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Computational redesign of a dimorphic protein nano-cage at the
C3-symmetrical interfaces forces it to assemble into the monomorphic cage. These monodisperse assemblies are at least 20 8C
more stable than the parent. This approach adds to the toolkit of
bottom-up molecular design with applications in protein engineering
and hybrid nano-materials.

The inability to systematically manipulate self-assembling
protein nanostructure through molecular design currently
impedes the advancement of nanobiotechnology.1,2 Many of
the attempts to rationally design three-dimensionally defined
protein quaternary structure have often led to the formation of
polydisperse assemblies.3,4 Only recently have proteins capable
of self-assembling into monodisperse nanostructures been
successfully designed either through minimal refinement of
previously generated fusion proteins5 or through extensive
computational modeling.6
Protein cages are nanostructured, hollow and globe-shaped
protein complexes whose unique structural properties have
been of interest to a wide range of scientific communities
from biophysical,7 medicinal,8 catalysis,9 and supramolecular
chemistries10 to materials science.11 The ferritins are a
ubiquitous family of protein cages that are remarkable in that
diﬀerent members of this family can self-assemble into cages of
two diﬀerent sizes and symmetries (12- and 24-mers with either
tetra- or octahedral arrangements respectively) in spite of the
fact that their monomers have highly similar sequences and
structures.12 Notwithstanding its similarities to other ferritins,
bacterioferritin from E. coli (EcBfr) demonstrates a unique
property in vitro; it exists stably as a mixture of two major
oligomerization states—a 24-meric cage and a dimer that,
in most ferritins, is believed to be a major self-assembly
intermediate.12–14 The crippled assembly of EcBfr has been
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proposed to be due to poorer packing at its twofold and fourfold interfaces compared to those of homologous proteins.14
We have previously shown that the distribution of these two
populations can be altered by subtle mutations.14,15 Therefore
we have exploited this property of EcBfr to apply it as a model
system for the investigation of protein–protein interactions
governing the self-assembly of protein cages.
Previously, as part of an alanine scanning study16 to identify
protein–protein interfacial ‘‘hot spots’’ that drive self-assembly
in the ferritins, we discovered single point mutations at the
two-fold dimeric interface of EcBfr that, while preventing cage
formation, resulted in a dimer that was more thermally stable
than wildtype (WT).15 However, this finding was surprising
and merely serendipitous, thus leading us to enquire if it
would be possible to rationally stabilize oligomers of ferritins
through single point mutations at essential protein–protein
interactions.
Therefore, in a prequel to this current work, we employed a
computational strategy of scanning all possible mutations at
the two-fold interface for possible stabilization. This interface
was selected because analytical comparisons revealed that, in
EcBfr, its degree of buried surface area is distinctly low among
its homologs.14 Many of the stabilizing mutations predicted by
this analysis involved hydrophobic replacement of the residues
associated with structural pockets. Based on this observation,
we propose a computational design algorithm that is applied
for first time in the work presented here (Fig. 1A) (see below).
Furthermore, after expression and purification of mutants
predicted by this first analysis, we found that three exhibit
enhanced thermal stability. However, only one of these demonstrated a shift in the oligomerization state toward cage formation. This lack of correlation between thermal stability and
cage assembly, in conjugation with our previous alanine
shaving result, suggested the presence of a second, nonassembling and thus non-productive dimer which, while more
thermally stable through enhanced ‘‘interfacial packing’’,
projects the distal protein surfaces with an altered relative
geometry, thus arresting further assembly. This notion emphasizes that the partially assembled state must, along with
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Fig. 1 (A) Computational workflow to design stabilized protein cages, (B) ‘‘Arch
and Keystone’’ hypothesis where the red protrusion indicates a mutation that
thermally stabilizes a dimer but negatively aﬀects relative monomer orientations
and distal protein surfaces, thus disfavoring cage assembly. (C) The mutations
D118F, D118W and D118Y bridge the interfacial pocket (the blue surface) at the
three-fold axis in EcBfr (top). Aromatic side chains in the predicted structures of
the designed proteins can form edge-to-face interactions (bottom).

presenting the appropriate chemical complementarity, possess
the proper geometry to template the docking of additional
subunits into the correct nanostructure. This is especially
consequential when the final structure is ‘‘closed’’ (like cages)
as opposed to ‘‘open’’ (like fibers, rods, and tapes).17 Evoking
Fisher’s ‘‘lock and key’’, we styled this concept ‘‘arch and
keystone’’ from an appreciation that altering the relative surface angles of an architectural keystone can induce geometric
frustration of arch assembly (Fig. 1B).
At the initiation of the research documented in this report, we
reasoned that targeting the protein–protein interface at the threefold axes of symmetry would have a greater likelihood of generating
a design that achieves both thermal and cage oligomerization
enhancement. This expectation is based on the rationale that filling
cavities at the three-fold interface would have a lower chance of
distorting the vital two-fold symmetric dimer intermediate.
This strategy would avoid the disruption of the angular presentation of the distal protein surfaces, thus, the unaltered
dimer can easily ‘‘snap’’ into the assembling cage. In addition,
based on the previous observation that the most stabilizing
mutations were associated with interfacial pockets, we reasoned
that a more eﬃcient computational search would be to limit our
focus to pocket residues rather than the entire interface (Fig. 1A).
Chem. Commun.
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Following this minimal computational approach (Fig. 1A),
we used CASTp18 to quantitatively detect the structural pocket
at the trimeric three-fold symmetry axis of EcBfr (PDB ID: 2vxi).
The resulting three-fold pocket involves six residues from each
protein chain—Y114, R117, D118, I121, E122 and R125 (Fig. S1,
ESI†). Virtual mutation of these pocket-forming residues to all
other amino acids using the fixed backbone approximation of
FoldX19 revealed a number of stabilizing mutations, many of
which converged on hydrophobic replacements of aspartate
118, with D118F, D118W, and D118Y being among the most
stabilizing as confirmed by flexible backbone modeling performed using Rosetta Backrub20 (Table S1, ESI†). The mutations caused the three-fold pocket to contract, with D118W
having the strongest eﬀect (Fig. 1C top and Table S3, ESI†).
Moreover, analysis of the residue contact map of the mutant
three-fold interface indicates that these mutant aromatic interactions unify the three clusters into one extended interaction
network across the threefold interface (Fig. S2, ESI†). Based on
this analysis, our previous partial success with using aromatic
residues to bridge similar pockets, the predominance of
aromatic residues in thermodynamically significant protein–
protein ‘‘hots spots’’21 and because of the evident edge to face
‘‘pinwheel’’ aromatic22 interactions formed by these residues in
the calculated structure, (Fig. 1C, bottom) we selected D118F,
D118W, and D118Y for further study.
The three proteins were cloned, expressed, and purified to
homogeneity (Fig. S3–S8 and Table S2, ESI†). Full characterization of these proteins demonstrates that they exhibit native-like
structure, unaﬀected by the mutations (Fig. S9 and S10, ESI†).
Their ability to form nanoparticulate assemblies was verified
through dynamic light scattering (DLS), and transmission
electron microscopy (TEM) (Fig. 2A and Fig. S9, ESI†).
To determine whether the redesigned protein–protein interfaces actually result in more thermally stable proteins, the CD
signal at 222 nm with respect to temperature was monitored
(Fig. 2B and Fig. S11, ESI†). All of the mutants that were
engineered to be more stable than the WT protein were indeed
more stable as evidenced by an increase in thermal unfolding
transition temperature (Tm) by at least 20 1C (Table S3, ESI†)
suggesting that our designs are, if nothing else, as successful as
those targeting the two-fold axis.14
Because we previously found that engineering interfacial
interactions at the two-fold symmetry axis of EcBfr resulted in
proteins whose enhanced thermal stability did not correlate
with enhancement of cage oligomerization (above), it was
essential to rigorously determine the oligomerization state of
these new designs focused on the three-fold interface. It was
gratifying to observe that all three of the mutants strongly
favored the cage state. Using analytical SEC (Fig. 2C), it was
determined that WT EcBfr forms a mixture of dimer and
24-mer, which is consistent with the literature and our previous
studies.12–15 The chromatograms of all the mutants, however,
exhibited a single peak with a retention volume similar to the
24-mer of WT EcBfr with no observable dimer peak. These
results were confirmed by native PAGE electrophoresis
(Fig. 2D). Consistent with the SEC data, WT EcBfr separates
into two bands corresponding to 24-mer and dimer. All three
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when these interfaces control key intermediates in the assembly
process. Therefore, our data suggests that the quaternary
structure design community could benefit by not only optimizing
direct interactions, but also the geometry of assembly intermediates and especially how they project distal surfaces relative
to another. More broadly, the approach implemented here
represents a new tool for constructing complex protein-based
assemblies and biomaterials through minimal sequence variation, and it could be easily ported to other multimeric selfassembling proteins to aid in the formation of highly ordered
materials with superior stability and monodispersity. Moreover,
similar application of our approach could aid in heightening a
fundamental understanding into the nature and evolution of
function of the nanocage proteins. The materials eventually
produced as a result of these lessons could find utility in
engineering nanodevices with wide-ranging applications.
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Fig. 2 Redesigning the three-fold protein–protein interfaces of EcBfr results in
proteins with increased thermostability and a strong preference toward cage
formation in solution. (A) The designed mutations do not alter the nanostructure.
Cage and cavity sizes of the WT and the designed variants as quantified by the
analysis of TEM micrographs (Fig. S9, ESI†) and the hydrodynamic diameter of the
protein nanoparticles as calculated from DLS. (B) CD of the wild type (WT) and
mutants at 222 nm during thermal denaturation (Full spectra of the denaturation
experiments: Fig. S11, ESI†), (C) Distribution of dimer versus 24-meric cage as
determined by analytical size exclusion chromatography (SEC); curves were
normalized so that the height of the highest peak on all curves is identical.
(D) Electrophoretic analysis by native PAGE demonstrating the distribution of
higher- and lower-order oligomerization states for the WT and each of the
mutant proteins. The color-convention follows that of Fig. 1.

mutants displayed a single band with the same motility as the
24-mer band in WT EcBfr and no dimer was detectable. Thus,
it is unambiguous that the designed protein–protein interfaces
not only result in proteins that are more thermally stable, they
also strongly favor the cage state, conclusively confirming the
success of our design strategy.
In conclusion, we have developed and implemented a direct
and highly robust strategy utilizing low-level and eﬃcient
computation (Fig. 1A) to engineer protein–protein interfaces
for the purpose of enhancing self-assembly and thermal stability in a nanostructured protein. By enhancing the self-assembly
of this protein nanocage through the bridging of structural
pockets at the three-fold symmetric interfaces with aromatic
edge to face interactions through single point mutation, we
were able to demonstrate the utility of this strategy. Further
reinforcing the success of the design and the utility of these
proteins, we have recently used them as controls in the development of a novel technique to directly analyze the formation of
specific oligomerization states.23 In addition, this current
approach, in comparison to our work at the two-fold axis,
suggests that manipulation of interfaces with lower order
symmetry has an increased likelihood of negatively aﬀecting
the optimum geometry of distal protein surfaces especially
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