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ABSTRACT Intermediate filaments (IFs) are principal components of the cytoskeleton, a dynamic integrated system of struc-
tural proteins that provides the functional architecture of metazoan cells. They are major contributors to the elasticity of cells
and tissues due to their high mechanical stability and intrinsic flexibility. The basic building block for the assembly of IFs is a
rod-like, 60-nm-long tetrameric complex made from two antiparallel, half-staggered coiled coils. In low ionic strength, tetramers
form stable complexes that rapidly assemble into filaments upon raising the ionic strength. The first assembly products,
“frozen” by instantaneous chemical fixation and viewed by electron microscopy, are 60-nm-long “unit-length” filaments
(ULFs) that apparently form by lateral in-register association of tetramers. ULFs are the active elements of IF growth, under-
going longitudinal end-to-end annealing with one another and with growing filaments. Originally, we have employed quantitative
time-lapse atomic force and electron microscopy to analyze the kinetics of vimentin-filament assembly starting from a few sec-
onds to several hours. To obtain detailed quantitative insight into the productive reactions that drive ULF formation, we now
introduce a “stopped-flow” approach in combination with static light-scattering measurements. Thereby, we determine the
basic rate constants for lateral assembly of tetramers to ULFs. Processing of the recorded data by a global fitting procedure
enables us to describe the hierarchical steps of IF formation. Specifically, we propose that tetramers are consumed within mil-
liseconds to yield octamers that are obligatory intermediates toward ULF formation. Although the interaction of tetramers is
diffusion controlled, it is strongly driven by their geometry to mediate effective subunit targeting. Importantly, our model conclu-
sively reflects the previously described occurrence of polymorphic ULF and mature filaments in terms of their number of tet-
ramers per cross section.

INTRODUCTION

Intermediate filaments (IFs) are obligatory structural con-
stituents of metazoan cells. Originally, they were considered
to provide passive structural support and to serve as me-
chanical stress absorbers, thus constituting a central element
of cell elasticity (1). This view has been extended in recent
years, as it became clear that IFs are intimately connected
with the two other major filament systems of the cell, i.e.,
microtubules and actin filaments, to form a dynamically in-
teracting cytoskeleton (2,3). More recently, new functions
were described for IFs, highlighting their role in events as
diverse as cell division, organelle positioning, and physio-
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logical stress buffering (4). New studies have also linked
the IF cytoskeleton to fibroblast motility and the regulation
of lamellipodia formation. In fact, these latter functions
were found to depend on the phosphorylation-controlled as-
sembly and disassembly of the IF network (5).

In contrast to microtubules and actin filaments, IFs are
resistant to treatment with high salt buffers and detergents,
and therefore, they have to be subjected to high concen-
trations of denaturants for solubilization, purification, and
in vitro reconstitution. Microtubules and actin filaments
grow by the addition of globular subunits, i.e., tubulin di-
mers and actin monomers, to “seeds” and filaments. In
contrast, the assembly of cytoplasmic IFs begins by lateral
association of highly charged rod-like tetrameric complexes
to full-width “minifilaments” termed “unit-length fila-
ments” (ULFs). This assembly has originally been observed
for vimentin but has later been found with all cytoplasmic IF

ccccccc
uuuuuuu


mailto:h.herrmann@dkfz.de
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpj.2018.04.032&domain=pdf
https://doi.org/10.1016/j.bpj.2018.04.032

proteins, including keratins and neurofilament proteins
(6-9). During in vitro reconstitution, the antiparallel, half-
staggered tetrameric complexes are formed during refolding
of the urea-denatured monomers by dialysis into low ionic
strength buffers. In fact, they already form coiled-coil di-
mers in the presence of 67 M urea. In 5-6 M urea, dimers
in a structurally precise manner further associate into apolar
tetramers with the amino-terminal segments overlapping
in the center and the carboxy-terminal ends sticking out
(10-12). Tetramer formation is actually the first step in IF
assembly, leading to an intermediate that is stable at low
ionic strength. During the first phase of salt-induced assem-
bly, tetramers spontaneously associate laterally into ULFs
(10,11,13). In a second phase, ULFs longitudinally anneal
end-to-end, thereby yielding short filaments containing
different numbers of ULFs. As a consequence, free ULFs
are eventually consumed (14-16). Notably, the ends of
growing filaments are also able to anneal longitudinally
with the ends of other filaments, thereby giving rise to
longer filaments in a nonpolar fashion. In a third phase,
i.e., during progressive elongation, vimentin IFs radially
compact into mature filaments with a diameter of 10—
12 nm (10,17,18). Mass measurements of filament segments
by scanning transmission electron microscopy (STEM) re-
vealed for human vimentin that the main numbers of mole-
cules per filament cross section were 8, 10, and to some
extent also 12 tetramers for both mature IFs and ULFs
(10,13). These values indicated some degree of polymor-
phism for recombinant IF proteins but did perfectly recapit-
ulate a previously documented polymorphism occurring
with in vitro assembled authentic keratins (19,20).

Using “time-lapse” electron microscopy (EM) with con-
ventional pipetting procedures, the lateral assembly process
of IF protein tetramers can be followed from about 1 s on-
ward, as the addition of chemical fixing agents such as
glutaraldehyde inhibits further assembly instantaneously
(13). By this approach, ULFs are prominently visualized;
however, subunits smaller than ULFs are not resolved pre-
cisely in a quantitative manner, and thus, classification of in-
dividual particles during the early assembly stages is not
possible. Similarly, in a recent time-resolved light-scattering
study, the initial phase of assembly was not accessible to the
instrumental setup, as assembly data were only obtained
from 18 to 30 s onward (21). At these time points, however,
practically all vimentin tetramers are consumed for the for-
mation of ULFs, and elongation to filaments is underway
(14). Therefore, to follow the assembly process on a time-
scale below 1 s and to quantitate the increase in molecular
weight of particles over the course of subunit association un-
til they reach a mature ULF state, we used a stopped-flow
device in combination with static light scattering. The trans-
port time of the solution from the mixer of the stopped-flow
module to the observation cuvette is in the millisecond
range and thus small enough to follow the reaction in the
subsecond range. Moreover, as the intensity of scattered
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light is proportional to the molecular mass, it is possible
to model the measured light scattering curves numerically.
Notably, because tetramers and ULFs are both 60 nm in
length and as we have not observed elongation of subcom-
plexes to occur in high-resolution EM, we are confident
that intermediates such as octameric and 16-mer complexes
are 60 nm long as well, thereby allowing for efficient
modeling of the light-scattering data.

With a stopped-flow setup, we use an established bio-
physical method to follow the immediate early phase of IF
formation. Employing previously established modeling al-
gorithms, we show that the lateral association of soluble
IF-protein complexes proceeds very rapidly such that tetra-
meric units are largely consumed within 1 s. Octameric sub-
units constitute the next major association species from
which ULFs are rapidly formed in various distinct steps.

MATERIALS AND METHODS
Protein chemical methods

Human vimentin was expressed and purified as described previously (22).
Purified proteins were stored at —80°C in 8 M urea, 5 mM Tris-HCl
(pH 7.5), 1 mM dithiothreitol, 1 mM EDTA, 0.1 mM EGTA, and 10 mM
methyl ammonium chloride. The day before use, vimentin was renatured
at room temperature by successive dialysis against dialysis buffer (5 mM
Tris-HCI (pH 8.4), 1 mM EDTA, 0.1 mM EGTA, and 1 mM dithiothreitol)
containing 6, 4, 2, and 1 M urea, respectively. Dialysis against a large vol-
ume of dialysis buffer was continued overnight at 4°C. The next day, dial-
ysis was continued into tetramer buffer (5 mM Tris-HCI (pH 8.4)) for ~1 h
at room temperature. After dialysis, the tetramer samples were filtered
through 0.22 um filters (Millex-GV, polyvinylidene difluoride membrane),
and the concentration of the samples was determined by measuring the ab-
sorption at 280 nm with e = 24,900 cm™ "M (11). All buffers were filtered
(0.22 pm, Millex-GS, mixed cellulose ester membrane) and degassed
extensively immediately before use. Analytical ultracentrifugation experi-
ments were carried out in a Beckman analytical ultracentrifuge (model
Optima XLA) equipped with an ultraviolet absorption optical system in
tetramer buffer at 20°C and a protein concentration of 0.4 g/L.. Absorbance
scans were recorded at 280 nm. Sedimentation velocity runs were essen-
tially performed and analyzed as described (11). Data were analyzed with
the program DCDT+ (version 2.4.0) (23).

Atomic force microscopy

Atomic force microscopy (AFM) was performed in the “scanning in air”
mode essentially as described previously (24). Vimentin (0.4 g/L) was
assembled at 37°C for 75 min. Reactions were stopped by 10-fold dilution
with assembly buffer (25 mM Tris-HCI (pH 7.5) and 50 mM NaCl) fol-
lowed by fixation with an equal volume of 0.2% glutaraldehyde in assembly
buffer for 2 min. Of this solution, 40 uL. was deposited to freshly cleaved
mica. After 1 min, the specimens were washed with double-distilled water
and dried with a steady stream of nitrogen.

Size-exclusion chromatography—multiangle light-
scattering analysis of soluble vimentin
complexes

Size-exclusion chromatography—multiangle light-scattering (SEC-MALS)
analysis was done as described previously (25). Vimentin in tetramer buffer
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(1 g/L) was centrifuged at 50,000 rpm for 60 min in an Optima MAX ultra-
centrifuge (Beckman Coulter, Brea, CA). Then, 100 uL of the sample was
subjected to size-exclusion chromatography (SEC) using a Superose 6 in-
crease 10/300 column (GE Healthcare, Little Chalfont, UK) connected to
a cold AKTA basic system (GE Healthcare) at a flow rate of 0.5 mL/min,
4°C. Static multiangle light scattering (MALS) was measured in a
DAWN Heleos 8+ instrument (Wyatt Technology, Santa Barbara, CA) by
detectors 2—7. The diffraction index was measured in an SEC-3010 refrac-
tometer (WGE Dr. Bures). The molecular mass M,, was calculated by the
Astra 6.1 software (Wyatt Technology) using the Zimm light-scattering
model with dn/dc = 0.185 mL/g. M,, gives the molecular weight average
in the selected elution time interval from 16.32 to 17.62 min.

Stopped-flow experiments and data management

Stopped-flow measurements were performed in a stopped-flow spectropho-
tometer SF-61 (Hi-Tech Scientific, Salisbury, UK) (26,27), as depicted
schematically in Fig. 1. A solution containing the soluble pool of protein
(0.1-1.2 g/L) was filled in a first syringe (1), and assembly start buffer
(45 mM Tris-HCI (pH 7.0) and 100 mM NaCl) was filled into a second sy-
ringe (2) and equilibrated at 37°C for at least 5 min. Syringes (1) and (2)
were driven simultaneously by a drive plate powered by a burst pressure of
400 kPa; the temperature was kept at 37°C. Equal volumes of both solutions
were rapidly mixed 1:1 to initiate assembly (“jump-start”). As the fresh as-
sembly mixture was driven into the detection cell, the solution of the previous
run was transferred into a third syringe (3) (Fig. 1 B, upper curves). The flow
was stopped after 200 uL, as the plunger of the third syringe encountered a
stopping block; this event concurrently triggered the data acquisition system
(Fig. 1 B, arrow). Before each assembly experiment, both syringes (1) and (2)
were rinsed with several milliliters of ddH,O followed by tetramer buffer un-
til no change in the detected scattered light was observed (Fig. 1 B, lower
line). This buffer signal served as the baseline in the measurements. In a sec-
ond step, the intensity of the tetramer signal was measured by mixing a so-
lution of proteins in tetramer buffer with tetramer buffer to the desired
protein concentration (Fig. 1 B, middle line). Routinely, 200 uL of protein
assembly solution was injected for ~130 ms into the detection cell to assure
that it was completely loaded. These conditions correspond to a flow rate of
1.5 mL/s. Under routine conditions (37°C, 400 kPa), the dead time, which is
the time needed for the sample to flow from the sample mixer to the detection
cell, was measured to be 3 ms. The optical system consisted of a 150 W
Xenon-Hg lamp and a power supply ALX-210 followed by a BH-10 mono-
chromator (Biologic, Claix, France) for measurements at wavelengths of 365
and 436 nm, respectively. Measurements at 594 nm were performed with a
diode-pumped solid-state laser (Mambo 25 mW; Cobolt, Vretenvagen, Swe-
den). The light was transmitted via a multimode fiber and focused into the
observation chamber. The scattered-light intensity was detected by a photo-
multiplier tube (Hi-Tech Scientific) at 90° combined with the electronic unit
from Hi-Tech, which consists of the photomultiplier power supply, PSP-60,
and the signal conditioning unit, SC-60. The signal of the photomultiplier
was electronically filtered by a unity gain amplifier with an internal low-
pass filter (time-constant: 1 ms).

Data acquisition was achieved with a multifunction data acquisition card,
PCI-6023E (National Instruments, Miinchen, Germany), and a software
tool based on the driver software package NI-DAQmx. Output voltages
from the signal conditioning unit as well as the stop signal were recorded
with a 1 ms sample time. The data acquisition was triggered by the stop
signal plus a forerun of several milliseconds to record the full scattering
signal. The stopped-flow data were analyzed with the software Origin
(V7.0; OriginLab, Northampton, MA). Measurements that exhibited
extreme peak values, as caused by dust or air bubbles, were discarded.
To reduce noise, mean values of several successive shots were calculated
(five shots for protein concentrations below 0.4 g/L and two shots for higher
protein concentrations) and were then used for data fitting. The scattering
intensity of tetrameric vimentin was measured in tetramer buffer from the
intensity of a solution of tetramers at the respective concentration for
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FIGURE 1 (A) Schematic representation of the stopped-flow apparatus.
The three syringes marked 1, 2, and 3 provide substrate in tetramer buffer
(1) and assembly start buffer (2) and serve as a reservoir for emptying the
cell (3). (B) Recorded intensities for tetramer buffer (lower curve), vimentin
tetramers in tetramer buffer (middle curve), and five consecutive assembly
reactions (upper curves) are shown. The time point of injection of assembly
start buffer is marked by an arrow. PMT, photomultiplier tube; the rectangle
on top of the cell represents an aperture; the intensity of the signal is given
in arbitrary units (AU). To see this figure in color, go online.

some seconds. The buffer signal and the tetramer signal were smoothed
to remove noise before the mean value and the SD were calculated. Assem-
bly signals were collected from termination of the sample injection onward.
The data from the first 7 ms were discarded in all runs because in this very
early time interval, the recorded data curves exhibited some irregularities
probably because of flow turbulences. The starting point of assembly was
further corrected for the experimentally determined dead time of 3 ms.
Consequently, all experiments were followed from exactly 10 ms onward
after the assembly was started.

Static light scattering

The assembly kinetics of tetramers to ULFs was recorded by static light
scattering in a time window, in which filament elongation does not occur



substantially (less than 3%). The particles encountered here are distinctly
smaller than the wavelength of the light, i.e., the tetramer rods are 60 nm
long with a radius a of ~1 nm, and their lateral assembly product, the
ULF, has the same length and an average radius a of ~7 nm, which is
much smaller than the wavelength of light used in this study (see above).
Thus, the data can be treated according to Rayleigh scattering, i.e., the scat-
tered light intensity is proportional to the molecular mass and to a first
approximation independent of particle shape (28):

dn\ 2
27r2n(2)<£>
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T , ()
with I being the scattered light of the protein, /, being the intensity of
the incident beam, n, being the refractive index of the solution, dn/dC
being the refractive index increment, A being the wavelength of the
light, r being the distance from the reaction cuvette to the detector, Ny
being the Avogadro number, C being the concentration (g/L), and M be-
ing the molecular weight. For a tetramer, we can write this equation as
follows:

I Tetramer & cM ) (2)

and for multiple tetrameric complexes:

I n« Tetramer

M n « Tetramer (3)

I Tetramer M Tetramer

Consequently, a protein solution of the same concentration C in the form
of octamers will scatter twice as much light as tetramers. ULFs consisting
of eight tetramers will scatter eight times more light than eight single
tetramers.

Data processing

To calculate the reaction constants of the assembly intermediates,
we use the program Berkeley Madonna (V 8.3.18, https://www.
berkeleymadonna.com). It optimizes a set of parameters (here, the rate con-
stants) in a least-square sense by integrating the reaction kinetics as an
initial value problem and comparing the resulting curves to measured
data. The basic reaction schemes have originally been established and
applied for monitoring the longitudinal assembly reaction of IFs and
were adapted here for the description of the ULF assembly process (14).
In particular, the primary reactions reflect the association of two tetramers
to one octamer (k;), that of two octamers to one 16-mer (k), and further,
that of two 16-mers to one ULF (k3). To consider potential elongation reac-
tions of ULFs with ULFs and IFs, we introduce the reaction constant k.
Accordingly, the following set of differential equations is given for the
respective species: T, tetramer; O, octamer; H, 16-mer; U, ULF; U,,
ULF-dimer; Uz, ULF-trimer; Uy, ULF-tetramer:

dT/dt = —2k,T?
do/dt = k,T* — 2k,0?
dH/dt = k,0* — 2k;H?
dU/dt = k;H* — 2k, U* — k,UU, — k,UU;
dU,/dt = k4U* — k,UU, — 2k, U3
dU;/dt = k,UU, — k,UU;
du,/dt = k,UU; + kU3 .

To allow for the reactions leading to polymorphic forms of the ULFs, we
have to consider the addition of octamers to the various oligomers as well as
the addition of 16-mers to 24-mers and the reaction of two 24-mers with
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each other. The corresponding reactions are as follows for the respective
species, i.e., V, 24-mer; Uy, 32-mer; Uyg), 40-mer; Ugyg), 48-mer,
where U is the sum of U3y, U, and Ug):

dT/dt = —2k,T?

do/dt = k,T? — 2k,0* — k,OH — k,0V
—kon(32) - k20U(4()>

dH/dt = k,0% — 2k;H* — k,OH — k;HV

dV/dt = k,OH — k,0V — k;HV — 2k;V?

dU/dt = k,OV + ksH? + k3HV + 2k; V2 — 2k, U?
—kUU; — kyUUs

dU,/dt = k,U* — k,UU, — 2k,U?

dU3/dt = k4UU2 - k4UU3

dU,/dt = k,UU; + k,U3.

In particular, the amounts of the individual ULF species, U 3,), Uwg), and
U g, are calculated by the following terms:

dUgs) /dt = ksH® + K0V — k,OU(zy) — 2ky Uy,
— kUp2)Uo) — kaUgzz)Uas)
—k4U@ap) Uz — kyUzp) Us

dUg) /dt = ksHV + k0U (35 — kyOU s — 2ks Uy,
—k4U0)Uzz) — kaU40)U 4
—k4Uu0) Uz — ksUuo)Us

dUgg)/dt = k3V? + kyOU(g) — 2keUfyg — kyUpug) Ugaa)
—ksUa)Uao) — kaUgas)Us — kyUgas) Us.

The scattering intensities of each species are defined as multiples of the
intensity of the tetramer (Eq. 3). The intensities of all assembly intermedi-
ates at each time point are summed up and compared with the time-depen-
dent increase of the measured intensities in the measurements. To obtain
robust results, we perform simultaneous curve fittings (global fit) over
various conditions, e.g., different wavelengths and protein concentrations.
This procedure enables us to select only measurements in which dust and
aggregates do not disturb significantly according to the following exclusion
criteria: 1) the tetramer intensities are not fixed in the global fit, and 2) the
fitted tetramer intensities are calibrated with the measured tetramer inten-
sities, and runs are discarded when the fitted tetramer intensities differ by
more than two times the SD with regard to the previously measured
tetramer intensities. The integration time step dt in the program Berkeley
Madonna is set to 50 us. Going to lower time steps does not change the
results.

RESULTS
Construction of a model for ULF assembly

In fact, assembly of IFs starts already during renaturation of
monomers by dialysis from 8 M urea into low ionic strength
buffer, whereby stable tetrameric complexes are formed as
determined by sedimentation equilibrium ultracentrifuga-
tion (10,11). The immediate increase of the ionic strength
(“jump-start™) initiates the ordered lateral association of
tetramers with each other (k;) and yields octamers as first re-
action products (Fig. 2). Octamers further laterally associate
into 16-mers (k,), which then can associate to 32-mers (k3).
This is the basic scenario leading to the formation of ULFs,
consisting of 32 monomers per filament cross section
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FIGURE 2 Schematic model depicting the assembly of ULFs. By lateral
association of tetramers (squares designated 4), octamers (squares desig-
nated 8), 16- and 24-mers (squares designated 16 and 24), ULFs harboring
32, 40, and 48 monomers (squares designated 32, 40, and 48) are formed.
The reaction constants k;, kp, and k3 are indicated for the respective reac-
tions. To see this figure in color, go online.

(Fig. 2). However, because IFs have been measured by
STEM to exhibit a distinct mass-per-length polymorphism,
additional reactions have to be considered (10,19,20).
In particular, octamers may associate with 16-mers to
24-mers (k;), and two 24-mers may associate to 48-mers
(k3). Yet, as a further reaction, 24-mers may associate with
16-mers to 40-mers (k3), which can also be formed by the
addition of an octamer to a 32-mer (k). Also, 40-mers
can accept octamers to yield 48-mers (k;). Additionally,
the reaction of a 24-mer with an octamer will yield a ULF
as well (Fig. 2). All associations in which octamers are
engaged can be described by one reaction constant, k»; like-
wise, all further reactions of 16-mers and 24-mers can be
fitted with k3. We think that this description represents a
certain simplification but can indeed serve as a valid first
approximation assumption. In summary, all these potential
interactions will lead to ULFs harboring 32, 40, and 48
monomers, respectively. The original STEM mass determi-
nations revealed these three types of ULFs in roughly equal
amounts in all IFs (10,13).

The ULF polymorphism is a direct consequence of the
“jump-start” mode of assembly, which is essential for a ki-
netic measurement setup. When IFs are assembled by dial-
ysis from low against high ionic strength buffer, the mass
distribution along mature extended filaments is much more
uniform, favoring ULF segments with 32 subunits per cross
section (10). However, the fact that ULFs with different
numbers of subunits integrate into one and the same IF dem-
onstrates that they are functional for longitudinal assembly.

Characterization of soluble vimentin complexes

The homogeneity of the protein complexes at the beginning
of an assembly experiment is of absolute importance for a
uniform association regime to occur. Indeed, depending
on the type of preparation, higher-order complexes may
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be present and result in significant ambiguities during
the early assembly phase (21). Therefore, we started our ex-
periments with the characterization of soluble complexes
obtained after reconstitution into tetramer buffer by analyt-
ical ultracentrifugation. By sedimentation velocity, we
observed a sharp, symmetrical peak at 5.5 S (Fig. 3 A, left
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FIGURE 3 Characterization of soluble vimentin complexes in tetramer
buffer. (A) Sedimentation velocity ultracentrifugation shows vimentin rena-
tured in tetramer buffer (left panel). After initiation of assembly, filaments
were visualized by atomic force microscopy (right panel). (B) Sedimenta-
tion velocity ultracentrifugation shows the products obtained after dialysis
of the filaments shown in (A) back into tetramer buffer (left panel). These
complexes were subjected to another round of assembly, and the resulting
filaments were again visualized by atomic force microscopy (right panel).
(C) Vimentin renatured into tetramer buffer was subjected to size-exclusion
chromatography, and the eluted protein was analyzed by multiangle light
scattering (SEC-MALS). Recorded were the light-scattering signal (LS)
and the protein-absorption signal (RI), with the left axis in arbitrary units
(AU). Dotted line: molar mass. The prepeak between 15 and 16 min is
caused by nonspecific particles.



panel), which compares well with results obtained previ-
ously (11). There, we had shown by sedimentation equilib-
rium that such sedimentation velocity data represented a
homogenous tetrameric species in the concentration range
we used here. To test for the assembly competence of this
preparation, we performed standard “jump-start” assembly
and documented filament formation by AFM (Fig. 3 A, right
panel). Moreover, to inspect if the subunit tetramers were
assembled in a nonaggregated, functional state, we dis-
solved the assembled filaments in low-ionic strength, i.e.,
tetramer buffer. The following analysis by analytical ultra-
centrifugation analysis revealed the existence of uniform
5.5 S complexes (Fig. 3 B, left panel). By shifting the salt
concentration again to physiological values, extensive fila-
ment formation occurred, indicating that the “jump-start”
assembly procedure leaves the tetrameric complexes fully
functional (Fig. 3 B, right panel). This experiment provides
a way to assemble/disassemble (“cycle”) IFs multiple
times.

As a second independent method for accurate mo-
lecular mass determination of the products obtained by
renaturation of urea-solubilized vimentin in tetramer
buffer, we subjected the proteins to SEC-MALS ex-
periments. The molecular mass was determined to be
2.14 x 10° and 2.17 x 10° (error <1%) for two runs,
which is in excellent agreement with the calculated mo-
lecular weight (2.14 x 10°) for a vimentin tetramer
(Fig. 3 C). The ultracentrifugation step before the SEC-
MALS experiments was effective in removing dust parti-
cles as well as larger protein aggregates and was therefore
routinely employed. The measured radius of gyration,
14.3 and 14.7 nm (10% error), comes close to the ex-
pected value of 17 nm for a thin uniform rod with a length
of 60 nm. Because the data obtained with the SEC-MALS
experiments are in perfect agreement with those obtained
by analytical ultracentrifugation, we conclude that the
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static light-scattering signal obtained with tetramers is
well suited to follow the distinct association reactions of
tetramers.

ULF formation monitored in a stopped-flow
device

First, we determined the light-scattering intensity signals for
vimentin complexes at different protein concentrations in
tetramer buffer. These values are needed to evaluate the
time-dependent changes in scattered light intensity after
initiation of assembly in the stopped-flow device. After
filling the cell, a stable signal was obtained at each protein
concentration investigated, i.e., 0.05, 0.10, and 0.20 g/L,
with a linear increase in signal intensity over the three
different concentrations used (Fig. 4 A). These results docu-
ment the fact that the individual particles do not interact un-
der these conditions, which is in agreement with data from
analytical ultracentrifugation (11) and SEC-MALS (see
above). With these data at hand, we proceeded to determine
the assembly kinetics. Assembly was initiated by adding as-
sembly start buffer to the tetramers. After the observation
cell was filled with the assembly mixture, the flow was
stopped, and the scattering signal was recorded (Fig. 4 B).
The rapid rise of the intensity in the first 100 ms reflected
the strong molecular interaction of tetramers to higher-order
oligomers; the increase continues to 500 ms although the
slope is slightly decreasing over time. By EM, ULFs were
observed in abundance when the assembly was stopped by
fixation with glutaraldehyde after less than 1 s of assembly,
the first time point for a measurement with this kind of
“time-lapse” method (10,13). In addition, the EM analysis
revealed ~60-nm-long particles of lower diameter than
standard 32-mer ULFs, as expected for precursors harboring
only 16- or 24-mers. At all three protein concentrations, the
residuals to the fit exhibited minimal deviations from the
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FIGURE 4 Intensity plots from stopped-flow experiments at three protein concentrations. (A) Initial signal intensities of tetramers in tetramer buffer are
shown as a function of the protein concentration in arbitrary units (AU). Open squares: mean values of the tetramer intensity signals. The error bars designate
the plus-minus SDs from the means. Filled squares: values obtained from the global fit to all data points for the given protein concentration. (B) Time-
dependent changes of the scattering intensities are shown in arbitrary units (AU) after addition of assembly start buffer to the three protein concentrations
depicted in (A). Mean values were calculated from the measurements at five successive time points and plotted as follows: lower curve: 0.05 g/L; middle
curve: 0.10 g/L; upper curve: 0.20 g/L. The lines represent values obtained by a global fit to the whole set of data obtained for the three protein concentrations.
(C) Residuals of the scattering curves shown in (B). The upper, middle, and lower panels relate to the upper, middle, and lower curves shown in (B). To see
this figure in color, go online.
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values derived from the experimental data, indicating that
no systematic deviations occurred and that the assembly
took place in a highly coordinated manner (Fig. 4 C).

Dissection of ULF formation

Over the course of our study, we systematically varied
two parameters: 1) the wavelength (365, 436, and 594 nm)
and 2) the protein concentration (from 0.05 to 0.6 g/L).
Under all conditions, we observed very similar results
(Table 1). Therefore, Rayleigh scattering can be reliably
used at these short timescales and in the protein concentra-
tion range employed.

By taking the mean values of the derived rate constants
(see Fig. 2), we were able to calculate, employing the equa-
tions presented in Materials and Methods, the contributions
of the individual complexes to the observed signal at any
given time point after initiation of assembly, all the way
from tetramers to ULFs, for instance, as shown here at
0.1 g/ (Fig. 5, A and B). The intensity signal reveals a
vigorous reduction of tetramers within the first milliseconds.
We estimate that after ~3 ms, the tetramer signal is down to
50%, and the octamer signal is up to 50%. Correspondingly,
hardly any signal is coming from 16- and 24-mers or from
ULFs yet (Fig. 5 A). By 50 ms, the tetramer signal has
decreased steadily down to ~3%. The octamer signal peaks
at 7 ms with ~60% and drops to ~17% by 50 ms. The signal
contributed by 16-mers and 24-mers is climbing up to 50%
by 66 ms (Fig. 5 B). In parallel with the formation of 16- and
24-mers, ULFs contribute increasingly to the signal inten-
sity from 50 ms onward, at which time they have 14% and
later 50% by 180 ms (Fig. 5 B). Tetramers and octamers
are practically used up by 100 and 200 ms, respectively
(Fig. 5 B). The situation is in principle very similar when
the concentrations of the assembly intermediates are plotted
versus time: starting with 0.5 uM tetramers, corresponding
to 2 uM monomers (0.1 mg/mL, black curve in Fig. 4 B),
we observe a fast decay of the tetramer concentration
to 50 nM within the first 40 ms (Fig. 5 C, black line). At
the same time, 16- and 24-mers increase to ~50 nM
(Fig. 5 C), whereas ULFs are present at only 2 nM. By
500 ms, the tetramer concentration has dropped to

~5 nM, corresponding to roughly 1% of the initial concen-
tration (Fig. 5 D). At 700 ms, the concentration of ULF and
the sum of 16- and 24-mers is nearly the same at around
30 nM (data not shown). However, the concentration of
ULF is steadily increasing over the first 500 ms, whereas
that of 16- and 24-mers is slowly decreasing from ~80 ms
on (Fig. 5 D, blue versus green line).

Assessment of the model

In the next step, we assessed how the rate constants develop
when the data are fitted beyond 500 ms such that ULF for-
mation but not filament elongation is the dominant feature.
Therefore, we fitted the rate constants from 100 msup to 1 s
(Fig. 6). Here, both k; (and k;) and k3 stay constant. More-
over, when we also consider the beginning of the longitudi-
nal association of ULFs, introducing k,, we find this to be
100-fold lower than k;. For further analysis of the data in
the range of several seconds, the elongation of ULF requires
the introduction of a form factor, which makes the whole
calculation more complex. However, for now, we want to
present only the initial formation of ULFs, i.e., assembly
time below 500 ms, and leave the treatment of the elonga-
tion reaction for a future study.

DISCUSSION

The kinetics of supermolecular fiber formation for self-as-
sembly systems such as actin filaments and microtubules
has been analyzed by shifting the incubation conditions
from those favoring the soluble state to those inducing
supermolecular assembly of their globular subunits, actin,
and tubulin, respectively. Hence, the polymerization of
monomeric actin is initiated by a sudden increase of the
salt concentration (29). Likewise, for the «-/@-tubulin
dimer, the addition of salt and glycerol as well as a change
in temperature from 4 to 37°C are key parameters to “switch
on” assembly (30,31). The presence of nucleotides, such as
ATP and GTP, enhances the assembly process significantly,
as both actin and tubulin exhibit nucleotidase activity
during filament assembly. Moreover, “seeds” are needed
to mediate a lag-phase-free assembly process (32). In stark

TABLE 1 Determination of Rate Constants

c [g/L] A [nm] klu kz.'\ k3:\ k4u XZ b

0.05/0.1/0.2 436 158 128 13 1.1 3/6/3
0.05/0.1/0.2° 436 179 118 15 0.5 4/6/6
0.4 365/436/594 253 109 16 0.5 5/8/13
0.4¢ 594 191 116 16 0.5 8/7/5
0.6° 594 214 97 13 0.4 5/5

Mean + SD 199 + 33 114 = 10 146 £ 14 0.6 + 0.3

Global fitting-derived rate constants in uM~'s ™",

bxz, chi-squared test.

“Results do not change significantly if k, is set to 0.5 uM~'s™", as determined at the higher protein concentrations listed below.

93 x independent measurements.
€2 x independent measurements.
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FIGURE 5 (A and B) Signal intensity profiles
(%) of the various assembly intermediates over
(A) 50 ms and (B) 500 ms. (C and D) Molar distri-

butions of the assembly intermediates over (C)
50 ms and (D) 500 ms are shown. The designation
of the colored lines to assembly intermediates is de-

300 400 500

picted in (C). 16- and 24-mers are treated as one
species. The calculations for the intensity profiles
(A and B) and the molar distributions of assembly
intermediates (C and D) over time were done for
0.1 g/L with the equations specified in Materials
and Methods.
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contrast, cytoplasmic IF proteins do not exhibit nucleotidase
activity, and for filament assembly activity to occur, one has
to start from tetrameric complexes, as no monomers and di-
mers are obtained under nondenaturing, near-physiological
conditions. Tetramers assemble immediately when the ionic
strength is increased, and hence, they are the principal as-
sembly precursors for the formation of cytoplasmic IFs (8).

With the establishment of a model of the vimentin
tetramer at atomic resolution (33,34), we have a quantitative
description of the complex at hand that sets the geometrical
limits for the treatment of data derived from light scattering
and EM (14,21,35). Moreover, for the interpretation of the
stopped-flow data, several pieces of information derived
from EM have to be implemented. First, when tetramers
are assembled in a kinetic mode by the instantaneous in-
crease of the ionic strength (“jump-start”), massive ULF
formation has already occurred by the time assembly is
stopped through addition of glutaraldehyde immediately af-

] k1
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' ] k3
2310_'000000000
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FIGURE 6 Global fit-derived values for the rate constants k; (filled
squares), k» (open squares), ks (filled circles), and k, (open circles).

ter its initiation. This procedure yields results for time points
from two seconds onward (13). It clearly documented that
ULFs exist abundantly at this time together with complexes
of the same length but with smaller diameters (7,10,14).
Second, STEM mass measurements of IFs revealed three
major types of subsegments along individual filaments
differing by one octameric unit each, with values close to
four, five, and six octamers per filament cross section.
With another powerful technique called small-angle x-ray
scattering, octamers have been demonstrated to be a major
soluble species at high protein concentration and slightly
elevated ionic strength, indicating that it needs only a small
shift in conditions to cause tetramers to interact with each
other (35).

Different from the time-lapse fixation method, stopped-
flow in combination with light scattering provides an ultra-
fast procedure, during which the assembly can be continu-
ously followed from 10 ms onward without the need for
fixation or deposition of the sample on an EM grid. Exactly
these dynamic intermediate assembly products that disturb
STEM mass measurement on a grid can be addressed
directly via their scattering signal. For the treatment of the
light-scattering data obtained by stopped-flow experiments,
we theoretically explored which interactions would yield
the three major octamer-derived ULF types with four, five,
or six octamers per filament cross section. Furthermore,
we could determine which reaction constants were needed
to describe these assembly reactions: k; for the interaction
of tetramers to octamers; k, for any interaction in which
an octamer may engage, be it another octamer or a 16-,
24-, 32-, or 40-mer; and k; for the interaction of 16- and
24-mers with each other. In addition, the beginning longitu-
dinal annealing of ULF can be described with k,, although
during the first 500 ms of assembly, k, is 100-fold smaller
than k; and k,. In summary, the model depicted in Fig. 2
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is able to precisely describe the data generated with vimen-
tin for concentrations from 1 to 10 uM. These values are
actually within the range of vimentin concentrations found
in cells (36).

Filament elongation following ULF formation

Our previous work (16) analyzed longitudinal IF assembly
by generating time-dependent length distribution profiles,
which were then evaluated by numeric models. Because
the length distributions were measured on timescales of
seconds to minutes, these models focused on longitudinal
IF growth. Only rough estimates of the kinetic parameters
for lateral growth were used, and these were selected such
that this part of IF assembly was not rate limiting (14).
Following IF assembly on the millisecond timescale
enabled us to describe the early assembly phase with
much higher precision. We now determined the rate con-
stant for the lateral vimentin assembly of two tetramers un-
der standard conditions directly from the light-scattering
measurements. Therefore, our results for the lateral assem-
bly, which to our knowledge are new, now complement our
earlier studies and enable us to describe the immediate IF
assembly process, i.e., the formation of ULFs on a time-
scale from milliseconds to hours (14,16,37,38). The model
(see Fig. 2) also allows us to describe the concentration
course of all intermediate species participating in the as-
sembly process, i.e., tetramers, octamers, and higher-order
complexes over time (Fig. 5). Accordingly, more than 99%
of the tetramers are consumed throughout the first second
of assembly. In particular, the concentration of tetramers
is down to 50% after 4 ms, corresponding to an increase
of the octamer concentration to 50%, as hardly any larger
higher complex is formed at that time point. This behavior
is in stark contrast to the assembly of actin filaments and
microtubules from actin monomers and tubulin dimers. In
both cases, a significant lag phase in the assembly is
observed unless “nuclei”—the equivalent of ULFs—are
employed.

Previously, the lateral assembly of vimentin has been
investigated by small-angle x-ray scattering in combination
with microfluidics (39). Note the principle difference
between our experimental design using stopped-flow and
diffusive mixing, as employed in these microfluidics exper-
iments. Stopped-flow offers the great advantage of exhibit-
ing virtually no lag time for mixing in the beginning.
Here, the time resolution is given by the minimal exposure
time needed per time point. In contrast, diffusive mixing and
continuous flow projects each time point on a different po-
sition in the flow channel and thus allows for exposure times
much longer than the time gap At between two measured
time points (40). Hence, both methods are highly comple-
mentary. In the stopped-flow approach, we show that the
first lateral vimentin assembly, i.e., the assembly of two tet-
ramers, is one to two orders of magnitude slower than the

2416 Biophysical Journal 174, 2408-2418, May 22, 2018

diffusion-limited association of two uniformly reactive
spheres. Moreover, the calculated reaction rate is signifi-
cantly slower when only a limited segment of the rod-like
tetramers is assumed to be reactive in the specific interaction
of two tetramers (41). In particular, reactive segments
smaller than 1 nm describe the observed reaction constant
k; in a satisfactory manner. In a recent hydrogen-deuterium
exchange (HDex) study of vimentin, it was actually shown
that a short segment at the start of coil 2 of vimentin
is instrumental in the formation of octamers from
tetramers (42).

The in vivo assembly of vimentin IFs

For both the actin and the a-/G-tubulin complex systems of
cotranslational folding, the factors centering around the
chaperonin containing TCP-1 have been described (43).
Their action is absolutely required for the delivery of
fully folded, functional protein into the cytoplasm. With
IF proteins, much less is known; however, a strong impact
of small heat shock proteins for the integrity of the mus-
cle-specific desmin filament system has been documented,
and an impact of mutated aB-crystallin on growing desmin
IFs was demonstrated (44). In addition, earlier work
reported so-called “dynamic cotranslation,” during which
IF-messenger-RNA is translated during transport along
microtubules, and the resulting IF proteins are picked
up during the process and transported to the respective as-
sembly sites. It was hypothesized that these IF particles
(termed squiggles) contain tetramers or already higher-
ordered structures up to ULFs (45). Whatever the case
is, a pool of soluble IF precursors such as tetramers
has been experimentally documented to exist in cells.
Indeed, this pool appears to be very small, probably
because of a very rapid incorporation of tetramers into fila-
ments (46).

Outlook

In contrast to the in vitro IF assembly system, in which
disassembly of filaments is negligible and no “treadmil-
ling-type” or “catastrophic-disassembly” reactions analo-
gous to actin filaments or microtubules occur (47), the
situation in cultured cells and in tissues is different for
various functional reasons. Here, posttranslational modifica-
tions and, in particular, phosphorylation play a major role in
facilitating a dynamic turnover of filaments and cytoskeletal
compartments in different phases of the cell cycle or under
distinct physiological situations (48-51). By using the
stopped-flow system presented here, it will now be feasible
to investigate the modulatory potential of posttranslational
modifications of specific IF-proteins on the lateral assembly
of their tetramers to ULFs. Furthermore, future stopped-
flow studies will be directed to the investigation of the as-
sembly properties of tetrameric species of other cytoplasmic



IF proteins, such as the muscle-specific desmin, the neuro-
filament triplet proteins, and the keratins.
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