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Intermolecular interactions between charged membranes and bi-
ological polyelectrolytes, tuned by physical parameters, which
include the membrane charge density and bending rigidity, the
membrane spontaneous curvature, the biopolymer curvature, and
the overall charge of the complex, lead to distinct structures and
morphologies. The self-assembly of cationic liposome–microtubule
(MT) complexes was studied, using synchrotron x-ray scattering
and electron microscopy. Vesicles were found to either adsorb onto
MTs, forming a ‘‘beads on a rod’’ structure, or undergo a wetting
transition and coating the MT. Tubulin oligomers then coat the
external lipid layer, forming a tunable lipid–protein nanotube. The
beads on a rod structure is a kinetically trapped state. The energy
barrier between the states depends on the membrane bending
rigidity and charge density. By controlling the cationic lipid�tubulin
stoichiometry it is possible to switch between two states of
nanotubes with either open ends or closed ends with lipid caps, a
process that forms the basis for controlled chemical and drug
encapsulation and release.

polyelectrolyte lipid complexes � small angle x-ray scattering � nanotube-
based drug delivery � membrane � tubulin

The interactions between charged lipids and oppositely
charged biopolymers are relevant to a variety of biomedical

and biological processes, including endocytosis, protein trans-
port (1), drug-based and protein-based gene delivery (2–5), and
lipid-based gene delivery (6, 7). The highly ordered structures
formed by polyelectrolyte–lipid complexes (PLCs) are of great
interest in materials science as templates (8) and building blocks
for hierarchical supramolecular assembly. The structure of PLCs
may be tailored, which, in turn, profoundly affects their function
(6). At issue here is the following question: What are the
structures that form when charged membranes are complexed
with oppositely charged polyelectrolytes?

Earlier studies (Fig. 1) focused on complexes with high
mismatch between the membrane spontaneous curvature, CM,
and the polyelectrolyte curvature, Cp � 2�Dp, where Dp is the
polyelectrolyte diameter. When the membrane bending rigidity,
�, is significantly greater than kBT, where kB is Boltzmann
constant and T is the temperature, the elastic free energy
dominates the electrostatic energy, and the symmetry of the
complex is set by the lipid-phase symmetry. Examples include the
multilamellar phase (2–4, 7, 9–11), L�

C, for CM � 0 (Fig. 1A),
where the polyelectrolyte chains (DNA, for example) are inter-
calated between lipid bilayers and the inverted hexagonal phase
(6, 11), HII

C, for CM � 0 (Fig. 1B), consisting of DNA inserted
within inverted micelles arranged on a hexagonal lattice. Thus in
the PLCs studied to date the lipids formed the template for the
complex structure, with the polyelectrolytes incorporated into
that template. The only exception is when the membrane is very
soft, � � kBT, in which case the electrostatic energy dominates
and HII

C is formed with DNA (6), even if CM � 0 (Fig. 1B).
In this article we explore the structure and symmetry of PLCs

when CM and CP are comparable in complexes of cationic liposomes

and microtubules (MTs), for which CP � 0. Using synchrotron small
angle x-ray diffraction (SAXRD) and transmission electron mi-
croscopy (TEM), we find two unique structures that do not
maintain the lipid symmetry. For soft and intermediate rigid
membranes we find that the cationic liposomes spread and coat the
MTs, and the external lipid layer is decorated by tubulin oligomers,
forming a unique lipid–protein nanotube (LPN). In this regime the
complex adapts a wrapped geometry, which is favored by the
electrostatic energy at a low elastic cost when CP � CM. The tubule
geometry has not yet been accounted for in current statistical
mechanical continuum elastic models of fluid membranes com-
prised of symmetric bilayers with zero spontaneous curvature (12).
By controlling the cationic lipid�tubulin stoichiometry, RCL�T, of
the complex the LPN can switch between a state with open ends
(Fig. 1E) to a state with closed ends with lipid caps (Fig. 1D). These
smart LPNs are smaller in diameter than cylindrical tubules (13)
and multilamellar cylindrical vesicles (14) that may form in appro-
priate conditions of lipid self-assembly.

For high �, or intermediate � and low membrane charge density,
�, we find that vesicles adsorb onto the MT and appear as ‘‘beads
on a rod’’ (BOR), as shown schematically in Fig. 1C. This is the most
trivial structure that can form when vesicles interact with polyelec-
trolytes and was previously hypothesized for lipid–DNA complexes
(15), where Cp �� CM, but later was theoretically (16, 17) and
experimentally (6, 7) proven unstable. Here, we discovered how to
obtain BOR. This state, however, based on our observations
described below, seems to be, at least at intermediate �, a kinetically
trapped state. The ground state of the system follows the MT
template and forms the LPN (Fig. 1 D and E). We study in detail
how the key parameters �, �, and RCL/T control the assembled
structures. Apart from demonstrating different self-assembly
modes these results enable us to describe the self-assembly pathways
of lipids and polyelectrolytes under a consistent framework (Fig. 1
and see Fig. 4D).

MTs are net negatively charged polymers (see details in
Materials and Methods), which self-assemble from ��-tubulin
heterodimer protein subunits into hollow cylinders, which are
�26 nm in diameter. The tubulin dimers are arranged head to
tail in protofilaments and form the MT wall. The protofilaments
are in a straight conformation during MT polymerization and
adopt a curved conformation during MT depolymerization.
Previous studies showed that tubulin may form several alterna-
tive structures, including rings, double rings, and MT coated by
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rings (18–23). MTs are therefore ideal biopolymers for investi-
gating different self-assembly modes. Determining how such
structures are formed provides information about the assembly
potential of tubulin dimers and the various kinds of binding
interactions between dimers and between tubulin and other
proteins (21, 24).

Materials and Methods
Tubulin was purified from bovine brains as described (25, 26).
Tubulin concentrated to 45 � 5 �M in PEM buffer [50 mM
Pipes�1 mM MgCl2�1 mM EGTA�0.02% (wt�vol) NaN3, ad-
justed to pH 6.8 with �70 mM NaOH], 1 mM GTP, and 5%
glycerol was incubated at 36 � 1°C for 20 min. The MT wall
charge density (per unit volume), �MT, in those conditions was
estimated (27) as �0.2 e�nm3, based on the primary structure of
tubulin. MT depolymerization was prevented by adding Taxol at
1:1 Taxol-to-tubulin mole ratio. MTs remained stable for several
days at room ambient temperature, as indicated by SAXRD and
TEM measurements, performed as described (26).

Five cationic lipids of increasing bending rigidity, �, were used:
dilauryl(C12:0)-trimethyl ammonium propane (DLTAP), dio-
leoyl(C18:1)-trimethyl ammonium propane (DOTAP), dimyris-
toyl(C14:0)-trimethyl ammonium propane (DMTAP), dipalmi-
toyl(C16:0)-trimethyl ammonium propane (DPTAP), and
distearoyl(C18:0)-trimethyl ammonium propane (DSTAP)
(Avanti Polar Lipids). Except oleoyl, which has one unsaturated
bond, the remaining tails all are saturated. A chain packing
statistical model of membranes (28) and experiments (29) show
that k � �P, where � is the membrane thickness. P � 3 in the case
of fluid membrane, the C12:0 and C18:1 tails, for which � � 1.2 and

1.4 nm, respectively (30). Membranes with ordered chains, the
C14:0, C16:0, and C18:0 tails, for which � � 1.5, 1.8, and 2 nm,
respectively, are significantly more rigid, and the scaling of � with
� is expected to be with a larger P (31, 32). The membrane charge
density, �, was adjusted by adding homologous neutral lipid of
the same hydrophobic tail to the charged lipid, but with the
respective phosphatidylcholine (PC) head group instead: dilau-
ryl(C12:0)-PC (DLPC), dioleoyl(C18:1)-PC (DOPC), dimyris-
toyl(C14:0)-PC (DMPC), dipalmitoyl(C16:0)-PC (DPPC) and dis-
tearoyl(C18:0)-PC (DSPC). Liposome solutions were prepared at
10–30 mg�ml in Millipore water (18.2 M	 cm), as described (7).
Equal volumes of MTs and liposome solutions were mixed, and
the resulting complexes were characterized by SAXRD and
TEM. � is set by the area per lipid head group (7) A0 � 0.7 nm2,
for all lipids used, and the mole fraction of cationic lipids,

xCL � NCL�(NCL 
 NNL) ,

where NCL and NNL are the numbers of cationic and neutral
lipids, respectively. The relative cationic lipid�tubulin stoichi-
ometry, RCL/T, is defined as

RCL�T � NCL�NT ,

where NT is the number of tubulin dimers. RCL/T � 40 is the
mixing isoelectric point.

Samples were not oriented; thus SAXRD scans collected on
a 2D detector exhibited a powder pattern and were radially
averaged. Intensity as a function of momentum transfer, q, was
plotted. To model the data, as in other MT-related scattering
studies (20, 26, 33), a series of power laws that pass through the

Fig. 1. Assembly pathways of cationic liposomes and anionic polyelectrolytes. Red arrows and boxes indicate structures that are dominated by the elastic energy
of the membranes, and blue ones indicate structures that are dominated by electrostatic energy. Earlier studies examined biological polyelectrolytes with
curvature, Cp, that is very different from the membrane spontaneous curvature, CM, and found the lamellar phase, L�

C (A) and the inverted hexagonal phase HII
C

(B), under different conditions as indicated. We studied the structures that are formed when Cp is comparable to CM. For high membrane bending rigidities, �,
BOR structure is formed (C). Lowering � and increasing the mole fraction of cationic lipids in the membrane, xCL � NCL�(NCL 
 NNL), where NCL and NNL are the
numbers of cationic and neutral lipids, respectively, favors the LPN structure. At intermediate � and low xCL, the BOR structure is observed and over time, �t �
60 h, transforms into the LPN. When the cationic lipids�tubulin stoichiometry of the complex, RCL/T � NCL�NT, where NT is the number of tubulin dimers, overcomes
some critical value, (RCL/T)C, the LPNs have closed ends with lipid caps (D); otherwise the LPNs have open ends (E). (F) A cross section of the LPN and a magnified slice.
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minima of the scattering intensities was subtracted. The assump-
tion here is that the size distribution is very narrow. The
following results are based on several different experiments (at
least three for each data point, using different tubulin purifica-
tion preparations and different liposome solutions). Within each
sample several different regions were examined.

Results and Discussion
A set of TEM images covering the structures in the phase
diagram of MT–membrane (� � 10 kBT) complexes are shown
in Fig. 2. For cationic lipid mole fraction, xCL � 0.1, we initially
find the weakly positive charged vesicles (beads) adsorbed onto
the negatively charged MT wall (rod), forming the BOR struc-
ture (Fig. 2 lower right). Bridges are occasionally formed be-
tween adjacent MTs, forming small-sized bundles of MTs cross-
linked via vesicles (Fig. 2 lower center). This state is, however,
kinetically trapped: over longer times, �60 h, the adsorbed
vesicles ‘‘wet’’ the MT surface, forming the LPN (Fig. 2 lower
left). For xCL � 0.1 the LPN forms immediately upon mixing.
The images (Fig. 2, above the broken line) reveal that the LPN
is made of three layers. Intact MTs are coated by a lipid bilayer
(appears brighter in the images, as the ionic stain avoids the
hydrophobic lipid tails), which in turn are coated by tubulin
oligomers (forming rings or spirals). The oligomer orientation is
perpendicular to the internal MT protofilament direction and
their density increases with xCL. Oligomer formation is enabled
because the cationic membranes lead to MT depolymerization,
resulting in curved protofilaments. By using the slowly hydro-
lyzable GTP analogue, GMPCPP, oligomer formation is pre-
vented. The three-layered LPN structure arises because of the
mismatch between the charge densities of MTs and cationic
membranes. The oligomers coat the external lipid monolayer to
optimize the electrostatic interactions and counterion release.
When Taxol is not added to stabilize the MTs, the LPN is much
shorter.

At a given mole fraction of cationic lipids, xCL, when the total
MT surface area exceeds the total membrane area, the MTs are
only partially coated (Fig. 2, xCL � 0.5 and cationic lipid�tubulin

stoichiometry, RCL/T � 40), forming LPNs with open ends. When
the reverse is true, some of the excess vesicles are attached
primarily to the ends of the LPNs (Fig. 2, xCL � 0.5, RCL/T � 120),
forming LPNs with closed ends with lipid caps. The oligomer
density at a given xCL is similar for both open and closed LPNs.
The ability to switch from open to closed LPNs forms the basis
of controlled drug encapsulation and release.

TEM images and SAXRD measurements were performed on
pure MT solutions (Figs. 2 and 3) and are in agreement with
earlier studies (20, 26, 27, 33, 34). The SAXRD profile of MTs
(Fig. 3A) is consistent with the form factor of isotropic hollow
cylinders (Fig. 3B). Based on MT structural data (34, 35), we
modeled the MT as three concentric cylindrical shells, of a high
electron density region surrounded by two low ones, as shown in
Fig. 3C, keeping the same total wall thickness and mean electron
density as those of MTs.� The thickness and location of the high
electron density region, within the MT wall, and the inner MT
radius are fitting parameters in this model.

A set of SAXRD data for MT–lipid (DOTAP�DOPC) com-
plexes is shown in Fig. 3A. For xCL � 0.1 the SAXRD scans show
broad oscillations that are different from that of MTs and corre-
spond to the form factor of the LPNs. For xCL � 0.1, 2 h after MTs
and membranes were mixed, the SAXRD scan is consistent (for q �
0.2 nm�1) with the form factor of isotropic MT solutions. At smaller
angles there is an additional broad Gaussian correlation peak,
centered at q � 0.139 nm�1, corresponding to 45 nm. The SAXRD
scan is therefore consistent with the BOR and bridging states (Fig.
2). The existence of a correlation peak suggests that the size
distribution of the bridging vesicles is relatively narrow. SAXRD
scans taken 60 h after mixing (Fig. 3A) show that this structure
slowly evolves into the form factor of the LPNs.

�The mean electron density of tubulin is obtained from the partial specific volume of tubulin
(0.725 ml�g) (35), the ratio between the electron and mass densities (0.5445 e�g, calculated
based on the primary tubulin structure) and the mean volume of the tubulin unit cell
within the MT wall (�5 � 5 � 8 nm3) (34). Assuming the rest of the tubulin unit cell volume
is occupied by water molecules (of density 333 e�nm3) we find that the mean electron
density of the MT wall is 411 e�nm3.

Fig. 2. TEM images of the various states. Whole-mount images of pure MTs (top right), as a control, and liposomes–MT complexes, using DOTAP�DOPC solutions
with xCL � NCL�(NCL 
 NNL) and RCL/T � NCL�NT values as indicated. For xCL � 0.1 (below the broken line) the kinetically trapped BOR and bridging states are shown
on the right, and the LPN state after time �t � 60 h, (indicated by arrow) is shown on the left. Cross sections of pure MT (top left) and the LPN structure (little
square) are also shown. The mixing isoelectric point RCL/T � 40 is indicated.
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To gain quantitative insight into the organization of the
complexes, we analyzed the background-subtracted SAXRD
data, shown in Fig. 3B, by fitting to a model. We extended the
isotropic concentric cylindrical shells model of MTs to include
the second lipid bilayer and the third tubulin layer (Fig. 3C). The
radial electron density profile of the inner MT wall and outer
tubulin monolayer are based on the fit to the MT scattering
data.** The parameters for the electron density profile of the
lipid bilayer are based on literature data (3, 30). Finally, the third
tubulin layer is multiplied by the fraction, f, of tubulin coverage
relative to the inner MT wall. f is the unknown** parameter in
this model and is allowed to float freely. The scattering models
(Fig. 3B) fit very well to the data.

The SAXRD scans may also have a resolution-limited strong
peak (Fig. 3A, xCL � 0.5, 0.9), corresponding to the (001) peak

of a 1D lamellar structure with a period of, for example, 5.3 nm
(q001 � 1.18 nm�1) for xCL � 0.9 and 6.2 nm (q001 � 1.02 nm�1)
for xCL � 0.5. Independent control measurements on liposome
solutions of the same compositions and buffer concentration
showed exactly the same peaks. The peaks were therefore
attributed to excess lipid vesicles in the lamellar phase that are
associated with the complexes (closing the ends of the LPNs, see
Fig. 2). The intensity of the peaks is increasing monotonically
with the cationic lipid�tubulin stoichiometry, RCL/T, as expected.

Fig. 3D summarizes a series of SAXRD scans as in Fig. 3A
analyzed as in Fig. 3 B and C. A states diagram is obtained, in which
f is plotted as a function of xCL (or �) at various RCL/T values. For
xCL � 0, corresponding to pure DOPC membrane, SAXRD scans
show only the isotropic MT form factor. This state (indicated as f �
0) is stable for days, indicating that the LPN is induced by the
cationic lipids. At 0 � xCL � 0.1, we have kinetically trapped states
of BOR and bridging (also indicated by f � 0) that evolve slowly into
the LPN. For xCL � 0.1, we only see the LPN with f values that
increase monotonically with xCL. RCL/T has little effect on f, in
agreement with the TEM images (Fig. 2).

The lipids in the fluid membrane can rearrange to optimize
their interactions with tubulin. At low membrane charge density,
�, one could expect much lower f values, assuming most of the
charged lipids simply go to the internal monolayer, to neutralize

**Fluctuations are effectively included by allowing the lipid tail length and inner MT radius
(�8.1 nm) to change within physically reasonable limits. The third tubulin layer is
assumed to have the mirror image of the inner MT wall electron density profile (taken
from the MT fitted model), to reflect what we believe is the correct orientation of the
tubulin dimers in the outer layer. It is perpendicular to the internal MT protofilament
direction and the side of the dimer facing the MT lumen is flipped inside out (Fig. 1 D and
E). Using three different lipid solutions with different tail lengths, we obtained the
expected shifts in the form factor, indicating that we identify correctly the location of the
lipid bilayer.

Fig. 3. Synchrotron small angle x-ray scattering data, analysis, and a state diagram. (A) Radially averaged scattering intensities of MTs and MT–lipid complexes
(solid symbols), using DOTAP�DOPC solutions with xCL � NCL�(NCL 
 NNL) as indicated. RCL/T � NCL�NT is given by RCL/T � 160 � xCL, corresponding to the point at
which the total amount of lipid is exactly enough to coat each MT with a bilayer (calculated as in ref. 16). For xCL � 0.1 two scans are shown, 2 and 60 h after
preparing the sample. The broken curves are examples of the assumed background (20, 26, 33). (B) Scattering data from A, after background subtraction (open
symbols). The solid curves are the fitted scattering models. Their x2 values are as shown. (C) The variation of the radial electron density, ��(r), relative to water
(broken lines), of the MTs and complex walls, obtained from fitting the scattering data in B to models of concentric cylinders. r is the distance from the center
of the cylinders. The tubulin oligomer coverage, f, values obtained from the nonlinear fit are indicated on the right. The schematic represents a vertical cut
through the MT–membrane–tubulin complex wall, corresponding to ��(r). (D) State diagram: f as a function of xCL (or �), when lipids can fully cover the MTs.
Each data point is based on scattering data and models as in A–C. Solid squares corresponds to RCL/T � 160 � xCL. Open symbols represent different RCL/T values,
as indicated. For 0 � xCL � 0.1 we initially get f � 0 (corresponding to the BOR structure). Over time, �t �60 h, shown by the arrows, we obtain LPNs with higher f values.
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the MT charge. But mixing entropy favors having charged lipids
equally distributed in both monolayers (11, 16). This entropy
gain induces coating of tubulin oligomers, resulting in f � 0.4
even at low �. As � increases more charged lipids can go to the
external monolayer, enable the adsorption of more tubulin
oligomers, and increase f. This tubulin coverage increase is
favorable also because of better screening of the repulsive
electrostatic interactions between the negatively charged tubulin
oligomers at higher �. This repulsion may be the reason for
obtaining only partial coverage at all � (and perhaps contribute
to the weak increase of f at low �). To confirm this hypothesis,
the effect of added monovalent salt was studied. We found that
the oligomer density increases with monovalent salt concentra-
tion and full coverage is achievable. For example, at xCL � 0.5
full tubulin oligomer coverage is obtained with 100 mM KCl. We
also found that above some critical concentration, which is a
function of � (for example, 150 mM for xCL � 0.5), the complexes
do not form, and the SAXRD scans show only the isotropic MT
form factor, indicating that electrostatic interactions drive the
formation of the complexes.

By changing the hydrophobic tail of the lipids, the mem-
brane bending rigidity, � was varied (see Materials and Meth-
ods). When DLTAP�DLPC lipid solutions were used, � was
lower than DOTAP�DOPC, whereas for DPTAP�DPPC so-
lutions the lipids were in their ordered phase at room tem-
perature and � was much higher. As shown in Fig. 4A, we find
that with DLTAP�DLPC the kinetically trapped states were
not observed, and only the LPN was observed, even at low �.
The f values are within the range of those obtained with
DOTAP�DOPC solutions. In contrast, the SAXRD scans with
DPTAP�DPPC solutions show (Fig. 4B) only the isotropic MT
form factor for all �. TEM images (Fig. 4C) are consistent with
this finding and indicate that the dominate structure is that of
BOR and only occasionally bridging is observed. This structure
is stable for days and the transition to the LPN was not
observed. It shows that � along with � are setting the energy
barrier between the BOR structure and the LPN.

Our results enable us to make an interesting integration with
earlier studies on PLCs. In Fig. 4D we plot the observed state
diagram of PLCs as a function of the polyelectrolyte curva-
ture�MT curvature, Cp�CMT, and the relative � of the lipids used.
The pathways between the different phases are shown in Fig. 1.
To simplify the presentation in Fig. 4D, we do not include the �
dependence, as it alters specific details within the observed
phases. To understand the observations we need to consider the
interplay between the electrostatic and membrane elastic inter-
actions in the complexes (1). Pure electrostatic interactions favor
tubular or inverted hexagonal structures, as the distance between
the cationic lipids and the anionic moieties on the polyelectrolyte
is minimized and counterion release is optimized. But this
energy gain has to be balanced by the bending energy cost. A
membrane of curvature C has elastic energy per unit area, Fel,
that is given by Fel � 0.5 �(C � CM)2.

For low Cp and high � we observe only the BOR structure (Fig.
1C), as Fel is too high to form the tubular structure, at least within
several days. Decreasing � lowers Fel and increasing � increases
the electrostatic interactions and counterion release, so both can
stabilize and favor the formation of the equilibrium tubular
complexes (Fig. 1 D and E). Increasing Cp increases Fel by two
orders of magnitude when going from MTs to DNA. This
increase resists the tubular structure and favors the noncoated
lamellar phase (Fig. 1 A). At high Cp, the electrostatic cost of the
lamellar structure is much lower, as the membrane can access
most of the charges on the polyelectrolytes. At high Cp, a massive
reduction in � (by an order of magnitude, compared with
DOTAP) reduces Fel and yields the inverted hexagonal phase
(Fig. 1B), which optimizes the electrostatic interactions between
the membrane and the polyelectrolytes. The tubular structure in
this case is considerably less stable, because of the additional
bending energy of the external monolayer (16). However, this
structure involves a small frustration free energy penalty result-
ing from excess chain stretching of some lipid tails into the
corners of the hexagonal array (16). This frustration energy
increases massively with decreasing Cp and becomes intolerably
high when the lipid tails need to be exposed to water in the

Fig. 4. Variation of the membrane bending rigidity, �, and polyelectrolyte curvature, Cp. (A) Radially averaged raw SAXRD data of MTs and MT–lipid complexes,
using DLTAP�DLPC solutions with xCL � NCL�(NCL 
 NNL), as indicated. (Inset) f as a function of xCL, based on analysis as in Fig. 3. (B) Radially averaged raw SAXRD
data of MT and MT–lipid complexes, using DPTAP�DPPC solutions with xCL, as indicated. For all of the samples in A–C, RCL/T � NCL�NT � 160 � xCL. (C) TEM image
of the MT–lipid complexes, using DPTAP�DPPC solutions with xCL � 0.5. (Scale bar: 100 nm.) (D) A diagram of the observed stable states of PLCs in the � and Cp�CMT,
space parameters, where CMT � 0.076 nm�1 is the curvature of MT. Cp�CMT � 1, 3.25, 3.46, 13, 20, and 26 correspond to MT, filamentous actin (3), M13 virus (9),
DNA (6, 7, 10, 37), poly(glutamic acid) (4), and the polypeptides (alanine3

�glutamic acid)36/48 (2), respectively. The lipid tails used (with mixtures of trimethyl
ammonium propane and PC head groups) are indicated on the right. DL, dilauryl; DO, dioleoyl; DN, dinervonyl; DM, dimyristoyl; DP, dipalmitoyl; DS, distearoyl.
Based on literature data (6, 30–32) and theory (28) (see Materials and Methods) the membranes are shown in ascending � order as indicated by the arrow on
the left. � � o(kBT) when the cosurfactant hexanol is added to DO, � � o(10 kBT) for DL, DO, and DN and � �� 10 kBT for DM, DP, and DS. Open squares represent
the lamellar phase (Fig. 1A), solid square shows the inverted hexagonal phase (Fig. 1B), open circles indicate the BOR structure (Fig. 1C), and solid circles indicate
the LPN (Fig. 1 D and E). The solid line is a guide for the eye to indicate the transition from the noncoated states (BOR or lamellar phase) to the coated states
(LPN and inverted hexagonal). The broken lines are guides for the eye to indicate secondary separations within the coated and noncoated states.
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increasingly empty voids in the corners of the hexagonal array.
At this point the inverted hexagonal phase cannot exist and the
stable alternative is the LPN observed here.

Conclusions
We have described and characterized two types of polyelectro-
lyte–lipid complexes (PLCs), the beads on a rod (BOR) and the
lipid–protein nanotube (LPN) structures, the conditions for their
formation, and the transition between them. By controlling the
cationic lipid�tubulin stoichiometry the LPN can be tailored to
have open or closed ends with lipid caps. Because the main
governing concepts for this self-assembly are general (1, 11, 16,
36) we expect synthetic analogs to follow similar assembly
pathways, so that synthetic versions mimicking the LPNs (e.g.,
replacing MTs with rigid polyelectrolytes) may have applications
in chemical and gene (38–42) encapsulation and delivery. Fi-
nally, positively charged membranes are commonly used for

nonviral drug and gene delivery and introduced into cells (6).
Our results suggest that their association with MTs, leading to
possible changes in their structure and dynamics in cells, is an
important consideration in delivery applications with cationic
lipids.
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