LETTERS

Self-assembled virus—-membrane complexes
LIHUA YANG**, HONGJUN LIANG'*, THOMAS E. ANGELINI2, JOHN BUTLER?, ROBERT CORIDAN?,

JAY X. TANG® & GERARD C. L. WONG?!234t

Department of Materials Science and Engineering, 2Department of Physics, *Department of Bioengineering, “Frederick Seitz Materials Research Laboratory, University of lllinois at

Urbana-Champaign, 1304 West Green St., Urbana, lllinois 61801, USA

SDepartment of Physics, Brown University, Box 1843, 184 Hope St., Providence, Rhode Island 02912, USA

*These authors contributed equally to this work
fe-mail: gclwong@uiuc.edu

Published online: 15 August 2004; doi:10.1038/nmat1195

assemble into lamellar structures ranging from alternating

layers of membranes and polyelectrolytes! to ‘missing layer’
superlattice structures'2. We show that these structural differences can
be understood in terms of the surface-charge-density mismatch
between the polyelectrolyteand membrane components by examining
complexes between cationic membranes and highly charged M13
viruses, a system that allowed us to vary the polyelectrolyte diameter
independently of the charge density. Such virus—-membrane complexes

Anionic polyelectrolytes and cationic lipid membranes can self-
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have pore sizes that are about ten times larger in area than
DNA-membrane complexes, and can be used to package and organize
large functional molecules; correlated arrays of Ru(bpy),?* macroionic
dyes have been directly observed within the virus-membrane
complexes using an electron-density reconstruction. These observations
elucidate fundamental design rules for rational control of self-
assembled polyelectrolyte—-membrane structures, which have
applications ranging from non-viral gene therapy**-'¢ to biomolecular
templates for nanofabrication®’.
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Figure 1 Representation of polyelectrolyte-membrane complexes. a, The DNA-membrane complex has a simple lamellar structure, consisting of alternating polyelectrolyte and
membrane layers. b, Actin is about four times larger than DNA in diameter. The actin-membrane complex consists of swollen three-layer units. (Note change in relative scale of the two
representations.) The representations of F-actin and DNA are low-resolution density maps generated using Situs software (http://situs.biomachina.org).
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Figure 2 Complexes between highly charged M13 filamentous viruses and cationic membranes. a, Synchrotron SAXS data for charge-density-matched M13-lipid complexes at
two different M13-lipid weight ratios, L /M = 1.13,and L /M = 2.26. Both cases exhibit equally spaced diffraction peaks expected from a lamellar structure (qgos, Gooz, Gooz)- The peak shift
(arrow)in the L /M = 2.26 case indicates an expanded 2D M13 lattice. b, The lamellar period of M13-membrane complexes is ~12.1 nm, which is enough for the membrane thickness plus
aM13virus diameter. This indicates that the virus—-membrane complexes adopt the simple lamellar structure of DNA-membrane complexes, rather than the superlattice structure of

actin-membrane complexes.

DNA-cationic membrane complexes organize into a simple
lamellar structure, in which a periodic one-dimensional (1D) lattice of
parallel DNA chains is confined between stacked 2D lipid sheets
(Fig. 1a)*5, Forsuch complexes, 8 < 8, Where & is the polyelectrolyte
diameter and &, is the membrane thickness'8. In actin—cationic
membrane complexes, where 8, > 8y, the system reconstructs into a
‘missing layer’ superlattice structure, comprising a periodic stack of
composite three-layer polyelectrolyte—-membrane sheets in which each
membrane bilayer is associated with two layers of actin, one on
each hydrophilic surface (Fig. 1b)!2. To investigate the observed
polymorphism of lamellar polyelectrolyte—-membrane structures, we
must be able to independently vary the polyelectrolyte diameter and
polyelectrolyte charge density in addition to the membrane charge
density, which was done in the pioneering studies. The filamentous
bacteriophage M13 virus has a length of ~880 nm and a diameter of
~6.5 nm (refs 19, 20), which is close to that of F-actin (7.5 nm)*? and
much larger than that of DNA (2.0 nm)*. However, M13 has a surface
charge density of 1e7/256 A2 due to its major coat protein, a 50 residue
charged a-helix, which is replicated ~2,700 times on the viral surface.
This charge density ismuch higher than that of F-actin (1e/625 A?),and
approaches that of DNA (1e7/106 A?).

Small angle X-ray scattering (SAXS) measurements have been used
to monitor the structure of the M13 virus—cationic membrane system,
using both an in-house X-ray source as well as a synchrotron source.
Because the diameter of the M13 virus is similar to that of F-actin, one
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may expect the virus—-membrane complexes to assemble into
something similar to the superlattice structure of actin-membrane
complexes. Representative data for lamellar complexes made using
composite membranes of the neutral lipid DOPC (dioleoyl
phosphatidylcholine) and cationic lipid DOTAP (dioleoyl
trimethylammonium propane) ata DOTAP/DOPC mass ratio of 30/70
isshown in Fig. 2. Two different stoichiometries are shown, denoted by
two different L/M ratios, where L denotes the weight of lipid (DOTAP
and DOPC) whereas M denotes the weight of M13 viruses. For the
virus—-membrane complex at L/M = 1.13, near the isoelectric point,
three equally spaced sharp peaks are visible at ¢ = 0.52 nm7,
g =1.04 nm™ and q = 1.56 nm™, which correspond to a 1D lamellar
structure with a period of d = 21t/qy,=12.1 nm. At a DOTAP/DOPC
ratio of 30/70, 8, is estimated®? to be ~4.3 nm. The interlayer spacing d
deduced from these three peaks is consistent with d = d, + 6, the
thickness of the membrane plus ~7.8 nm, which is slightly larger than
one M13 virus diameter (~6.5 nm). The broad peaks (marked by
arrows) correspond to the inter-M13 correlation and its position (Gyys)
gives the spacing between M13 viruses confined between lipid
membranes. For the sample with L/M = 1.13, the M13 peak at
Ouiz = 0.77 nm gives the corresponding inter-M13 spacing of
dwus = 2t/quy; = 8.2 Nm, which is slightly larger than the diameter
of the M13 virus. These results show unambiguously that the
virus-membrane complexes adopt the simple lamellar structure of
DNA-membrane complexes, rather than the superlattice structure
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Figure 3 Organization of nanoscopic arrays of Ru(bpy),?* macroions by virus-membrane complexes. a, The structure of M13-membrane complexes (L /M = 2.26) as a function
ofincreasing Ru(bpy),2* concentration. b, The inter-M13 distance as a function of global Ru(bpy),%* ion concentration: The abrupt decrease of the inter-M13 distance to ~8.8 nm at 30 mM
signals the co-organization of M13 and dye molecules into a close-packed 2D array. Insert: Ru(bpy)s?*, a large (~1.2 nm diameter) cationic fluorescent dye.

of actin-membrane complexes, consistent with the charge-density-
matching mechanism.

The entropic driving force for polyelectrolyte-membrane self-
assembly is due to the release of bound counterions as the membrane
and polyelectrolyte compensate one another electrostatically>2-22,
The surface charge densities of DNA and typical cationic lipid
membranes (1e-/106 A2and 1e*/70 A2 respectively) aresimilar, therefore
counterion release is maximized for DNA—cationic lipid complexes.
By reducing the charge density of the membrane at the charge-neutral
DNA-membrane stoichiometry (isoelectric point) by dilution with
neutral lipids, the inter-DNA spacing can be continuously
adjusted'*#22 hetween 2.5 nm (comparable to the hard-core diameter
of DNA) and 5.7 nm. F-actin®, however, has a much lower surface
charge density than that of DNA or typical cationic membranes. Even at
maximal neutral lipid dilution (before phase separation), the lowest
membrane surface charge density is about 1e*/251A2
(DOTAP/DOPC =25/75),whichisstill significantly higher than that for
F-actin. Moreover, the F-actin diameter is large (7.5 nm), therefore it is
sterically impossible for the F-actin lattice to adjust its lattice spacing to
match the membrane charge density. Because the oppositely charged
polyelectrolyte and membrane subphases cannot compensate one
another’s charge, counterion release is impaired. To maximize
counterion release and thereby entropy gain, F-actin chains and lipid
membranes self-assemble into a ‘missing layer’ superlattice structure,
where one layer of membrane is matched against two layers of low
charge-density F-actin'2. A similar structure has been observed in
a-helix-membrane complexes®. In contrast, the M13 virus has a
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diameter comparable to F-actin but a much higher charge density.
For M13-membrane complexes (DOTAP/DOPC = 30/70), close
charge-matching between the membrane and the polyelectrolyte is
possible, hence the system reconstructs to the simple lamellar structure
of DNA-membrane complexes.

Itis interesting to note that these virus-membrane complexes can
be overcharged?. As the lipid—virus stoichiometry is varied from the
isoelectric value of L/M = 1.13 to L/M = 2.26, the inter-M13 spacing
increases to d;;; = 10.0 nm (Fig. 2a), which indicates that the lipid-to-
M13 ratio within the complex has increased, and that the complexes are
positively overcharged. This shows that non-neutral virus—-membrane
complexescan bestabilized,and such overchargingwillimpinge on how
they interact with cations in aqueous solution and has potential
applications for solution templating?-% and biomineralization!"2-%.

M13virus-membrane complexeshave poresizesthatare ~ten times
larger in cross-sectional area than DNA—-membrane complexes, and
may be used to encapsulate and organize large functional molecules,
such as proteins, and even protein complexes. Moreover, the M13 virus
is a rod-like polyelectrolyte (persistence length &, ~ 2 um), and its
bending modulus is ~40 times larger than that of DNA (&, ~50 nm), so
it may be possible to template more ordered structures. For example,
although the 2D organization of DNA and point-like ions (Mg?*, Ca?*)
within DNA-membrane complexes hasbeen beautifully demonstrated?,
we have not been able to use DNA-membrane complexes to organize
significantly larger molecules.

Figure 3 demonstrates that lamellar virus—-membrane complexes
can be used to organize nanoscopic arrays of Ru(bpy),*, a large

3

©2004 Nature Publishing Group



LETTERS

0.5

M13 Membrane M13

p(2)

0.2 T T T T T

b
X
%
| ®. ¢
3

—«27z=0—+

05
M13 Membrane M13

0.4+

P(2)

SRANIRSN

Figure 4 Electron density p(z) reconstruction of the M13-membrane unit cell. a,b, p(z) before (a) and after (b) the M13 condensation transition at 30 mM Ru(bpy),2* concentration
(zis defined to be perpendicular to the lipid bilayer.) The highest electron-density peaks coincide with lipid heads, and the low-density regions between two adjacent head groups
correspond to their hydrocarbon tails (see the schematics below the reconstruction, roughly aligned with the p(z) reconstruction). Between the membrane sheets is a single layer of M13
viruses. The increase in electron density midway between the membranes (marked by arrows) indicates the position of condensed Ru(bpy),?* ions (1.2 nm diameter).

(~1.2 nm diameter) cation. The structure of M213-membrane
complexes (L/M = 2.26) as a function of increasing Ru(bpy)s**
concentration have been measured with synchrotron SAXS (Fig. 3a).
The three sharp equally spaced peaks correspond to the first three
harmonics of the lamellar structure, and indicate that the overall simple
lamellar structure is retained. The broad peaks indicated by arrows
corresponds to the inter-M13 correlation. The distance between M13
viruses at various Ru(bpy);** concentrations is shown in Fig. 3b.
At [Ru(bpy);>*] = 10 mM, the inter-M13 spacing is 10.5 nm, which is
essentially the same as that in the complex without Ru(bpy),?* ions.
In this case, the inter-M13 spacing is determined by the membrane
surface charge density. As the Ru(bpy).** concentration increases to
30 mM, the inter-M13 spacing drops abruptly to ~8.8 nm, which is
comparable to the diameter of M13 plus the diameter of Ru(bpy),?*,and
indicates that the Ru(bpy),2*ionsand M13virusrods have co-condensed
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into a 2D close-packed sheet within the simple lamellar
M13-membrane complexes, in which the density of Ru(bpy),** dye
withinalipid gallery is modulated with a spatial period of 8.8 nm by the
M13virusrods. Further increases of [Ru(bpy),**] does not significantly
alter the inter-M13 spacing.

In order to elucidate the structure of Ru(bpy)?* within
M13-membrane complexes, we have performed electron density p(z)
reconstructions of the lamellar unit cell, where z is along the layering
direction.We compared the p(z) profiles of M13-membrane complexes
before and after condensation (Fig. 4). The location of the membrane
layer can immediately be found by inspection on both structures.
The highest electron-density peaks coincides with the phospholipid
head groups (~0.46 e A-3), and the low-density region between two
adjacent head groups corresponds well to that expected from
hydrocarbon chains (~0.30 e A-%). The distance between the highest
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electron-density peaks, 3.8 nm, compares well to the expected thickness
of the membrane for DOTAP/DOPC 30/70. Between the membrane
sheets, there exists a region ~8.8 nm thick, enough to accommodate
one layer of M13 viruses. It is interesting to compare the electron
density of this layer before and after condensation (Fig. 4a,b).
Water, M13 and Ru(bpy),2* ions have electron densities of ~0.33e A3,
~0.25 e A% and ~0.41 e A2 respectively. Before Ru(bpy)-?* ions are
organized into the lamellar complex ([Ru(bpy);**] = 10 mM, Fig. 4a),
there is an electron density ‘valley’ midpoint between two adjacent
membranes, where the electron density is mainly contributed by M13,
which has a lower electron density than surrounding water and
membrane surface. After Ru(bpy),?* ions are organized into inter-
M13 pores ([Ru(bpy);2*] = 30 mM, Fig. 4b, marked by arrows),
this electron density ‘valley’ has been filled in with extra electron
density. This unexpected result indicates that higher electron density
Ru(bpy);** ions are predominately organized near the tangent
contacts between M13 rods. The small bumps on either side are
probably due to Fourier truncation effects. A schematic
representation that depicts an enhanced density of Ru(bpy),** in the
midplane of the unit cell is shown in Fig. 4. Structures with small
deviations in ion positions from the idealized picture can occur,
because the resolution of the reconstruction is ~2 nm. It should be
noted that similar phases have been used for both reconstructions.
Structural information from this first direct measurement of the
condensed ion positions within membrane—polyelectrolyte
complexes is important for biomimetic templating, because knowing
where the ions are within such complexes is the starting point for
rational control.

METHODS

Freeze-dried M13 and their host Escherichia coli (strain K38) were purchased from the American Type
Culture Collection (Manassas, Virginia). The progeny phages were separated from the bacteria media by
multiple steps of sedimentation and resuspension, followed by a final separation step using the cesium-
chloride density gradient method. The M13 virus rods are initially suspended in a pH 7.0 solution (5 mM
Tris, 1 mM NaNS,). Liposomes comprised of binary mixtures of DOPC and DOTAP are mixed with an
aqueous M13 virus solution at controlled stoichiometries to form the self-assembled complexes.

All X-ray samples had a final M13 virus concentration of 7.5 mg ml-, and were sealed in quartz
capillaries. Ru(bpy),?* is used in the form of tris(2,2'-bipyridyl)ruthenium(ll) (Ru(bpy).?*) chloride
hexahydrate. All polyelectrolyte surface charge densities are estimated using simple cylinder models.

The size of Ru(bpy),?* is estimated using typical values for bond lengths.

SAXS measurements have been used to monitor the structure of M13 virus-membrane complexes,
using both an in-house X-ray source as well as the UNICAT beamline 34ID-C at the Advanced Photon
Source (APS), Argonne National Laboratory. For the in-house experiments, incident CuKc. radiation
(A=1.54 A) from a Rigaku rotating-anode generator is monochromatized and focused using Osmic
confocal multilayer optics, and scattered radiation is collected on a Bruker 2D wire detector (pixel
size = 105 um). For the APS experiment, monochromatic X-rays with energy of 9.93 keV were selected
using a Si (111) reflection. Diffraction data were recorded using a Roper Scientific direct-detection CCD
(pixel size = 22.5 um). The 2D SAXS data from both set-ups have been checked for mutual consistency.

Six quasi-Bragg peaks have been used in the p(z) reconstruction, giving a resolution of 2 nm. The procedure
for electron density reconstruction is described elsewhere!?.
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