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ABSTRACT: An engineered variant of lumazine synthase,
a nonviral capsid protein with a negatively charged luminal
surface, is shown to encapsulate up to 100 positively
supercharged green fluorescent protein (GFP) molecules
in vitro. Packaging can be achieved starting either from
intact, empty capsids or from capsid fragments by
incubation with cargo in aqueous buffer. The yield of
encapsulated GFP correlates directly with the host/guest
mixing ratio, providing excellent control over packing
density. Facile in vitro loading highlights the unusual
structural dynamics of this novel nanocontainer and
should facilitate diverse biotechnological and materials
science applications.

Many proteins spontaneously self-assemble into regular
shell-like capsidic structures. Protein capsids are useful,
both in nature and in the laboratory, as molecular containers for
diverse cargo molecules, ranging from proteins and nucleic
acids to metal nanoparticles, quantum dots, and low-molecular-
weight drugs. For example, supramolecular inclusion complexes
can be employed as delivery vehicles,'* bioimaging agents,”®
reaction vessels,”'® and templates for the controlled synthesis
of novel materials."" ~*

Capsids derived from viruses such as the cowpea chlorotic
mottle virus and nonviral capsid proteins such as ferritin have
been extensively investigated as hosts for encapsulation of
specific guest molecules in the laboratory.'”'*™"” Whereas
encapsulation of smaller molecules can often be achieved by
diffusion through pores in the capsid shells, for larger
molecules, such as proteins or nanoparticles, a different strategy
must be adopted. One possibility is chemical or genetic fusion
of the cargo molecule to a targeting agent or capsid component
that directs localization of the guest to the particle interior
during capsid synthesis and assembly in vivo."*'? Spontaneous
self-assembly of capsid fragments around the intended guest in
vitro, with or without a targeting element, is another
alternative.”'®*° The latter approach, which can often be
controlled by pH or temperature, is highly versatile, but the
yields of encapsulated cargo are typically low.

We previously redesigned a natural capsid-forming enzyme,
lumazine synthase from Aquifex aeolicus (AaLS), for targeted
encapsulation of specific guest proteins in vivo.”! Protein
engineering was used to introduce negatively charged residues
on the luminal surface of the capsid to promote host—guest
association with positively charged cargo molecules. The
efficacy of this system was demonstrated by successful
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Figure 1. AaLS-13 is produced as a mixture of pentamers and empty
capsids. Both forms encapsulate multiple molecules of supercharged
GFP(+36) to give highly loaded capsid particles.

sequestration of a toxic protease in the cytosol of Escherichia
coli and exploitation of the resulting growth advantage to evolve
a capsid variant (AaLS-13) with substantially higher loading
capacity.”* In this study, we show that the structural dynamics
of the evolved capsid protein also enables efficient
encapsulation of positively charged guest molecules outside
the cell (Figure 1).

For in vitro studies, AaLS-13 was produced cytoplasmically
in E. coli in the absence of a specific guest and isolated from
disrupted cells by Ni**-affinity chromatography. The protein
was obtained as a mixture of pentamers, higher-order
oligomers, and completely assembled capsids (Figure 2A).
The relative ratio of these species depends on the sample
concentration and reaction conditions, with the capsid fraction
generally increasing over time. The pentamers and small capsid
fragments are easily separated from the fully assembled capsids
by size-exclusion chromatography. In solution, they slowly but
spontaneously assemble to form empty capsids. This process is
normally complete within 12 days at room temperature (Figure
S1 in the Supporting Information) but can also be accelerated
by sonication. Once assembled, the capsids are stable, even
upon treatment with ultrasound. Negative-stain electron
microscopy (EM) images showed that they adopt symmetric
closed-shell structures with an external diameter of 35.9 + 2.5
nm and an internal diameter of 25.3 + 1.9 nm (Figure 2B
inset), in good agreement with previous measurements.”>
These dimensions are consistent with T = 3 (180 subunit)
icosahedral symmetry.
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Figure 2. Encapsulation experiments with AaLS-13 capsids: (A) Size-
exclusion chromatogram of a freshly isolated AaLS-13 sample
consisting of fully assembled capsids, capsid fragments, and smaller
oligomers (mostly pentamers). (B) Chromatogram of separated, intact
empty capsids. (C) Empty capsids after overnight incubation with
GFP(+36) in a S:1 molar ratio of AaLS-13 monomer to guest. Red:
relative fluorescence of individual fractions. The insets in (B) and (C)
show EM images of the empty and filled capsid particles, respectively
(scale bars 100 nm).
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Figure 3. Guest-templated capsid assembly: (A) Size-exclusion
chromatogram of isolated and concentrated AaLS-13 capsid fragments.
(B) Chromatogram of a sample obtained by mixing capsid fragments
with GFP(+36) in a 3:1 ratio after overnight incubation. Red: relative
fluorescence of individual fractions. The inset shows an EM image of
the packed particles (scale bar 100 nm). The two distinct capsid sizes
should be noted. (C) The average number of GFP(+36) molecules per
T = 3 capsid is linearly proportional to the initial GFP(+36):AaLS-13
mixing ratio.

Model encapsulation experiments were carried out with
supercharged GFP(+36) (Figure 1), a variant of green
fluorescent protein (GFP) in which 29 surface-exposed residues
were mutated to positively charged amino acids.”> Empty
capsids were mixed with GFP(+36) at various molar ratios in
aqueous buffer (pH 8). Although a 1:1 stoichiometry of AaLS-
13 monomer to guest led to immediate coprecipitation of both
proteins, a 5-fold excess of AaLS-13 over GFP(+36) afforded a
soluble inclusion complex upon overnight incubation. The
highly fluorescent AaLS-13 capsids that resulted were isolated
by size-exclusion chromatography (Figure 2C). Fluorescence
measurements from multiple experiments indicated that
GFP(+36) constitutes 39 + 4% of the total protein mass in
these particles, which corresponds to an average loading of 74
+ 10 GFP molecules per T = 3 capsid. This loading level is
nearly 6 times higher than that observed when AaLS-13 and
GFP(+36) were coproduced in vivo.”” Negative-stain EM
confirmed the structural integrity of the fluorescent capsids
(Figure 2C inset). The loaded capsids are similar in size and
shape to the empty structures. However, they have slightly
larger external diameters (39.1 + 2.3 nm) and their lumen is
filled with guest molecules. The loading distribution is not
uniform, reflecting the stochastic nature of the encapsulation

910

process, but in all cases, the GFP(+36) molecules localize along
the inner walls of the capsid to capitalize on complementary
electrostatic interactions with the host. The efficiency of
encapsulation suggests that the empty capsids are highly
dynamic, readily disassembling to take up guest molecules from
the surrounding solution and then reassembling around them.
Once guest is bound, the particles become substantially more
stable; leakage of GFP(+36) from the host—guest complexes
was not observed over 20 days.

Encapsulation can also be accomplished starting from capsid
fragments. Mixing AaLS-13 pentamers (Figure 3A) with
GFP(+36) in a >3:1 molar ratio of AalLS-13 monomer to
GFP(+36) cleanly afforded loaded capsid particles (Figure 3B).
This process is usually well advanced after 30—60 min and
complete after overnight incubation, as judged by size-exclusion
chromatography. Loading under these conditions is more
uniform than in the experiments with intact capsids. Since
qualitatively similar results are obtained when mixtures of intact
capsids and capsid fragments are used for encapsulation (Table
S1 and Figures S2 and S3), the packaging procedure can be
simplified significantly by skipping the size-exclusion step. For
both protocols, the number of encapsulated guest molecules is
linearly correlated with the original mixing stoichiometry, as

dx.doi.org/10.1021/ja211011k | J. Am. Chem.Soc. 2012, 134, 909-911



Journal of the American Chemical Society

Communication

shown by fluorescence measurements (Figure 3C and Table
S1) and EM (Figure S3).

The highest encapsulation yields were achieved at 3:1 molar
ratios of AaLS-13 monomer to GFP(+36) (Figure 3B). In this
case, GFP(+36) constituted 46 + 4% of the total protein mass
of the recovered particles, which corresponds to 100 + 14 GFP
molecules per T = 3 capsid, or a local concentration of ~20
mM. For comparison, assuming a packing density of 0.55 for
GFP (as in the 1GFL crystal structure in the Protein Data
Bank), a GFP volume of 33 nm?, and a luminal volume of 8500
nm® for the AaLS-13 capsid, we estimate that the T = 3
structure could maximally accommodate 140 GFP(+36)
molecules. However, the practical loading capacity of this
capsid form may be closer to the value observed experimentally
and is probably limited by the high surface charge of
GFP(+36). Indeed, in contrast to the experiments with lower
amounts of guest, a second population of significantly larger
loaded capsids was observed in the EM images of these
samples. In addition to 38.5 + 2.5 nm diameter structures,
roughly 15% of the population consisted of larger capsids with
diameters of 48.2 + 3.1 nm (Figure 3B, white arrows). This
finding suggests that it may be easier to expand the AaLS-13
capsid to accommodate larger amounts of the supercharged
cargo, presumably by a change in T state, than to increase the
number of guests in the confined volume of the T = 3 structure.

Our results demonstrate that the structural transitions and
dynamics of the engineered AaLS-13 capsids can be effectively
exploited in vitro to form supramolecular inclusion complexes
with complementary positively charged proteins. Controlled
loading can be achieved starting from either intact capsids or
capsid fragments. In both cases, electrostatic attraction between
the host and guest provides the thermodynamic driving force
for complex formation. The yield of encapsulated GFP(+36)
molecules is generally higher than would be expected from the
input ratios (Figure 3C),** so guest binding must actively
template capsid assembly and thus effectively compete with
formation of open-shell structures and nonspecific aggregation
or precipitation of AaLS-13 fragments.

Biomimetic packaging of cargo molecules in proteinaceous
containers is a versatile strategy for generating novel
materials,"' ~'* catalysts,”'® and delivery systems.'”* AalS-13
has already been shown to encapsulate a variety of positively
charged proteins in vivo,”"** so we expect that these findings
will be readily extendable to other cargo molecules, including
positively charged enzymes, nanoparticles with useful optical
and magnetic properties, and biologically and medicinally
relevant compounds. The controlled formation of densely
packed nanocompartments could pave the way to diverse
applications in biotechnology and materials science.
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