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Fragmentation Is Crucial for the Steady-State Dynamics of Actin Filaments
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TLehrstuhl fur Biophysik E27, Technische Universitat Miinchen, Garching, Germany; and ¥Department of Theory and Bio-Systems,
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ABSTRACT Despite the recognition that actin filaments are important for numerous cellular processes, and decades of
investigation, the dynamics of in vitro actin filaments are still not completely understood. Here, we follow the time evolution of
the length distribution of labeled actin reporter filaments in an unlabeled F-actin solution via fluorescence microscopy. Whereas
treadmilling and diffusive length fluctuations cannot account for the observed dynamics, our results suggest that at low salt

conditions, spontaneous fragmentation is crucial.

INTRODUCTION

The dynamics of actin filaments play a crucial role in many
cellular processes, including cell motility and cell division
(1). In vivo, treadmilling of actin filaments (i.e., an ATP-
driven continuous lengthening at one end of the filament
that is balanced by a shortening at the other end) is used
by cells for force generation. In in vitro experiments, inves-
tigators have reconstituted actin-turnover-driven movement
of bacteria or beads using actin and various actin-binding
proteins (2,3). The underlying process—steady-state tread-
milling of pure actin filaments—was first suggested more
than 30 years ago (4). Measurements of the relevant associ-
ation and dissociation rates at both filament ends have been
used to estimate the turnover rate (4-6). Labeling of actin
monomers with radioactive (7) or fluorescent dyes (8), and
isotopic labeling (9,8) have provided direct evidence of an
ATP-dependent exchange of actin monomers in polymer-
ized steady-state actin. Additional information has been
obtained by measuring the continuous phosphate release
during steady state (10,11). Total internal reflection micros-
copy allows one to follow the polymerization and depoly-
merization of single actin filaments (12-15). Indeed,
treadmilling of selected individual filaments has been
observed (12). On the other hand, single-filament experi-
ments revealed some puzzling features of actin dynamics,
such as unexpectedly fast diffusive length fluctuations
(12,13) and switching between different depolymerization
rates (15,16). Our understanding of actin dynamics is addi-
tionally limited because ATP hydrolysis in actin filaments is
still not completely understood (17), and only little is known
about spontaneous fragmentation and annealing (18-21),
although fragmentation has been suggested to be a crucial
process for actin turnover in vivo (22).

Here, we show that a process that is dependent on the fila-
ment length plays a major role in the dynamics of a steady-
state F-actin solution. The most probable candidate for this
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process is spontaneous fragmentation, which can be ex-
pected to show at least a linear dependence on the filament
length. We investigated the time evolution of the length
distribution of labeled actin reporter filaments in an unla-
beled F-actin solution. The decay length of the exponential
length distribution of visible filaments was found to
decrease with time. Because treadmilling or diffusive length
fluctuations cannot account for such behavior, we conclude
that spontaneous fragmentation and annealing are major
dynamic processes in pure actin solutions. Nevertheless,
the determined ATPase activity indicates the presence of
treadmilling dynamics, which influences the steady-state
dynamics.

MATERIALS AND METHODS

G-actin is obtained from rabbit skeletal muscle by a modified protocol of
Spudich and Watt (23) as described previously (24). Polymerization is initi-
ated by addition of a 10% volume of 10x polymerization buffer (pH 7.5;
20 mM Tris, 20 mM MgCl,, 2 mM DTT, 5 mM ATP). CaCl, is added
such that a final concentration of 0.2 mM is reached. For phosphate release
measurements, lower concentrations of ATP are used such that including
the ATP in the G-buffer, a total concentration of =175-290 uM ATP is
obtained. Actin is labeled with the amine-reactive dye Alexa Fluor 555
carboxylic acid succinimidyl ester (A20009; Invitrogen, Darmstadt,
Germany) or with Atto 488-NHS ester (41698; Sigma Aldrich, Taufkirchen,
Germany) as previously described for Alexa Fluor 555 (24). A degree of
labeling of =14-25% for Alexa Fluor 555 and =125% for Atto 488 is
achieved. All experiments are performed at room temperature. Fluores-
cence microscopy data are acquired on a Zeiss (Jena, Germany) Axiovert
200 inverted microscope with a 100 x oil immersion objective with a numer-
ical aperture of 1.4. Two uL of the sample are pipetted onto a microscope
slide and covered with a coverslip. Consequently, filaments are roughly
oriented in the horizontal plane. Videos are taken above the lower surface
with a frame rate of 10 or 30 Hz for covalently labeled actin and actin
labeled with Alexa 488-phalloidin, respectively. To obtain length distribu-
tions, a gliding average of five images and a Gaussian blur are applied,
background subtraction is done with ImageJ, and a threshold that is adjusted
globally for the whole time series is used to create a binary image. Using
the MATLAB R2007a function regionprops (The MathWorks, Natick,
MA), interconnected objects with an area of >20 pixels are substituted
by an ellipse that has the same normalized second central moments as
the region, and the major axis length is used as a measure for filament
length. Distributions are obtained from a minimum of 40 images and are
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shown only for lengths > 20 pixels (3 um). Qualitatively similar results are
obtained if the number of pixels within an interconnected object is used as
a measure for filament length. The EnzCheck phosphate assay (Invitrogen)
(25) is used to monitor the release of inorganic phosphate by polymerized
actin. To measure the phosphate release as a function of time, the desired
number of samples equaling the number of data points in the time series
are mixed contemporaneously and polymerized for 1 h. Then 0.2 mM of
MESG substrate and a 1% volume of 100 U/ml stock solution PNP are
added and incubated for 30 min. A spectrum is recorded at 24°C with
a Lambda 25 spectrometer (PerkinElmer, Waltham, MA). The increase in
absorbance at 360 nm as a function of time is translated to the phosphate
release by using a calibration curve measured in the presence of F-actin.

RESULTS AND DISCUSSION

Labeled and unlabeled actin filaments are polymerized
separately for 3 h at a total actin concentration of 10 uM.
To exclude dye-specific effects, experiments are performed
with both Alexa Fluor 555- and Atto 488-labeled actin. As
a first control, the length distribution of unlabeled actin
filaments is measured after 3 h of polymerization and 50 h
later by staining with labeled phalloidin directly before
observation (Fig. 1). As expected from previous findings
(26), an exponential length distribution is found at both
points of time, which is best seen by computing the com-
plementary cumulative length distribution. The decay
length A, of the complementary cumulative distribution
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decay length of the exponential length distribution
D (x) = Aqr-e %1 The prefactor is given by AGM =
A, Aan- Consistent with Sept et al. (20), the length distribu-
tion does not significantly change within 50 h (Fig. 1 B).
This indicates that on the experimental timescale, all
processes that affect the filament length distribution are
balanced and a steady state is reached during the 3 h of
polymerization.

In steady state, the growing of filaments by step-by-step
association of monomers and annealing is balanced by the
dissociation of protomers and spontaneous fragmentation.
Thus, investigation of individual effects requires an experi-
mental method that allows one to distinguish between the
processes that cause filament growth and those that cause
filament shrinkage. One such experiment involves mixing
covalently labeled actin reporter filaments with an unlabeled
F-actin solution and following the apparent length distribu-
tion of visible filaments over time via fluorescence micro-
scopy. Whereas the overall length distribution of actin
filaments is constant due to the steady state, spontaneous
fragmentation, length fluctuations, and treadmilling cause
shortening of the visible filaments. Processes that result in
lengthening of the filaments are hidden in this approach
because they are dominated by the incorporation of un-
labeled monomers into the originally labeled filaments.
Because spontaneous fragmentation, length fluctuations,
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(A) Ilustration of the experiment (data shown in Figs. 2 and 3). Labeled and unlabeled actin filaments are polymerized separately for 3 h at

10 uM. Labeled actin reporter filaments are mixed with a 300-fold excess of unlabeled F-actin. The sample is split each time and a new aliquot is used to
measure the length distribution of labeled filament fragments. (B) The length distribution of the unlabeled actin is measured after 3 h of polymerization and
50 h later after subsequent labeling with Alexa 488-phalloidin. No significant change is observed, suggesting that the system has reached steady state.
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and treadmilling have qualitatively different effects on the
length distribution of visible filaments, such an experiment
should reveal the dominant process and thus provide new
insights into the steady-state dynamics of an ensemble of
actin filaments.

To visualize the dynamic processes, we mix labeled fila-
ments with a 300-fold excess of unlabeled filaments after 3 h
of polymerization. The sample is split such that for each
observation a new aliquot can be used to measure the length
distribution of visible filaments D,;s(x) (Fig. 1 A). This
procedure guarantees the avoidance of any artifacts by
bleaching and filament fragmentation induced by the obser-
vation process. Directly before observations are made, the
actin is stabilized with unlabeled phalloidin.

Fig. 2 shows typical fluorescence images taken during the
experiment. It is clear that the length of the visible filaments
decreases over time, indicating a dynamic exchange
between the labeled and unlabeled filaments. Over the
whole time course of the experiment, the complementary
cumulative length distribution of visible filaments is well
described by a single exponential, ie., DS™(x,t) =
ASm(¢). e~/ %) (Fig. 3 A). The decay length A.(f) and
thus the average visible filament length significantly
decrease over time (Fig. 3 C). The initial decay length is
found to be A,;; = 4.3 um, and it decreases to A,;; = 1.1 um
after 52 h. This corresponds to an increase of the prefactor
of the noncumulative length distribution Ay;i() = A" (£)/
Avis(t) over time (Fig. 3 D).

This finding is in sharp contrast to what would be ex-
pected if treadmilling were the dominant process. For the
rather long filaments observed in our assay, the turnover
rate and the diffusive length fluctuations can be expected
to be independent of the filament length. Consequently,
the length distribution would be uniformly shifted to short-
ened filaments, which is manifested in a decrease of the
prefactor A,;s(f) but a constant decay length A;s(f). Thus,
the observation of a decreasing decay length A,;,(f) demon-
strates that a major process has to depend on the filament
length. One such process is spontaneous fragmentation.

In the simplest model, spontaneous fragmentation occurs
with the same probability at any site between actin proto-
mers (18). This results directly in a linear dependence of
the filament fragmentation rate on the filament length.
Because filaments consist of many subunits, we can describe

t=21.95h
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them as continuous objects, breaking at random positions
with the rate kodx. Neglecting in a first approximation the
association and dissociation of monomers, the length distri-
bution of the visible parts of filaments D, (x, ) can be
described by the following master equation:

©

G[Dvis (X, l) = —koXDViS(X, l) + Zk()/ dX/DViS(X/, l). (1)

X

The first term describes that a visible segment with length
x vanishes when it breaks with rate kox. The second term
describes that additional visible segments with length x
are created when longer filaments with length X’ > x break
into two fragments. With the initial exponential distribution
Dyis(x,t = 0) = Age™/%, the solution of this equation is
given by

—X( £ kodot)
Dyis(x,1) = Ao (1 + kolot)*-e Ao )

The reverse process (filament annealing) does not have to
be accounted for, because there is a 300-fold excess of un-
labeled filaments, and thus annealing events between two
labeled filaments are extremely rare. Moreover, in the frag-
mentation model used here, the total length of the filaments,
including invisible parts, does not play a role in the frag-
mentation rate of the labeled parts. Indeed, the observed
decrease of the decay length A,is(#), which is not affected
by length-independent processes (not accounted for here),
can be fitted by this fragmentation model (Fig. 3 C). The
resulting local rate of spontaneous fragmentation k, =
6.4 x 107° h™'um™', corresponding to kg = 4.8 x
107" per F-actin protomer, is surprisingly similar to
the value of ky = 1 x 107%™ as estimated by Erickson
(19) from polymerization experiments performed by
Wegner (18) at higher salt concentrations and higher
temperature than used in this study. Very similar values
were also suggested by other studies (20,27). Using the
values obtained for kg and Ag = 4.2 um from the fit of A,;4(?),
and setting Ay = 29 a.u. to calculate the expected time
evolution of A,;(7), we find that the model overestimates
the increase of A,i(7) (Fig. 3 D). This overestimation can
be rationalized by the fact that treadmilling and diffusive

t=519h

FIGURE 2 Typical fluorescence images (back-
ground subtracted, brightness adjusted) of labeled
actin filaments mixed with unlabeled filaments
are shown for three points of time during the exper-
iment shown in Fig. 3 A. Each time, a new aliquot
of the sample is used to avoid artifacts due to
observation. Clearly, the lengths of the visible
filaments decrease over time. Scale bar denotes
20 pm.
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FIGURE 3 (A) Time evolution of the comple-
mentary cumulative length distribution D" (x, )
1 of Alexa Fluor 555-labeled actin filaments
L (33 nM) in an unlabeled F-actin solution (10 uM).
-4 Solid lines show exponential fits D" (x,1) =
A% (f)e=*/%s() Dashed lines show the evolution
@/ of the initial exponential distribution as expected
if just treadmilling with a turnover rate of

0.23 um/h is considered. (B—D) The natural loga-
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- experiments, where actin has been labeled with
| Alexa Fluor 555 (green squares and circles) or
Atto 488 (blue triangles). Solid lines in C and D
show a simple fragmentation model assuming a
local fragmentation rate &, that is independent of
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(Eq. 2). The value of kg = 6.4 x 107> h~'um™'is
obtained from a best fit to A,;(f) (C). Dashed lines
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length fluctuations have been neglected. These processes
result in a decrease of A,;s(f) as long as the ends of the
labeled filaments have not annealed with unlabeled fila-
ments. On the other hand, the deviation may also indicate
that the local fragmentation rate is not completely indepen-
dent of the filament length, resulting in nonlinear fragmen-
tation and annealing rates.

To determine whether fragmentation is indeed the domi-
nant process accounting for the dynamics of an F-actin
solution, it is useful to obtain an independent estimate of
the turnover rate. However, it is difficult to calculate the
turnover rate from literature values because the association
and dissociation rates for ATP, ADP-Pi, and ADP-actin at
the barbed and pointed ends have to be known. In addition,
most literature values were obtained from polymerization
experiments and thus may differ from steady-state rates
(15). Therefore, a direct measurement of the turnover rate
would be preferable. Protomers involved in treadmilling
eventually release their bound y-phosphate (28). Thus, we
can estimate an upper bound for the turnover rate of actin
filaments by measuring the phosphate release of the system.
To exclude the possibility that labeling significantly alters
the rate of ATP hydrolysis, we investigated both of the
fluorescently labeled actins used in this study (Alexa Fluor
555-labeled actin and Atto 488-labeled actin) in addition
to unlabeled actin. As shown in Fig. 4 A, for 10 uM actin,
phosphate is released at rates between 0.54 uM/h and
0.92 uM/h. The difference of the values obtained for
different types of actin is not larger than the difference
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between two independent measurements of the same type
of actin. Thus, within the experimental error, labeling has
no influence on the rate of ATP hydrolysis. From the mea-
sured phosphate release rate, it can be estimated that most
G-actin molecules have bound ATP. ADP-actin is expected
to exchange its nucleotide to ATP on the timescale of
minutes (29). Because the critical concentration is on the
order of 1 uM (6), and <1 uM phosphate is released per
hour, the nucleotide exchange can be expected to be fast
enough to guarantee that most G-actin molecules have
bound ATP.

To calculate the ATP hydrolysis rate per filament, we
have to determine the total number of actin filaments from
the length distribution of filaments and the F-actin concen-
tration. Here, the length distribution of the unlabeled actin
used for the phosphate assay is determined with fluores-
cence microscopy after labeling with Alexa 488-phalloidin
(Invitrogen; Fig. 4 B), and a distribution similar to that
shown in Fig. 1 B is found. If this exponential length distri-
bution Dy (x) = Aan-e%n with Ay = 5.4 um is assumed
to be valid also at filament lengths shorter than 3 um, the
concentration of filaments can be calculated to be ny; =
J Dan(x)dx = Aan - Aai. Because the critical concentration
is small compared with the total actin concentration, the
total length of actin filaments is given by the overall
actin concentration times the length per protomer,
[x-Dyn(x)dx = Agy- A3, = 10 uM-2.7nm, the prefactor
A, can be determined and a filament concentration of n,; =
5 nM results. Because 10 uM of actin hydrolyze 0.89 uM of
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FIGURE 4 (A) Concentration of phosphate
released by 10 uM steady-state F-actin shown as
< a function of time. Two independent series of
measurements are performed for unlabeled actin
(black circles and diamonds). Actin labeled with
- Alexa Fluor 555 (red triangles) or Atto 488 (green
squares) is tested to exclude labeling artifacts.
Error bars show the standard deviation for one to
- six data points measured at the respective points
of time. Solid lines show fits assuming constant
phosphate release rates for each type of actin.
The two series of experiments with unlabeled actin

Il Il H

A T T T T s B 4L T T
go - @ unlabeled L
! A or 555 3
4 Alexa Fluor
= Atto 488 | 74 _
3
= ©
= =1
= £ _
o 3T 0
2
£ -
A,=5.4 ym
2tk
1 1 1 3 E 1
0 20 40 60 5 10

time [h]

15
filament length [um]

20 25 30 are fitted globally and a rate of 0.89 uM/h is
obtained. Rates of 0.54 uM/h and 0.92 uM/h are

obtained for Alexa Fluor 555-labeled actin and

Atto 488-labeled actin, respectively. (B) To correlate the measured phosphate release rate with a turnover rate, we need to determine the total number of
F-actin filaments. For this purpose, unlabeled F-actin is polymerized and subsequently labeled with Alexa 488-phalloidin, and the complementary cumulative
length distribution is measured. To minimize the experimental error due to variations between different actin preparations, we use the same actin preparation
employed for one of the phosphate release measurements shown in panel A (black circles) to measure the length distribution of actin filaments.

ATP per hour (Fig. 4), the upper bound for the turnover rate
is 0.48 um/h, which corresponds to 0.05 protomers per
second. From analogous calculations using the respective
initial decay lengths of the measurements shown in Fig. 3,
we obtain upper bounds for the turnover rates of 0.23 um/h
for Alexa Fluor 555-labeled actin and 0.37 um/h for Atto
488-labeled actin. Using the turnover rate obtained for
Alexa Fluor 555-labeled actin, we can calculate the change
of the length distribution of visible filaments in an unlabeled
network that would be expected if only treadmilling occurs:
The exponential fit function of the initial distribution is
simply shifted by 0.23 um/h x t (dashed lines in Fig. 3
A). As shown in Fig. 3, C and D, A,;s(f) would stay constant
while A,i(f) would decrease exponentially. Still, the ex-
pected effect is on the same order of magnitude as the
observed changes attributed to spontaneous fragmentation.
Thus, treadmilling could significantly contribute to the
time evolution of the labeled filaments, and thus could
account for the deviation of the observed increase of A,;s(?)
over time from what is expected from our fragmentation
model.

The assumption of a single exponential length distribu-
tion even for short filament lengths (<3 um) is not indisput-
able. The double exponential decay of depolymerization
curves measured with a pyrene assay has been suggested
to indicate a double exponential length distribution
(24,30). A higher number of short filaments than expected
from a single exponential length distribution would result
in an underestimation of the filament concentration and
thus an overestimation of the turnover rate. Nevertheless,
a lower treadmilling rate would also be consistent with the
result that spontaneous fragmentation is a crucial process
in the dynamics of a steady-state F-actin solution. However,
in this case, other processes have to account for the fact
that A,;(f) increases more slowly than expected from
spontaneous fragmentation with a constant local rate of
fragmentation.

CONCLUSION

By following the length distribution of labeled actin fila-
ments in an unlabeled F-actin solution, we were able to
separate processes that cause shrinkage of filaments from
growth processes that balance this shrinkage during steady
state. In this study, we used a low-salt polymerization buffer
because preliminary experiments with buffers containing
additional KCl showed a drastic slowdown of actin dy-
namics compared with the low-salt buffer (see Supporting
Material), as expected from the work of Pardee et al. (8).
A change in the length distribution of labeled actin filaments
in an unlabeled F-actin solution is hardly resolvable at the
more-physiological buffer conditions, where thus both tread-
milling and spontaneous fragmentation can be expected to
occur at slower rates. We have shown that, at low salt condi-
tions, treadmilling and diffusive length fluctuations do not
dominate the shrinkage of labeled filaments in an unlabeled
F-actin solution. In fact, only processes that depend on fila-
ment length—most probably spontaneous fragmentation—
can account for the observed decrease in the decay length
of the exponential length distribution of visible filaments.
Assuming that filaments break with the same probability at
any site between actin protomers, we determined the
fragmentation rate to be ko = 4.8 x 10~’s ™ per F-actin pro-
tomer. Because the dynamics of steady-state actin are even
slowed down at more-physiological salt conditions, it can
be expected that spontaneous fragmentation does not play
a direct role in in vivo processes. However, in similarity to
treadmilling, regulatory proteins can shift the rate of frag-
mentation to a faster timescale such that it becomes relevant
for cytoskeletal processes (22,31).

Although the assay used in this study is perfectly suited to
gain information about the overall behavior of an ensemble
of actin filaments, also in the presence of regulatory pro-
teins, and can be used to test theoretical models, other tech-
niques will be needed to unambiguously identify the
underlying microscopic processes.
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