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In this Letter, we show how the grooved helical structure of actin microfilaments (F-actin) interacting
with mixed fluid lipid bilayers leads to handedness-independent 1D lipid bilayer undulations coupled to
longitudinal in-plane ordering of the microfilaments. This longitudinal ordering is forced by the emerging
in-plane compression and curvature energy terms of the straight 1D bilayer undulation wave fronts.
Thereby, adjacent helices are set into registry along their long axis in their monolayer and 7 shifted
between adjacent monolayers. An ordered composite multilamellar structure emerges by alternate
stacking of these lipid bilayers and monolayers of F-actin. This two-dimensionally ordered system has
the symmetries of a centered rectangular columnar liquid crystal, the straight 1D wave fronts playing the

role of the classical molecular columns.
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How soft composite structures emerge by self-
assembling lipid bilayers and rigid biopolymers is of
interest to understand various phenomena such as DNA
packaging for gene transfer and therapy [1], the crystalli-
zation in such self-assembled composite templates of inor-
ganic nanoparticles with unexpected physical properties in
1D and 2D assemblies [2,3], and the interactions between
cell membranes and the cytoskeleton (F-actin) that drive
various cellular organizations [4]. The above phenomena
all have a common dimension. They combine molecular
structures of distinct internal symmetries: the planar two-
dimensional isotropic fluid lipid bilayers and the one-
dimensional helical structure of most biopolymers. In the
above context, the mixed (neutral and cationic) lipid
bilayers and lambda DNA complex, one of the most
studied self-assembled soft matter lamellar complexes,
sustains structural phases [5-12] with intermolecular
ordering of DNA which develops transversally to the
DNA strands, the DNA helical symmetry having no con-
sequences and longitudinal translations being free.

More recently, the structural properties of the lamellar
complex of F-actin and mixed lipid bilayers have been
measured in two studies with different ordered phases
being reported for each study. This discrepancy might
result from the selection of different pathways for their
self-assembly. The first experimental data [13] were inter-
preted as a lamellar stack of ‘‘three-layer” composite
superlayers: a lipid bilayer sandwiched between two
monolayers of F-actin. Synchrotron x-ray diffraction data
were then interpreted as those of a one-dimensional lamel-
lar superlattice of the suggested ““three-layer” superlayers.
More recently, a second self-assembled structure [3] was
published for this complex in the context of the crystalli-
zation of inorganic quantum dots within its lamellar phase.
The structure, without quantum dots, was studied using
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detailed SAXS diffraction experiments from highly ori-
ented fibers. The Bragg peaks were interpreted with high
precision as resulting from 2D lattice ordering with short
range ordering in the third perpendicular direction. The Ak
plane of the 2D lattice [Fig. 1(a)] has the centered rectan-
gular systematic extinction rule, 2 + k = 2n + 1, with cell
dimensions 2a and b being, respectively, equal to 25 and
38 nm. b is very close to half of the helical pitch of F-actin
and 2a is approximately twice the thickness of a “two-
layer” superlayer made of one lipid bilayer (4 nm) and
one monolayer of roughly parallel F-actins (8.8 nm)
where, inside each monolayer, the hills and valleys of
the F-actin are set in phase in the F-actin axis direction
[Figs. 1(c) and 2]. High-resolution SAXS profiles show an
additional diffused scattering peak perpendicular to the hk
plane, attributed to short range ordering perpendicular to
the F-actin inside the monolayers. A simple structural
model then emerges where the unit cell perpendicular to
the lipid bilayer is composed of two “‘two-layer” super-
layers, the helical intramolecular structure [Fig. 1(a)] of the
in-phase F-actins being longitudinally 7 shifted between
adjacent superlayers. Indication of the longitudinal locking
inside each F-actin monolayer is obtained from freeze
fracture electron microscopy in the lamellar phase.
Indeed, a two-dimensional rectangular deformation pattern
of the lipid monolayer is observed [3] with perpendicular
carved grooves with respective spatial periods of 35 and
15 nm, the 35 nm period revealing the in-phase longitudi-
nal locking of the F-actin and the 15 nm period the average
perpendicular distance between F-actin in their monolayer.
The above 2D long range positional ordering in a three-
dimensional material absolutely calls nevertheless for a yet
unrevealed mechanism to lock in-phase adjacent F-actins
inside each “two-layer” superlayer. This is the central
contribution of the present Letter.
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FIG. 1 (color). (a) A stack of F-actin monolayers and undulated
lipid bilayers with the 2D centered rectangular conventional unit
cell. (b) Expanded view showing the (n + 1)th and nth lipid
bilayers intercalated with an in-phase nth F-actin monolayer
represented by its sinusoidal limiting boundaries. u,"*!(x,y)
and A" 1(x, y) are the elastic fluctuations in the x and z direction
of the (n + 1)th lipid bilayer. v,"(x, y) and v,"(x, y) are similar
fluctuations for the undulated nth F-actin monolayer, and (c) cross
section of the high-resolution molecular structure inferred from
electron microscopy [18]. A simplified representation kindly pro-
vided by R. Dominguez [19] shows the typical short pitch left-
handed helix, together with the best fit of the projected contour by a
harmonic undulation with diameters ranging from 4.7 to 8.8 nm.

The simplifying assumptions of our model are briefly
reviewed. First, we disregard deformations having a modu-
lation of membrane thickness and only consider undula-
tions at constant thickness because over the same length
scale the former costs an order of magnitude more energy
than the latter. The determination of the molecular struc-
ture of F-actins has been a true challenge over the last three
decades [14-16]. Recent x-ray fiber diffraction and elec-
tron cryomicroscopy studies have confirmed a now widely
accepted structure [17—19] at the nearly atomic resolution
needed for our work. These studies all agree that the
molecular structure of F-actin is that of a single left-handed
helix with approximately 13 actin molecules repeating
every six turns for an axial distance of the order of
36 nm [Fig. 1(c)]. From a different perspective, the mo-
lecular structure of F-actin appears to be made up of two
right-handed necklaces of beads, intertwined as a 72 nm-
pitch helix. In an axial cross section, the molecular struc-
ture extends in width from approximately 8.8 to 4.7 nm
[18]. F-actin can be schematically viewed by analogy with
a mechanical drill as follows: an 8.8 nm diameter cylinder
carved with two opposed right-handed grooves with a 2 nm
depth and a 72 nm pitch, leading to an effective 36 nm
period. As a result, the projected diameter of F-actin, in a

cross-section plane, undulated between 4.7 and 8.8 nm
within the 36 nm period. In agreement with the highest
resolution (0.68 nm) data published to date [18,19], this
undulation is modeled here by sinusoidal boundaries
[Fig. 1(c)]. In this Letter, we disregard the biochemical
polarity of F-actin, both ends being considered as geomet-
rically identical. The rigid F-actin microfilaments are also
considered to be parallel inside each monolayer.

A mixture of neutral and cationic lipids is necessary to
set into action the entropic forces driving a self-assembly
mechanism. The mixed nature of the lipids could affect
the detailed form of the interaction potential V identified in
(5), in particular, through a lateral phase separation of
neutral and cationic lipids [20] which would generate a
position-dependent Deryagin potential V. This effect is
not treated in this Letter. Two configurations of parallel
microfilaments within a monolayer are considered: (a)
equidistant microfilaments with a transversal separation
of 15 nm but no longitudinal ordering and (b), in-phase
microfilaments with their 36 nm period locked in phase
(Fig. 2) inside the monolayer with only short range in the
transversal distance between microfilaments (average dis-
tance being ¢ = 15 nm). The landscapes of both configu-
rations can be well matched geometrically by a single
wavelength undulation of the lipid bilayer with straight
1D stationary wave fronts, either parallel (a) or perpen-
dicular (b) to the F-actin axis. Note that the fluctuations in
the transversal distances between F-actin microfilaments in
case (b) do not affect the straight nature of the wave fronts.
The out-of-plane bending energy of the lipid bilayer is
inversely proportional to (wavelength)*, the cost in bend-
ing energy is roughly 30 times smaller for longitudinal
order (b) than for transversal order (a). Assuming that the
transition from a disordered F-actin monolayer (with lon-
gitudinal and transversal disorders) to an ordered mono-
layer is first initiated by the growth of a single wave number
undulation, configuration (b) wins over (a) to determine the

FIG. 2 (color). Three F-actin microfilaments laying on an
undulated lipid bilayer with their hills and valleys in phase along
the x direction, the arrows pointing upward and downward
indicating the pinching undulation of the two neighboring lipid
bilayers. The blue stripes (with the inscribed dashed line) in the y
direction represent the straight 1D wave front.
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most ordered phase. Without further developments, we
retain configuration (b) with longitudinally ordered in-
phase (as in Fig. 2) parallel F-actin microfilaments in
each monolayer as the most ordered configuration.

The undulated lipid bilayers and the longitudinally
in-phase ordered F-actin monolayers [Figs. 1(b) and 2],
both of wave number ¢¢%, are taken to form continuous
surfaces in the x-y plane. The fluctuating z coordinate of
the (n + 1)th undulated lipid bilayer is [Fig. 1(b)]:

H" Y (x,y)=h""(x,y)+(n+1)a
+ Wt lexplig?[x —u ' (x, )} +cc, (1)

u"!(x, y) and h"*'(x, y) being, respectively, elastic fluc-
tuations in the x and z direction. The x-z axial cross section
of the in-phase ordered nth F-actin monolayer is bordered
by H,"*(x, y) given by [Fig. 1(b)]:

H, (x,y) = v (x,y) + (n+ 1/2)a = d/2
+ Qrexpligl[x —vli(x, y)]} +cc, (2)

d is the mean diameter of the F-actin (d = 6.75 nm) and
elastic fluctuations v,"(x, y) and v,"(x, y) are introduced.
P and ®" are, respectively, the lipid bilayer undulation
amplitude and the amplitude of undulation of the micro-
filament radius. The amplitudes ¥"*!' and ®”, with
P+l = /2 exp{—im(n + 1/2)}, are chosen to ensure a
centered rectangular 2D lattice in the z-x plane. With hy =
a/2 — d/2, the static coordinates of the n + 1th lipid
bilayer, H,"*!'(x,y), and of the nth F-actin monolayer,
H, " (x, ), are, respectively,

H" o y) — (n+1/2)a —d/2=ho + b (x,y), 3)

Hasn+(x’ y) - (n + 1/2)a - d/2 = hasn+(x’ )’) (4)

The energy functional of a “two-layer” superlayer of a
tensionless fluid lipid bilayer of constant thickness (taken
to be zero) and bending rigidity K, (typically 2.4kzT)
interacting strongly with the ordered F-actin monolayer
through a potential V(H,, H,,) is

Flh,]— [ ] dxdy{1/2K,[V2(h,)]
+ Vo +1/2k(h, — hy,)?}. 5)

V results from the attractive electrostatic potential and
short range repulsive hydration forces typical of a strongly
adhering mixed lipid membrane on a protein surface sepa-
rated by a salt-free aqueous layer with full entropic release
of the counterions. V is expanded harmonically around its
local minimum V|, with the restoring force constant k. With
q> = ¢,i + g,], the energy functional (5) is minimized
[21] for

hse(ql) = hsa(qZ)/(l + §4|612|4)~ (6)

The correlation length & (&* = K, /k) characterizes the
crossover between the bended to flat lipid bilayer
regimes. For static straight 1D wave fronts of undulation
defined by h,(x) equal to ® sin(g°x), we get h,¢(x) equal
to fhy,(x), with f equals to [1/(1 + £*q°,*)]. f measures
the extend by which the lipid bilayer follows the undula-
tion imposed by the in-phase ordered F-actin monolayer.
Values of & smaller or equal to b (b = 27/4q",) favor the
appearance of static straight 1D wave fronts in the lipid
bilayer. A good estimate of ¢ is accessible in the strongly
adhering limit where the spacing between lipid head
groups and F-actin monolayer is a fraction of a nanometer.
k is then estimated to be 0.2(kzT)/nm* for V dominated by
an attractive electrostatic contribution and a short range
repulsion due the entropic effect of water molecules
inserted between the lipid heads [22]. Under these condi-
tions, ¢ =1.8nm (b=36nm) and f equals 0.99.
This confirms that for the actin case, the fluid lipid bilayer
adopts a static strongly undulated structure in the ordered
phase. Similar estimate for a DNA-lipid bilayer complex
to set into longitudinal in-phase registry with a period of
the order of 3.4 nm points to a value f = 1073, clearly
showing that the above mechanism is not favored in this
last case, leading to transversal ordering of the DNA
strands [6].

It is easily shown that the elastic fluctuation free energy,
measured relative to the static configuration of wave num-
ber ¢ (6), of an undulated lipid bilayer interacting with an
F-actin monolayer has the following new nonzero emerg-
ing terms to second order:

Fos = f dxdy{1/2K,[V2h(x, y) + 1/412K,(®g,°)?

X [02u, (6 1)/037F + 3 Ky (g,)2(g, )
X [du,(x, y)/9x + 1/4fk(Pg,°)?
X [ux(x’ )’) - 'UX(X, )’)]2} (7)

The first term is the out-of-plane bending energy. The
second and third terms are, respectively, in-plane bending
and compression energies of the straight 1D wave fronts of
a fluctuating undulated lipid bilayer. The last term results
from the displacement of the straight 1D wave fronts of the
undulated lipid bilayer relative to the displacements of
the ordered in-phase F-actin monolayer perpendicular to
the straight 1D wave fronts. These emerging free energy
terms are modulated by the amplitude of induced undula-
tion of the fluid lipid bilayer, their energy scales being
proportional to f2 or f. A phenomenological Hamiltonian
similar to (7) was proposed [23] to study the anomalous
elasticity of unidirectionally tethered and rippled mem-
branes, with the exception of the last term in (7).

The elastic fluctuation Hamiltonian H, for the multi-
lamellar stacking of undulated lipid bilayers and in-phase
ordered F-actin monolayers is Hy + H; with
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Ho=1/2Fa [ [ axdy(KITHT + 464, /)

X [azuxn(-x: )’)/ayz]z + B[e[auxn(x’ y)/ax]z
+Koo[0%0,"/9x°F + By [ov,"/9xT}, ®)

H=Ya f dxdy{(Bag/a)[(h™ = v,7 + (v, — h"Y2]
+fKuv/a2[(uxn+l - an)z + (an - uxn)z]- (9)

Many of the physical parameters entering (8) and (9) may
be estimated from measured elastic parameters of the lipid
bilayer and F-actin microfilament. K;[~ 0.2(kzT)/nm] is
K,/a. K, is K, .°/ac, K, is the bending modulus of a
single F-actin. The measured modulus K, shows a wide
range of values from 17 = 13 X 103(kzT) nm [24-28].
A recent computational multilevel study of the parameters
for F-actin has considerably narrowed down this spread
[29,30] pointing to an estimate of 14.4 X 103(kzT) nm
(K, = 72 (kgT)/nm). B,.(= 48(kzT)/nm?) is the com-
pression modulus of the F-actin layer stacking [26,29,31]
as defined in (8). The in-plane bending rigidity
f2EK,,,/a*(=1.4 X 10 3kzT/nm) equals 1/4f2(£*k/a) ¥
(q,°®)?. The in-plane compression modulus B¢ (= 0.72 X
107 2(kgT)/nm?) equals 12 (¢,°)?&* (K, /a?). By is the
bulk modulus of the multilamellar stacking.

H, is converted into an effective Hamiltonian H¢ for a
multilamellar stacking of dressed F-actin monolayers by
integrating over the fluctuating variables i(q) and u,(q) of
the lipid bilayers. This Hamiltonian for dressed F-actin
monolayers has no shear elastic term in the x-z plane.
Consequently, the 2D centered rectangular crystalline
phase in the x-z plane will emerge from higher order direct
interactions between nearest neighboured fluctuating
dressed F-actin monolayers that set them into longitudinal
spatial registry as exemplified in Ref. [12] for transversal
registry in DNA complexes with the elastic Hamiltonian
for a centered rectangular columnar lattice [32].

To capture the essence of the structurally ordered phase,
returning to H,°, we obtain an effective Hamiltonian
for the elastic fluctuations v,"(x, y) by integrating over
the fluctuating variables v."(x, y). This leads to H,*(q)
given by

H #(q) = A, (@)v(@)v.(~q), (10)
with A, (q) which, in the small-q, limit, becomes
A,(@) = 2(fK,,/a*)(1 — cosq.a)
+ 2(f*K,/a*)€*q,* (1 + cosq.a)
+[Bae — 8K, /a*)E(q,°)Ig,”. (11)

The coefficient of g, is independent of g, and may be
clearly taken equal to B,.. Converting back to real space,
H; T is

H = 1/2251] dxdy{B,[0v,"/ox} + K [0*v,"/9y* ]

+B.[(v," ! —v,")/al} (12)

B, equals fK,,. K,, the intralayer bending term, equals to
4f%(K,,/a?)&*. This effective elastic Hamiltonian for the
elastic variable v,(x, y, z) is typical of three-dimensional
highly anisotropic columnar liquid crystal, the lines
formed by the straight 1D wave fronts (y direction) playing
the role of the columns of molecules. The mean square
displacement thermal average (v,’(x,y,z)) stays finite
when the size of the sample goes to infinity and is given
by [33]:

(2, y, 2)) = (kgT/472)(Ap/Bo) g/ D)2 (13)

Ag? = B,./B., A* = K,/B, and q_ is the cutoff at 27/b.
Using the values of the parameters reported above,
[(v,2(x, y, 2))]"/? is a fraction of a nanometer, less than a
tenth of the basic period. The result (13) leads to true two-
dimensional Bragg peaks as observed experimentally [3].

For completeness, an effective Hamiltonian for dressed
mixed lipid bilayers is obtained by integrating out the
elastic variables of the F-actin monolayers in (8) and (9).
In addition, by integrating out the variables h(q), the
following effective Hamiltonian for the in-plane elastic
variables u,(q) of the dressed mixed lipid bilayers is
obtained:

Hu} = 1/2 ff dq/ QY [Baq + [Kund
+ 41284 K ,/a?) g, Tu (@u(—q)]. (14)

This is typical of a highly anisotropic columnar liquid
crystal with the columnar axis pointing perpendicular to
the F-actin axis in the midplane of the lipid bilayers. As
expected, long range order sets in the plane formed by the
F-actin axis and the axis perpendicular to the midplanes
of the undulated lipid bilayers [Fig. 1(a)]. By integrating
over the variables u,(q) instead of h(q), we get an effec-
tive Hamiltonian for the out-plane elastic variables /(q)
which is

Hh} = 12 [j dq/ @ [(Kee + K)g* + 2K19,:24,
+ Kiq,* + B3aq,* Th(q)h(—q). (15)

This is the typical form for the out of plane fluctuations
for a multilamellar stack of lipid bilayers that have
developed a highly anisotropic bending energy term.
This anisotropy imposed by the bending rigidity K,. of
the F-actin strands will considerably modified the out of
plane thermal fluctuations of the dressed bilayers at
shorter length scales [6], leading to observable deviations
from the classical Caillé line shape of lamellar Bragg
peaks [34]. This is an additional physical signature that
should be experimentally observed to confirm our model.
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A new mechanism is proposed to set F-actins into lon-
gitudinal registry in the lamellar phase of mixed fluid lipid
bilayers and F-actin monolayers. The in-phase longitudinal
order of F-actin monolayers and the longitudinal undula-
tion of the lipid bilayers mutually lock each other leading
to an in-plane curvature energy term which is proportional
to the squared amplitude of the static lipid bilayer. This
term turns the soft-matter complex into a full analogue of a
highly anisotropic columnar liquid crystal. The corre-
sponding structure was recently observed in Ref. [3] and
also fits well the primary diffraction data reported earlier in
Ref. [13]. This conclusion is strongly supported by a
quantitative analysis based on independent measured
values of physical parameters of F-actin. The above
mechanism is set into action for the lipid bilayer and
F-actin complex, contrary to the corresponding complex
with DNA, because of the highly modulated transverse cross
section of F-actin and the larger value of its pitch (36 nm
compared to 3.4 nm for DNA). This is first time reported
evidence of in-plane longitudinal ordering of elongated and
rigid macro-ions and their setting into registry.

The proposed mechanism suggests the possibility for
membrane-induced bundling of F-actin and longitudinally
ordered microstructures [4] at the plasma membrane.
Finally, for mixed lipid bilayers and F-actin, a helical phase
of twisted lamellae cannot be ruled out and raises the
attractive question of how the chiral symmetry of F-actin
can propagate through membrane deformations at macro-
scopic length scale. Consequently, in this context, a tran-
sition [35] for such a chiral biomacromolecule and lipid
bilayer complex from helical “fibrillar” twisted phases of
finite size to the unbounded achiral crystalline phase
reported above has to be envisaged.
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