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The encapsulation of cargo molecules by proteinaceous contain-
ers represents a potentially powerful strategy for the manufacture
of novel materials,1-3 catalysts,4 or drug delivery systems.5 Indeed,
many natural proteins self-assemble to form capsids that function
as containers in a variety of biologically important processes.
Examples include catalysis, iron storage by ferritin, the sequestration
of non-native proteins by chaperones, and RNA/DNA transport by
viral capsids.6-8 Many protein capsids are constructed by the self-
assembly of multiple identical subunits. These complexes recognize
their guests through noncovalent interactions and exploit the
cooperativity afforded by symmetry to gain affinity and specificity.
Protein engineering has been used to achieve the encapsulation of
novel guests, often by hijacking naturally evolved recognition
elements to serve in a new context. In a typical manifestation, the
encapsulation of non-natural guests by virus particles has been
driven via the fusion of a capsid-targeting peptide (derived from
the physiological guest) to small molecules or other proteins. By
engineering both the capsid and the cargo, binding interactions can
be convergently designed and thus alleviate the need to mimic
natural systems.

Here we describe an encapsulation system (Figure 1, left) that
utilizes a simple tagging scheme based on charge complementarity.
The lumazine synthase fromAquifex aeolicus(AaLS) represents
the container component, as it forms icosahedral capsids large
enough to encapsulate guests such as nanoparticles9 or other
proteins.7 To engineer the charge environment inside the capsid,
four residues per monomer that project into the lumensArg83, Thr86,
Thr120, and Gln123swere mutated to glutamates (Figure 1, right).
As AaLS capsids contain either 60 or 180 subunits, these mutations
could produce up to 240 or 720 extra negative charges, respectively,
spread over the interior surface. In addition, six histidines were
appended to the C-terminus of the protein to facilitate purification.
The resulting AaLS variant (AaLS-neg) was overproduced in
Escherichia coliand purified by Ni2+-affinity chromatography. Like
hyperthermophilic wild-type AaLS,10 AaLS-neg resists thermal
unfolding up to 95°C.

In principle, adding a short stretch of positively charged amino
acids to a cargo protein should promote its specific encapsulation
by AaLS-neg. We chose to implement this strategy by fusing a
deca-arginine (R10) tag to the C-terminus of the easily detectable
green fluorescent protein (GFP). To test this design, we coproduced
(1) GFP-R10 and AaLS-wt (wild-type AaLS with six histidines
appended to the C-terminus), (2) GFP and AaLS-wt, (3) GFP-R10

and AaLS-neg, and (4) GFP and AaLS-neg. By measuring GFP-
specific fluorescence before and after affinity purification for all
four samples, we determined the fraction of GFP (R10-tagged or
untagged) encapsulated by AaLS-wt or AaLS-neg (Figure 2, left).
When coproduced, a significant amount of GFP-R10 co-purified with

AaLS-neg, consistent with a physical association between the tagged
protein and the engineered capsid. Further, this association depends
on both design featuressnegative charges in the container and
positive charges on the guest. The electrostatic interaction between
AaLS-neg and GFP-R10 does not involve nonspecific adsorption
of guest molecules to charged residues on the capsid surface as
coproduction and purification of this protein pair yields a much
larger fluorescence signal compared to that of the other protein
pairs.

We used size-exclusion chromatography to further examine the
association of AaLS-neg and GFP-R10. Following coproduction and
affinity purification, AaLS-neg eluted from a Sephacryl-300 gel
filtration column as a single peak that contained the bulk of the
GFP-based fluorescence observed within the chromatogram (Figure
2, right). When produced in the absence of AaLS-neg, GFP-R10

elutes much later, and thus has a much lower apparent mass.
Reinjection of the AaLS-neg:GFP-R10 complex onto the Sephacryl-
300 column about 6 h after its initial elution gave a trace similar
to the first injection of this complex, indicating slow dissociation
of the guest from the container.
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Figure 1. Left: The envisioned encapsulation of GFP inside a lumazine
synthase capsid, based on the crystal structure of theT ) 1 capsid formed
by A. aeolicus lumazine synthase. Right: A pentamer ofA. aeolicus
lumazine synthase viewed from the capsid interior. The four residues per
monomer that were mutated to glutamates are shown in red.

Figure 2. Left: The dependence of GFP:AaLS co-purification on
electrostatic interactions. The GFP-specific fluorescence measured in protein
samples purified by Ni2+-affinity chromatography, expressed as a percent-
age of the total (GFP-specific) fluorescence in crude cell lysates, is shown
for cells producing (1) GFP-R10 and AaLS-wt; (2) GFP and AaLS-wt; (3)
GFP-R10 and AaLS-neg; (4) GFP and AaLS-neg. All values were measured
in triplicate, and all errors are within 7% of the plotted values. Right:
Analytical size-exclusion chromatography traces of GFP-R10 encapsulated
by AaLS-neg (9) and free GFP-R10 (O). Fluorescence of collected fractions
was measured at 500 nm after excitation at 450 nm.
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In addition to complex formation between the two components
of the tagging system, the success of this design strategy also
required that capsid assembly not be disrupted by the mutations to
the AaLS scaffold. Although the X-ray structure of AaLS shows a
60-subunit assembly that forms a so-calledT ) 1 icosahedron with
a mass of 1.1 MDa,10 gel filtration chromatography suggested a
mass of>2 MDa for AaLS-neg. Sedimentation equilibrium data
for AaLS-neg:GFP-R10 fit well to a single species with a mass of
3.1 MDa, which is consistent with aT ) 3 icosahedron built from
180 subunits. In comparison, a solution of AaLS-wt seems to
include a mixture of theT ) 1 andT ) 3 states.11 The larger average
size of the engineered capsid might minimize charge density on
the interior surface of the capsid, which would be favored because
of Coulombic repulsion. A mutation-induced shift of the AaLS
icosahedron toward theT ) 3 state is not unprecedented.12 More
generally, switching between different icosahedral states in response
to small genetic changes13 or chemical stimuli7,14has been reported
for a number viral or virus-like capsids.

To confirm that the AaLS-neg:GFP-R10 complexes do indeed
form discrete structures that are similar to AaLS-wt, we visualized
individual particles of both by scanning force microscopy (SFM)
in tapping mode. Particles in three size categories (small, medium,
and large) were seen for each of the samples, but with different
distributions (Figure 3). For AaLS-wt, the average particle diam-
eters15 within each size category and their frequencies of occurrence
are 10.7( 4.8 nm, 10% of the total population (small particles);
19.6( 9.0 nm, 67% (medium particles); and 36.1( 8.3 nm, 23%
(large particles). For AaLS-neg:GFP-R10, the average particle sizes
within each size category and their frequencies of occurrence are
10.6( 5.2 nm, 16% of the total population (small particles); 19.2
( 8.8 nm, 46% (medium particles); and 30.4( 8.8 nm, 38% (large
particles). We attribute the medium and large size categories to
the T ) 1 and T ) 3 state icosahedra, which have expected
diameters of 15.410 and 29 nm,16 respectively. The particles in the
smallest size category are presumably capsids that partially
decomposed during deposition on the SFM slides. The increase in
the population of large particles seen for AaLS-neg:GFP-R10,
relative to AaLS-wt, is in qualitative agreement with the shift toward
theT ) 3 state seen in the sedimentation equilibrium experiments.
For the engineered capsid, nearly half of the particles are medium-
sized, which might reflect a shift of the equilibrium within the
sample toward theT ) 1 state during SFM sample preparation.
AaLS-neg:GFP-R10 also exhibits more frequent deviations from a
spherical shape, compared to AaLS-wt. These asymmetries could
be caused by adsorption onto the sample slide or by the SFM tip
tapping. For AaLS-neg:GFP-R10, the higher general susceptibility
to deformation, together with the higher percentage of particles
populating the small size category (relative to AaLS-wt), suggests
that the engineered capsids may be somewhat less stable than the
wild-type capsids.

How many molecules of GFP-R10 does one AaLS-neg capsid
accommodate? From a comparison of the total protein concentration
in a purified sample of AaLS-neg:GFP-R10 with its GFP-R10 content,
we estimate that one AaLS-neg capsid (in theT ) 3 state) hosts
3.8 ( 0.8 molecules of GFP-R10. This loading corresponds to a
cargo concentration of about 22 mg/mL in the lumen of the capsid
and suggests that considerably larger guests than GFP could be
encapsulated by this host.17

In conclusion, we have described a simple design strategy to
produce a proteinaceous host-guest complex in living cells. Since
encapsulation by AaLS-neg depends on a C-terminal R10 sequence,
this method should allow for the general encapsulation of diverse
tagged cargo proteins. The simple design represents a promising
starting point for further rounds of engineering or directed evolution
to improve encapsulation efficiency. As such, this system may
provide a valuable blue-print for future steps toward the design of
multifunctional complexes of biomolecules.
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Figure 3. SFM tapping mode height images of AaLS-wt (left) and AaLS-
neg:GFP-R10 (right). Particles in each sample were grouped into three size
categories and are marked with squares (small particles), circles (medium
particles) and triangles (large particles).
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