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Abstract

In recent years, new protein engineering methods have produced more than a

dozen symmetric, self-assembling protein cages whose structures have been

validated to match their design models with near-atomic accuracy. However,

many protein cage designs that are tested in the lab do not form the desired

assembly, and improving the success rate of design has been a point of recent

emphasis. Here we present two protein structures solved by X-ray crystallogra-

phy of designed protein oligomers that form two-component cages with tetra-

hedral symmetry. To improve on the past tendency toward poorly soluble

protein, we used a computational protocol that favors the formation of

hydrogen-bonding networks over exclusively hydrophobic interactions to stabi-

lize the designed protein–protein interfaces. Preliminary characterization

showed highly soluble expression, and solution studies indicated successful

cage formation by both designed proteins. For one of the designs, a crystal

structure confirmed at high resolution that the intended tetrahedral cage was

formed, though several flipped amino acid side chain rotamers resulted in an

interface that deviates from the precise hydrogen-bonding pattern that was

intended. A structure of the other designed cage showed that, under the condi-

tions where crystals were obtained, a noncage structure was formed wherein a

porous 3D protein network in space group I213 is generated by an off-target

twofold homomeric interface. These results illustrate some of the ongoing

challenges of developing computational methods for polar interface design,

and add two potentially valuable new entries to the growing list of engineered

protein materials for downstream applications.
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1 | INTRODUCTION

A long-standing goal in the field of protein engineering
has been to develop reliable methods to create designedKevin A. Cannon and Rachel U. Park contributed equally to this study.
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protein nanocages with high symmetry, which could find
applications in wide-ranging fields such as drug delivery,
imaging, energy, and nanotechnology.1–4 Since 2012,
more than a dozen examples of successful cage
designs have been validated in atomic detail by X-ray
crystallography,5–8 and several others have been verified
at lower resolution by electron microscopy.8,9 Recent
studies are beginning to generate novel cages with spe-
cific applications in mind, including the ability to encap-
sulate other molecules such as nucleic acids,10–13 present
viral antigens,14 or rigidly bind other proteins for cryo-
EM imaging.15,16

Notwithstanding the impressive successes that have
been reported for designed protein cages, considerable
experimental challenges remain. Reviewing available lit-
erature suggests that success rates for designed cages are
around 10%.7,8,17 Different strategies for designing cages
present distinct challenges. Methods based on genetic
fusion between different oligomeric components face dif-
ficulties in flexibility.5,18–23 Methods based on the compu-
tational design of novel interfaces between oligomeric
units have led to numerous successes, but they have rev-
ealed a tendency for proteins with computationally
designed interfaces to fail during protein expression trials
or to aggregate (e.g., by misfolding or assembling in
indefinite fashion) upon expression. This has motivated
efforts to improve solubility. In one study, increasing the
net charge on the solvent-exposed surfaces of the
designed protein subunits had a positive effect.24

Further efforts to improve the success rates for
designed assemblies are needed, including to improve
their solubility. One approach that would provide a gen-
eral solution would be to design more polar surfaces at
the protein–protein interfaces that drive assembly of the
material. Hydrogen-bonding interactions across the inter-
face could offset the cost of desolvating the polar groups
upon interface formation. This approach could reduce
solubility problems, but at the expense of more demand-
ing design, as hydrogen bonding is geometrically more
exacting than hydrophobic burial. Here we report crystal
structures of two protein cages that were designed with a
greater emphasis on interfacial hydrogen bonding, with
some surprising findings.

2 | RESULTS AND DISCUSSION

2.1 | Protein components and design
principles

We designed two novel two-component assemblies with
tetrahedral symmetry, T33-51 and T33-53 (Figure 1a;
see Section 4) using a preliminary version of HBNet, a

Rosetta protocol that designs extensive hydrogen-bonding
networks at protein–protein interfaces.25 In each case,
the cage is intended to assemble from two different tri-
meric protein building blocks. Four trimers of each type
occupy alternating vertex positions of a cube. A computa-
tionally designed interface holds the two different tri-
meric components together at the edges, resulting in a
cage with tetrahedral symmetry and A12B12 stoichiome-
try. The diameters of the designed cages are 13 nm, with
molecular masses of about 480 kDa.

The two designs studied here were based on the same
pair of trimeric building blocks (PDB 1NOG and PDB
1WY1). These two naturally trimeric protein components
are homologs of each other, sharing 38% sequence iden-
tity and similar folds. The design of a tetrahedral cage
(called T33-08) constructed from these components had
been attempted before, prior to development of the
HBNet protocol, but the resulting construct proved insol-
uble.7 The new protocol led to different sequences com-
pared to the earlier effort (see Section 4 for sequences)
featuring more polar character at the designed interfaces
(Figure 1b). Being based on the same underlying compo-
nents and closely related docked configurations, the two
constructs examined in the present study were similar to
each other, differing only in the amino acid sequences at
the designed interfaces intended to drive cage assembly.

2.2 | Expression and preliminary
structural characterization

For production of the designed cages, both subunit types
were expressed together in the same Escherichia coli cells
so that assembly of the A12B12 cages could occur in vivo.
Both pairs of proteins exhibited high levels of soluble
expression and were easily purified by Ni2+-affinity chro-
matography. For both designs, the two coexpressed pro-
teins could be concentrated after Ni2+-affinity purification
up to about 60 mg/ml in aqueous buffer without notice-
able aggregation. Thus, the new sequence designs based
on the preliminary HBNet protocol were confirmed to
have better solubility behavior than the initial design
(T33-08). We also tested the solubility of the individual
protein components (i.e., subunits A or B) when expressed
in the absence of their designed binding partners. For both
designs, one component (T33-51A and T33-53A) was
found to be soluble and well-behaved, while the other
(T33-51B and T33-53B) exhibited only insoluble expres-
sion (data not shown). All the protein subunits are appar-
ently soluble long enough to allow proper assembly when
their cognate partners are present in cells, though some of
the components are not soluble indefinitely by themselves.
SEC analysis showed a strong peak for an assembly with
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an apparent molecular weight of about 500 kDa (elution
volume of ~12 ml on a Superdex 200 10/300 column) for
both constructs, consistent with the expected tetrahedral
assembly state (Figure 1c,d). After purification, the two
designed assemblies were examined by negative stain elec-
tron microscopy to see whether the formation of geometri-
cally regular structures could be confirmed visually.
Protein assemblies resembling the ~13 nm designed struc-
tures were readily observed for both constructs, and 2D
averages of each particle matched low-resolution projec-
tions calculated from the computational design model of
T33-51 (Figure 1c,d). Together, these data indicate that the
computationally designed interfaces of T33-51 and T33-53

successfully drive assembly to the intended tetrahedral
complexes.

2.3 | Crystal structure of the T33-51
tetrahedral cage

In an effort to assess the designed materials in atomic
detail, both cage constructs were crystallized by hanging
drop vapor diffusion and examined by X-ray diffraction.

The diffraction data for T33-51 were processed in space
group P23 with unit cell dimensions a = b = c = 106.7 Å,
with data extending to 3.40 Å resolution. Data collection

FIGURE 1 Design and characterization of T33-51 and T33-53. (a) Graphical depiction of the hydrogen bond network-focused design

protocol. (Left) Docked configurations for T33-51 and T33-53, based on the previously unsuccessful design T33-08, featured (second from

left) contacts between the trimeric building blocks based on well-anchored elements of secondary structure. (Second from right) In an initial

sequence design step, hydrogen bond networks compatible with the docked backbone were identified and placed. (Right) Subsequently, the

full protein–protein interface was designed, keeping the identities of the hydrogen bond network residues fixed. (b) A comparison of

designed interface hydrophobicities for T33-51 and T33-53 versus previous designs. Unsuccessful designs from King et al.7 are shown as open

circles, and the previously designed insoluble assembly, T33-08, is labeled. Successful, structurally validated designs from King et al.7 are

shown as filled circles. The two new designs, T33-51 and T33-53, are shown as stars and labeled. (c) SEC and EM of T33-51. (d) SEC and EM

of T33-53. Both SEC profiles show strong single peaks at the expected elution volume for the ~480 kDa tetrahedral assemblies.

Representative negative stain electron micrographs for each assembly are shown. Uniform particles of ~13 nm were observed for both

T33-51 and T33-53. Insets: four-lobed, square-shaped particle averages closely resemble a projection of T33-51 calculated from the

computational design model along its twofold symmetry axis (top inset in B)
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and processing statistics are shown in Table 1. Because the
two oligomeric protein components of the cage are
designed based on proteins that are homologous to each
other, there exists a pseudo-four-fold axis along the tetra-
hedral twofold axis, which caused the data to also process
reasonably well in space group P432. If this were the true
space group, then only one of the components could be
present in the crystal in order for there to be fourfold sym-
metry. Fortunately, this space group was ruled out because
the value for Rmerge was 12.8% in P432, compared to 9.2%
in P23, indicating that the fourfold axis was imperfect or
pseudosymmetric.

A hypothetical atomic model for the tetrahedral cage
was available at the outset, since the design protocol out-
puts a full-atom description of the intended assembly in
PDB format. The unit cell of the crystal we obtained was
only large enough to contain a single copy of the designed
cage, giving a solvent content of 51%. Therefore, according
to the P23 crystal symmetry, the cage had to sit at the origin
of the unit cell (i.e., at the point of tetrahedral symmetry),
with the cage oriented so that its symmetry axes were
aligned with the symmetry axes of the crystal space group.
The molecular replacement problem was therefore greatly
simplified. There were, however, two distinct orientations
of the cage that had to be considered, related to each other
by 90� rotation about a principal axis; this is because the
rotational point group symmetry of the cubic lattice is octa-
hedral or 432 while the crystal point group is only tetrahe-
dral or 23. Of the two possible orientations for the cage in
the unit cell, one gave a lower starting R-value between cal-
culated and observed structure factor amplitudes (33% com-
pared to 38%) and was used as the starting point for
restrained refinement. The asymmetric unit, which com-
prised the atomic components to be refined, consisted of
one copy of each subunit type. In the later stages it was dis-
covered that the crystal specimen was partially
hemihedrally twinned, which was consistent with an earlier
observation that the diffraction data could be reduced in
P432 with a value for Rmerge that was only moderately
worse than for P23 (12.8% vs. 9.2%). The presence of twin-
ning was also supported by a statistical analysis of the inten-
sity data according to the L-test, which gave a value of 0.41
for data between 8 and 4 Å, whereas the theoretically
expected values for untwinned and perfectly twinned data
are 0.5 and 0.375 respectively.26 The value for the twin frac-
tion refined to 33% under an appropriate twin law (l, −k, h).

The final model for this first cage construct, T33-51,
could be refined to Rwork/Rfree of 0.156/0.197 at 3.40 Å res-
olution. The arrangement of subunits in the cage closely
matched the design: the rmsd between the refined model
and the design was only 1.4 Å on C-alpha atoms over the
entire 24-subunit assembly (Figure 2a). Agreement at the
amino acid side chain level at the designed interface was
mixed (Figure 2b,c). Overall, many of the designed atomic
contacts at the interface were observed in the intended
configuration: for 27 out of 36 amino acids within 6 Å of
the other subunit, the deviation at chi1 between the design
model and refined structure was ≤25�. However, the
agreement was lower for the residues intended to form the
hydrogen-bonding network. For example, residue S90 of
component A and E81 of component B form an unex-
pected hydrogen bond network with residue K94 of
component A, whereas by design residue N151 of compo-
nent A was intended to form a hydrogen bond network
with S90 and E81. In the crystal structure, N151 is flipped

TABLE 1 T33-51 crystallographic data

T33-51

Data collection

PDB accession code 5CY5

Beamline APS-NECAT-24-ID-C

Space group P23

Unit cell dimensions

a = b = c (Å) 106.7

α = β = γ (�) 90.0

Reflections observed 154,895

Unique reflections 5,827

Wavelength (Å) 0.9795

Resolution (Å) 75.45–3.40

Highest resolution shell (Å)a 3.48–3.40

Rsym (%) 9.2 (135.9)

CC(1/2) 100.0 (70.4)

I/σ 29.0 (2.8)

Completeness (%) 99.9 (99.5)

Wilson B value (Å2) 107.1

Refinement

Resolution (Å) 75.45–3.40

Resolution (Å) (last shell) 3.74–3.40

Reflections used 5,825

Rwork(%)/Rfree(%) 15.6 (17.8)/19.7 (23.0)

Protein molecules in
asymmetric unit

2 (1 of each subunit
type)

Number of non-H atoms 2,255

RMS deviations

Bond lengths (Å) 0.008

Bond angles (�) 1.00

Average B-factor (Å2) 81.1

Ramachandran plot regions

Favored (%) 95.4

Allowed (%) 4.6

Outliers (%) 0.00
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such that it no longer comes close to the other residues
with which it was designed to form hydrogen bonds
(Figure 2c). Although completely unambiguous determi-
nation of sidechain rotamers was not possible with 3.40 Å
resolution and B-values in the range of 70–80, the orienta-
tions of residues involved in this hydrogen-bonding net-
work interaction were reasonably clear in the calculated
electron density map, and without indication of alternative
conformations. This suggested that the designed hydrogen
bonds were not making critical contributions to the stabil-
ity of the tetrahedral material, though the polarity of the
designed interface residues may have helped mitigate
aggregation problems during expression.

2.4 | Crystal structure of the T33-53
accidental minimum contact lattice

The X-ray diffraction data for the second design, T33-53,
initially appeared to process well in space group I23.

Similar to the situation for the structure of the first cage
(in P23), space group I23 also supports a position at the
origin with 23 (T) point symmetry where a cage with sym-
metry T could sit. However, the body-centered unit cell
dimensions of a = b = c = 138.4 Å in this case appeared to
be slightly too small to accommodate the designed cage
situated at the origin. We considered that the trimeric
components had perhaps rotated relative to the design,
which then would have allowed a slightly deformed cage
to pack in the observed unit cell. However, molecular
replacement with the trimeric components as search
models failed to identify any alternate solutions with
rotated trimers. We considered that our observed diffrac-
tion was in fact consistent with either I23 or I213; this is a
rare case where systematic absences do not distinguish
between space groups. Our reasons for favoring I23 at the
outset were noted above; I213 does not possess any point
of 23 (T) symmetry and therefore could not support a tet-
rahedral cage (given that the unit cell was not large
enough to fit multiple copies of a subunit with

FIGURE 2 Crystal structure and comparison with design for cage T33-51. (a) Views of the fully assembled 24-subunit T33-51 cage

along the twofold/pseudo-four-fold axis (left) and along one of the threefold symmetry axes (right). The crystal structure of the 24-subunit

T33-51 cage aligns to the design model with 1.4 Å rmsd on C-alphas. The asymmetric unit consisted of one monomer of each subunit type:

T33-51A (purple) and T33-51B (cyan). (b and c) Both similarities and differences between the designed (b) and experimental (c) interfaces

are seen at the sidechain level. Flipped rotamers in the crystal structure compared to the design led to unanticipated hydrogen bond

networks, yet overall agreement between designed and experimental residues at the designed interface is high

CANNON ET AL. 923
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noncrystallographic symmetry). When we repeated the
molecular replacement calculations in space group I213, a
noncage solution was immediately apparent.

The correct structure of the T33-53 crystal is shown in
Figure 3, and the data collection and processing statistics
are listed in Table 2. Structure determination in the cor-
rect space group resulted in a porous, interconnected 3D
crystal lattice. Remarkably, the structure is made up of
only one component from the original design; the asym-
metric unit consists of just one copy of subunit B (see
Section 4). The natural trimeric unit for component B is
correctly formed, and sits on a crystallographic threefold
axis, but there is an accidental crystallographic twofold
interaction that arises where two trimers make contact
using regions of their surfaces that were intended to form
the designed heterotypic interface with subunit A, which
is absent from the crystal (Figure 3a). Nearly all of the
11 residues mutated from the native protein sequence of
1NOG lie at or near the unintended dimeric interface,
where they create a large and relatively hydrophobic
patch on the protein surface which sticks to the same
region on an adjacent protein subunit and gives rise to
the unintended twofold axis (Figure 3c). Additionally, a

loop region of the native protein sequence (residues
76–81), which should have been solvent-exposed by
design, appears to form new electrostatic interactions
that help hold the twofold interface together as well.

In principle, trimers of subunit B might conceivably
have come together to make a cage structure, but the orien-
tation of the trimers with respect to one another in the 3D
lattice places their threefold symmetry axes in incompatible
positions. Instead, the arrangement is a rather remarkable
network structure (Figure 3c). The natural threefold sym-
metry axis of the original protein trimer and the fortuitous
twofold axis between trimers are nonintersecting, with an
angle of 54� between them. Those two interactions—the
(natural) threefold interface and the fortuitous twofold—
are the only molecular contacts present in the crystal. The
solvent content for the crystal is 76.6%. Interestingly, this
situation of a connected 3D lattice in space group I213
formed by nonintersecting threefold and twofold axes was
discussed in 2001 by Padilla et al. in the context of the mini-
mum contact requirements for designing three-dimensional
crystalline materials from simpler oligomeric units.18

The observed crystal structure stands in contrast to
the solution (SEC) data and electron microscopy results

FIGURE 3 Structure of the T33-53 crystal lattice. (a) Ribbon models of the design (gray) versus crystal structure (rainbow), viewed

down the twofold axis of the unanticipated homotypic interface. The orientation of the adjacent protein subunit in the observed crystal

structure is significantly rotated from that in the design model. (b) View perpendicular to twofold axis. Hydrophobic sidechains of residues

that were mutated from the native sequence of 1NOG are shown in yellow. A hydrophobic patch on T33-53B at the designed interface forms

an unintended twofold homotypic interaction. Another interaction surface, held together by electrostatic interactions between sidechains,

occurs at the C2 symmetry axis between residues 76–81 of each chain (sidechains colored in purple). This segment is a loop region, which

contains no mutations from the native protein sequence and was predicted to remain solvent-exposed in the design model. (c) Lattice

structure of the I213 crystal of T33-53B oriented along the C3 symmetry axis

924 CANNON ET AL.
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for the T33-53 construct, which supported a cage struc-
ture. A likely explanation is that the computationally
designed interface was not stable to the crystallization
conditions employed, and that an alternate homotypic
interface involving drastically rotated trimers
(of component B) was favored and selected by crystal
growth. It is perhaps notable that the pH of the crystalli-
zation buffer was 5.6, and unexpected protonation
(e.g., of histidines) could have impacted the energetics.
Although the unusual network structure seen in the crys-
tal structure was not the intended outcome for this

redesigned protein oligomer, engineered porous 3D pro-
tein crystals such as this could find diverse applications,
such as in creating catalytic reaction vessels for preparing
inorganic materials27 or in immobilizing enzymes to cre-
ate biosensors or microbioreactors.28

3 | CONCLUSION

This study was motivated by a common problem of low
solubility that often afflicts designed proteins bearing
novel protein–protein interfaces; such interfaces tend to
be somewhat hydrophobic. More hydrophilic interfaces
based on geometrically specific hydrogen-bonding net-
works offer a potential advantage, but those interactions
require highly accurate design. A designed tetrahedral
cage (called T33-08) from an earlier study,7 which
expressed insolubly, was taken a starting point for
improving the design using a new Rosetta protocol
(a preliminary version of HBNet) that emphasizes favor-
able hydrogen bonding. Two computationally designed
sequences were produced experimentally. Both formed
the intended cages in solution, which led to crystallo-
graphic work to investigate their atomic details.

The crystal structure data on the two designed vari-
ants revealed two new interesting results for designed
protein assemblies, one matching closely to its intended
computational design (a tetrahedrally symmetric cage)
and one forming an unexpected kind of extended 3D lat-
tice. The first case, which crystallized in the form of a
cage, was surprising at the atomic level. Owing to side
chain differences compared to the design, some of the
intended hydrogen-bonding interactions do not occur in
the interface, yet the proteins were clearly more soluble
than an earlier design based on the same building blocks.
One interpretation of this finding is that the designed
sequences from the preliminary HBNet protocol were
indeed more hydrophilic in the interfaces, thus mitigat-
ing the previous solubility problem and enabling the
intended cage structures to form with the majority of the
specifically intended atomic interactions made. The sec-
ond designed construct presented other surprises. In this
case, the cage structure evident in solution was appar-
ently not stable to crystallization conditions (i.e., pH 5.6).
Nonetheless, the features introduced into the trimeric
protein surface introduced a general tendency toward
association. As a result, under specific crystallization con-
ditions, one of the two trimeric components that was
intended to assemble into the cage instead self-associated
to make a porous and highly unusual 3D crystalline net-
work held together by the natural threefold trimeric con-
tacts and a single fortuitous twofold contact between
trimeric units.

TABLE 2 T33-53 crystallographic data

T33-53

Data collection

PDB accession code 5VL4

Beamline APS-NECAT-24-ID-C

Space group I2(1)3

Unit cell dimensions

a = b = c (Å) 138.4

α = β = γ (�) 90.0

Reflections observed 21,295

Unique reflections 3,554

Wavelength (Å) 0.9795

Resolution (Å) 97.85–4.10

Highest resolution shell (Å) 4.20–4.10

Rsym (%) 14.7 (77.6)

CC(1/2) 100.0 (74.2)

I/σ 6.57 (2.31)

Completeness (%) 98.9 (94.9)

Wilson B value (Å2) 135.5

Refinement

Resolution (Å) 97.85–4.10

Resolution (Å) (last shell) 4.58–4.10

Reflections used 3,551

Rwork(%)/Rfree (%) 21.0 (27.9)/26.4 (32.4)

Protein molecules in asymmetric unit 1

Number of non-H atoms 1,179

RMS deviations

Bond lengths (Å) 0.011

Bond angles (�) 1.02

Average B-factor (Å2) 267.2

Ramachandran plot regions

Favored (%) 97.9

Allowed (%) 1.4

Outliers (%) 0.7
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In broad terms, the computational design efforts here
were successful. Using a new protocol, two new protein
cages were designed, and solution experiments indicated
assembly to the intended configurations; a previous
design attempt using the same proteins as building blocks
had yielded only insoluble protein. Yet finer consider-
ations show that current design methods still leave room
for improvements, including in designing hydrogen-
bonding interactions. We can identify two factors that
likely contributed to the failure to design a hydrogen-
bonding network in T33-51 that was recapitulated in the
crystal structure (it is unknown whether the hydrogen-
bonding network in T33-53 is present as intended in the
tetrahedral complex in solution). First, we used a prelimi-
nary version of the HBNet protocol that was incomplete.
Subsequent refinement of the protocol has led to the
design of numerous structures with extended hydrogen-
bonding networks that have been faithfully recapitulated
in high-resolution crystal structures, including pH-
responsive hydrogen-bonding networks rooted by histi-
dine residues.25,29,30 Second, we applied the preliminary
design protocol to an extremely limited design space. We
searched only the docked configurations that we experi-
mentally characterized in our previous report on two-
component tetrahedral complexes,7 and we did not allow
backbone movement at any point during the HBNet or
RosettaDesign portions of our design protocol. It is there-
fore somewhat unsurprising that we were unable to iden-
tify hydrogen-bonding networks of exceptional quality or
stability. Future efforts to design more polar protein–
protein interfaces that drive assembly of protein
nanomaterials should search as broad a design space as
possible, and should incorporate the lessons learned from
successful instances of HBNet-based design mentioned
above. Among others, these include requiring the
absence of buried unsatisfied hydrogen-bonding groups
and constraining the possible conformations of the
hydrogen-bonding residues through burial. Achieving
stability across experimental conditions—or controlled
responsiveness to changes in conditions—is another chal-
lenge for future efforts. In practical terms, the present
work adds two new two-component protein
nanomaterials to the growing repertoire available for
potential applications in medicine and nanotechnology.

4 | MATERIALS AND METHODS

4.1 | Protein scaffold design

Computational design of two-component tetrahedral
cages was performed using Rosetta as described earlier7

with some modifications. Briefly, two different trimeric

components of known structure were chosen as building
blocks for a given candidate cage. For each pair of compo-
nents, four copies of each trimer were placed at alternating
vertices of a cube of sufficient size to assure that the compo-
nents did not collide. Then the single rotational degree of
freedom and the single translational degree of freedom for
each trimer type (i.e., four degrees of freedom in total) were
sampled to identify docked configurations featuring high
numbers of Cβ-Cβ contacts in proximity between the two
components, without interpenetration. These docked con-
figurations were then subjected to computational amino
acid sequence design at the novel trimer–trimer interface.
The sequence design procedure employed an early proto-
type of the recently developed HBNet protocol that favors
the formation of extended hydrogen-bonding networks.25

Two candidate designs with low calculated Rosetta energies
were chosen to test experimentally. These two test cases
were based on the same component trimers, but with
slightly different rigid body degrees of freedom and differ-
ent amino acid sequences at the designed interfaces. Polar
and nonpolar surface area buried at the designed inter-
component interface (presented in Figure 1b) was calcu-
lated using built-in SASA functions in Rosetta.

4.2 | Protein expression and purification

Genes encoding the designed protein components of each
cage design were cloned into the pETDuet™-1 expression
vector (Novagen) as reported previously.7 The two com-
ponents for each cage were coexpressed in E. coli from
the same plasmid. The B component in each design con-
tains a C-terminal His6-tag, which was used for Ni-
affinity purification. Pooled and concentrated nickel elu-
tion fractions were further purified by size exclusion
chromatography (SEC) using a Superdex 200 10/300 gel
filtration column (GE Life Sciences) with 25 mM TRIS
pH 8.0, 150 mM NaCl, 1 mM DTT as running buffer. SEC
fractions containing pure protein in the desired assembly
state were pooled, concentrated, and stored at 4�C for
subsequent use in analytical SEC, electron microscopy,
and X-ray crystallography.

4.3 | Analytical SEC

Analytical SEC was performed on a Superdex 200 10/300
gel filtration column using the running buffer described
above. The designed materials were each loaded onto the
column at a concentration of 50 μM (of each subunit).
The apparent molecular weights of the designed assem-
blies were estimated by comparison to previously deter-
mined nanocage standards.7
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4.4 | Negative stain electron microscopy

Six microliters of purified T33-51 and T33-53 samples at
concentrations ranging from 0.006 to 0.02 mg/ml were
applied to glow discharged, carbon coated 400-mesh cop-
per grids (Ted Pella, Inc.), washed with Milli-Q water and
stained with 0.075% uranyl formate based on methods
described previously.31 Grids were visualized for assem-
bly validation and optimized for data collection. Screen-
ing and sample optimization were performed on a
100 kV Morgagni M268 transmission electron microscope
(FEI, Hillsboro, OR) equipped with a Gatan Orius CCD
camera (Gatan, Pleasanton, CA). Data collection was per-
formed on a 120 kV Tecnai G2 Spirit transmission elec-
tron microscope (FEI, Hillsboro, OR). All images were
recorded using a Gatan Ultrascan 4000 4k × 4k CCD
camera (Gatan, Pleasanton, CA) at 52,000× magnification
at the specimen level. The contrast of all micrographs
was enhanced in ImageJ32 for clarity.

Coordinates for 20,388 (T33-51) and 37,425 (T33-53)
unique particles were obtained for averaging using
EMAN2.33 Boxed particles were used to obtain 2D class
averages by refinement in EMAN2. Back-projection
images at 20 Å were computed in EMAN2 based on coor-
dinates of the design models.

4.5 | Crystallization, data collection, and
processing

Crystals of the T33-51 protein assembly were obtained
using the hanging drop vapor diffusion crystallization
method with a reservoir of 0.1 mM HEPES, pH 8.8 and
15% PEG 3350. Initial crystals were obtained at the UCLA
Crystallization Facility using a Mosquito liquid handling
device (TTP LabTech). Optimized crystals were obtained
using a microbatch crystallization method in which a
600 nl drop containing 12 mg/ml protein and the previous
reservoir solution in a 2:1 ratio was overlaid with 20 μl of
a 6:5 ratio of paraffin oil to silicone oil on top of the drop
to slow down evaporation. Cubic crystals of about 150 μm
in length were observed after 7 days at room temperature.
T33-51 crystals were cryo-protected with 33% glycerol and
flash frozen in liquid nitrogen prior to data collection.

T33-53 crystals were obtained using the hanging drop
vapor diffusion crystallization method with a protein con-
centration of 12 mg/ml and a reservoir of 0.1 M Na citrate,
pH 5.6, 2.5 M 1,6-hexanediol, and 0.01 M manganese chlo-
ride. Cubic crystals ranging from 100 to 200 μm in length
were obtained from initial crystallization screens. Data were
collected from these crystals without further optimization.

All datasets were collected at the Advanced Photon
Source (APS), beamline 24-ID-C (NE-CAT). Data were

indexed, integrated, and scaled using XDS/XSCALE.34

Structures were determined by molecular replacement
using the known trimeric structures as the search
models. A nonstandard molecular replacement analysis
was required in one case as described in Section 2.

4.6 | Structure solution and refinement

The T33-51 model was refined to 3.40 Å with iterative
rounds of model building and refinement carried out
using Coot35 and PHENIX.36 After each cycle of model
rebuilding, reciprocal space refinement, including
refinement of coordinates and atomic displacement
parameters, was carried out using phenix.refine. Subse-
quent cycles of refinement were performed using
Buster37 and included TLS refinement,38 with the final
cycle being done using phenix.refine, leading to a model
with Rwork/Rfree of 0.156/0.197 at a resolution of 3.40 Å.
These crystals were partially hemihedrally twinned, and
the statistical averaging effects of twinning presumably
contribute to the favorable refinement R-value obtained.
Note that residues 98–103 of T33-51A could not be reli-
ably modeled and were therefore omitted from the final
model. Coordinates and structure factors for the T33-51
protein cage have been deposited with the PDB
code 5CY5.

The T33-53 model was refined to 4.10 Å in a similar
fashion to T33-51, except that Buster was used for all
refinement cycles. Symmetry considerations (discussed in
Section 2) made it clear that the crystal contained only
one of two coexpressed protein components (and did not
comprise the two-component cage structure), so two ini-
tial models were generated by molecular replacement
based on each of the distinct components and refined
separately. Note that the two proteins A and B are
homologous and structurally similar to each other, so
either could have represented the crystallized compo-
nent. Refinement against the B component of the design
model (PDB: 1NOG) resulted in a significantly lower R-
factor (23% vs. 35%), so further refinement was pursued
based on this. The Rwork/Rfree of the final model was
0.210/0.264. Coordinates and structure factors for the
T33-53 noncage assembly have been deposited with the
PDB code 5VL4.

4.7 | Protein sequences

Residues mutated from native sequence are underlined.
Residues added to native sequence are in bold.
A components are based on PDB 1WY1 and B compo-

nents are based on PDB 1NOG.
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T33-51A (13 mutations):

MRITTKVGDKGSTRLFGGEEVWKDDPIIEANGTLDELTSFIGEAKHYVDEE

MKGILEEIQNDIYKIMGEIGSKGKIEGISEERIKWLAGLIERYSEMVNKLS

FVLPGGTLESAKLDVCRTIARRAERKVATVLREFGIGTLAAIYLALLSRLL

FLLARVIEIEKNKLKEVRS

T33-51B (13 mutations + C-terminal His6-tag):

MFTRRGDQGETDLANRARVGKDSPVVEVQGTIDELNSFIGYALVLSRWDDI

RNDLFRIQNDLFVLGEDVSTGGKGRTVTMDMIIYLIKRSVEMKAEIGKIEL

FVVPGGSVESASLHMARAVSRRLERRIKAASELTEINANVLLYANMLSNIL

FMHALISNKRLNIPEKIWSIHRVSLEHHHHHH

T33-53A (11 mutations):

MRITTKVGDKGSTRLFGGEEVWKDDPIIEANGTLDELTSFIGEAKHYVDEE

MKGILEEIQNDIYKIMGEIGSKGKIEGISSERIKWLAGLISRYEEMVNKLS

FVLPGGTLESAKLDVCRTIARRAERKVATVLREFGIGTNAAIYLAALSDLL

FLLARVIEIEKNKLKEVRS

T33-53B (11 mutations + C-terminal His6-tag):

MFTRRGDQGETDLANRARVGKDSPVVEVQGTIDELNSFIGYALVLSRWDDI

RNDLFRIQNDLFVLGEDVSTGGKGRTVTLEMILYLVERVTEMKAEIGKIEL

FVVPGGSVESASLHMARAVSRRLERRIKAASRLTEINDNVLLYAAMLSSIL

FMHALISNKRLNIPEKIWSIHRVSLEHHHHHH

4.8 | Protein design models

Atomic coordinates of the two computational design
models described here are provided in Supporting
Information.
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