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Dynamics of counterion-induced attraction
between vimentin filaments followed in
microfluidic drops+

Christian Dammann and Sarah Kdster*

Intermediate filaments (IFs) are fiber-forming proteins and part of the cytoskeleton of eukaryotes. In vitro
the network formation of purified IF systems is mediated, for example, by the interaction with multivalent
ions. The understanding of these interaction mechanisms increases the knowledge of the cytoskeleton
on a fundamental level. Here, we employ time-lapse fluorescence microscopy to directly image the evo-
lution of network formation of vimentin IFs upon addition of divalent ions. We are thus able to follow the
process starting a few seconds after the first encounter of free filaments and ions up to several minutes
when the networks are in equilibrium. The local protein density in the compacted networks can reach a
factor of 45 higher than the original solution concentration. The competition between mono- and divalent
ion condensation onto the protein explains our observations and reveals the polyelectrolyte nature of
vimentin as a reason for the protein attraction in the presence of small cations. The method for time-lapse
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Introduction

The cytoskeleton of eukaryotes provides mechanical stability
to the cell and at the same time serves other purposes like
cell division, motility and intracellular signal transduction.
Three types of fibrous proteins - actin filaments (MF), micro-
tubules (MT) and intermediate filaments (IFs) - form cross-
linked, intracellular higher-order structures. Among these
three classes of proteins, IFs are the least well studied from
the biophysical point of view and also the most diverse in
terms of specific amino acid sequence. Vimentin is an IF pro-
tein found in cells of mesenchymal origin. Like other IFs,
vimentin is a polyelectrolyte which forms filaments with
an overall negative line charge density of about -14 e nm™.
In vivo the regulation of IF networks is highly complex. Asso-
ciated linker proteins connecting IFs, MFs and MTs to each
other,>™ protein phosphorylation,®® and the biochemical
environment™® all play a role. This large number of influenc-
ing parameters makes it difficult to fully capture the system
in vivo, and in vitro studies of isolated, purified components
of the cytoskeleton provide a very fruitful bottom-up approach
to understand the mechanisms behind the construction of
the cytoskeleton.
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studies in microfluidic drops presented here can be generalized to other dynamic systems.

The influence of multivalent ions has been studied for
MFs,'* MTs'™'* and IFs'®2° using fluorescence micros-
copy,'® light scattering,'®'>*" rheology,'®"'® X-ray scattering"
and electron microscopy.>” All these studies focus primarily
on an end state, into which the system has either equili-
brated or into which it has been driven by external forces. In
order to investigate the pathway by which the system reaches
the end state, techniques are needed that allow for manipula-
tion and concurrent observation. Microfluidic methods are
extremely well-suited for this approach as they can be com-
bined in a straightforward way with, for example, fluorescence
microscopy. Microfluidic drops are widely used to confine bio-
logical systems like cells,>*’ cell extracts*® or proteins®>%3°
in three dimensions without having to attach them to a sub-
strate. For time-resolved studies, the drops have to be kept in
place and several methods for drop trapping have been
presented, including constrictions,® rails and anchors** or
‘U’-shaped traps.**

Here, we combine microfluidic modules for composing
drops,* mixing the contents®® and trapping the individual
drops®® immediately thereafter. We study the influence of
divalent cations and monitor the transition from freely dif-
fusing vimentin IFs to densely aggregated networks. This
investigation reveals a typical network formation time on the
order of a few minutes. Here, we relate the attraction process
of the filaments to competitive condensation of mono- and
divalent cations onto the protein. We show that within this
context the polyelectrolyte nature of vimentin®® drives the
network formation.
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Materials and methods
Protein preparation

We investigate a human vimentin mutant that has an addi-
tional cysteine at its C-terminus and the sole cysteine in
the rod domain is replaced by alanine. These point muta-
tions do not influence the equilibrium filaments formed, and
allow us to label the protein via maleimide chemistry without
having the fluorophore interfering with filament assembly.*”
Vimentin is expressed in Escherichia coli bacteria and then
purified from inclusion bodies.*® Vimentin is stored at
-80 °C in 8 M urea, 5 mM Tris-HCI (pH 7.5), 1 mM EDTA,
0.1 mM EGTA, 1 mM DTT and 10 mM methyl ammonium
chloride (MAC). The protein is fluorescently tagged with
Alexa Fluor 488 C; Maleimide (Invitrogen GmbH).** To
achieve optimized assembly kinetics and imaging properties,
labeled vimentin is mixed at a ratio of 1:4 with unlabeled
vimentin prior to reconstitution of vimentin tetramers during
the dialysis step. The dialysis is done stepwise against first
6 M urea, 0.8 mM phosphate buffer (PB) (pH 7.5) for 1 h and
then two times against 2 mM PB for 3 h in total. Vimentin
assembly is initiated by mixing vimentin (440 ug mL™") solu-
tion 1:1 with 200 mM KCI solution in 2 mM PB. For assem-
bly, the solution is kept at 37 °C for 6 h. This procedure
results in filaments with an average contour length of ~5 um.

Microfluidics

Microfluidic devices are fabricated by standard PDMS
(polydimethylsiloxane)-based soft-lithography,®** with a two-
layer photoresist design. We use SU-8 3025 negative photo-
resist (MicroChem) for both layers and follow the instruc-
tions by the manufacturer with some modifications: for the
first layer SU-8 3025 resist is spin coated onto a silicon wafer
to obtain a layer thickness of 18 um and the layer is exposed
to UV-light through a photomask. After baking this layer on a
hot plate at 95 °C for 5 min, we spin coat a second layer with
a thickness of 15 pm onto the first layer. The mask for the
second layer is aligned to the structures on the first layer
using a mask aligner (MJB4, Siiss MicroTec AG). After expo-
sure and baking, the resist is developed.

The ‘trap’ parts of two silicon wafers are shown in Fig. 1.
The structure heights (which transfer to channel heights in
the PDMS replicas) are determined with a profilometer
(Dektak 6, Veeco Instruments Inc.). PDMS replicas of this
‘master’ are bonded to cover slips and flushed with Ombrello
(Autoserv) to ensure hydrophobic channel walls. The coating
with Ombrello has the additional advantage that the protein
which is injected into the channels is unlikely to absorb to the
channel walls during the travel to the drop production site.

The devices are connected to glass syringes (Hamilton) via
polyethylene tubing (Intramedic™ PE20, BD). Fluorocarbon
oil (Fluorinert™ FC-40, 3M) is used as the oil phase of the
emulsion produced in the channels. The emulsion is stabi-
lized by addition of a biocompatible surfactant to the oil
phase (perfluoropolyether-polyethyleneglycol block-copolymer,
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Fig. 1 Two-layer silicon wafer imaged with an upright microscope.
(a) Device with trap diameter (corresponds to drop diameter) 55 um.
(b) Device for drops of different diameter from 250 pm to 55 um. The
‘trap’ region in the corresponding PDMS devices is flat compared to
the rest of the device.

=
®©
=

1.8% w/w, Raindance Technologies)."> The syringes are con-
trolled by precise syringe pumps (neMESYS, cetoni GmbH).

For the startup of the device we use a ~70 cm long tubing
and fill it with 45 pL protein solution, a 3 pL air cushion and
finally 5 uL assembly buffer. The tubing is connected to the
inlet of the protein channel. The air barrier prevents Taylor-
dispersion-induced premature mixing of protein solution and
assembly buffer.”® Injecting assembly buffer into the channel
first, ensures a stable drop formation without protein poten-
tially clogging the channels. Once the drop production is sta-
ble, the protein is encapsulated and the risk of clogging is
notably reduced.

During the experiment, the aqueous phase (see Results
sections and Fig. 3b) is composed of varying ratios of: (aq 1)
assembly buffer with additional multivalent salt (100 mM KCl,
2 mM PB and either 31 mM MgCl, or 7 mM (or 18 mM)
hexamminecobalt-mi-chloride Co(NH3)sCls), (aq 2) assembly
buffer (100 mM KCl, 2 mM PB), and (aq 3) assembled
vimentin in buffer (100 mM KCl, 2 mM PB). While the average
flow velocity of aq 3 is kept at 1.2 mm s™* (5 uL h™) and the
total flow velocity of aq 1, 2 and 3 combined is constant at
3.6 mm s (15 uL h™"), the ratio of aq 1 and aq 2 is adjusted
to modify the concentration of the multivalent salt. We thus
keep the protein concentration, pH, monovalent salt and
buffer conditions equal for different drops, but change the
multivalent salt concentrations. To control the process of
trapping and release of the drops (see Results section), the oil
flow rates (top and bottom, see Fig. 3a) are adjusted. During
drop trapping and imaging of the drop, the top oil flow veloc-
ity is 2.4 mm s (20 uL h™) and the oil flow velocity from the
bottom 24 mm s™* (100 uL h™"). The bottom oil velocity is
shortly increased to ~48 mm s (200 uL h™) to release the
drops. These are typical values for drops of 100 pm in diame-
ter. For drops of different diameter, the flow velocities are
adjusted accordingly, e.g. a higher top oil flow rate decreases
the drop diameter.

The vimentin IFs in the drops are imaged using a 60x
oil-immersion objective and an inverted confocal microscope
(IX81 with FV-1000 confocal unit, Olympus). For confocal
fluorescence imaging, a photodiode is used, for bright field
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images of the wafer a Leica DLM 4000 microscope with
included camera is used and bright field images of the
microfluidics devices are recorded using a Hamamatsu Orca
R2 camera.

Data analysis

Confocal time series of the aggregating vimentin IFs in
the drops are recorded with a typical frame-to-frame time of
1.6 s, pixel size of 207 nm and a dwell time per pixel of 4 us
in the 512 x 512 px> sized image. Image processing is
performed using MATLAB® (MathWorks®). For each image
sequence 10 reference regions in different frames are deter-
mined as background (containing only filament precursors
that cannot be resolved in confocal microscopy; for an exam-
ple see Fig. 2a, selection indicated by blue line). From these
reference regions the average background intensity distri-
bution is determined. The raw data (Fig. 2b) are analyzed
by distinguishing pixels that belong to assembled vimentin
(‘signal’) from background (Fig. 2c). From the binary images,
the convex hull of the aggregated protein is calculated. Here
we include the smallest number of binary islands such that
at least 90% of the filament intensity in the drop is covered
(Fig. 2d, red and black region) to make the convex hull robust
against individual filaments (Fig. 2c, in blue circle) that have
not been included into the larger aggregate(s) yet (Fig. 2d,
blue regions).

a) b)

30um 30pm

c)

30um 30um

Fig. 2 Data analysis. (a) In the inverted gray scale fluorescence images
of the protein in the drops ‘background’ regions are selected
(blue line) to obtain the intensity signature. Using this signature of the
background region, the raw images (b) are analyzed and those pixels,
which belong to filaments and filament networks are identified (c).
(d) The convex hull is taken over the protein aggregates that mainly
contribute to the intensity of the networks (black and red regions). The
total drop area is shown in purple.
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Results and discussion
Drop trapping for rapid imaging start of time-lapse series

Rapid drop content imaging is achieved by the device shown
in Fig. 3. Aqueous drops are produced in a flow focusing
geometry (Fig. 3b). Prior to the drop production, the aqueous
phase is composed of three different aqueous liquids.** Due to
the late contact of the aqueous phases, the first salt-protein
contact is retarded to the very moment before drop produc-
tion. Appropriate mixing in the drop is easily achieved for fast
diffusing small cations. However, the component that diffuses
the slowest is the filamentous protein with an estimated diffu-
sion constant of 6 x 107 ! for a 5 pm filament.** To
accelerate the mixing process, the drops pass a 2.5 mm long
straight channel where they are plug-like. This plug-like motion
induces internal drop vortices by which mixing becomes much
faster®® and is completed within two seconds after drop pro-
duction. The drops flow into a broadened region where they
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Fig. 3 Microfluidic device. (a) Aqueous drops are produced in a PDMS
microfluidic device using a flow focusing design. (b) The aqueous
dispersed phase is composed of three different aqueous components
‘aq 1’, ‘aq 2’ and ‘aq 3’. (c) Shortly after their production a fraction of
the drops enters a flat region where some of them are trapped. They
are stably localized and their content can be imaged for several
minutes. The micrograph shows a detail of the larger field of view
shown in Fig. la. (d) By applying a higher oil counter flow from
downstream, the drops can be released from the traps again, freeing
space for the next set of drops.
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face a flat region with the channel height reduced from 33 pm
to 18 um (Fig. 3d; Materials and methods). In front of this
barrier most of the drops leave to one of the lateral outlets.
However, some cross the barrier and enter the flat region with
‘U’-shaped traps®® (Fig. 3a and d). In this hydrodynamic trap
the content of a drop can be imaged over time as the drop
dwell time is on average to 350 s. This dwell time has large
deviations allowing to occasionally image for more than 10 min.
The deviation is due to the possibility of drop squeezing through
the small slit of the traps. To free the traps for a next set of
drops in a controlled way, a higher oil counter flow can be
applied to hydrodynamically release the drops (Fig. 3c). This
allows for serial drop content imaging (movie S17).

The lag time between first contact of multivalent salt and
protein to the first image in the trap is between 1 s and 5 s
for the drops in the first row of traps, which are the fastest
reached and therefore the most interesting traps (Fig. 3d).
The flat region is needed since the squeezed drops are more
stably trapped and the number of additionally incoming drops
is reduced for undisturbed drop content imaging. The trap
design is not restricted to a specific size and the principle also
works for traps of various sizes (Fig. 1b). This way the intended
size of the drops can be modified during the running experi-
ment. The drop size does not influence the local interaction
mechanisms between individual filaments, mediated by the
ions, since they take place on the nanometer scale and thus
several orders of magnitude below typical drop diameters.
However, transport mechanisms like diffusion, which bring
the filaments into proximity are in principle dependent on
the total drop volume. We expect that for the droplet sizes
used here the effect is not too large.

Time scales for network formation

The microfluidic device proves to be very suitable to image
vimentin aggregation dynamics on relevant time scales.
Image series of vimentin protein in trapped drops are taken
at different multivalent salt concentrations. We show two
example series with [MgCl,] = 4.1 mM in Fig. 4a-c and
[MgCl,] = 14.5 mM in Fig. 4d-f. For both concentrations, the
filaments are distributed over the entire drop at the begin-
ning of the image series (¢ = 0 s). However, the dynamics of
filament interaction differs dramatically. Whereas the fila-
ments just diffuse freely for all times at the low [MgClL,], at
higher [MgCl,] filaments and salt undergo strong interactions
as they form a network that is highly compacted over time.
We perform these experiments for a set of [MgCl,] concentra-
tions in the range of 0.8-14.5 mM. For comparison of the
aggregation behavior we calculate the area of convex hulls for
the networks (see Materials and methods). These areas are
normalized to the area of each drop, leading to the relative
hull area A (Fig. 5a/b). For several experiments with [MgCl,] =
0.8-4.1 mM we observe that A = 0.9 is roughly constant. This
corresponds to the freely fluctuating filaments independent
of time (Fig. 4a and 5a). In contrast, we observe a qualita-
tively different behavior of the protein at [MgCl,] = 14.5 mM
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Fig. 4 Time-lapse series of vimentin at different salt conditions.
a-c) At comparatively low [MgCl,] = 4.1 mM filaments diffuse freely for
all times. d-f) At [MgCl,] = 14.5 mM the filaments aggregate strongly
over time from being distributed all over the drop to a point-like
aggregate (movie S27). (Scale bars 20 um.)

(Fig. 5b). In all these cases the filaments form networks. This
direct observation is quantitatively supported by the decrease
of A from initially ~0.9 to notably smaller values over time.
The resulting networks can be classified into two morphol-
ogies: point-like networks that show very high compaction
and scaffold-like networks which are more widely spread in
the drop. At the same time the temporal evolution of A pro-
vides the speed of network formation and compaction, which
starts from right at the beginning of observation and leads
to strong aggregation within the first 10 min (Fig. 5b). In
the cases where the network morphologies are point-like, the
aggregation is faster compared to the scaffold-like networks.
In these cases the compaction is almost finished after 200 s.

From microscopic images to nanoscopic network structure

The impact of small divalent cations on vimentin filaments
becomes obvious in the light of maximum compaction. The
initial filament concentration at the beginning can be used
to approximate the mass density considering the spreading
of the network in the drop over time (Fig. 5c¢). We observe
a 45-fold mass density compared to the initial value in case
of maximum compaction (Fig. 5c). Giving a diameter of
7-11 um of the final point-like aggregate in this situation,
the persistence length of vimentin (2 pm (ref. 45)) becomes
important as a barrier for further compaction. Further bend-
ing is energetically unfavorable.

Due to the stabilization of the networks by aggregation,
not all protein aggregates become point-like but we find
another class which seems to be ‘trapped’ in a scaffold-like
shape. Whereas the point-like aggregates show only little
potential for further compaction, the scaffold-like ones are
more widely spread. In both cases we observe that a) only
one main aggregate is formed and b) over time almost all fila-
ments are incorporated into the main aggregate very firmly
as they show no longer their pronounced thermal fluctuations
as expected for free filaments (Fig. 4a—c). We observe a clear

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Time-lapse study of vimentin aggregation. a) The relative convex
hull area A is constant over time for low [MgCl,]. b) At [MgCl,] = 14.5 mM
strong aggregation is observed within =200 s. The morphologies can
be classified into very dense point-like and scaffold-like aggregates.
c) The mass density of the network in the drop increases during
aggregation (inset). For the most pronounced compaction we observe
an increase in mass density of 45 times of its initial density.

filament-filament attraction mechanism that outperforms
thermal fluctuations in all cases where a certain Mg** thresh-
old is exceeded.

The polyelectrolyte nature of vimentin

In our effort to explain the observed aggregation process, we
consider vimentin as a polyelectrolyte*® and discuss the con-
densation of counterions on the filaments. Monovalent K
ions at the same concentration for all experiments are always
present in solution since they are needed for filament sta-
bilization. Additionally, divalent Mg>* ions at varying con-
centrations are added. We therefore discuss the competitive
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condensation of the two ion types onto the filaments. Using
the model of Rouzina and Bloomfield,*” we consider vimentin
as a cylinder of filament radius R = 5 nm (ref. 48) and linear
charge density A = -14 e nm™". The model predicts that the
surface concentration of K and Mg”" are equal on the fila-
ment at a bulk ion concentration of [Mg>*] = 14 mM. For a
bulk ion concentration higher than 14 mM, the Mg>" ion con-
centration is higher on the filament, and below, K ions out-
number Mg>" ions. For the range of [Mg>] = 0-4.1 mM, where
we observe no attraction between the filaments, the relative
amount of Mg>" ions is always below 30%. Ion correlations
are only effective for multivalent ions and these correlations
are known as the reason for attraction between polyelectro-
lytes.*>*® Thus we hypothesize that in the case of vimentin
when around half of the condensed ions are multivalent, fila-
ment attraction is mediated. Our hypothesis is further supported
by additional experiments in which Mg>" is replaced by triva-
lent Co(NH;)s*" (Fig. $31). In these experiments we determine
a threshold for aggregation at [Co(NH;)s>"] & 0.5-2.4 mM. This
corresponds well to the model of Rouzina and Bloomfield
as for the trivalent ions we expect an equal surface concen-
tration of K* and Co(NH;)s** at a bulk concentration of
[Co(NH;3)¢*"] = 1.9 mM. Therefore, we can explain the con-
centration dependence of the onset of aggregation and we
emphasize the importance of the polyelectrolyte nature of
vimentin. Here, vimentin is included into the group of bio-
logical filaments like F-actin'> or DNA,”" whose behavior
in the presence of cations is determined by fundamental
electrostatics. The importance of polyelectrolyte properties of
filamentous biopolymers for physiology has recently been
reviewed by Janmey et al.>> As the secondary and tertiary struc-
ture of IFs is highly conserved,* the behavior of vimentin we
observe here may well be representative for other IFs, which
also form negatively charged filaments.

Conclusions

Our drop-based device meets the challenges of rapid imaging
of vimentin aggregation in the presence of multivalent salt.
Importantly, by contrast to previous studies where the static
end point of the networks was imaged,"® the device allows us
to image the drop content directly after mixing and at high
temporal and spatial resolution, only limited by the micros-
copy technique used. We can change the drop contents multi-
ple times during the experiments, thereby allowing for testing
a large parameter range (e.g. ion concentrations). Such a
device can be applied for studying dynamic phenomena using
droplets in general. We show that within 10 min a distinct
compaction of the filament networks takes place, given a criti-
cal Mg”* or Co(NH;)s>" concentration. Considering vimentin
as a polyelectrolyte, the onset of filament-filament attraction
is explained. We find that when around 50% of the counter-
ions on the filament are multivalent, attraction is mediated.
Consequently, our approach emphasizes the role of competi-
tive counterion binding in the discussion of the polyelectro-
lyte nature of vimentin. Our study opens the door for both
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more studies on time-resolved aggregation processes and a
better understanding of the polyelectrolyte nature of IFs.
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