
Host–Guest Systems Hot Paper
DOI: 10.1002/ange.201408677

Construction of Matryoshka-Type Structures from Supercharged
Protein Nanocages**
Tobias Beck, Stephan Tetter, Matthias K�nzle, and Donald Hilvert*

Abstract: Designing nanoscaled hierarchical structures with
increasing levels of complexity is challenging. Here we show
that electrostatic interactions between two complementarily
supercharged protein nanocages can be effectively utilized to
create nested Matryoshka-type structures. Cage-within-cage
complexes containing spatially ordered iron oxide nanoparti-
cles spontaneously self-assemble upon mixing positively super-
charged ferritin compartments with AaLS-13, a larger shell-
forming protein with a negatively supercharged lumen.
Exploiting engineered Coulombic interactions and protein
dynamics in this way opens up new avenues for creating
hierarchically organized supramolecular assemblies for appli-
cation as delivery vehicles, reaction chambers, and artificial
organelles.

The construction of nested and double-walled structures has
received much attention in the fields of supramolecular
chemistry and materials science. Such hierarchical assemblies
consist of an outer shell, which provides mechanical support
as well as separation from the outside environment, and at
least one inner shell, which partitions the interior space into
compartments that can impart new properties and encapsu-
late distinct functional molecules. Nested metal–organic
frameworks, for instance, have been reported to exhibit
enhanced thermal stability and increased gas storage
capacity.[1] In another example, ball-in-socket structures,
assembled in films from doubly concave aromatic compounds
and fullerene derivatives, were used to create novel organic
solar cells.[2] In nature, compartmentalization physically links
genotype and phenotype, and further enables the simulta-
neous operation of otherwise incompatible metabolic pro-
cesses. Self-assembling liposomes, which mimic the phospho-
lipid bilayers of cellular membranes and subcellular organ-

elles, have been extensively exploited as delivery vehicles and
molecular reaction chambers.[3]

Proteins are attractive building blocks for the construction
of hierarchically ordered nanoscale architectures.[4] The
structural and functional diversity of virus particles[5] and
bacterial protein-based microcompartments[6] illustrates the
functional opportunities made possible by proteins that
spontaneously self-assemble into shell-like structures. Studies
on encapsulins, natural molecular containers that package
different proteins and enzymes,[7] including other nano-
cages,[8] indicate that short peptide tags can be used to
target specific guest molecules to the interior of these self-
assembling protein shells. Complementary electrostatic inter-
actions represent a potentially versatile alternative for
assembling non-natural supramolecular cage complexes. We
recently reported a simple cargo loading system based on the
capsid-forming enzyme lumazine synthase from Aquifex
aeolicus (AaLS). The lumen of AaLS was negatively super-
charged through rational design and directed evolution to

Figure 1. Design of the supercharged ferritin nanocage. A) Human
heavy chain ferritin (PDB ID 2CEI) with seven monomers displayed in
different colors. Permissible sites for mutation with the Rosetta
software are highlighted in red for the central monomer (orange).
B) Model, calculated with Rosetta, depicting one monomer of super-
charged FtnQC12 in orange [same orientation as in (A)] and the nine
mutations that were introduced in gray. C) Electrostatic potential
mapped onto the solvent-accessible surface of wtFtn. View along one
fourfold symmetry axis. D) Electrostatic potential mapped onto the
solvent-accessible surface of FtnQC12. Red: �5 kTe�1, blue: +5 kTe�1.
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afford the variant AaLS-13, which efficiently packages
positively charged protein cargo through complementary
Coulombic interactions both in vivo and in vitro.[9] In the
current study, we show that the dynamic properties of this
system can also be exploited to create nested cage-within-
cage (Matryoshka-type) structures.

As a guest, we chose human heavy chain ferritin, a protein
nanocage involved in iron mineralization and storage.[10]

Ferritin is composed of 24 monomers (Figure 1A) that
assemble into an octahedrally symmetric capsid with a diam-
eter of approximately 12 nm.[11] In principle, the lumen of
AaLS-13, which has an inner diameter of about 25 nm,[9b,12]

should accommodate up to four such particles.[13] To facilitate
efficient packaging in the negatively charged interior of
AaLS-13 capsids, we re-engineered the exterior surface of
wild-type ferritin (wtFtn). Positively supercharged variants
were designed with the Rosetta software,[14] as previously
described for supercharged antibodies,[15] by introducing
arginine and lysine residues at multiple sites on the exterior
surface of the capsid. The variant FtnQC12 (Figure 1B)
contains nine additional cationic residues per monomer
(Figure S1 in the Supporting Information) and a calculated
electrostatic potential that is highly positive owing to the
+ 264 increase in net theoretical charge per cage (Figure 1C
versus 1D).

FtnQC12 was readily
produced in E. coli in yields
similar to those for wtFtn
(see the Supporting Informa-
tion). Treatment with DNase
and RNase, followed by am-
monium sulfate precipitation
and ion exchange chroma-
tography, ensured complete
removal of nucleic acids
bound to the positively
charged surface. The protein
obtained by this protocol
exhibited high purity (Fig-
ure S2A) and was soluble in
low salt buffers. Further
analysis by size-exclusion
column chromatography
and circular dichroism spec-
troscopy confirmed that it
assembles as a nanocage
with similar size and proper-
ties to wtFtn (Figures S2 B,C,
S3, S4 A). In contrast to
commercial cationized ferri-
tin, which is generated by
chemical derivatization of
the horse spleen protein
with N,N-dimethyl-1,3-pro-
panediamine,[16] FtnQC12
elutes as a sharp peak from
negatively-charged ion-
exchange resin (Figure
S4 B), thus suggesting

a more uniform charge distribution. Its later elution time
also indicates greater surface charge density compared to
chemically cationized ferritin. Although the electrostatic
surface potential of wtFtn (Figure 1C) has been suggested
to have a funneling effect on the transport of positively
charged ions into the ferritin lumen,[17] synthesis of iron oxide
nanoparticles inside FtnQC12 proceeded readily and in
similar yield as for wtFtn[18] (see the Supporting Information
and Figure S5). Efficient mineralization of iron oxide by the
supercharged protein was presumably possible because
residues in the channels and at the lumenal ferroxidase site
were excluded from mutagenesis.

In the absence of guest, AaLS-13 is obtained as a mixture
of two quaternary states: fragments (mostly pentamers) and
fully assembled capsids.[9b] In the presence of a complemen-
tarily charged guest molecule, both states yield cage com-
plexes.[9] To create cage-within-cage structures, we initially
explored the ability of supercharged ferritin to template the
assembly of AaLS-13 fragments (Figure 2A). The proteins
were mixed at neutral pH in buffer containing 200 or 600 mm

NaCl at a 4:1 ratio of AaLS-13 to FtnQC12 monomers. This
ratio corresponds to approximately two FtnQC12 cages (24
monomers) per AaLS-13 T= 3 cage (180 monomers). After
incubation for 5 days, a significant fraction of the sample had

Figure 2. Matryoshka-type assemblies with supercharged ferritin. A) Mixing FtnQC12 (apo or holo) with AaLS-
13 fragments (left) or nanocages (right) in 600 mm NaCl buffer results in encapsulation of the nanocage.
B) Electron micrograph of FtnQC12 encapsulated by intact AaLS-13 capsids. Scale bar: 200 nm. C) FtnQC12,
loaded with iron oxide nanoparticles, encapsulated by intact AaLS-13 capsids. Sample stained with uranyl
acetate (left panel) and without staining agent (right panel). The iron oxide cores form clusters in close
proximity, thus indicating localization of the iron-loaded FtnQC12 inside the AaLS-13 nanocage. Scale bar:
200 nm. D) Representative Matryoshka-type supramolecular structures. Top row: Electron micrograph
magnifications of AaLS-13 containing two, three, and four supercharged ferritin nanocages. Middle row:
Electron micrograph magnifications of iron oxide nanoparticle clusters after Matryoshka-type assembly.
Bottom row: Schematic depiction of AaLS-13 nanocages (red circles) with two, three, and four nanocages of
supercharged ferritin (blue circles) loaded with iron oxide nanoparticles (black spheres).
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been converted to higher-order assemblies, which were
isolated by gel filtration and analyzed by negative stain
TEM. At low ionic strength (200 mm NaCl), irregular species
of sizes that are intermediate between AaLS-13 fragments
and assembled nanocages (Figure S6 A,B: 16.8� 2.1 nm)
formed. These complexes likely reflect the non-ordered
collapse of negatively charged AaLS-13 fragments onto the
positively charged template. By contrast, after 5 days at
higher ionic strength (600 mm NaCl), approximately half of
the material had assembled into regular closed-shell AaLS-13
nanocages surrounding one or more FtnQC12 guests (Fig-
ure S6C). For these closed-shell assemblies, the outer cages
had a mean diameter of 30.5� 1.6 nm (Figure S6 D), which
makes them similar in size to capsids assembled from AaLS-
13 fragments in control experiments without FtnQC12
(31.7� 1.9 nm) but smaller than AaLS-13 capsids preassem-
bled in vivo (34.6� 1.6 nm). The loading process appears to
follow a Gaussian distribution: less than 3% of the isolated
particles were empty, whereas 12% had one guest, 62% two
guests, and 23% three guests (Figure S7 A). The average
loading is two ferritin cages per AaLS-13 nanocage and thus
corresponds well to the initial mixing ratio.

When analogous encapsulation experiments were carried
out at even higher ionic strength (1m NaCl), the yield of cage-
within-cage complexes decreased approximately 10-fold (Fig-
ure S8C). Moreover, only complexes containing a single guest
molecule were observed. Furthermore, no nested structures
were obtained in control experiments with wtFtn (Fig-
ure S8E). Together, these results demonstrate that the
effective charge on the partner cage proteins strongly
influences encapsulation efficiency, thus supporting the
hypothesis that the engineered electrostatic interactions
provide the driving force for complex formation.

Loading intact AaLS-13 capsids directly with super-
charged ferritin is potentially far more challenging than
assembly of the host around the guest. Although AaLS-13
capsids have been shown to be highly dynamic, partially
disassembling to take up supercharged GFP molecules from
solution and then reassembling to generate closed-shell cage
complexes with high packing densities,[9b] FtnQC12 is sub-
stantially larger than GFP(+ 36). To test whether objects as
large as ferritin can be encapsulated, intact AaLS-13 nano-
cages were incubated with FtnQC12 at neutral pH in buffer
containing 200, 600, or 1000 mm NaCl at a ratio of about two
FtnQC12 nanocages per AaLS-13 cage (monomer ratio 4:1).
After 5 days, the AaLS-13 fraction was reisolated by gel
filtration and analyzed by TEM.

As in the experiments with AaLS-13 fragments, the ionic
strength of the incubation buffer proved to be important.
Thus, the sample prepared at 200 mm NaCl showed precip-
itation after mixing; analysis of the supernatant revealed
mostly collapsed assemblies of AaLS-13 and FtnQC12 (Fig-
ure S9A,B). By contrast, at very high ionic strength (1m
NaCl), a few nested cage complexes were observed (Fig-
ure S8D). The yield of such structures increased more than
10-fold at 600 mm NaCl, where more than 70% of the
FtnQC12 cages were encapsulated within the lumen of
regular spherical AaLS-13 capsids (Figure 2B and Fig-
ure S9C,D). Although a packing density of 1.4 FtnQC12 per

AaLS-13 was obtained, the loading distribution differed from
that observed for templated assembly. Roughly 40 % of the
isolated AaLS-13 particles were empty, 11 % contained one
FtnQC12 nanocage, 20% two, 23% three, and 4% four guest
cages (Figure S7 B). The relative abundance of complexes
containing multiple ferritins suggests a cooperative loading
mechanism. Furthermore, the filled AaLS-13 cages were
larger than the assemblages obtained in the templating
procedure, with a diameter of 34.7� 1.9 nm, but similar in
size to the empty cages (34.6� 1.6 nm) from the same
experiment. These results highlight the remarkable plasticity
of the AaLS-13 system. Not only is the AaLS-13 nanocage
highly dynamic in solution, and thus capable of engulfing
a particle a third of its size through a rapid disassembly–
reassembly process, but like wild-type lumazine synthase,[12,13]

it can form a range of discretely sized nanoparticles.
Analogous experiments with supercharged ferritin loaded

with iron oxide nanoparticles afforded Matryoshka-type
structures with three components. The isolated nanocages
displayed a strong absorbance at 370 nm in the gel filtration
trace (Figure S10A), which is indicative of iron mineral co-
eluting with the AaLS-13 cage. TEM analysis of these
complexes revealed fully assembled AaLS-13 cages with
FtnQC12 as guests (Figure 2C, left panel). Electron micro-
graphs without applied staining agent showed clusters of
electron-dense cores (Figure 2C, right panel). Energy-disper-
sive X-ray spectroscopy proved the presence of iron in the
cores (Figure S10B). The distances between these cores were
in the range 13 to 20 nm (mean distance 16.1� 2.1 nm), which
agrees well with the diameter of FtnQC12 and the lumen of
AaLS-13 (Figure 2C, right panel). Encapsulation of the iron-
loaded FtnQC12 cages within the larger AaLS-13 nanocage
thus provides a simple means of spatially organizing several
iron oxide nanoparticles in Matryoshka-type structures with
two protein layers (Figure 2D).

Our results demonstrate that charge complementarity is
well suited to the construction of hierarchically ordered
protein assemblies. The final composition of these supra-
molecular complexes can be tuned by the choice of starting
materials (either AaLS-13 cage fragments or intact capsids)
and the ionic strength of the incubation buffer. The magnetic
properties of iron oxide particles may enable further process-
ing of the obtained assemblies.[19] Given that ferritin has been
extensively used as a vessel for the synthesis of structurally
diverse composites,[20] a wide range of functionally distinct
Matryoshka-type complexes can be envisaged. In principle, it
should also be possible to encapsulate mixtures of appropri-
ately charged nanoparticles and/or proteins. Exploiting com-
plementary electrostatic interactions is a potentially general
strategy that should be extendable to other protein nanocages
to create a variety of nested assemblies with different shapes
and sizes. Hierarchically organized cage-within-cage struc-
tures based on Coulombic interactions might even be created
in vivo. Because the components are genetically encoded,
spontaneous in vivo assembly to produce structures analo-
gous to natural protein-bounded reaction chambers in
bacteria[6] is conceivable.
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