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Skin Layer at the Actin-Gel Surface: Quenched Protein Membranes form Flat, Crumpled,
and Tubular Morphologies
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We report the discovery of a hierarchically structured skin layer formed at the surface of an isotropic
gel of filamentous actin bundles at high molar ratios of �-actinin, an actin cross-linker, to globular actin.
Confocal microscopy has elucidated the full, micron scale 3D structure. The protein skin layer,
composed of a directed network of bundles, exhibits flat, crumpled, tubelike and pleated multitubular
morphologies, resulting from stresses due to the underlying gel. The skin layer, which readily detaches,
constitutes a model anisotropic solid membrane with stress-induced, quenched disorder.
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microscopy (LSCM) has revealed that on the submillim-
eter scale, this skin layer may exhibit a range of quenched

Laboratory at 11 keV as described previously [4]. To in-
vestigate the internal ordering of actin bundles at high �,
The actin cytoskeleton provides a structural frame-
work for the mechanical stability of eukaryotic cells
and a broad range of cell functions [1]. Actin is found
both as monomeric G-actin and as polymerized F-actin
filaments. Interactions between F-actin and actin cross-
linking proteins (ACPs) may lead to two-dimensional
networks and bundles, interacting with the plasma mem-
brane to determine cell shape, or three-dimensional
networks imparting gel-like properties to the cytosol.
Bundles, comprised of a closely packed parallel arrange-
ment of actin filaments, and networks, containing actin
filaments crisscrossed at some large angle, form the most
common assembled structures of F-actin [1]. F-actin is a
semflexible polyelectrolyte with a linear charge density
� �0:4 e= �A and a persistence length � 10 �m. The ACP
�-actinin is � 3:5 nm wide and � 33 nm long. It forms
antiparallel dimers with specific actin-binding regions at
each end [2,3]. Thus, �-actinin dimers behave like sticker
molecules, bundling F-actin at �-actinin=G-actin molar
ratios (�) of as little as 1=90 at room temperature in vitro
[4]. We studied F-actin with �-actinin in the limit where
F-actin is saturated with �-actinin at molar ratios of 1<
�< 20. In this regime, approaching negatively charged
bundles experience no electrostatic repulsive forces due to
the excess sticker concentration and instead the aggrega-
tion rate of approaching bundles is determined by an
average time between collisions, as in diffusion limited
aggregation.

For dilute actin concentrations ( � 0:01 mg=ml) as � is
increased to � > 1, we have found that the system under-
goes a transition from a sol to an isotropic gel phase of
networked actin bundles (i.e., a cluster extending through-
out the sample). This bundle gel is distinct from the
ubiquitous actin gels found in the cytosol comprised of
a network of actin filaments [1]. Most striking is the
discovery of dense skin-like structures, formed at the
surface of this isotropic gel. Laser scanning confocal
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morphologies including both flat and highly crumpled
membranes and tubelike structures. As we describe, the
membrane wrinkling is due to stresses resulting from
shrinkage of the underlying actin gel to which the skin
layer is attached.

We observe that the skin layer comprises a directed
network of bundles, oriented over mesoscopic distances.
The skin layers, upon detachment from the bulk, present a
new class of quenched, protein membranes, irreversibly
produced and thus far from equilibrium. This is in con-
trast with self-assembling equilibrium lipid membranes,
found in the form of spherical and cylindrical micelles,
flat bilayers, and lipid tubules [5,6]. The protein mem-
branes are experimental realizations of quenched aniso-
tropic solid (i.e., tethered) membranes with disorder due
to random stress rather than thermal fluctuations [7].

For microscopy, labeled G-actin was polymerized to a
length of �10 �m [4]. Complexed �-actinin and actin are
shown in Figs. 1(a), 1(a0), and 1(b). A droplet of fluores-
cently labeled F-actin solution was added to a droplet of
�-actinin solution at the required final concentration
(0:01 mg=ml F-actin, 100 mM KCl) and ratio. The com-
plexes were then observed using a fluorescence micro-
scope at room temperature. Samples were formed freely
suspended in a droplet and sealed with minimal distur-
bance. At the extremely high ratio � � 10, the material
exhibits gel-like properties, maintaining shape in solu-
tion [Figs. 1(a) and 1(a0)]. Distinct structures can be
observed in the complex, and when these samples are
deformed the aggregate moves as a single, gelatinous
object, resisting shear. In contrast, complexes formed at
a relatively low ratio (� � 1=5) behave as viscoelastic
fluids [Fig. 1(b), sol]. Figures 1(a) and 1(a0) show the
same gel sample at two different times in its evolution.
Figure 1(a0) after 1 h can clearly be seen to have shrunk
in size. Small angle x-ray scattering (SAXS) was
performed at the Stanford Synchrotron Radiation
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FIG. 1 (color online). Optical fluorescence images (bar �
200 �m) of labeled �-actinin=F-actin mixtures forming
gel (a),(a0) and sol (b) samples. (a) � � 10 after 1 min,
(a0) � � 10 after 60 min, and (b) � � 1=5. (c) SAXS data
for actin bundles, varying the �-actinin=actin ratio (�) and
(d) schematic of the bundle structure.
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SAXS experiments were carried out on pelleted gel
samples, and scattering data can be seen in Fig. 1(c).
The broad peak at q � 0:2 nm�1 represents a bundle
lattice spacing of 31.4 nm, consistent with the length of
the �-actinin molecule. On varying � in the bundled
system we observe a hint of a second shoulder peak at
0:28 nm�1. The SAXS data is consistent with the quasi-
square lattice arrangement of F-actin within bundles
[Fig. 1(d)] found previously for � < 1 [4].

Actin filaments are known to form a gel phase at high
concentration [8]; however, no gel-like properties on the
macroscopic scale of Fig. 1(a) have been observed at the
concentrations described here for actin filaments alone
FIG. 2 (color). (a) Schematic of the sample geometry. (b) Co-l
(c) LSCM images of 3D fluorescence data. Left: the main x-y cross
�-actinin=actin bundle gel at � � 10 with two cross-sectional cuts (
heights in the sample. Right: three different views of volume 1 are
thinner section (1� �z � 1:6 �m) of volume 1, and a zoom of the
marked 2 on the main image, showing the isotropic network whic
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( � 0:01 mg=ml). A higher magnification inspection of
this actin=�-actinin gel phase reveals a fascinating archi-
tecture of bundle aggregation. Figure 2(a) shows the
sample geometry. Figure 2(b) shows LSCM images of
�-actinin=actin bundles demonstrating co-localization of
F-actin (left) and �-actinin molecules (right). Confocal
fluorescence images of a small volume in the gel phase
were taken with a resolution of 0:3 �m in the x and y
directions and 0:75 �m in the z direction and averaged
eight times. Confocal microscopy allows us to fully im-
age the 3D aggregate while suspended in solution, with
minimal disturbance to the delicate structures of the
sample. Three-dimensional data can then be recon-
structed or studied in cross section.

The data in Fig. 2 have been measured for
a 158 �m� 158 �m� 85 �m volume at � � 10.
Figure 2(c) shows an x-y projection from above of all
actin material in the chosen volume, along with two
cross-sectional cuts through the sample in the x-z and
y-z planes, as indicated on the figure by black lines. A
layer-like bundle distribution in the sample can clearly be
seen in the x-z and y-z planes with high concentrations of
actin bundles separated by depletion zones. Arrows 1, 2,
and 3 designate three volumes in the sample, arrows 1 and
3 indicate volumes containing a sheetlike dense layer, and
arrow 2 indicates a depletion zone. From Fig. 2(c) we see
there are several highly aligned regions in the sample
corresponding to the different layers. The four images to
the right in Fig. 2(c) show additional views of the layers
indicated by arrows 1 and 2. A projection from above of
all material in volume 1 is shown (1-proj), demonstrating
more clearly that the actin bundles are highly aligned.
Also shown is a projection of the same x-y area but with a
ocalization of fluorescent F-actin (left) and �-actinin (right).
section shows a projection of a �z � 85 �m volume inside the
x-z and y-z). Three volumes (1, 2, and 3) are marked at different
shown: a full projection of volume 1 (1-proj), a projection of a

area marked on 1-proj. Also shown is a projection of the volume
h connects skin layers 1 and 3 (bars � 20 �m).

018101-2



P H Y S I C A L R E V I E W L E T T E R S week ending
2 JULY 2004VOLUME 93, NUMBER 1
smaller depth (1��z � 1:6 �m). This image shows the
actin bundle orientation in more detail and reveals a
definite splay in the layer, a feature commonly seen
in this system. A higher magnification image of the
smaller area marked on 1-proj is also shown (1-zoom).
This image demonstrates the ladder-like structure of the
dense layers; many strongly oriented bundles, cross-
linked into a branching protein network with a mesh
size of �10 �m, a distance of the order of the persistence
length of F-actin. The bottom, right image in Fig. 2(c),
(2-proj), shows the projected z range indicated by arrow 2.
This depletion volume on closer inspection is a less dense
gel comprised of an isotropic network of bundles similar
to that observed for lower �-actinin=actin ratios [4]. The
isotropic gel regions are observed to be continuous with
the more concentrated layer regions, and a combination of
both aligned and isotropic ordering is seen throughout the
sample with the dense, skin-like layers [arrows 1 and 3,
Fig. 2(c)], consisting of a network of aligned bundles,
occurring on the surfaces of the isotropic gel [arrow 2,
Fig. 2(c)]. Note that data in Fig. 2 show a small volume
selection from the gel. The structures are part of much
larger layers and represent a typical cross section.

Figure 3 presents a power spectrum analysis of the data
in Fig. 2. The structure factor [S�q�] was determined
using 3D fast Fourier transform (FFT) on LSCM data
for a highly aligned region [Fig. 2(c), arrow 1] and a
region displaying isotropic ordering [Fig. 2(c), arrow 2].
A slice from the 3D FFT was extracted from the center of
the volume in the x-y plane and radial line profiles taken.
These profiles were averaged radially about the origin or
in the x and y directions and plotted as a function of
spatial frequency. By plotting the power spectrum ob-
tained on a log/log plot, a regime with slope 1.72 was
observed for the isotropic sample [Fig. 3(a)]. This result is
consistent with the slope predicted for cluster-cluster
aggregation [9], where the isotropic network of bundles
forms as a result of the aggregation of smaller bundle
clusters. An analysis was carried out on the aligned
volume shown in Fig. 2(c) (arrow 1), with additional
curves plotted for intensity profiles in the x and y direc-
FIG. 3 (color online). Power spectra of data from Figs. 2(a)
and 2(b) show x-y slices at z � 0 of 3D FFTs of unaligned (2-
proj) and aligned (1-proj) regions, respectively. (a0) is a radial
plot of (a), azimuthally averaged. (b0) shows radial plots along
x; y and azimuthally averaged.
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tions. A similar S�q� linear regime was observed in this
sample [Fig. 3(b)], with slightly smaller exponents.

It is apparent that large aligned membrane structures
are forming on the surfaces of the isotropic gel and, while
actin bundles fluctuate locally between link points, on a
macroscopic scale they are locked into a quasirigid con-
figuration with quenched height deviations. In Fig. 4
several examples are presented. LSCM data [Fig. 4(a)]
show an anisotropically crumpled membrane structure
from a gel sample at � � 10. This is an example of a
FIG. 4 (color). LSCM data of skin layers on different actin
gel samples: (a) a detached layer and (c) at the surface of the
actin gel with cross sections as marked, and 3D reconstructions
of the data, (b) and (d), respectively, Also shown is a schematic
for the mechanism of actin skin formation and wrinkling.
(e) 3D reconstruction of a pleated skin layer formed on the
actin-gel surface at � � 10. (f) LSCM data of a skin layer,
separated from the bulk material, forming a large isolated tube
at � � 5.
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surface skin layer which has become detached from the
bulk. We also see the membrane in cross section, as
marked. In the x-y plane a projection of a small section
of the full volume is shown (�z� 3 �m) with cross
sections in the x-z and y-z planes. The z-y plane shows
how these height deviations can lead to the formation of
tubular structures, a closed-in area having almost formed.
Figure 4(b) shows a 3D reconstruction (Voxblast) of the
structure. Figure 4(c) shows further LSCM evidence that
skin layers may detach from the bulk. A crumpled mem-
brane has formed at � � 10 on the surface of an isotropic
region. The cross sections (y-z and x-z, 1, 2, and 3) show
that the membrane is relatively uniform in thickness (a
feature typical of the skin layers) and exhibits a lesser
degree of alignment, therefore the crumpling has no
preferred direction. The confocal data and 3D rendering
[4(d)] show unambiguously that this structure is a mem-
brane composed of a dense network of actin bundles on
the surface of the isotropic gel. In some regions the skin
has detached from the bulk, allowing a new membrane to
form in its place.

The formation of the skin layer may be understood as
follows. Upon combining F-actin with �-actinin, bundles
begin to form and subsequent cluster-cluster bundle ag-
gregation leads to the isotropic gel. In this high sticker
regime (� > 1), once a gel is fully formed any loose ends
at the surface will eventually fold back due to thermal
fluctuations and stick to the surface, creating a dense
layer at the gel-water interface. The high bundle concen-
tration at the interface is consistent with orientation ob-
served within the skin layer. The origin of the wrinkled
skin layer is revealed by the observation that the gel is
shrinking. In this high � regime the solution is saturated
with �-actinin sticker molecules, and if agitated the gel
will collapse into a condensed actin pellet as the relatively
open, flexible local network sticks to itself and gradually
reduces in size. This indicates that the gel phase is locked
into a state far from equilibrium, the structure of which is
dependent on the initial kinetics of the system. Although
the interconnected bundles inside the gel are constrained,
thermal fluctuations of the long bundles between link
points are readily visible with microscopy. Also, the
link points are mobile because �-actinin may slide along
F-actin. This combined behavior leads to bundle colli-
sions, thicker bundles, and the observed overall shrink-
age. Gel shrinkage is clearly seen in comparing early and
late times after preparation (Fig. 1).

Shrinkage of the underlying isotropic gel regions will
affect the attached skin layer, which is dense enough to be
nearly incompressible and so must buckle under stress to
accommodate the shrinkage. An illustration of the pro-
cess is shown above Fig. 4(d). It is commonly observed
that actin skin layers may detach from the bulk to form
isolated membranes and tubes. Figure 4(e) shows a 3D
rendering of a highly crumpled membrane attached to the
018101-4
bulk gel surface. This is a demonstration of how tubular
structures may form by anisotropic crumpling. We can
clearly see the ruffled membrane forming several narrow
tubes on the surface. Another interesting structure is the
large tube in Fig. 4(f), fully detached from the gel. Cross
sections in the x-z and y-z planes demonstrate unambig-
uously the tubelike actin assembly. Tubules from
thermally fluctuating anisotropic solid membranes
have been predicted theoretically [10] and verified nu-
merically [11], but the work describes phases formed from
thermal fluctuations and not heterogeneous stresses as we
describe.

The semiflexible protein-membrane skin layers may
have applications in templating and tissue engineering
either on the gel surface or detached in solution. The
skin layer will adapt different shapes, both spontaneously
and by controlled manipulation where, in addition to the
shapes described here, we have prepared skin layers with
spherical morphology. Such structures, including syn-
thetic analogs, could be formed as biological scaffolds,
to encapsulate cells or provide a backbone for 3D tissue
growth.
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