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of the orbit of Magnya subjected to the per- 
turbations of the jovian planets for 70 My. 
Magnya is not presently involved in any res- 
onance, and its motion is regular over the 
computed time span. The long-term behavior 
of the characteristic angle of the g + s -
g, - s, secular resonance is a prograde cir- 
culation with a period - 1.37 My. The prox- 
imity of the asteroid to the secular resonance 
involving the longitudes of the perihelion and 
of the node affects the asteroid's e and i and 
may explain their high values. 

About 200 asteroids have been observed 
in the Magnya region, and about 20 of these 
asteroids are presently involved in some 
mean-motion resonances showing chaotic be- 
havior. The majority of the actual asteroids 
appear to avoid the chaotic domains that in- 
dicate the possible existence of important 
diffusion processes associated with the mean- 
motion resonances. 

Ow spectra and orbital dynamic simulations 
suggest that after the breakup of Magnya's 
parent body, the fragments were scattered 
around a wide region depending on physical 
parameters such as the impact energy and the 
strength of the parent body and the sizes and 
velocities of the ejected fragments. The frag- 
ments that fell into the chaotic zones were 
slowly diffused out of the region, whereas Mag- 
nya, and possibly some other fragments, re- 
mained in stable orbits outside the zones of 
chaotic motion. 

Geochemical data imply that the HEDs 
are derived from a single parent body (16, 
17).The spectral evidence and the abundance 
of apparent Vesta fragments in the resonance- 
rich inner solar system suggest that Vesta is 
the HED parent body (2-9). However, the 
transport time of main-belt asteroids to near- 
Earth space through the 3 :1 and v, resonanc-
es is of shorter duration than the cosmic ray 
exposure time of meteorites. Although slower 
diffusion processes such as a multitude of 
weak resonances (23-25) may solve this 
problem for all meteorite types including the 
HEDs, fragments from the Magnya parent 
body would also have long exposure times. 
However, considering ow current understand- 
ing of the much lower delivery efficiency from 
the outer belt relative to the inner belt, we do 
not consider Magnya to be a likely alternative 
source to Vesta for the HED meteorites. 
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Hierarchical Self -Assembly of 

F-Actin and Cationic Lipid 


Complexes: Stacked Three-Layer 

Tubule Networks 


Gerard C. 1. Wong,'* Jay X. Tang,'? Alison lin,' Youli Li,' 
Paul A. Janrne~,~$Cyrus R. Safinyal# 

We describe a distinct type of spontaneous hierarchical self-assembly of cy- 
toskeletal filamentous actin (F-actin), a highly charged polyelectrolyte, and 
cationic lipid membranes. On the mesoscopic length scale, confocal microscopy 
reveals ribbonlike tubule structures that connect t o  form a network of tubules 
on the macroscopic scale (more than 100 micrometers). Within the tubules, on 
the 0.5- t o  50-nanometer length scale, x-ray diffraction reveals an unusual 
structure consisting of osmotically swollen stacks of composite membranes 
w i th  no direct analog in simple amphiphilic systems. The composite membrane 
is composed of three layers, a lipid bilayer sandwiched between t w o  Layers of 
actin, and is reminiscent of multilayered bacterial cell walls that exist far from 
equilibrium. Electron microscopy reveals that the actin layer consists of laterally 
locked F-actin filaments forming an anisotropic two-dimensional tethered crys- 
ta l  that appears t o  be the origin of the tubule formation. 

Self-assembly of amphiphilic molecules con- matter materials. The distinct geometries adapt- 
stitutes one of the most fundamental mecha- ed by lipids are typically described within a 
nisms for the construction of soft condensed consistent framework of continuum elastic 
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Fig. 1. Summary of the hierarchical self-assembly process resulting in the crystal layer of F-actin. (C) The cationic lipid bilayer is sandwiched 
formation of ribbonlike tubules. (A) C-actin self-assembles into short between two layers of F-actin, forming a three-layer membrane (inset), 
F-actin filaments. (B) Long F-actin filaments spontaneously form a 2D which folds into ribbonlike tubules. 

models of membranes (1-3). The resulting 
structures include spherical and cylindrical 
micelles, bilayers, and inverse cylindrical mi- 
celles in cubic, hexagonal, lamellar, and in- 
verted hexagonal phases. In certain rare cases 
not predicted by Helfrich's classical elastic 
theory of membranes (4) ,  lipids self-assem- 
ble into cylindrical bilayers forming lipid tu- 
bules (5-lo), multilamellar cylindrical vesi- 
cles (11, 12), and tubular cochleates (13). 
Although the mechanisms of tubule forma- 
tion remain unknown, these novel systems 
continue to be increasingly used in techno- 
logical applications, including drug and 
gene delivery systems (14), cosmetic for- 
mulations of gels and creams, and tem- 
plates for processing microscale metal tu- 
bules for electronic and magnetic materials 
applications (5-13). 

An alternate strategy for higher order 
self-assembly has been recently demon- 
strated: Interactions between biological 
polyelectrolytes and oppositely charged 
membranes can result in a complex poly- 
morphism of new self-assembled architec- 
tures. For the DNA-membrane systems 
(currently used in nonviral gene delivery 
applications), this includes a lamellar phase 
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(LC,) with DNA chains confined between 
lipid sheets (15) and an inverted hexagonal 
phase (HCII) with DNA contained within 
lipid tubes (16). In these systems, the cat- 
ionic lipid head groups neutralize the phos- 
phate groups on the DNA chains, so that 
condensed counterions on both macro-ions 
can be released for a large entropy gain 
( I  7, 18). Because the surface charge densi- 
ties of DNA and cationic phospholipid head 
groups are similar, the counterion release is 
nearly maximal (19). However, if the sur- 
face charge densities of the two compo- 
nents are very different, as in the case of 
filamentous actin (F-actin) and cationic lip- 
ids, complete counterion release is steri- 
cally impossible. The resultant frustration 
is then expected to drive the system to new 
structures that are no longer constrained by 
typical geometries in amphiphilic self- 
assembly. 

We report here the hierarchical self- 
assembly of actin and charged membranes 
elucidated at length scales ranging from 
nanometers to millimeters using synchro- 
tron x-ray difkction (XRD), freeze-fracture 
electron microscopy (EM), and laser scanning 
confocal microscopy. Interactions between 
uncharged membranes and actin have been 
known to result in deformed actin-membrane 
vesicles (20, 21). However, the entropically 
modulated electrostatic interactions between 
actin and charged membranes enforce a to- 
pological transition to a highly structured rib- 
bonlike tubule morphology, with an average 
width of -0.25 pm and a length of up to 
- 100 pm (Fig. 1). Globular monomeric actin 
(G-actin) polymerizes into F-actin filaments 
when complexed with charged membranes 
(Fig. 1A). Sufficiently long F-actin filaments 
further self-assemble into two-dimensional 
(2D) parallel arrays (Fig. 1B) electrostatically 

adsorbed on both sides of the cationic lipid 
bilayer forming a three-layer composite 
membrane (Fig. lC, inset) with no direct 
analog in simple amphiphilic systems at equi- 
librium. The stacked composite membranes 
are folded into a compact, ribbonlike tubule 
structure with a nearly monodisperse me- 
soscale cross-sectional dimension of the or- 
der of 0.25 pm (Fig. 1C). Within the tubules, 
the composite membranes are osmotically 
swollen with a controllable water layer thick- 
ness ranging between 40 and 69 A, which 
suggests that active molecules could be in- 
corporated in these hydrated domains for 
drug and chemical delivery applications. 

Actin is one of the principal structural 
proteins in eukaryotic cells and is an ideal 
biopolymer for investigations of new 
modes of higher order self-assembly. The 
actin cytoskeleton dynamically maintains 
the structural integrity of the plasma mem- 
brane and plays important roles in a number 
of membrane-associated events, such as 
cell adhesion, cell motility, and regulation 
of integral membrane protein distributions 
(22). This versatility is afforded by actin's 
ability to dynamically adjust its degree of 
polymerization from monomeric G-actin 
(-35 A by 55 A by 55 A) to polymeric 
F-actin, which is essentially a polyampho- 
lytic helical hard rod. Although actin has a 
similar negative linear charge density com- 
pared to DNA (A, - -2.5 Ale; A,,, - 
- 1.7 Ale), it has a much longer persistence 
length (5, - 10 pm; tDNA = 500 A) and is 
larger in diameter (D, - 80 A; D,,, = 20 
A). Its surface charge density is therefore 
considerably lower than that of typical cat- 
ionic lipids (19). This charge density mis- 
match is expressed in the structure of actin- 
membrane complexes in unexpected ways. 

Cationic lipids of three different chain 
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id and (D) coumarin 
green-labeled F-actin fluorescence. 

lengths (C,,, C,,, and C,,) were used in 
this study: dilauryl-, dioleoyl-, and diiervonyl- 
trimethyl ammonium propane (DLTAP, 
DOTAP, and DNTAP), respectively (Avanti 
Polar Lipids, Alabaster, Alabama). The mem- 
brane charge density was controlled by a 
neutral lipid dilution with a homologous lipid 
of the same chain length, but with the respec- 
tive neutral phosphatidylcholine head group 
instead [dilauroyl phosphatidylcholine (DLPC), 
dioleoyl phosphatidylcholine (DOPC), and 
dinervonoyl phosphatidylcholine (DNPC)]. 
Liposome solutions (25 mglml) of the phos- 
pholipids were mixed thoroughly with the 
actin solution (23) to form the actin-mem- 
brane complexes. The relative charged mem- 
branelactin stoichiometry of the complex is 
given by the ratio R, given in units of the 
isoelectric ratio R,,,, where the total charge of 
the membrane is equal and opposite to that of 
the actin. Here, R,, = LIA = 0.23, where L 
is the weight of the charged lipid and A is the 
weight of actin. - 

The mesoscopic organizations of G-ac- 
tin and F-actin membrane complexes are 
qualitatively different. Using video-en- 
hanced optical microscopy with differential 
interference contrast (DIC), we found that 
G-actin complexes form globular aggre- 
gates at optical length scales (Fig. 2A) 
similar to those of DNA-membrane complex- 
es (15). F-actin complexes, however, assemble 
into an ensemble of mesoscopic tubules with 
almost monodisperse diameters (-0.25-ym 
average width) (Fig. 2, B, C, and D). The 
tubules have lengths up to -100 ym, which 
is much longer than the average lengths of the 
individual actin rods (-10 ym). Given the 
large persistence length of F-actin (- 10 ym), 
the condensed actin rods within these tubules 
can only be parallel to the tubule axis. It must 
be em~hasized that these tubules derive from 
the actin-membrane self-assembly and are 
not due to an ordering of the membrane phase 
alone: A confocal microscopy measurement 
of actin-membrane complexes made from 
fluorescently labeled actin (Fig. 2D) and lip- 
ids (Fig. 2C) shows that the two components 
are completely co-localized. Mechanical shear- 
ing can rupture the tubule network; however, 
the isolated tubules are robust and are very 

Fig. 3. Synchrotron XRD 
patterns from (A) iso- 
electric C-actin com- 
plexes using DOTAPI 
DOPC = 50150 mem- 
branes (curve I), iso- 
electric F-actin com- 
plexes using DOTAPI 
DOPC = 50150 (curve 
2), and F-actin com- 
plexes using DNTAPI 
DNPC = 30170 on the 
positive side of the 
isoelectric point (R = 
ZR,,). The superlattice 
peaks in the F-actin 
patterns (curves 2 and 
3) are marked with ar- 
rows. (B) Two-dimen- 
sional x-ray diffraction 
pattern of a partially 
aligned DOTAPIDOPC 
= 30170 sample shown 

a. scatterina vector (A-1) 

on an image plate 
demonstrates the ID P(z$ 
superlattice ordering. 6 
(C) A ~ ( z )  electron 
density reconstruction 8 
schematic representa- .zoo .too 0 100 200 
tion of the composite 2 (A) q, scattering vector (kl) 
actin-membrane-actin 
layers. The water layer is found to increase between 40 and 69 for DOTAPIDOPC varying 
between dilutions of 10010 and 10190. (D) Ultrahigh-resolution XRD showing the actin-actin 
correlation peak (double arrow) at the close-packing distance. 

often found in the preparations coexisting 
with the network. Controlled shearing result- 
ed in different average lengths for the tubules. 

To investigate the molecular organiza- 
tion of these actin-membrane complexes, 
we performed a series of XRD experiments 
(24). A typical set of XRD data for isoelec- 
tric G-actin membrane (DOTAPIDOPC = 
50150) complexes is shown in Fig. 3A, 
curve 1. The four peaks in the diffraction 
pattern correspond to the (001) through 
(004) peaks of a one-dimensional (ID) la- 
mellar structure with a period of 116 A 
(=21~/q,,,; goo, = 0.054 A-I). The thick- 
ness of the membrane in this case has been 
independently determined to be 6 = 41 A, 
which leaves -75 A as the gap for actin. 
This gap is inconsistent with the dimen- 
sions of monomeric G-actin (-35 or 55 A, 

depending on orientation). This thickness, 
however, is approximately the diameter of 
polymerized F-actin (D, - 80 A). This 
result suggests that G-actin has polymer- 
ized into F-actin on the charged membrane 
surface without a polymerization buffer 
(Fig. lA), as also suggested by observa- 
tions on lipid surfaces (25, 26). 

If long (-10 ym) F-actin instead of 
G-actin were complexed with the same 
charged membranes or if an excess of cat- 
ionic lipids were added to G-actin, then 
something unexpected was observed. A 
new set of quasi-Bragg peaks appears near 
the half-integral positions of the corre- 
sponding peaks in G-actin complexes, so 
that nine orders of scattering can be readily 
observed (Fig. 3A, curve 2). In fact, the 
peaks at these half-integral positions (ar- 
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rows point to the peaks), which are detect- 
able as weak peaks for some G-actin com- 
plexes [for example, Fig. 3A, curve 1, 
bump between (002) and (003)], gradually 
become stronger as the average F-actin fil- 
ament length is increased (27). This behav- 
ior persists for the entire accessible range 
of neutral lipid dilution (DOTAPIDOPC = 

10010 to 10190). Instead of a simple lamel- 
lar structure with a periodicity of D, + 6 
(= 116 A), the actin-membrane system re- 
constructs into a lamellar superlattice with 
a periodicity of 250 A, the precise value of 
which depends on the membrane charge 
density and thickness. The eight peaks in 
Fig. 3A, curve 2, correspond to the (002) 
through (009) higher harmonics of a 1D 
superlattice structure with goo, = 0.025 
k l .  The form factor has a zero crossing 
near (OOl), resulting in a near extinction of 
the reflection. In the case of longer lipid 
chain DNTAPIDNPC complexes (Fig. 3A, 
curve 3), we observed up to 17 orders of 
diffraction from (002) through (01 7) of the 
1D superlattice structure with periodicity of 
299.2 A (goo, = 0.021 k t ) .  In neutral 
lipid dilution experiments, where the mem- 
brane thickness was changed from 39 to 45 
A in DOTAPIDOPC complexes, we saw 
that these peaks all shift in unison as inte- 
gral harmonics. The partially aligned dif- 
fraction pattern from a DOTAPIDOPC = 
30170 complex in Fig. 3B unambiguously 
demonstrates this 1D superlattice ordering. 

To elucidate the structure of this poly- 
electrolyte-membrane superlattice phase, 
we performed an electron density recon- 
struction p(z), where z is along the lamellar 
ordering direction. We compared the XRD 
data for isoelectric actin-membrane complexes 
with identical degrees of neutral lipid dilution 
(10190) but with different membrane thickness- 
es, DOTAP/DOPC (C , ,) and DLTAPIDLPC 
(C,,). The first- and third-order quasi-Bragg 
peaks in both actin-membrane complexes 
have weak intensities, indicating the proxim- 

Fig. 4. Freeze-fracture 
EM of ribbonlike tu- 
bules. The 35-nm cor- 
rugations along the 
length of the flattened 
tubules correspond to 
the long-wavelength 
twist of F-actin. The 
persistence of these 
corrugations across the 
widths of the tubules 
suggest that the F- 
actin rods on the 
membrane are locked 
into a 2D lattice. 

ity of form factor zero crossings. The form 
factor phases are determined from this 
"swelling" experiment using the Blaurock 
sum rule (28, 29) and are used to reconstruct 
p(z). The results are shown in Fig. 3C. The 
membrane has a high average electron densi- 
ty near the phospholipid head groups (-0.46 
elA3) and a low density in the hydrocarbon 
tail region (-0.30 e/A3). Water has a density 
of 0.33 elA3, and hydrated F-actin has an 
estimated density of -0.27 elA3. The loca- 
tion of the membrane layer can be found by 
inspection. The highest electron density co- 
incides with the phospholipid head groups, 
and the low-density region between two ad- 
jacent head groups corresponds well with the 
expected thickness of the membrane (42 A 
for DOTAPIDOPC; 33 for DLTAPIDOPC) 
(Fig. 3C, top). On either side of each mem- 
brane, there exists a region -80 A thick, 
equal to the diameter of F-actin and with a 
low density that is consistent with the exis- 
tence of F-actin. The region of intermediate 
electron density between the actin is a water 
layer with thickness near 50 A. By normaliz- 
ing p(z) with densities for lipid head and tail 
groups, we find a densities of 0.37 e/A3 for 
the water layer (which contains counterions) 
and 0.30 e/A3 for the F-actin layers, which 
are consistent with the expected values. 

The XRD data show that the superlattice 
structure consists of a three-layer mem- 
brane. Compared to the DNA-membrane 
phases (15), this superlattice structure ac- 
commodates two layers of F-actin rods per 
membrane sheet (rather than the one layer 
of DNA per membrane), which is consis- 
tent with the charge density mismatch (19). 
However, although for a lamellar geometry 
of the lipids, this three-layer configuration 
is more favorable than the two-layer DNA- 
membrane configuration, but it still does 
not result in a perfect match of anionic and 
cationic charge densities of the macro-ions. 
Thus, local charge neutrality will require a 
finite anionic counterion concentration in 

the aqueous region between membranes, 
which then gives rise to the osmotically 
swollen nature of the tubule measured by 
XRD (30). 

To explore the nature of the F-actin 
layer, we imaged the complexes with 
freeze-fracture EM, which revealed a 
locked 2D actin lattice within these meso- 
scopic tubules (Fig. 4). An ensemble of 
flattened multilamellar tubules can be seen, 
with an average width of -0.25 pm, in 
agreement with the optical microscopy 
measurements. Moreover, a surface corru- 
gation along the axis of the tubules with a 
periodicity of 35 nm can be discerned on 
the fracture plane. This value corresponds 
to the long-wavelength twist native to F- 
actin. The existence of well-defined corru- 
gations across a layer suggests that the 
actin filaments are laterally locked into 2D 
arrays within each layer, with the filaments 
oriented along the axis of the tubules. Be- 
cause the fracture plane is in the middle of 
the lipid bilayer, the lipid molecules them- 
selves must be corrugated on the surface of 
F-actin (31). It can also be seen from Fig. 4 
that the phase of this long-wavelength cor- 
rugation is not preserved across adjacent 
layers, in contrast to the direction of the 
wave vector, which is always directed 
along the tubule axis. This result suggests 
that the positional correlations between the 
2D actin rods in adiacent lavers can be lost 
without destroying the orientational corre- 
lations. Recent theoretical work predicts 
the possible existence of a sliding phase in 
stacks of 2D crystals with similar proper- 
ties (32). An ultrahigh-resolution XRD ex- 
periment (24) on actin-membrane complex- 
es clearly demonstrates the first-order ac- 
tin-actin correlation peak at d = 75 A (Fig. 
3D, double arrow) in the DOTAPIDOPC = 
30170 sample. This value of d is equal to 
the F-actin hard-core diameter and implies 
that the F-actin rods have fully condensed 
into this 2D locked lattice within the com- 
plex, consistent with the EM data. Interest- 
ingly, the outermost layer of bacterial cell 
walls is known to consist of 2D crystals, the 
so-called surface (S) layer, usually com- 
posed of a self-assembly of a single type of 
glycoprotein (33). 

In contrast to the 1D DNA lattice in 
DNA-membrane complexes (15), which is 
dominated by repulsive interactions be- 
tween the chains, the locked 2D actin lat- 
tice is the result of an attractive interaction. 
In three dimensions, actin rods can con- 
dense into bundles or paracrystals in the 
presence of a high enough concentration of 
divalent (and higher multivalent) ions (34- 
37). However, in the 2D environment of 
the actin-membrane complex, monovalent 
cationic lipids alone can condense actin 
rods into a lattice without multivalent ions. 

16 JUNE 2000 VOL 288 SCIENCE www.sciencem 



R E P O R T S  

This condensation process may be mediat- 
ed in part by membrane distortions, which 
results in an effective attractive interaction 
because actin aggregation minimizes the 
perturbed membrane area (38). 

The formation of ribbonlike tubules from 
2D actin-membrane sheets may be related to 
the physics of crystalline membranes (39- 
42). Linear polymer chains adopt a "crum- 
pled" random coil conformation in a good 
solvent. The behavior for a 2D polymer sheet, 
however, is dramatically different. In these 
so-called "tethered membranes," thermal un- 
dulations are coupled to phonon modes, 
which can stiffen the membrane at large 
length scales, leading to an infinite persis- 
tence length. The resultant low-temperature 
"flat phase" has been observed (43). Figure 4 
demonstrates that the actin rods are ordered 
into 2D anisotropic lattices on charged mem- 
branes and thereby form composite anisotro- 
pic tethered membranes. Repulsive "self-
avoiding" steric interactions are inherently 
less constraining for systems that crumple in 
one direction only. In the case of oriented 
actin-membrane sheets, the large persistence 
length of actin will completely prevent crum- 
pling along the rod direction, whereas the 
attractive interaction between actin rods may 
counterbalance the steric interactions and 
lead to the tubule phase consistent with the 
prediction of theory for anisotropic tethered 
membranes (44-46). This intrinsic tendency 
of anisotropic crystalline membranes to curl 
up into tubules will impinge on the structure 
of paracrystalline sheets constrained to a flat 
2D surface and may place fundamental limits 
on the 2D crystallography of these objects. 

We have described a form of self-assem- 
bly based on entropically modulated electro- 
static interactions, which leads to the forma- 
tion of a ribbonlike tubule phase stabilized by 
a three-layer (actin-lipid bilayer-actin) mem- 
brane. The governing concepts for this bio- 
logical self-assembly are general; for exam- 
ple, we expect synthetic analogs, such as 
charged polymersomes of diblock copoly-
mers (47) and polyelectrolytes, to give rise to 
similar complex membrane architectures and 
"plastic" tubules for chemical delivery and a 
variety of other applications. Finally, we note 
that although eubacteria and archaebacteria 
construct composite envelopes containing be- 
tween two and four layers, the directed as- 
sembly is far from equilibrium and requires 
adenosine 5'-triphosphate (ATP) hydrolysis 
(33). The tubules described here with their 
composite membrane architecture can be 
thought of as constituting a spontaneously 
assembled "artificial" bacterium. 
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