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Actin, one of the most abundant proteins within eukaryotic cells,
assembles into long filaments that form intricate cytoskeletal net-
works and are continuously remodelled via cycles of actin polymer-
ization and depolymerization. These cycles are driven by ATP hy-
drolysis, a process that also acts to destabilize the filaments as they
grow older. Recently, abrupt dynamical changes during the depo-
lymerization of single filaments have been observed and seemed
to imply that old filaments are more stable than young ones [Kueh
HY, et al. (2008) Proc Natl Acad Sci USA 105:16531–16536]. Using
improved experimental setups and quantitative theoretical analy-
sis, we show that these abrupt changes represent actual pauses
in depolymerization, unexpectedly caused by the photo-induced
formation of actin dimers within the filaments. The stochastic
dimerization process is triggered by random transitions of single,
fluorescently labeled protomers. Each pause represents the de-
layed dissociation of a single actin dimer, and the statistics of these
single molecule events can be determined by optical microscopy.
Unlabeled actin filaments do not exhibit pauses in depolymeriza-
tion, which implies that, in vivo, older filaments become destabi-
lized by ATP hydrolysis, unless this aging effect is overcompensated
by actin-binding proteins. The latter antagonism can now be sys-
tematically studied for single filaments using our combined experi-
mental and theoretical method. Furthermore, the dimerization
process discovered here provides a molecular switch, by which
one can control the length of actin filaments via changes in illumi-
nation. This process could also be used to locally “freeze” the
dynamics within networks of filaments.

filament aging ∣ filament stability ∣ single filament microscopy ∣
microfluidics ∣ stochastic processes

Actin is one of the most abundant and highly conserved pro-
teins in eukaryotic cells. The globular protein assembles into

long filaments, which form a variety of different networks within
the cytoskeleton. The dynamic reorganization of these networks
is crucial for many essential processes in cell motility, cell adhe-
sion, and cell division (1–3). This remodelling, which covers a
wide range of time scales from milliseconds to hours, is based
on dissipative cycles of actin polymerization and depolymeriza-
tion, two processes that are coupled to ATP hydrolysis and, in
vivo, are regulated by a large number of actin-binding proteins.

Both bulk solution measurements (4, 5) as well as electron (6)
and fluorescence microscopy (7–9) of single filaments provided
evidence that, in the absence of actin-binding proteins, the sta-
bility and turnover of actin filaments is primarily determined
by the actin-bound nucleotides. When ATP-actin is incorporated
into a filament, the actin-bound ATP is hydrolyzed into ADP and
inorganic phosphate (Pi). This process proceeds in two steps:
First, ATP is quickly cleaved into ADP · Pi, which remains in the
binding pocket of the actin protomer, and, second, Pi is released
very slowly (5, 9) leaving only ADP in the pocket. Further-
more, because ADP-actin dissociates much faster from the fila-
ment end than ADP · Pi-actin (5), with a dissociation rate that is

increased by more than 30 times (9), one concludes that, as a re-
sult of ATP hydrolysis, the filament becomes less stable as it grows
older. The detailed structural changes of the filament associated
with ATP hydrolysis are not known, but recent X-ray fiber diffrac-
tion (10) and cryo electron microscopy (EM) (11) of oriented
actin filament gels indicate that, during the overall transition
from globular (G) to filamentous (F) actin, the molecular struc-
ture is transformed from a G-actin conformation, in which the
two major domains of the actin protein are rotated against each
other, to a flatter untwisted F-actin conformation. It has also
been proposed that F-actin can exhibit both an open and a closed
nucleotide binding pocket (12), corresponding to a different,
scissors-like displacement of the two major protein domains. The
latter polymorphism, originally referred to as “angular disorder”
(13) or “lateral slipping” (14), has been reported in many (12) but
not in all (11) EM studies.

The view that the stability of actin filaments is controlled
by ATP hydrolysis has been recently challenged by Kueh et al
(15, 16), who observed abrupt changes during the depolymeriza-
tion of single filaments and correlated these changes with the
structural polymorphism or plasticity as observed by EM (12).
Indeed, Kueh et al argued that these changes reflect a remodel-
ling of the filament structure from a relatively disordered,
unstable state of young filaments to the conventional, stable helix
state (17, 18) as the filaments grew older. Such a remodelling
would have far-reaching implications for many actin-related pro-
cesses in vivo; see, e.g., refs. 19–21.

Results
Intermittent Depolymerization of Actin Filaments. The single fila-
ments studied in ref. 15 were attached to the glass surface of the
measurement chamber by many cross-linking molecules, which
could stall the depolymerization process (22). To avoid such a
multiple anchorage of the filaments to the glass surface, we
developed improved experimental setups, for which the filaments
were attached only at their pointed ends and aligned by micro-
fluidic flows (9); see Fig. 1 and Movies S1–S4. Filaments were
elongated for a few minutes in a G-actin solution. The solution
was then quickly replaced by a buffer without G-actin that
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initiated filament depolymerization. Using fluorescence micro-
scopy, the length of individual filaments was monitored for tens
of minutes; see Fig. 1 G–I and Materials and Methods section.

As shown in Fig. 1, filament depolymerization was typically
interrupted after a few hundred seconds, and the filament length
then attained a constant value for an extended, but finite period
of time. These interruptions were also observed in filaments
kept a few micrometers away from the surface and, thus, in the
absence of any filament-surface interactions; see Fig. 1 B, E, and
H. Filaments elongated from MgATP-actin, CaATP-actin, profi-
lin-MgATP-actin, or MgADP-actin all displayed interruptions
during depolymerization, whereas no such pauses were detected
during polymerization. These results, together with the observa-
tions that depolymerizing MgADP · Pi-actin filaments, main-
tained in the ADP · Pi state by large bulk concentrations of Pi,
and CrADP · Pi-actin filaments, which cannot release their Pi,
also exhibit pauses, directly demonstrate that intermittent depo-
lymerization is not coupled to ATP hydrolysis.

Furthermore, when pausing filaments were again exposed to
G-actin and regrown by a few microns before switching back to
depolymerization conditions, the second shrinking process was
typically interrupted at precisely the same position at which the
initial pause had occurred. More precisely, such a repeated inter-
ruption at the same filament position was observed for 86% of
131 regrown filaments, providing strong evidence that the inter-
ruptions are caused by local, nonpropagating changes in the fila-
ment structure; see Fig. 2A and Movie S5.

Local Protomer Transitions at Random Filament Sites. In general, one
can envisage a variety of local interruption mechanisms: copoly-

merization of actin with another molecular species; tethering of a
certain fraction of protomers to the surface of the cover slip; tran-
sient anchoring of the barbed end at the cover slip surface (8)
(see Movie S4); or small concentrations of capping protein that
occasionally bind to the barbed end. Even though these mechan-
isms are quite plausible, they can all be ruled out by a systematic
data analysis, which focuses on the duration τ of the initial shrink-
ing phase. As shown in Fig. 1, this time period represents a sto-
chastic variable. It turns out that the statistical properties of this
variable provide a surprisingly restrictive criterion for the inter-
ruption mechanism; see SI Text on Theoretical Analysis. Indeed,
all four local mechanisms mentioned above would lead to an
exponential distribution for the initial shrinking phase duration
τ;see red lines in Fig. 2 B and C. The same distribution would
also be obtained for a global structural transformation of the fila-
ment as proposed by Kueh et al (15, 16). Inspection of Fig. 2 B
and C clearly shows, however, that such a distribution does not
agree with the experimental data.

In contrast, a good description of the data is obtained if one
considers another local process, in which actin protomers at ran-
dom filament sites undergo transitions from an initial to a trans-
formed state. The depolymerization process is now interrupted as
soon as the shrinking filament end reaches such a transformed
protomer. We developed a systematic theory for such a combined
process; see SI Text on Theoretical Analysis as well as Figs. S1 and
S2. The kinetics of this process depends on the depolymerization
velocity vdep, the rate ω of the random protomer transitions, and
the polymerization velocity vpol, which determines the age of the
protomers within the filaments. The velocities vpol and vdep can be
directly deduced from the observed kymographs as in Fig. 2A

Fig. 1. Three different experimental setups for the observation of intermittent depolymerization. (A) Filaments are grown at spectrin-actin seeds anchored to
the glass coverslip, and depolymerization is induced by a buffer with latrunculin that binds the dissociated G-actin. Methyl cellulose maintains the filaments
within 200 nm from the coverslip, as confirmed by (D) total internal reflection fluorescence (TIRF) microscopy imaging, which allows (G) to monitor the length
of the depolymerizing filaments; the black, red, and blue data points represent three different filaments grown from MgATP-actin. (B) and (C) Filaments are
aligned by a continuous microfluidic flow, and depolymerization is induced by fast switching to a flow channel without actin. (B) Spectrin-actin seeds are
anchored to 6-μm-diameter beads, (E) filaments are imaged a few microns above the glass coverslip using epifluorescence microscopy, and (H) their length
is monitored during depolymerization; the red, green, and blue data points were obtained for three different filaments grown fromMgATP-actin. (C) Spectrin-
actin seeds are anchored to the glass coverlip, (F) filaments are imaged using TIRF or epifluorescence microscopy, and (I) their length is measured during
depolymerization; black data points correspond to a filament grown from MgATP-actin whereas red, green, and blue data points were obtained for three
filaments grown from MgADP-actin. One pause in depolymerization occurs between the white and black arrow in (I).
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while the protomer transition rate ω can be determined from the
cumulative distribution function of the random process. For the
experimentally relevant range of parameters, this distribution
function has the simple form

PðtÞ ¼ 1 − e−
1
2
αωt2 with α ≡ vdepð1þ vdep∕vpolÞ; [1]

which has a sigmoidal shape in agreement with the experimental
data, see the green curve in Fig. 2C. This distribution implies
the average duration hτi ¼ ðπ∕2αωÞ1∕2 of the fast initial phase.
We also showed via control experiments that the transition rate
ω was not affected by the flow rate in the microfluidics setup;
see Fig. S3.

Transitions of Single, Fluorescently Labeled Protomers. To elucidate
the molecular nature of the transformed protomer states, we var-
ied the fraction X fl of the fluorescently labeled actin protomers.
The protomer transition rate ω was found to increase monotoni-
cally both with increasing fractionX fl (Fig. 3A, Inset) and with the
time-averaged illumination intensity (Fig. 3B, Inset). In addition,
the microfluidics setup enabled us to study the depolymerization
of unlabeled filament segments that were only briefly exposed to
light; see Fig. 3 C and D. The latter experiments indicate that
no transitions occur for unlabeled and unexposed F-actin. This
conclusion was confirmed by control experiments on unexposed
F-actin solutions (Fig. 4A), which also show that no dimers are
formed in unexposed and labeled F-actin.

A B

DC

Fig. 3. Interruptions of depolymerization arise from photo-induced transitions of single, fluorescently labeled protomers: (A, B) Cumulative distribution func-
tions P versus time t, as measured by epifluorescence microscopy with the experimental setup in Fig. 1C. (A) Variation of labeling fraction for constant
time-averaged illumination intensity of 2.54 mW∕mm2: The four sets of data correspond to labeling fractions Xfl ¼ 0.07, 0.1, 0.15, and 0.2 (bottom to top);
the black lines are least-square fits to Eq. 1 with the transition rate ω as the only free parameter. (Inset) Rate ω as a function of Xfl . The error bars indicate
confidence intervals of at least 50%; see Materials and Methods section. (B) Variation of illumination intensity for constant fraction Xfl ¼ 0.1: The four sets of
data correspond to time-averaged illumination intensities of 0.21, 0.42, 0.93, and 2.54 mW∕mm2 (bottom to top); the black lines are again least-square fits to
Eq. 1. (Inset) Rate ω as a function of time-averaged illumination intensity. (C) Depolymerization of unlabeled filament segments: A labeled segment, a long
unlabeled segment, and a very short labeled segment (Top) were successively polymerized. The filament was then depolymerized for 15 min, before again
polymerizing a short labeled segment (Bottom). (D) During the depolymerization phase of 15 min, the unlabeled segments lost about 4,000 to 4,500 protomers
(black bars), as expected for a depolymerization velocity of vdep ≃ 5∕s indicating that unlabeled filaments depolymerize without interruptions. For comparison,
the number of protomers lost by labeled filaments (white bars) is governed by a broad distribution indicating interruptions at different filament sites.

A B C

Fig. 2. Interruptions of depolymerization arise from local transitions at random filament sites. (A) After the interruption of initial depolymerization, we
switched first to polymerization conditions for a short time period and then back to depolymerization conditions. The depolymerizing filament displayed a
second interruption at precisely the same position, at which the first interruption had occured, see small “shark fin” indicated by the arrow. (B) Alternative
probability densities for the duration τ of the initial shrinking phase (semilogarithmic plot). The red curve represents a single exponential distribution, the blue
one corresponds to a putative vectorial process, and the green one to random protomer transitions. (C) Comparison of theoretical and experimental results for
the cumulative distribution, i.e., the probability that the interruption occurs at any time prior to time t. The colored lines, which represent the same mechanisms
as in (B), were obtained by least-square-fitting to the experimental data (black) using the transition rate ω as the only fit parameter. The green line for random
transitions leads to the rate ω ≃ 10−6∕s. The data were obtained from 61 filaments, polymerized from MgATP-actin using the microfluidics setup in Fig. 1C.
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The data for small labeling fractions X fl ¼ 0.07, 0.1, and 0.15
are well described by the linear relation ω ≈X flωfl for small X fl
with ωfl ≃ 10−5∕s for a time-averaged illumination intensity of
2.54 mW∕mm2; see Fig. 3A, Inset. This linear dependence on
the labeling fraction, which was confirmed by control experiments
on F-actin solutions (Fig. S4) implies that the local transitions
typically involve only a single fluorescently labeled protomer
and that these protomers are transformed with rate ωfl. Indeed,
a putative interaction between two such protomers would lead to
a quadratic dependence of the protomer transition rate on the
labeling fraction. Because of the low value of ωfl, less than 1%
of the fluorescently labeled protomers has been transformed after
10 min of illumination, even for the strongest illumination inten-
sity used here.

Photo-Induced Formation and Delayed Dissociation of Actin Dimers.
Finally, a series of additional experiments showed that these
photo-induced transitions lead to the formation of actin dimers
within the filament. First, solutions of fluorescently labeled
F-actin were illuminated and subsequently analyzed via gel elec-
trophoresis and immunodetection, which revealed the presence
of stable actin dimers; see Fig. 4A, Fig. S4, and SI Text on
Western Blots. The apparent molecular mass of these dimers was
similar to the one of preformed lateral dimers that were obtained
by covalent, pPDM-induced cross-links (23) between two proto-
mers (24). For the fluorescently labeled F-actin, the dimer-
to-monomer ratio increased linearly with the labeling fraction;
see Fig. S4. Second, copolymerization of G-actin monomers with
purified pPDM-cross-linked dimers induced additional pauses
during depolymerization. As shown in Fig. 4B, the preformed
dimers behave as a second species of transformed protomers that
were present from the very beginning. The pauses induced by
pPDM-cross-linked dimers had an average duration that was
comparable to the one for photo-induced pauses, the latter being
about 910 s for the data in Fig. 2C; see Fig. 5.

In principle, a photo-induced pause of depolymerization could
be terminated via two alternative pathways, namely (i) by the dis-
sociation of the photo-induced dimer from the filament or (ii) by
the dissociation of the dimer into two protomers followed by the
subsequent dissociation of these protomers from the filament.
The latter two-step process can be ruled out for the preformed
dimers, because these dimers are connected by covalent cross-
links. For the photo-induced dimers, the Western blots in Fig. 4A
strongly indicate that these dimers are covalently cross-linked as
well. Furthermore, preformed and photo-induced dimers exhibit
a similar pause statistics governed by a single exponential (see
Fig. 5), which implies a single pathway. Thus, we conclude that
the photo-induced dimers are covalently cross-linked and that the
photo-induced pauses are terminated by the dissociation of these
dimers from the filaments. From the data in Fig. 5, the dissocia-
tion rate ωpho of the photo-induced dimers is found to be about
1.1 × 10−3∕s, which is much smaller than the dissociation rate of
about 6∕s for single ADP-actin protomers (9). This reduced dis-
sociation rate reflects the additional molecular bonds between
the dimer and the neighboring protomers at the barbed end
and corresponds to an increase in the corresponding free energy
barrier by about 8.6 kBT compared to a terminal protomer as
follows from transition state theory.

Discussion
In summary, we have shown that intermittent depolymerization
of single actin filaments is neither coupled to actin-bound nucleo-
tides nor does it reflect the structural polymorphism of F-actin
as observed in EM. Thus, in contrast to the view expressed in
refs. 15 and 16, our results do not provide any evidence that this
polymorphism affects the stability of the filaments. Instead, we
discovered that the interruptions or pauses of depolymerization
arise from photo-induced transitions of fluorescently labeled pro-

tomers (Fig. 3), which trigger the formation of covalent actin
dimers within the filaments; see Fig. 4. The linear dependence
of the transition rate ω on the labeling fraction (Fig. 3A, Inset)
implies that the dimerization reaction typically involves a single,
fluorescently labeled protomer. The excited state of the fluoro-
phore can provide energy for the production of reactive molecu-
lar species (25) that may then lead to the dimerization of two
nearby actin protomers. The depolymerization process is inter-
rupted as soon as an actin dimer becomes the terminal protomer
at the filament end (see white arrow in Fig. 1I) and is continued
when this protomer dissociates from the filament (see black
arrow in Fig. 1I). Thus, each pause represents the delayed disso-
ciation of a single dimer, which can be directly observed in the
microscope, and the measured distribution of pause durations
provides the statistics of these single molecule events; see Fig. 5.
Because unlabeled filaments depolymerize without pauses
(Fig. 3 C and D), our results support the view that filament sta-
bility and turnover is controlled by ATP hydrolysis and that actin
filaments become less stable as they grow older in the absence of
actin-binding proteins.

In the experiments described here, we primarily used the fluor-
ophore Alexa 488 bound to surface lysines of the actin protein
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Fig. 4. Illumination of fluorescently labeled F-actin creates actin dimers
as revealed by comparison with preformed, covalently cross-linked dimers.
(A, Left) Western blots obtained with an actin antibody. The apparent mo-
lecular masses of the photo-induced dimers (left column) are compared with
the corresponding masses of the preformed dimers (three columns on the
right corresponding to three different bulk concentrations of preformed
actin dimers). The apparent mass of the actin dimers exceeds their true mass
of 86 kDa because the cross-links lead to a branched polypeptide chain.
(A, Right) No dimers could be detected in labeled or unlabeled F-actin solu-
tions that were not exposed to light. (B) Cumulative distributions for the
occurrence of pauses during the depolymerization of filaments grown from
G-actin with labeling fraction Xfl ¼ 0.1 in the presence of 0 (blue data), 2, 4,
and 8 nM (three sets of reddish data) preformed actin dimers. The black lines
represent calculated distributions as described in SI Text on Theoretical
Analysis. The Inset shows the linear relationship between the mole fractions
of the preformed dimers (d-fractions) in the filaments and in solution.
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but we also observed intermittent depolymerization and photo-
induced dimerization for filaments labeled with Alexa 594 or Atto
594 bound to actin’s lysines and with Alexa 488 bound to Cys-374
of actin; see Fig. S5. Likewise, pauses in actin depolymerization
have been observed for labeling with Alexa 647 on lysines (15, 16)
and oregon green on Cys-374 (8). Photo-induced oligomerization
of actin was also found in solutions of fluorescein-labeled and
rhodamine-labeled actin (25). In the latter study, it was con-
cluded from measurements of the viscosity that the filaments un-
derwent photo-induced fragmentation, similar to microtubules
(26). In contrast, the fluorophores studied here did not induce
any appreciable fragmentation: Our study implies that the local
fragmentation rate is much smaller than the rather low dimeriza-
tion rate, and that photo-induced dimerization is the dominant
structural modification of the filaments. Control experiments
have shown that photo-induced dimerization can also take place
in illuminated solutions of labeled G-actin (Fig. S4 and SI Text on
Western Blots) but this process should be negligible in conven-
tional microscopy experiments and certainly played no role in
our microfluidics experiments because the filaments elongated
from fresh G-actin that constantly entered the flow cell, without
being previously illuminated.

The combined experimental and theoretical method described
here provides a unique probe for the interactions between actin
protomers and, thus, for the stability and turnover of single fila-
ments. This probe is rather sensitive and can detect changes of
less than 1 kBT in dimer–protomer or protomer–protomer inter-
actions; compare Fig. 5. Such changes may be induced by a variety
of actin-binding molecules and proteins. Of particular interest are
proteins such as tropomyosin, heavy meromyosin, or the Arp2/3

complex that bind to more than one actin protomer and may
induce additional pauses in depolymerization. Another intriguing
process, to which our method can be applied, is competitive bind-
ing of proteins to actin. Tropomyosin, for example, prevents
cofilin (27) as well as Arp2/3 (28) from binding to actin whereas
fimbrin prevents the binding of tropomyosin (29). The kinetics of
these processes may be crucial for the coexistence of distinct actin
networks within eukaryotic cells, a rather puzzling feature of the
actin cytoskeleton (21, 30).

The fluorescently labeled actin proteins studied here act as
molecular switches that can be used to interrupt the depolymer-
ization of actin filaments and, thus, to control the length of the
filaments (Fig. 1). Our results imply that the average interruption
time hτi can be easily varied over at least one order of magnitude
from a few hundred to several thousand seconds by changing the
labeling fraction and/or the illumination intensity. When these
molecular switches are incorporated into large networks of actin
filaments and illuminated by focussed laser beams, one can
‘freeze’ the filament dynamics within localized regions of the
networks. Using a procedure similar to fluorescence speckle mi-
croscopy (31), it may even be feasible to apply these molecular
switches in vivo and, in this way, extend the method of “chromo-
phore assisted laser inactivation” (32) from the protein to the
filament level.

Materials and Methods
Proteins and Buffers. Actin was purified from rabbit muscle (33) and labeled
with Alexa488 succinimidyl ester. The fraction of labeled actin (labeling
fraction) was varied between 7 and 20%. Spectrin-actin seeds were purified
from human erythrocytes. F-buffer contained 5 mM Tris pH 7.8, 0.2 mM ATP,
0.1 mM CaCl2, 0.01% NaN3, 100 mM KCl, 1 mM MgCl2, 0.2 mM EGTA, and
1 mMDTT. Standard elongation and depolymerization of filaments was done
in F-buffer, to which additionally 9 mM DTT and 1 mM diazabicyclooctane
(DABCO) were added to limit photobleaching. In the experimental setup
corresponding to Fig. 1A, the depolymerization buffer was additionally sup-
plemented with 0.2 wt.% methyl cellulose M-0512 from Sigma and 3 μM
latrunculin A. ATP-free buffer was used for experiments with ADP-actin.

Experimental Setups and Protocols. For the experiment shown in Fig. 1A, par-
afilm, a cleaned coverslip, and a microscopy slide were used to assemble the
flow chamber that was first incubated with spectrin-actin seeds and then
with 1–5% (wt∕vol) bovine serum albumin (BSA) from Sigma. The polymer-
ization solution containing 5 μM of actin was mixed in a tube and immedi-
ately flowed into the chamber. Depolymerization was initiated by rinsing
with buffer and then flowing in the depolymerization buffer containing
methyl cellulose and latrunculin A. By observing with TIRF microscopy, we
checked that methyl cellulose maintains the filaments within 200 nm from
the coverslip, ensuring that the error from the projection is small. Latrunculin
A sequesters free actin monomers and ensures a G-actin concentration that is
much smaller than the critical concentration (34). For the experimental setup
shown in Fig. 1C, we constructed flow cells with poly dimethyl siloxane
(PDMS) from Sylgard, mounted on standard glass coverslips that were pre-
viously cleaned in 1 M NaOH. Molds made of SU-8 photoresist were built
at the clean room of the Ecole Superieure de Physique et de Chimie Indus-
trielles (Paris), with the assistance of Hélène Berthet. The microchambers
used were Y- or trident-shaped, having two or three entry channels, respec-
tively. The microchannels were 42 μm high, and 200–800 μm wide. After ad-
sorption of spectrin-actin seeds, the surface of the coverslip was passivated
with BSA. Flow rates were controlled and monitored using a MAESFLO sys-
tem (Fluigent). For each channel, the flow rate could be changed instantly
throughout the experiment, between zero and a few tens of μL∕min. For
flow rates below 1 μL∕min, the filaments fluctuated thermally away from
the surface and were difficult to image. For flow rates above 5 μL∕min, the
filaments aligned with the flow, and the amplitude of thermal fluctuations
was reduced. Observations were carried out between 1 and 3 mm down-
stream of the entry channel junction. This microfluidics setup is described
in detail in ref. 9. It allows fluorescence microscopy of the filaments during
the whole experiment and buffer exchange within less than 1 s. It was em-
ployed in the experiments shown in Figs. 2–5. All measurements reported
here were performed at room temperature.

Image Acquisition and Analysis. Observations were carried out using an in-
verted Olympus IX71 microscope, with a 60x objective (and an additional

Fig. 5. Statistics for the durations of pauses caused by photo-induced and
preformed dimers: Survival function S of terminal dimer versus time t for
filaments elongated by copolymerization of actin monomers with 4 nM
preformed actin dimers (blue data), and for filaments elongated frommono-
mers alone (black data). The black and blue data correspond to the filaments
analyzed in Fig. 2C and Fig. 4B (intermediate set of reddish data), respec-
tively. The function S ¼ SðtÞ describes the probability that the terminal dimer
remains attached to the barbed end for time periods that exceed t. Pause
durations below about 80 s cannot be reliably detected because of the lim-
ited resolution of the optical microscope. The data are well fitted by a single
exponential function SðtÞ ¼ expf−Ωtg with Ω ¼ ωpho ¼ 1.1 × 10−3∕s for fila-
ments with photo-induced dimers only (black line) and Ω ¼ ω̂pre ¼
5.1 × 10−4∕s for filaments with both preformed and photo-induced dimers
(blue line). In the latter case, we conclude from Fig. 4B that at least three
out of four pauses are caused by preformed dimers. Therefore, the dissocia-
tion rate ωpre of preformed dimers is only slightly smaller than ω̂pre and the
ratio ωpho∕ωpre for the dissociation rates of photo-induced and preformed
dimers is smaller than 5. Transition state theory then implies that the free
energy barriers for the dissociation of photo-induced and preformed dimers
differ by less than 2 kBT .
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1.6x magnification in some cases), using TIRF or epifluorescence. Images were
acquired by a Cascade II camera (Photometrics). For TIRF microscopy, a 25mW
laser from Cobolt, emitting at 473 nm, was used for the fluorescence excita-
tion. For epifluorescence microscopy, a X-Cite 120Q light source from Lumen
Dynamics was used. The optical microscopy was controlled usingMetamorph.
The time interval between images was 20 s, unless stated otherwise. Image
stacks were analyzed using ImageJ. To obtain the length-vs.-time traces from
the images as in Fig. 1D, we used a Java-based tracking program that was
developed in the Vavylonis lab (35) and applies an open active contour mod-
el, to automatically measure the length of filaments. As most traces appear to
be biphasic, we automatically determined a continuous and piecewise linear
function with one kink that provided the best fit using the method of least
squares. The kink of the fitting function determined the duration τ of the
initial shrinking phase. For the images as in Fig. 1F, the contrast was enhanced
using the KymoToolBox plugin (available from fabrice.cordelieres@curie.
u-psud.fr). Again, filaments lengths were extracted from the images using
the tracking program (35) and the initial shrinking phase duration τ was
determined by inspection.

Because of the limited resolution of the optical microscope, we cannot
reliably detect interruptions or pauses with a duration below about 80 s.
However, as the pause durations are exponentially distributed with an aver-
age duration of about 1,000 s (Fig. 5), we conclude that we have missed at
most 10% of the pauses. By monitoring the elongation of filaments, we have
verified that filaments grew with a constant polymerization velocity vpol that
was compatible with the association rate constant kon ¼ 10 μMs−1 as deter-
mined in solution assays. Fragmentation events were rare, and pauses during
elongation or annealing events were not observed. In our computations,
each actin protomer was taken to contribute 2.7 nm to the filament length.
A certain fraction of filaments did not depolymerize at all. Even for identical
experimental conditions, this fraction varied between a few and 15% in an
unreproducible manner. However, when we discarded these nondepolymer-
izing filaments, we obtained very reproducible results for the cumulative dis-
tribution functions.

Empirical Cumulative Distribution Functions. The cumulative distribution func-
tion P ¼ PðtÞ describes the probability that the interruption has occurred up

to the time t after the initiation of depolymerization. If all filaments in the
experiment can be observed until time t, the best estimate for PðtÞ is simply
given by the fraction of filaments that already exhibited an interruption be-
fore time t. However, for a small labeling fraction and/or a low illumination
intensity, the interruption times τ are large and the microfluidic flow leads to
a significant number of filaments that fragment or detach from the cover slip
before exhibiting the interruption. In statistical analysis, such a fragmenta-
tion/detachment event is referred to as “right-censoring,” because the event
of interest, the interruption, cannot be observed after fragmentation/
detachment. What one does know, however, is that the interruption has not
occurred before the censoring event. For this type of right-censored datasets,
the best estimate for PðtÞ is the Kaplan–Meier estimator (36, 37), which we
have used to compute the empirical cumulative distribution functions (ECDF)
as given by the multistep functions in Figs. 3–5.

To specify the error bars for the transition rate ω as shown in Fig. 3, we
proceeded as follows. The upper and lower confidence bounds for the ECDF
were determined by Greenwood’s formula (37), where a confidence level of
70% was chosen. Both confidence bounds were fitted to Eq. 1 of the main
text and in each case, the 70% confidence interval for the parameter ω was
determined. The lower bound of the error bar is chosen to be the lower para-
meter bound of the lower confidence bound of the ECDF. Analogously, the
upper bound of the error bar is chosen to be the upper parameter bound of
the upper confidence bound of the ECDF. Thus, the probability that the true
value of ω lies within the error bar is at least 0.7 × 0.7 ≃ 50%.

Further information on Variation of Illumination and Copolymerization of
Actin Monomers and Preformed Actin Dimers can be found in the SI Text.
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