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F-actin bundle stiffness
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Bundles of ﬁlamentous actin (F-actin) form primary
structural components of a broad range of cytoskeletal
processes including ﬁlopodia, sensory hair cell bristles
and microvilli. Actin-binding proteins (ABPs) allow the cell
to tailor the dimensions and mechanical properties of the
bundles to suit speciﬁc biological functions. Therefore,
it is important to obtain quantitative knowledge on
the effect of ABPs on the mechanical properties of Factin bundles. Here we measure the bending stiffness
of F-actin bundles crosslinked by three ABPs that are
ubiquitous in eukaryotes. We observe distinct regimes
of bundle bending stiffness that differ by orders of
magnitude depending on ABP type, concentration and
bundle size. The behaviour observed experimentally
is reproduced quantitatively by a molecular-based
mechanical model in which ABP shearing competes
with F-actin extension/compression. Our results shed
new light on the biomechanical function of ABPs and
demonstrate how single-molecule properties determine
mesoscopic behaviour. The bending mechanics of
F-actin ﬁbre bundles are general and have implications
for cytoskeletal mechanics and for the rational design of
functional materials.
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he mechanical requirements of F-actin bundles are intimately
connected to the speciﬁc biological function that they are
designed to fulﬁl. Bundles integrated into the cytoskeleton
are designed principally to reinforce the cell against mechanical
deformation, highly dynamic ﬁlopodia present at the leading edge
of motile cells are needed to exert potentially large protrusive forces
against the advancing membrane during phagocytosis or migration
through the dense extracellular space1–3 , whereas microvilli are
passive structural elements that serve primarily to increase the
apical surface area of intestinal epithelial cells, thereby enhancing
diﬀusive nutrient transport. In each case, the cell uses speciﬁc
ABPs to bundle F-actin and carry out its biological function.
α-actinin predominates in cytoskeletal bundles and muscle4 ,
fascin is prevalent in ﬁlopodia5,6 , and plastin is predominant in
microvilli and stereocilia7,8 . The disparate mechanical requirements
of these cellular processes, together with the broad evolutionary
conservation of their predominant ABPs across vertebrate and
invertebrate eukaryotes, suggests that a key component of ABP
biological function is its ability to diﬀerentially mediate F-actin
bundle stiﬀness9 . A mechanistic understanding of the eﬀects of
ABPs on F-actin bundle mechanics might thus be needed to
obtain a complete understanding of their physiological role in
cells10–12 . Quantifying the governing mechanical principles of these
fundamental cytoskeletal constituents should also prove valuable in
the design of biomimetic nanomaterials13 .
F-actin bundles can be characterized mechanically by their
intrinsic bending stiﬀness, κB , which is related to their persistence
length, lp , in the same manner as for any polymer, κB = lp kB T .
Here, lp is the length scale over which associated thermal
ﬂuctuations destroy memory of a direction initially tangent to
the bundle backbone and kB T denotes thermal energy, where
kB is the Boltzmann constant and T is absolute temperature.
κB is the mechanical property of interest for F-actin bundles
because it can be used to calculate, for example, the maximal
force that can be exerted by ﬁlopodia before buckling2,3,14 or
mechanotransduction mechanisms of brush-border microvilli15
and hair-cell stereocilia16,17 .
Two limiting types of F-actin bundle bending with notably
diﬀerent associated κB have been reported (Fig. 1)—decoupled
bending, in which constituent actin ﬁlaments bend independently
because intervening crosslinks do not resist shear and instead
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Figure 1 F-actin bundle model. F-actin ﬁlaments (black) are coupled to
nearest-neighbour ﬁlaments by discrete ABPs (green) with axial spacing, δ (m), and
shear stiffness, k (N m−1 ). F-actin is characterized mechanically by its backbone
extensional stiffness, ka = EA/LB , where EA = 4.4× 10−8 N (ref. 26), length LB ,
and bending stiffness, κ B = EI = 7.3× 10−26 N m2 (ref. 37), where E is the
effective Young’s modulus, A is the effective cross-sectional area, and I is the
second moment of the cross-sectional area of F-actin. The interﬁlament spacing, t,
is ﬁxed by the length of the intervening ABPs and remains constant in tightly
crosslinked bundles. The ratio, α ≡ k LB /ka δ, mediates a competition between
crosslink shearing and F-actin ﬁlament extension or compression during bundle
bending, which determines the bundle bending regime (see text for details).

‘tilt’ freely during bundle bending18,19 , and fully coupled bending,
in which ﬁlaments are rigidly ‘glued’ together by intervening
crosslinks that strongly resist shear, forcing ﬁlaments away from the
bundle neutral surface to additionally stretch or compress during
bending. The former scenario results in a simple linear dependence
of κB on the number of ﬁlaments, n, constituting the bundle. This
scaling is what is expected when bending a loose stack of paper and
has been observed in the sensory hair bundles of the frog sacculus,
where the ABP plastin is predominant18 . In contrast, the latter
scenario results in a much stronger quadratic dependence, κB ∼ n2 ,
identical to the result for a standard homogeneous mechanical
beam, as would be expected if the sheets of paper were glued
rigidly together to prohibit interlayer shear deformation. This fully
coupled regime was measured quantitatively for the crystalline
actin bundle found in the acrosomal process of horseshoe crab
sperm cells at fully saturated scruin:actin concentrations20 . Thus,
ABP type clearly aﬀects the degree of shear coupling between
F-actin ﬁlaments and consequently κB . However, it is not obvious
a priori what role speciﬁc molecular properties such as ABP shear
and extensional stiﬀness, molecular length, and concentration play
in mediating the associated bundle bending regime.
To address these questions, we systematically investigate the
dependence of κB on bundle size and ABP type and concentration
using an emulsion droplet system21 . Brieﬂy, actin is polymerized
in the water phase of a water–dodecane emulsion. The emulsion
droplets are stabilized with phospholipids to prevent coagulation
and mimic the presence of a ﬂuid membrane with essentially
no bending undulations. In the absence of bundling proteins,
this procedure results in isolated emulsion droplets containing
entangled F-actin solutions that can be observed directly using
ﬂuorescence microscopy (Fig. 2a). Small droplets in the absence of
ABPs were used to obtain the ﬁlament density or equivalently the
total contour length of F-actin, at a given actin concentration, ca .
Inclusion of ABPs such as fascin, plastin, or α-actinin in the
polymerization process results in a single compact F-actin bundle
formed into a closed ring that is thermally ﬂuctuating (Fig. 2b). The

total contour length of F-actin in any given droplet is given solely
by the droplet volume and the actin concentration. Thus, the total
bundle thickness can be calculated from the determined ﬁlament
density and the ring radius. As demonstrated theoretically by
Odijk22 , the amplitude of the transverse thermal ﬂuctuations of the
ring backbone, DB , is determined at any given temperature solely
by κB and the radius, Rc , of the ring, κB = 0.16kB T R3c /D2B (Fig. 2b
and Methods section). Systematic variation of droplet volume and
actin–ABP concentrations in the microemulsion system allows, for
the ﬁrst time, the controlled investigation of the dependence of κB
on n for each ABP considered (Fig. 2).
For each ABP type and concentration examined, κB depends
strongly on n and converges to the expected single-ﬁlament
value of 7 × 10−26 N m2 (lp = 17 × 10−6 m at T = 298 K)23
(Fig. 3). Diﬀerences in the dependencies of κB on n for the
diﬀerent ABP types and concentrations, cABP , however, are drastic.
The κB of plastin-crosslinked bundles increases linearly with n
independently of cplastin (for cplastin /ca ≤ 0.5) (Fig. 3a), whereas the
κB of fascin-crosslinked bundles depends strongly on both n and
cfascin (Fig. 3b).
The linear scaling exhibited by κB for plastin-crosslinked
bundles is consistent with the decoupled bending scenario in
which F-actin ﬁlaments contribute equally and independently to
κB (Fig. 1), even at high cplastin :ca . We postulate that the physical
origin of this observation is that plastin is too weak to resist the
interﬁlament shear deformation associated with decoupled bundle
bending, which is consistent with the crosslink tilting observed in
plastin–F-actin bundles using electron microscopy19,24 . Additional
support for this hypothesis is provided by the dependence of κB
on n and cfascin , which is quantitatively explained by a purely
mechanical model of ﬁbre bundle bending that accounts for the
interplay between F-actin ﬁlament stretching and interﬁlament
ABP shearing25 (see the Methods section).
In this mechanical model, F-actin is treated as a standard
Euler–Bernoulli beam that is capable of extension/compression
in addition to pure bending25 (Fig. 1 and Methods section).
Crosslinking ABPs mechanically couple neighbouring ﬁlaments
during bundle bending by resisting interﬁlament shear with
shear stiﬀness, k . ABP–actin binding aﬃnity and cABP in the
droplet then determine the mean axial spacing of ABPs in the
bundle, δ, via chemical equilibrium, which gives rise to an overall
eﬀective shear stiﬀness coupling neighbouring ﬁlaments, k /δ.
The single unknown parameter in the model, k , is an intrinsic
property of any ABP that is a result of protein structure and
binding geometry. The bending stiﬀness of fascin-crosslinked
F-actin ﬁlaments can be ﬁtted uniquely as a function of
both n and cfascin using k = 3 × 10−5 N m−1 (Fig. 2b). The
plastin-concentration-independence of κB allows only an upper
bound of k ≤ 0.1 × 10−5 N m−1 to be calculated.
The crossover in κB from n2 scaling to n scaling has its origin
in the ﬁnite shear stiﬀness of the crosslinks. The mechanical
model predicts that κB must eventually crossover from n2 scaling
to n scaling with increasing n due to a competition between
crosslink shearing and F-actin ﬁlament stretching/compression.
Indeed, agreement between the model and experimental data
for fascin suggests that this crossover is observed at all but the
lowest concentration examined, where a fully coupled n2 scaling
at low n is superseded by linear scaling at higher n (Fig. 3b).
This crossover originates from the fact that to maintain n2 scaling,
each ﬁlament that is successively added to the outer shell of
the bundle must be extended/compressed proportionately because
the axial strain ﬁeld in a fully coupled bundle varies linearly
across the cross-section. The increasing energetic cost of adding
ﬁlaments to the bundle in this manner must therefore eventually
outweigh the cost of shearing the crosslinks instead, which is
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Figure 2 Experimental setup. a, Isolated F-actin ﬁlaments polymerized in an emulsion droplet in the absence of ABPs form a random isotropic solution. b, Inclusion of ABPs
in the polymerization process leads to the formation of a single F-actin bundle that organizes into a ring of root-mean-square radius, Rr . Actin concentration, ca , and droplet
volume, Vd = 4πR3d /3, where Rd is the droplet radius, determine the total length of F-actin present in the droplet and thus the number of ﬁlaments, n, constituting the
bundle. The experimentally determined ﬁlament density was in good agreement with the total length obtained directly from the number density of actin monomers. Thermal
ﬂuctuations of the bundle backbone are characterized by the fuzzy diameter, D, which is directly related to κ B (see the Methods section). The scale bars are 10 μm.

independent of bundle thickness. At that point, crosslink shearing
relieves ﬁlament stretching/compression, leading directly to the
crossover in κB from fully coupled n2 scaling to n scaling. This
regime is shear-dominated and intermediate to the fully coupled
and decoupled regimes. The fact that the crossover in κB occurs
at decreasing n with decreasing fascin concentration (Fig. 3b) is
consistent with this picture because it is the eﬀective shear stiﬀness,
k /δ, that denotes the strength of the shear coupling. A scaling
analysis that evaluates the energetic costs of crosslink shearing
and ﬁbre stretching suggests that the dimensionless quantity,
α ≡ k LB /ka δ, denotes the relevant bundle bending regime, where
(α  n), (α  1) and (1  α  n) for the fully coupled,
decoupled and shear-dominated regimes, respectively. LB is the
bundle length and ka = EA/LB is the axial stretching stiﬀness of
F-actin, where EA = 4.4 × 10−8 N (ref. 26). This scaling result is
generally applicable to any crosslinked ﬁbre bundle provided that
ka is substituted with the appropriate stretching stiﬀness of the
constituent ﬁbre27 .
Increasing the length of the crosslinker shifts the crossover in
κB to lower n because the energetic cost associated with ﬁlament
stretching/compression in fully coupled bending is proportional
to the distance of the ﬁlament to the centre of the bundle. This
eﬀect is observed for α-actinin (Fig. 3c), which has a molecular
length that is roughly three times that of fascin. As a result, the
crossover only occurs at n ≈ 3–4 and a relatively large associated
shift in κB is observed. Fitting the model to the data yields
k = 2.5 × 10−5 N m−1 .
Depletion forces induced by small molecules present in the
cytosol may also act as eﬀective crosslinkers that bundle F-actin,
as demonstrated in vitro using polyethylene glycol28,29 (PEG). To
examine the potential role of depletion forces on F-actin bundle
stiﬀness, we also measured κB in the presence of PEG (molecular
mass 6 kDa, 2 and 4 w/w%). Interestingly, κB depends quadratically
on n for the entire range of n examined (Fig. 3d), indicating
that the bundle remains in the fully coupled regime for all
bundle sizes investigated (n < 30). This places a lower bound
on PEG’s eﬀective crosslinking shear stiﬀness per unit length of
k /δ ≥ 103 N m−2 . This value can be compared directly to the
750

ABPs examined assuming δ = 10−7 m, the typical ABP axial spacing
at high ABP concentration, which results in k ≥ 10−4 N m−1 .
We postulate that this relatively high stiﬀness has its origin in a
tight intermolecular packing of the helical F-actin ﬁlaments that
prohibits interﬁlament slip. Given that depletion forces induce fully
coupled bundle bending, an important functional role of ABPs in
vivo might actually be to prevent fully coupled bending by acting as
interﬁlament spacers.
Folded proteins have complex, anisotropic mechanical
properties that depend strongly on secondary and tertiary
structure, the magnitude of applied deformations and the length
scales probed30 . In our experiments thermal ﬂuctuations of
the bundle backbone result in ABP shear strains of the order
of only 1%. Thus, ABPs are only deformed on the ångström
scale, and the observed shear stiﬀness may be expected to be
considerably lower than the extensional stiﬀness probed by singlemolecule unfolding experiments (10−3 −100 N m−1 ) typically with
nanometre resolution31,32 . The hierarchical structure of proteins
allows for a nonlinear mechanical response: a soft response at
small deformations is possible without compromising protein
stability. Detailed molecular simulations are required to elucidate
the precise origin of the observed ABP shear stiﬀness. However,
it is important to note that in our equilibrium thermodynamic
analysis we determine an eﬀective shear stiﬀness. ABPs have ﬁnite
on/oﬀ rates that set the binding stoichiometry or average number of
bound ABPs used in our analysis (see the Methods section). Thus,
the eﬀective shear stiﬀness determined for each ABP contains these
binding/unbinding eﬀects.
Living cells use a limited number of ABPs to tightly crosslink
F-actin ﬁlaments into bundles, and a single ABP type can
predominate a given cytoskeletal process. The values of ABP shear
stiﬀness observed here can be used together with the known
lengths of physiological bundles to determine the dimensionless
parameter, α, and thus the associated bending regime for F-actin
bundles found in nature. The decoupled bending regime clearly
indicates a mechanical preference for maximal bundle compliance,
the fully coupled regime for maximal bundle stiﬀness, whereas
the shear-dominated regime could indicate a preference for an
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Figure 3 F-actin bundle bending stiffness, κ B . a, Bundles crosslinked by plastin exhibit linear scaling in the number of ﬁlaments, n, constituting the bundle for both low
(open circles—1:50) and high (ﬁlled circles—1:2) crosslinker:actin concentration ratios, rABP:a . b, κ B for fascin-crosslinked bundles depends strongly on fascin concentration,
cfascin , in addition to bundle size (rABP:a ﬁlled circles—1:2, open circles—1:5, open squares—1:20, ﬁlled squares—1:50). Deviations of the model from experiment at small
bundle sizes (n ≤ 6) are attributed to the disordered bundle structure probably present in that regime, which is not accounted for theoretically. c, The molecular length of
α-actinin is considerably longer than that of fascin or plastin (35 nm versus 10 nm) but has a shear stiffness similar to that of fascin (see text), rABP:a ﬁlled circles—1:10, open
circles—1:50. d, F-actin ﬁlaments bundled non-speciﬁcally by PEG-induced depletion forces (4% PEG6k—ﬁlled circles, 2% PEG6k—open circles) exhibit a κ B that increases
quadratically in n to large bundle sizes (n ∼ 30), yielding a lower bound on the effective crosslinker stiffness per unit length of k /δ ≥ 103 N m−2 . The dashed lines indicate
decoupled (α  1; κ B = nκ a ) and fully coupled (α  n; κ B = n2 κ a ) bundle bending regimes assuming zero interﬁlament spacing (t = 0). The determination of the total
F-actin length results in a relative error of ∼10% in n.

actively tunable bundle stiﬀness that may be varied between the
two limits by varying ABP concentration or bundle size. For
example, plastin is predominant in brush-border microvilli, which
range from 2 to 5 μm in length and consist of 20–30 ﬁlaments.
Thus, they are in the decoupled bending regime, which could
have important biological consequences. Interestingly, owing to the
ﬁlopodia lengths typically observed, even their bending response
is expected to be in this regime. However, it is re-emphasized
that we only explore the linear, small deformation shear response
of ABPs in this work and nonlinear ABP shear response may
be important. A biological advantage of the observed soft shear
stiﬀness of ABPs could be that distinct mechanical response regimes
can be fully exploited depending on the magnitude of bundle
deformations. The hierarchical stiﬀness of proteins and their highly
nonlinear response provides an additional means of tuning the
bending stiﬀness of F-actin bundles. It remains a formidable
challenge to explore the nonlinear mechanical response of such
bundle structures.
Finally, the results presented here highlight the importance of
using in vitro systems to determine the biomechanical function
of ABPs, especially considering the practical diﬃculties associated
with in vivo experiments. Comparing the mechanical properties
of bundles formed using a range of ABPs, we demonstrate that

bundle mechanics are deﬁned by single-molecule properties. It
is the formidable challenge of understanding the relationship
between single-molecule structure, mechanics, and the collective
behaviour of their macromolecular assemblies that is necessary
to bridge the existing gap in our understanding of biologically
important processes10–12 . The governing principles of bundle
bending elucidated in this investigation are completely general
and are as equally applicable to ﬁbre bundles of microtubules or
carbon nanotubes as they are to bundles of F-actin. We isolated the
dimensionless bundle bending stiﬀness parameter, α, which may be
used in the future to rationally design biological and biomimetic
(nano-)materials that use ﬁbre bundles for enhanced structural
stiﬀness, by tuning the associated bundle bending regime and hence
the associated bending stiﬀness by orders of magnitude.

METHODS
PROTEIN PREPARATION

α-actinin is isolated from turkey gizzard smooth muscle33 , dialysed against
G-buﬀer (2 mM Tris, 0.2 mM ATP, 0.2 mM CaCl2 , 0.2 mM dithiothreitol,
0.005% NaN3 ) and stored at 4 ◦ C for several weeks. Recombinant plasmids
containing either the full-length human I-plastin cDNa (a kind gift from F.
Rivero, Köln, Germany) or human fascin (a kind gift from D. Vignjevic,
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Paris, France) are transformed in Escherichia coli L12-codon + bacteria. E. coli
bacteria carrying the plasmid are grown at 37 ◦ C until the absorbance of the
culture at 600 nm, A600 , reached 0.6. Protein expression is induced with
isopropyl-β-D-thiogalactopyranoside at 37 ◦ C for I-plastin and at 20 ◦ C for
fascin. G-actin is extracted from rabbit skeletal muscle34 . Lyophilized G-actin is
dissolved in deionized water and dialysed against G-buﬀer at 4 ◦ C for 24 h.
Solutions of G-actin are kept at 4 ◦ C and used within 7 days of preparation.
Emulsion droplets are stabilized with phospholipids (95 mol% DOPG
(1, 2-dioleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]), 5 mol%
DMPE-PEG2000 (1, 2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N[Methoxy(Polyethylene glycol)-2000], Avanti Polar Lipids)). DMPE-PEG2000
prevented adsorption of ﬁlaments and ABPs to the droplet wall35 . F-actin is
ﬂuorescently labelled with phalloidin-tetramethylrhodamine isothiocyanate
(phalloidin-TRITC, Sigma) in a ratio of 1:4. Actin polymerization is initiated
by adding one-tenth of the sample volume of a 10-fold concentrated F-buﬀer
(20 mM Tris, 20 mM MgCl2 , 2 mM CaCl2 , 2 mM dithiothreitol and 1 M KCl).
Recombinant I-plastin is reported to bundle actin ﬁlaments in the absence, and
not in the presence, of calcium. Accordingly, calcium-free actin preparation and
F-buﬀer are used for I-plastin experiments.
INSTRUMENTS AND PROCESSING

All data are acquired on a Zeiss Axiovert 200 inverted microscope with a ×100
oil objective with a numerical aperture of 1.3. Images are captured at a frame
rate of one image per 117 ms with a charge-coupled device camera (C4880-80,
Hamamatsu). Image storage and analysis are carried out with the image
processing software ‘OpenBox’36 . Silanization of the glass surface of a ﬂuid
chamber with dichlorodimethylsilane (Sigma) prevented adsorption of
emulsion droplets. To determine the fuzzy diameter, DB , of an F-actin bundle
in a ring geometry, the ﬂuorescence intensity proﬁle along a line perpendicular
to the bundle is followed in time. Fluctuations are followed for 5–12 s and the
intensity proﬁles are summed. After equilibration DB is independent of the
sampling time (see the Supplementary Information). The wall of the droplet
merely ﬁxes the centre of mass of the ring and does not aﬀect the transverse
ﬂuctuations of the bundle. In-plane and out-of-plane transverse ﬂuctuations
are equal, conﬁrming that the bundle bending stiﬀness is isotropic (see the
Theory section). Gaussian distributions are ﬁtted to both the instantaneous and
the time-averaged ﬂuorescence intensity proﬁles of the bundle, and the
standard deviations, σint and σavg , respectively, of the distributions are
determined. Because σint does not contribute to the ﬂuctuation amplitude of
the bundle DB = σavg − σint . Bundle length LB was directly proportional to n
and the experimentally determined linear relation was used in the further
analysis (see the Supplementary Information).
THEORY

An F-actin bundle behaves like a worm-like chain (WLC) with eﬀective
bending stiﬀness, κB , and contour length LB . The κB of a WLC bent into a ring
is related to the root-mean-square ring radius, Rc , by κB = 0.16R3c kB T /D2B
(ref. 22). Metropolis Monte Carlo simulations were used to determine the
prefactor (0.16) and to conﬁrm that WLCs with transversely isotropic bending
stiﬀness have equal transverse ﬂuctuations in- and out-of-the-plane of the ring.
To determine the shear stiﬀness of the crosslinks, κB is calculated theoretically
using a ﬁbre-based bundle model25,27 . The maximal deﬂection, wB,max , of a
bundle subject to a unit load in three-point bending with pinned boundary
conditions is calculated analytically using an analogous version of equation
(11) of ref. 25 and equated with the equivalent displacement of a homogeneous
Euler–Bernoulli beam, κB = L3B /48wB,max , where

wB,max =




k d(d + t ) Ni=1 i2 L3B
L3B
LB
tanh βLB /2
−
−
+
48nκa
K n2 κ2a δ
24β2 2β4
β5

N 2 
2k d(d + t ) i=1 i
k
β2 ≡
+
K EAδ
K nκa δ

 N
and K ≡ (1/N ) N
k=1
i=k i , where n is the total (odd) number of ﬁlaments in
2D and N ≡ (n − 1)/2. F-actin ﬁbres have stretching stiﬀness ka ≡ EA/LB
where EA = 4.4 × 10−8 N (ref. 26) and bending stiﬀness,
κa ≡ EI = 7.3 × 10−26 N m2 (ref. 37), with diameter d = 5 nm corresponding
to an eﬀective E of 2 GPa. The total number of ﬁbres in this 2D theory is related
to the number of ﬁbres in 3D by n (3D) = n2(2D) , and the corresponding 3D
bundle bending stiﬀness is related to the 2D bundle bending stiﬀness by
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κB(3D) = n (2D) κB(2D) . δ is the axial spacing between crosslinks and t is the
interﬁlament spacing, taken to be 10 and 35 nm for fascin/plastin and
α-actinin, respectively24,38,39 . δ is calculated assuming ABP–actin chemical
equilibrium using δ = 38 × 10−9 /θ m, where θ = cABP /(Kd + cABP ) is the
fraction of bound crosslink sites, Kd is the equilibrium dissociation constant for
the relevant ABP binding to F-actin bundles (Kd = 0.5 μM) and cABP is the ABP
concentration, which is conﬁrmed to be independent of ﬁnite-size eﬀects. The
minimum mean axial spacing between crosslinks, δmax = 38 nm, corresponds to
hexagonally packed F-actin bundles with fully saturated binding sites. The only
unknown parameter in the model, k , is used to ﬁt the experimental κB data
uniquely for each ABP crosslink examined.
Received 24 April 2006; accepted 24 July 2006; published 20 August 2006.
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