Podosomes display actin turnover and dynamic self-organization in
osteoclasts expressing actin-GFP.
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Theoretical model of the podosome.

Introduction: polymerization at the base and severing at the heart.

In live confocal microscopy, podosomes present a steady shape during their two to three
minutes life-span as indicated by a constant actin-GFP fluorescence signal. FRAP
experiments indicate however that actin-GFP is constantly added and removed at a rate
sufficient to replace about half of the structure in 30 seconds. This proves therefore that the
podosome is a dynamical structure and raises the question of the mechanisms involved.
Polymerization is by far the most likely event to explain the addition of actin in the structure
and is consistent with the rapid disappearance of podosomes upon addition of the actin
monomer sequestering drug latrunculin B (data not shown). By analogy with other structures
where rapid actin turnover occurs, like the lamellipodia or actin comets (Pantaloni et al.,
2001), we propose that polymerization occurs where Cortactin and WASP are localized, that
is at the base of the podosome (Pfaff and Jurdic, 2001). Removal of actin could conceivably
occur by two mechanisms: depolymerization at the top of the podosomes or severing of
filaments at a certain rate randomly over their whole length. However, following
photobleaching, the first mechanism would result in a linear recovery of the fluorescence (Fig.
S1), and is therefore inconsistent with our experimental results. Moreover, such a process
implies an external regulation mechanism in order to reach the stationary shape of the
podosomes. By contrast, the second mechanism leads to an almost exponential recovery of
the fluorescence, as described thereafter. Furthermore, the efficiency of this mechanism, being
directly proportional to the length of the filaments (i.e. the number of bounds accessible to
severing) provides a simple mean to reach a steady shape for the podosomes.



% A A
A~ : _

3V Q:} f l.-'f_‘i.!l'._xlr[-.'lll.-!-
A

t -5 *TI..-“' t

W

Fig. S1: Depolymerization and severing mechanisms result in different FRAP curves.

To ensure aregular turnover of the podosome, two mechanisms of actin removal can be hypothesized, but only
severing would result in an exponential-shaped fluorescence recovery curve. The characteristic times depends
on both polymerization speed and severing frequency as explained later.

Basic gualitative ingredients of the model

We first have to describe the synthesis of actin filaments that will occur in narrow regions of
radius f.q, (@bout 0.15um). To account for the internal dynamics of the podosome, one has to
consider, in the first place, that the length L of a single actin filament anchored to the basal
cell membrane is increased, by addition of v monomers (gizeer unit time, according to
dL/dt= vr,. For the sake of simplicity, actin flaments are considered a linear bead tread, with
an apparent diameter of monomers of 2.7 nm inside the filament (Pantaloni et al., 2001).

We then consider severing of the bounds between the monomers to occur at the frdquency
A filament constituted by n+1 monomers [length L = (n+])s cut with the frequency

that is proportional to the number of bounds n.

Let us now consider a whole podosome, constituted by M filaments. We assume that the
packing of the filaments does not prevent both the monomers and the severing enzyme to
access freely the filaments. Consistent with this assumption, we could detect by confocal
imaging the enzyme gelsolin, for example, within the whole podosome structure (data not
shown). We denote N(n;t) the number of filaments which length is (g&t)time t, n being

the number of bounds. The evolution in time of N(n;t), due to both the polymerization and the
severing, then writes:
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The first term corresponds to the translation of the distribution of filaments due to the
synthesis. The second and third terms come from the severing mechanism in two different
ways. First, the filaments with n bounds are attacked at the frequBn@yis leads to their



disappearance. Second, every filament with initially i bounds (i > n) is cut at thé' (n+1)
bound with the frequendy, leading to a new filament with n bounds.

Steady solution to the model: a brush of filaments of multiple sizes.

In the steady regime, the derivative with respect to time vanishes, and the steady
distribution of the filaments writes (solution to Eq.1, watk(n;t)/ot =0 ):

N(n) = M% n+Dl(n+1) (2)
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The distribution N(n) only depends on the ratif and reaches a maximum for n\ﬁ/% .

For M = 100, N(n) can be seen as the percentage of filaments containing n bounds (Fig.S2),
and then having the length L= (n+}) There is then a steady characteristic length of the
filaments that writes:
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These theoretical podosomes appear therefore as brushes of actin filaments whose lengths are
distributed according to N(n). Synthesis and severing continuously occur and lead to large
fluctuations of the length L of each filament, but, if we consider the whole podosome, the
filaments have a characteristic length < L > that does not change in time and which does not
depend on g,
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Figure S2: Percentage of filaments having the number of bounds n in the steady regime( M=100).

Random severing accounts for an apparent conical shaped podosome:

With the spatial resolution of the confocal microscope, the image of one podosome reduces to
a bright spot. When imaging a layer perpendicular to the filaments and located at a height
h=nr, from the cell membrane, the intensity of light | is proportional to the number of
[o0]

filaments that are long enough to intersect the plane, which can be written(as IE)N(i)

i=n
.We consider that the podosomes are compact structures because the actin filaments appear
packed by electron microscopy (Nermut et al., 1991; Nitsch et al., 1989) and because
bundling proteins like fimbrin were reported in the podosome (Babb et al., 1997). The light
intensity I(n) can therefore be considered as proportional to the surface area of the horizontal
section of the podosome at height h, that igut9 r being the apparent radius of the
podosome. From r proportionality t0l , we can deduce the apparent profile of the podosome
given in Figure S3a. When the depth of focus of the confocal microscope is taken into
account, the podosome presents a more conical skapdermore, the upper part of the
podosome is likely to be undetectable against the background of the cloud given that the light
at h decreases liké.1Overall, we think that our model could readily account for the conical
aspect obtained by confocal microscopy optical z-sectionnfsee n° 1: 3D reconstruction
of a cluster of podosomes).
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Figure S3: Theoretical apparent profile of a podosome.
This profile is obtained with a polymerisation frequency v = 3.1Hz Hz, the severing frequency 8 = 3.6 10* Hz,
and rp,4,= 0.15 um.

Recovery after photobleaching: the model accounts for an exponential curve of FRAP.

After photobleaching, our model podosome recovers its fluorescence by incorporating
actin-GFP monomers that come by diffusion from the cytoplasm outside of the bleached
region. Experimentally, the cytosolic actin-GFP, considered monomeric, recovers by diffusion
at least ten times faster than the fluorescence in the podosome, consistently with the diffusion
coefficient for monomeric actin previously established (McGrath et al., 1998). Therefore, the
fluorescence recovery of the podosome is not limited by the diffusion of the monomers. In the
following, we will assume that diffusion is fast and we consider a bleached podosome
surrounded by monomers that are all optically active. Due to the addition of fluorescent
monomers, at time t after bleaching, a region of height h\=t rat the bottom of the
podosome is fluorescent again. The total intensity of fluorescent fjghheasured at time t
for one podosome is proportional to the of the podosome that has been re-polymerized:

n
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The intensity [t) increases almost exponentially with time t (Fig. S4). The characteristic time
T relates to the synthesis and severing frequencies in a simple way :
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Figure $4 :Total intensity I(t) of fluorescent light within a podosome as a function of time t after bleaching.
Theoretical result with v= 3.1 Hzand 3= 3.6 10* Hz

Experimental measurements of the synthesis velocity and severing frequency.

The podosomes have relatively constant characteristic dimensions with their height H,
measured in the confocal microscope, of the orderpohlA similar size of podosomes was
measured by electron microscopy in v-src transformed fibroblasts (Gavazzi et al., 1989) and
in osteoclasts (Ochoa et al., 2000). The FRAP characteristia tiesebetween 20 and 40 s.

The ratio (H, Eq.3) and the produtt Eq.4) of v and3 are therefore known and lead to 6 > v

> 3 Hz and 5.4 10Hz > B > 2.7 10'Hz. The growth frequency v corresponds then to
synthesis velocities ranging from Qu&/min to 1um/min.



Conclusions:

Our model uses two simple ingredients: the continuous polymerisation of actin filaments at
the basis of the podosome and their equiprobable severing in the whole structure.
Consistently, previous reports have shown the presence of actin polymerisation regulators at
the basis of the podosome (Pfaff and Jurdic, 2001) and the presence of gelsolin, a protein with
actin severing activity, in the podosome (Wang et al., 1984), (Chellaiah et al., 2000; Gavazzi
et al., 1989). The model is consistent with an almost exponential shape for the FRAP curve
for a single podosome and, interestingly, accounts for the steady typical height and apparent
conical shape of the podosomes. Using the numerical values obtained experimentally, we also
deduced from the model that the rate of polymerisation at the base of the podosome should be
comprised between 0.5 and 1 um.rhirinterestingly, these values are consistent with
measurements of lamellipodial treadmilling in fibroblasts (0,79 +/- 0,31 pmM)nfiklang,

1985) or oftreadmilling in Listeria actin comets (Pantaloni et al., 2001) . An additional
advantage of this model podosome is that it releases actin filaments that could readily account
for the cloud of actin that surrounds it. Of course, this model probably oversimplifies many
aspects of the podosome dynamics but it suggests that a relatively simple enzymatic
equilibrium could regulate podosome structure.
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