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Ajitha S. Cristie-David,1 Philipp Koldewey,2 Ben A. Meinen,2

James C. A. Bardwell,2,3,4 and E. Neil G. Marsh 1*
1Department of Chemistry, University of Michigan, Ann Arbor, Michigan, 48109
2Department of Molecular, Cellular, and Developmental Biology, University of Michigan, Ann Arbor, Michigan, 48109
3Department of Biological Chemistry, University of Michigan, Ann Arbor, Michigan, 48109
4Howard Hughes Medical Institute, Chevy Chase, Maryland

Received 12 June 2018; Accepted 7 August 2018
DOI: 10.1002/pro.3497
Published online 3 October 2018 proteinscience.org

Abstract: De novo design of protein nano-cages has potential applications in medicine, synthetic biol-
ogy, and materials science. We recently developed a modular, symmetry-based strategy for protein
assembly in which short, coiled-coil sequences mediate the assembly of a protein building block into a
cage. The geometry of the cage is specified by the combination of rotational symmetries associated
with the coiled-coil and protein building block. We have used this approach to design well-defined
octahedral and tetrahedral cages. Here, we show that the cages can be further elaborated and func-
tionalized by the addition of another protein domain to the free end of the coiled-coil: in this case by
fusing maltose-binding protein to an octahedral protein cage to produce a structure with a designed
molecular weight of ~1.8 MDa. Importantly, the addition of the maltose binding protein domain dramat-
ically improved the efficiency of assembly, resulting in ~ 60-fold greater yield of purified protein com-
pared to the original cage design. This study shows the potential of using small, coiled-coil motifs as
off-the-shelf components to design MDa-sized protein cages to which additional structural or func-
tional elements can be added in a modular manner.
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Introduction
Many proteins naturally assemble into well-defined,
higher-order oligomeric structures that exhibit a high
degree of symmetry. The assembly process is often
essential to the protein’s biological function. Exam-
ples include actin and tubulin fibers,1,2 viral capsids,3

pyruvate dehydrogenase complex (PDH),4 ferritin,5

and the bacterial carboxysome.6 The ability of pro-
teins to assemble into such diverse higher-order
architectures has made them attractive systems for
designing biological nano-materials with applications
in medicine, synthetic biology, and materials
science.7–14

Yeates et al.15 were among the first to realize the
potential of symmetry-based methods to design pro-
tein cages. They recognized that protein assemblies
with many different geometries could, in principle, be
specified by precisely controlling the angle between
two rotational symmetry axes (typically specified by
the quaternary structure of the protein). The develop-
ment of computational approaches utilizing the
Rosetta suite of programs to design new, rigid
protein–protein interfaces into existing oligomeric
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proteins subsequently allowed the requisite pairs of
protein rotational symmetry axes to be oriented with
the precision necessary to implement this strategy.
This has resulted in some impressive successes,
including the assembly of well-defined protein cages
with tetrahedral, octahedral, dodecahedral, and ico-
sahedral symmetries, the largest of which rival some
viral capsids in size.15–21

Our approach to designing protein cages differs
from that described above in that we relax the
requirement for the symmetry axes to be explicitly
oriented at precise angles. Our design strategy uti-
lizes small coiled-coil domains as modular, off-the-
shelf assembly domains that are fused to a homo-
oligomeric building block protein through a short,
flexible linker sequence (Fig. 1). The geometry of the
protein cage is, thus, primarily specified by the rota-
tional symmetries of the coiled-coil and building block
protein. This flexible approach to protein assembly
produces cages that are more conformationally labile
than those assembled using designed protein inter-
faces, but has the advantage that it does not require
extensive computational modeling. A further feature
of our design strategy is the potential to elaborate
protein cages in a modular fashion by the addition of
further protein domains to the free end of the coiled-
coil domain [Fig. 1(D)]. We note that coiled coils have
also been used to assemble a tetrahedral cage from a

single protein chain encoding 12 concatenated coiled-
coil-forming segments separated by flexible peptide
hinges.22 In this rather different approach, the coiled
coils form the edges of the polyhedron, rather than
the vertices as here.

Using this coiled-coil-mediated design approach,
we successfully assembled octahedral (Oct-4) and tet-
rahedral (Tet8-5H) protein cages by linking a C3-
symmetric esterase (Tri-EST; PDB ID: 1ZOI) to C4-
symmetric and C3-symmetric coiled-coils, respec-
tively.23,24 Whereas the tetrahedral cages could be
purified in good yields (~20 mg/L of culture), the octa-
hedral cages could only be purified in low yields
(~1 mg/L of culture). The octahedral cages bound
poorly to the Ni-NTA affinity column used to purify
them, and a significant amount of the protein formed
inclusion bodies. Furthermore, although cryo-EM
reconstruction of the tetrahedral cage resolved the
coiled-coil domains, showing them as protruding from
the surface of the cage, we were unable to resolve
these domains in a similar reconstruction of the octa-
hedral cage. This suggested that in the octahedral
design there was heterogeneity in the orientation of
the coiled-coil domains. We reasoned that we could
take advantage of our design strategy to elaborate
the octahedral cage by attaching an additional large
protein domain to the C-terminal ends of the coiled-
coil domains. This would force the large protein to

Figure 1. Outline of the strategy used to construct octahedral cages. (A) and (B) display linear maps of the protein sequences of
Oct-4 and Oct-MBP, respectively. (C) and (D) show cartoons illustrating the coiled-coil-mediated oligomerization of Oct-4 and
Oct-MBP, respectively, to form octahedral protein cages.
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point outwards, potentially reducing the formation of
inclusion bodies and improving the homogeneity of
the resulting elaborated octahedral cage.

To test this reasoning, maltose binding protein
(MBP), a ~40-kDa, monomeric protein commonly
used to help solubilize and affinity purify proteins,
was appended to the C-terminal end of the coiled-coil
of our previous Oct-4 octahedral cage construct.23 The
resulting complex protein assembly, Oct-MBP
(Fig. 1), retained an octahedral structure, was more
homogenous than the original Oct-4 protein cage, and
could be purified in ~60-fold greater yield.

Results

Construction of the elaborated octahedral
protein cage, Oct-MBP
MBP was genetically fused to the C-terminus of Oct-4
through a 13-residue spacer sequence (GGEN
LYFQGGGGG) that incorporates a TEV protease
cleavage site, which potentially allows the MBP
domain to be removed from the cage, and a series of
glycine residues designed to impart flexibility. This
design was designated Oct-MBP (the full sequence is
provide in Fig. S1). The choice of this relatively long
spacer sequence was informed by our previous stud-
ies, which have shown that coiled-coil oligomerization
states can be affected, leading to aggregation, by the
proteins attached to them if the spacer is too short.25

Oct-MBP was over-expressed in Escherichia coli
and purified to homogeneity, as judged by SDS-
PAGE, through MBP-affinity chromatography utiliz-
ing a maltose column [Fig. 2(B)]. The yield of purified
protein (~60 mg/L culture) represented a dramatic
improvement over the yields obtained with the origi-
nal Oct-4 design. We were unable to purify the Oct-
MBP protein using its N-terminal His-tag, suggesting
that the N-terminus is buried within the protein
cage. The esterase activity of Oct-MBP, measured as
turn-over number with 2,4-dinitrophenol acetate as
substrate, was 12.4 �0.7 min−1, which is very similar
to the activity of the unassembled trimeric esterase
(14.2 �2.3 min−1). This indicates that the assembly
process did not result in any gross structural pertur-
bation of the protein building blocks.

Characterization of the elaborated
octahedral cage
To examine whether the construct assembled into the
intended octahedral cage geometry, we characterized
the complex using size exclusion chromatography
(SEC), native PAGE, sedimentation velocity analyti-
cal ultracentrifugation (SV-AUC), negative-stain
transmission electron microscopy (TEM), and
dynamic light scattering (DLS). These techniques
provide complementary information on the size and
shape of protein complexes.

Figure 2. Initial characterization of Oct-MBP. (A) Size exclusion chromatographs (Superose 6 300/10 column) of, top to bottom:
Oct-MBP, Oct-4, TEV protease-cleaved OCT-MBP and Tri-EST. (B) SDS-PAGE analysis of Oct-MBP. Lane 1: marker proteins;
Lane 2: purified Oct-MBP; Lane 3: cross-linked and TEV-cleaved Oct-MBP. For details see the text. (C) Native PAGE analysis of
Oct-MBP and Oct-4. Lane 1 Oct-4; Lane 2: Oct-MBP; Lane 3: Oct-MBP after cross-linking and TEV protease cleavage. For
details, see the text.
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Size exclusion chromatography. We initially used
SEC to examine whether Oct-MBP assembled into a
high molecular weight complex. When subjected to
FPLC chromatography on a Superose 6 10/300 SEC
column, (molecular cutoff ~5 × 106 Da; void volume
~8 mL), purified Oct-MBP eluted a single, symmetri-
cal peak, with an approximate elution volume of
10 mL [Fig. 2(A)]. For comparison, Oct-4 (~854 kDa),
the unelaborated octahedral protein cage, eluted at
~12 mL, Tet8-5H (~439 kDa), a tetrahedral protein
cage, eluted at ~14 mL and the unassembled trimeric
protein building block (Tri-EST, ~97-kDa) eluted at
18 mL.23,24 These indicated that, as expected, Oct-
MBP assembles into a complex that is significantly
larger than Oct-4, from which it is derived.

Native PAGE. The approximate size and homogene-
ity of Oct-MBP was further analyzed by native PAGE
on a 3–12% gradient gel. Oct-MBP migrated as a
smeared band that ran significantly more slowly than
Oct-4 [Fig. 2(C)]. The observed smearing may result
from interactions of the large protein complex with
the gel matrix, or possibly the presence incorrectly
assembled material. The electrophoretic behavior of
Oct-MBP is also consistent with Oct-MBP forming
fairly homogenous cages that are significantly larger
than Oct-4.

Dynamic light scattering. The size of the particles
formed by Oct-MPB was further investigated by
dynamic light scattering. These revealed the particles
formed by Oct-MBP to be homogeneous and, intensity
distribution analysis gave a hydrodynamic diameter
of 28.1 � 0.8 nm (Fig. 3). This value is in good agree-
ment with diameter of ~24 nm for Oct-MBP, which
was simply estimated by modeling the structure of
MBP on to the vertices of the Oct-4 protein cage.

Sedimentation-velocity analytical ultracentri-
fugation. Analytical ultracentrifugation is a power-
ful analytical tool with which to characterize protein
species in solution, as, in favorable cases, it provides
information on both shape and molecular weight.
Sedimentation traces for Oct-MBP were recorded at
22,500 rpm and 6�C on samples with initial protein
concentrations ranging between 0.014 and
0.07 mg/mL. The sedimentation velocity experiments
were first analyzed by the enhanced van-Holde
Weischet method26,27 to assess the homogeneity of
the sample [Fig. 4(A)]. At higher Oct-MBP concentra-
tions, the observed sedimentation coefficient, s,
decreased, which indicates non-ideal behavior. This
non-ideal behavior likely arises from non-specific
interactions between protein cages at higher concen-
trations, a phenomenon that is generally more pro-
nounced for larger macromolecules. At lower
concentrations, the samples were characterized by a
major component with a sedimentation coefficient (s)

of ~23 S and another less abundant component com-
prising faster sedimenting species.

We further analyzed the data from the lower con-
centration samples by two-dimensional sedimenta-
tion spectrum analysis (2DSA) followed by a genetic
algorithm analysis, which was validated by a Monte
Carlo analysis (GA-MC). This is a model-independent
analysis approach to fit sedimentation boundaries
that allows the shape and molecular mass distribu-
tion of macromolecular mixtures to be determined.28

We have previously used this methodology to charac-
terize smaller protein cages and determine their
molecular weights.23,24,29 In this case, 2DSA analysis
of Oct-MBP traces recorded at initial concentrations
ranging between 0.014 and 0.042 mg/mL consistently
resolved two sedimenting species [Fig. 4(B)]. The
principle component (comprising ~75% of the sample)
had s = 23 � 1 S, consistent with the van-Holde
Weischet analysis, and the minor component had
s = 30 � 1 S. The frictional ratio (f/f0) of the major
23 S species was 1.7 �0.04 for the major component,
although this varied somewhat dependent upon the
sample preparation and concentration. The minor
30 S species has a surprisingly small frictional ratio,
f/f0 = 1.005 �0.03, that might indicate that this is a
more compact cage conformation or aggregated form
of the protein. Overall, the AUC analyses indicate
that Oct-MBP is predominantly a single species that
appears significantly larger than Oct-4 for which
s = 17.5 S. The range of frictional ratios associated
with major Oct-MBP species falls within the range
reported for other porous protein cages such as ferri-
tin, f/f0 = 1.3,30 the E2 complex of pyruvate dehydro-
genase, f/f0 = 2.531 and Oct-4, f/f0 = 1.9,23 suggesting
that it too maintains an open, porous structure.

Electron microscopy. The assemblies formed by
Oct-MBP were imaged by negative-stain TEM [Fig. 5
(A) and (B)]. The protein cages appeared as discrete
particles with a fairly uniform size distribution.

Figure 3. Characterization of Oct-MBP using dynamic light-
scattering analysis of Oct-MBP. For details see the text.
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Analysis of ~300 particle images using the program
Image J gave average diameter of 23.4 � 2.9 nm
(Fig. S2) and which closely matches with the modeled
diameter of ~24 nm. Comparison of the images with
those obtained from Oct-4 showed that they appeared
less well defined and in particular, unlike the parent
Oct-4 design, no symmetry was apparent in the parti-
cle images. This is most likely a result of the
appended monomeric MBP domains masking the core

octahedral cage. In most images, poorly defined
peripheral structures were discernable surrounding
the core particle that may represent individual MBP
domains.

Cleavage of the MBP domain. To further establish
the multidomain nature of Oct-MBP, we used tobacco
etch virus protease (TEV) to cleave the maltose-
binding domain from the octahedral core. Initial

Figure 4. Characterization of Oct-MBP using sedimentation velocity-analytical ultracentrifugation: (A) enhanced van Holde–
Weischet analysis of Oct-MBP sedimenting at a range of initial concentrations, as indicated on plot. (B) Representative plot
obtained by two-dimensional sedimentation analysis of Oct-MBP initial protein concentration 0.028 mg/mL.

Figure 5. Negative-stain transmission electron microscopy images of Oct-MBP. (A) Wide field view of particles formed by Oct-
MBP (B) left: Oct-MBP particles at higher magnification exhibit a less compact structure that Oct-4 (compare with Panel C) right:
individual particles at high magnification; arrows indicate peripheral structures that likely represent MBP domains. (C) Images of
Oct-4 particles lack peripheral structures (compare with Panel B) (D) images of Oct-MBP after removal of MBP domains by
treatment with TEV protease. These particles more closely resemble the compact structures formed by Oct-4 shown in Panel C.
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attempts at proteolysis resulted in the dissociation of
Oct-MBP to its component trimers (data not shown).
The reason for this is unclear. Therefore, we first
covalently cross-linked the Oct-MBP subunits using
the lysine-reactive cross linker, bis(sulfosuccinimidyl)
suberate (BS3). The protein was then incubated with
TEV protease overnight and the material re-purified
by SEC. The cross-linking preserved the structure of
the cages and the TEV-cleaved material chromato-
graphed with an elution volume similar to Oct-4
[Fig. 2(A)]. Analysis by native PAGE showed that
most of the TEV-cleaved material migrated similarly
to Oct-4, although some higher molecular weight
bands are evident [Fig. 2(C)]. These may represent
cages from which the MBP domain has been incom-
pletely cleaved or cages in which the MBP domain
was covalently cross-linked to the Oct core. Examina-
tion of the cleaved cages by TEM showed that the
particles have a similar appearance and size to Oct-4,
consistent with the removal of the outer MBP domain
[Fig. 4(C) and (D)]. The cross-linked and TEV-cleaved
cages retained their catalytic activity
(14.8 �1.8 min−1), indicating that the structure of the
esterase building block was not significantly altered
by these manipulations.

Discussion
Growing interest in the use of protein nanoparticles
for applications in medicine and materials science
has stimulated efforts to design new protein cages
from a range of protein building blocks.7–14 Our
efforts have focused on the use of de novo-designed
coiled coils as “off-the-shelf” components to assemble
proteins into cages.23,24,29,32 In this study, we demon-
strated the potential of our design strategy for the
modular expansion of a protein cage by fusing a rela-
tively large monomeric protein, MBP, to the free end
of the coiled-coil domain used to mediate cage assem-
bly. The resulting construct self-assembled into a
fairly homogeneous protein cage in which MBP was
displayed on the exterior. The addition of the MBP
domain both improved protein folding and allowed
the cage to be easily purified by affinity chromatogra-
phy. Furthermore, it was possible to remove the MBP
domain by TEV protease cleavage and recover the
core octahedral protein cage.

A valuable consequence of appending MBP to the
octahedral cage was to increase the purified yield of
protein by ~60-fold. This is important for real-world
applications where proteins need to be produced in
high yields. The purified yield of our initial Oct-4
design was only about 1 mg/L culture, both because a
significant fraction of the protein was produced as
inclusion bodies, presumably because it was mis-
folded, and because the His-tag-based affinity chro-
matography used during its purification was
inefficient. We suspect that this inefficiency arose
because the N-terminus of the trimeric esterase,

which contained the His-tag, was not exposed to the
exterior of the cage, so it could not bind to the Ni-
NTA affinity column material. Thus, elaborating the
original octahedral cage with MBP domains has pro-
vided three benefits over the original design. First, it
allowed an alternative method of affinity purification
that resulted in increased efficiency. Second, it forced
the coiled-coil domains to point outwards from the
octahedral cage (because there is insufficient space
within the cage to accommodate the MBP domain)
thereby improving homogeneity. Third, it improved
folding and assembly, thereby largely eliminating the
formation of inclusion bodies and improving the yield
of protein.

The successful elaboration of Oct-MBP supports
the idea that the coiled-coil-mediated assembly of
protein superstructures based primarily on symmetry
considerations is a generalizable and robust strategy.
By appending a large protein domain at each end of
the small, coiled-coil domain (~3 kDa) we have con-
structed discrete cage-like assemblies that extend to
the mega-Dalton size range. The domain fusion strat-
egy that we demonstrate here potentially allows the
cages to be elaborated toward various applications
such as the polyvalent display of antigens for vaccine
development or the construction of artificial multi-
enzyme complexes. More generally, this design strat-
egy provides a conceptually simple route to design
complex, higher order protein assemblies that is
largely independent of the structure of the proteins
and does not require extensive computational model-
ing and protein re-design.

Materials and Methods

Construction of genes encoding fusion proteins
The MBP gene was PCR amplified from pMAL-c5X
using commercially synthesized primers. The 50 end of
the forward primer was designed to overlap with the
sequence encoding the C-terminus of the coiled-coil
and 13-residue linker in the middle. The reverse
primer incorporated two stop codons and overlapped
the T7 terminator region of pET-28B at its 50 end. The
codon-optimized gene encoding the tetrameric coiled-
coil and the Gly spacer units was commercially syn-
thesized. Both the tetrameric coiled-coil and the MBP
construct were introduced into the expression vector
pET-28B by Gibson assembly using the NEB Gibson
assembly protocol. The complete sequence of the Oct-
MBP design is shown in Table S1.

Protein expression and purification
Proteins were expressed in E. coli BL21 by standard
methods, as previously described,22 and cell pellets
were stored at −80�C. All purification steps were per-
formed at 4�C and all the buffers used were at
pH 7.5. Cell pellets (~8 g) were thawed on ice for
20–30 min, then resuspended in buffer containing
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50 mM HEPES, 100 mM ammonium acetate, 5% glyc-
erol, 1 FAST protease inhibitor tablet (Sigma), and
50 mg of hen egg lysozyme (Sigma). This suspension
was kept on ice and gently agitated for 20 min. Cells
were lysed by sonication. The lysate was clarified by
centrifugation at 40,000g for 30 min and filtered
through a 0.22 μm filter. The supernatant was loaded
on to a 5 mL MBP-trap column (GE Healthcare) at a
flow rate of 0.5 mL/min. The column was subse-
quently washed with 60–80 mL of the same buffer at
a flow rate of 1 mL/min and then eluted with buffer
containing 10 mM maltose, 50 mM HEPES, 100 mM
ammonium acetate, and 5% glycerol. Fractions con-
taining the desired protein (approximately 15 mL)
were combined and treated with benzonase (1 μL).
The resulting solution was dialyzed against buffer
containing 20 mM HEPES, 100 mM ammonium ace-
tate, 2 mM EDTA, and 10% glycerol for 2 days.

Size exclusion chromatography
SEC was used as an additional purification step and
also an analytical step. SEC was performed on Super-
ose 6 300/10 column equilibrated with buffer contain-
ing 20 mM HEPES, 100 mM ammonium acetate, and
2 mM EDTA at 4�C. Injections comprised 400 μL of
sample at 1 mg/mL. Fractions with desired oligomeric
state were pooled and kept in the column elution
buffer for further characterization using the tech-
niques described below. If needed, protein was con-
centrated using 100-kDa Amicon ultra-centrifugal
filter units.

Analytical ultracentrifugation
Sedimentation velocity analysis was performed using
a Beckman Proteome Lab XL-I analytical ultracentri-
fuge (Beckman Coulter, Indianapolis, IN) equipped
with an AN60TI rotor, as previously described. For
AUC, samples were prepared by buffer exchanging
into PBS, 100 mM NaCl, pH 7.4 by SEC on a Super-
ose 6 10/300 FPLC column equilibrated with the
above buffer. Proteins were sedimented at
22,500 rpm at 6�C. Absorbance data were collected at
a wavelength of 220 nm.

Negative-stain TEM imaging
Protein samples were adjusted to a concentration
0.04 mg/mL and fixed on Formvar/Carbon 400 Mesh,
Cu grids using conventional negative staining proce-
dures. Imaging was performed using a JEOL 1500
electron microscope equipped with tungsten filament,
XR401 high sensitivity sCMOS camera and operated
at 90 kV.

Activity assays
Catalytic activity for Tri-EST, Oct-MBP, and cross-
linked and TEV-cleaved OCT-MBP was assessed as pre-
viously described23 (1,2) using 1 mM 2,4-dinitrophenyl

acetate (2,4-DNPA) as the substrate at 45�C. Changes
in absorbance were measured at 405 nm.

Dynamic light scattering
DLS was performed using a DynaPro NanoStar ZS
instrument using a standard 90� scattering geometry.
The samples were centrifuged to remove any sus-
pended particles before being analyzed in 10 μL
cuvettes at 25�C. The refractive index and absorption
coefficient for the particles were set at 1.45 and
0.001, respectively. Runs were performed in triplicate
and each run is an average of 15 scans. At the concen-
tration, ranges used non-ideality effects were
assumed to be negligible.

Protein crosslinking and TEV cleavage
The Oct-MBP protein cages were cross-linked using
bis(sulfosuccinimidyl)suberate (BS3). BS3 concentra-
tions were varied between 1 mM and 2 mM whereas
the protein concentrations were varied between 5 and
10 μM. The reaction was performed in dialysis buffer
at pH 7.5 and the sample was kept at 4�C for
3–4 days to ensure that the cross-linker is fully desta-
bilized. Approximately 0.5 μM TEV protease was
added and incubated over night at 4�C. The cleaved
material was purified by SEC and the efficiency of
cleavage was assessed by SDS-PAGE.
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