Plateau force of the force-strain curves. The force at εI is shown for all single force-

strain curves for each condition. The error bars correspond to the standard deviation. (A) F plateau

from curves recorded at pH 7.5 with varying salt concentrations. The plateau is shifted to higher

forces for higher KCl concentrations or in the presence of MgCl2. (B) F plateau extracted from

the force-strain curves measured at varying pH values. The plateau appears at higher forces for

lower pH conditions.
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Fig. S7: Analysis of the slope of the plateau for one single force-strain curve. (A) Differen-

tial force-strain curve, smoothed with a moving average with the window width of 1
20

of number

of data points in the curve before εmax. The centre of the curve (εmid) is marked in yellow. The

peak of dF
dε

(A) is shown with the open yellow circle. The threshold for the plateau is indicated

with the grey line. The values for εI (red, solid) and εII (blue, solid) at the threshold are shown.

The open red and blue circles flank the region used for the calculation of the regression (green).

(B) Resulting regression plotted together with the raw force-strain curve.
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Fig. S8: Results of FEM simulations. (A) Schematic of the flow cell including simulated

stream lines of the in-flowing buffers. In the experiment, beads in measuring buffer are injected

in channel 1, measuring buffer in channel 2, assembly buffer in channel 3 and vimentin in

assembly buffer in channel 4. The colours correspond to the cation species of the buffer (blue:

K+, green: Mg2+). For this simulation, the measuring buffer contained 10 mM Mg2+ and

the assembly buffer 100 mM K+. IFs and beads were not included in the simulation. The

position of the measurement is marked in red and corresponds to the position for which the

development of the cation concentrations after stopping the flow was calculated. (B) Plot of

the temporal evolution of the concentrations of Mg2+ and K+ ions at the measurement position

after stopping the flow. The time window of the measurement is indicated.
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