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ABSTRACT: Protein cages have been the focus of studies across multiple scientific disciplines. They have been
used to deliver drugs, as templates for nanostructured materials, as substrates in the development of
bio-orthogonal chemistry, and to restrict diffusion to study spatially confined reactions. Although their
monomers fold into four-helix bundle structures, two cage proteins, DPS and BFR, self-assemble to form a
12-mer with tetrahedral symmetry and an octahedrally symmetric 24-mer, respectively. These monomers
share strong similarities of both sequence and tertiary structure.However, they differ in the presence of a short
additional helix. In BFR, the fifth helix is at the C-terminus and is positioned along the 4-fold symmetry axis,
whereas with DPS, an extra helix helps to define the 2-fold axis in the cage and is located between the second
and third helices in the monomer bundle. In an attempt to investigate if these short helices govern protein
assembly, mutants were designed and produced that delete and swap these minidomains. All mutants form
highly helical structures that unfold cooperatively as evidenced by thermal melting followed by circular
dichroism. Dynamic light scattering, size exclusion chromatography, and sedimentation equilibrium
experiments demonstrated that although many of the BFR mutants do not self-assemble and form lower-
order complexes, many DPS mutants could form cages despite their unnatural design. Taken together, our
data indicate that the BC helix is less important than the E helix for overall cage self-assembly, suggesting
that dimerization may not play a role in nanostructure formation that is as key as previously assumed.
Additionally, we found that fusing the minidomain from BFR onto DPS results in a mutant that assembles
into a homogeneous population of a novel protein oligomer. This assembled cage while still formed
from 12 subunits is larger in overall shape than that of the native protein.

Directly or indirectly, investigations into the structure of
biomacromolecules have resulted in ∼25% of the chemistry
Nobel Prizes in the past 50 years (1). Despite these accomplish-
ments and this level of enquiry, a complete understanding of
protein folding remains an unsolved problem and one of the “big
unanswered scientific questions” (2). The field has advanced
enough that it is now possible to design proteins de novo (3).
However, the majority of the resulting designed proteins
have been small and monomeric. Surprisingly, considering that
complex biostructural information is often built up by the
spontaneous assembly of subunits, the rational design of multi-
meric protein structures has only recently begun to be studied
(4-7). In addition, the fundamentals of self-assembly have been
explored on the mesoscale (8) and as a pillar of supramolecular
chemistry (9).

Protein cages, such as those in the ferritin family, can self-

assemble into multisubunit, hollow, nanoscale structures (10).

These proteins have been the focus of much recent attention as

part of bioorthogonal methodology development (11), as part of

drug delivery studies (12, 13), and as platforms for nanostruc-

tured materials (14, 15). Structural studies have revealed that

many members of the ferritin family can self-assemble into

nanocapsules of two types: maxiferritins form hollow spheres

composed of 24 monomers, and miniferritins, ferritin-like pro-

teins, are composed of 12 monomers. Because of the current

interest in their application and the fact that they are composed of

monomers folded into a four-helix bundle motif, a fold well

studied by the de novo design community, ferritins could act

as an important model system for developing the fundamen-

tals of how to expand the dimensionality of rational protein

engineering.
Ferritins are ubiquitously found in both prokaryotes and

eukaryotes (16, 17), and this wide distribution in nearly all

organisms reflects the essential role sequestering iron plays in

the cell (18, 19). Due to the universal importance of the ferritins,

they have been extensively studied, and many high-resolution

structures of ferritins have been determined. This report focuses
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on two such proteins. Bacterioferritin from Escherichia coli
(BFR),1 a maxiferritin (20), is composed of 24 identical subunits
which self-assemble into a slightly distorted spherical cage with
432 octahedral symmetry. This cage has an exterior diameter of
12 nm and an interior cavity of 7.5 nm. Each monomer of BFR
folds into a four-helix bundle motif with an additional short fifth
helix (“E helix”) at the C-terminus, which lies at an angle of
78� with respect to the bundle axis and points toward the core
(Figure 1). The ferritin-like protein, DNA-binding protein from
starved cells (DPS), has been shown to play an important role in
protecting DNA from oxidative damage (21). Twelve DPS
monomers self-assemble into a 32 symmetric tetrahedral,
miniferritin protein cage with an exterior diameter of 9 nm
and an interior cavity diameter of 4.5 nm. The subunits
of DPS, like those of BFR, fold into four-helix bundles. DPS
also has an additional fifth helix (“BC helix”), which unlike
that of BFR, is arranged in a loop between the second and
third helices of the bundle, running nearly orthogonal to
the bundle axis, and is exposed on the outside of the cage
(Figure 1) (22-27).

Why DPS and BFR form a miniferritin with tetrahedral
symmetry and a maxiferritin with octahedral symmetry, respec-
tively, when their monomers share similar four-helix bundle
tertiary structure is still an open question. Although analyses
have been proposed, what controls the nanoarchitecture of these
proteins as well as what role the extra helices play in protein
assembly is unknown. Grant et al. (21) have compared the crystal
structures of BFR and DPS by structural alignment and demon-
strated that the helices of the bundle are spaced in a remarkably
similar manner (rmsd = 1.1 Å). The E helix (residues 146-151)
from each of four BFR monomers join together to define the
4-fold axis of the protein cage, while in the DPS nanocapsule, the
BC helix (residues 95-101) of one monomer interacts with
the symmetry-related copy of another monomer’s BC helix at
the 2-fold axis. Some limited mutagenesis work on these ferritins
has been performed with the goal of understanding their assem-
bly. Andrews et al. engineered the C-terminal sequence of BFR
with a 14-residue extension based on the λ peptide. Gel filtration
studies demonstrated that although the wild type is a mixture of
24-mer and dimer, the mutant solely exists as a 24-mer, suggest-
ing that the C-terminus, and perhaps the E helix (which is located
at the C-terminus and defines the 4-fold octahedral axis, thereby
distinguishing the 12-mer from the 24-mer), plays a role in
controlling the oligomerization state (28). A study conducted
by Santambrogio et al. involving the H-chain of the maxiferritin
from humans focused on the mutagenesis of key residues posi-
tioned at symmetry axes. While only a small number of mutants
were investigated, many of these mutations drastically altered the
oligomerization state and stability of the proteins. Analysis of
renaturation studies monitored by native PAGE resulted in
the conclusion that mutants focused on the 2-fold axis had a
more pronounced effect on 24-mer oligomerization than do the
4- and 3-fold axes. This conclusion leads to the proposed

mechanism of assembly, for this system at least, which is initiated
by dimerization followed by the aggregation of additional dimers
to form the 24-mer (29).

We sought to clarify the role the E and BC helices play in
protein assembly by swapping these domains between BFR and
DPS. Although these are short helices (2-2.5 helical turns), we
postulated that this swapping strategy would result in significant
changes in stability and assembled structure since these helices
are the major tertiary structural differences between these mini-
and maxiferritins. Additionally, because the E helix is associated
with the 4-fold axis in BFR and the BC helix of DPS with the
2-fold axis, switching these elements would also allow us to probe
the importance of the symmetry-related interactions. Moreover,
as we are not introducing any mutations within the four-helix
bundles themselves [with the exception of some minor modifica-
tions within the D helix to better align the shorter DPS with BFR
(details provided as Supporting Information)], it is thought that
this experimental design would least likely disrupt the tertiary
structure while providing an avenue for exploring assembly as
independently as possible in a cooperatively folding multiple-
subunit protein. We therefore designed six mutant proteins that
either deleted (DPS-BC and BFR-E), added (DPS+E and
BFR+BC), or replaced (DPS-BC+E, BFR+BC-E) these
extra-bundle helices and set out to study their biophysical and
self-assembly properties (Figure 1).

FIGURE 1: Crystal structures (top) of the DPS and BFR protein
nanocages (Protein Data Bank entries 1DPS and 1BFR) with high-
lighted monomers, associated four-helix bundle monomers of which
they consist (not to scale), and schematics indicating theA-Dhelices
associated with the bundle (circles) and the additional BC and
E helices (rounded rectangles) (white for DPS and black for BFR).
Schematicized design (bottom) for proteins with added or deleted BC
andEdomains following the convention fromabove (seeFigureS1of
the Supporting Information for full protein sequences).

1Abbreviations: BFR, bacterioferritin from E. coli; DPS, DNA-
binding protein from starved cells; PCR, polymerase chain reaction;
Ek, enterokinase; LIC, ligation-independent cloning; SDS-PAGE,
sodium dodecyl sulfate-polyacrylamide gel electrophoresis; EDTA,
ethylenediaminetetraacetic acid; BCA, bicinchoninic acid; DTT, dithio-
threitol; IPTG, isopropyl β-D-thiogalactopyranoside; SEC, size exclu-
sion chromatography; CD, circular dichroism; TEM, transmission
electron microscopy; DLS, dynamic light scattering; SE, sedimentation
equilibrium; FPLC, fast protein liquid chromatography; rmsd, root-
mean-square deviation.
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MATERIALS AND METHODS

Protein and oligonucleotide sequences can be found in the
Supporting Information along with schematics of gene cloning
and protein purification strategies alongwith agarose and PAGE
gels for all mutants for all steps (Figures S1-S15). Oligonucleo-
tides were synthesized by solid-phase phosphoramidite technol-
ogy by 1st Base Pte. Ltd. (Singapore). All concentrations quoted
inmolecular biological reactions are initial concentrations before
dilution unless otherwise stated.
Production ofWild-Type andMutant Ferritin Genes and

Cloning.All the genes were synthesized using the PCR assembly
approach described byStemmer et al. (30). The individual steps in
this method are described below.
AssemblyPCR.The gene synthesis reactionswere performed

by adding the oligonucleotides (0.25 μL of each, 10 μM) to a
solution consisting of a dNTP solution (Fermentas, 2.5 μL,
dATP, dCTP, dTTP, and dGTP at 2 mM each), Pfu buffer
(Fermentas, 2.5 μL, 10�), Pfu DNA polymerase (Fermentas,
0.5 μL, 2.5 units/μL), and deionized water to bring the total
volume to 25 μL. The gene was constructed in a programmable
thermal cycler (TaKaRa). The program consisted of 30 cycles
with a denaturation stage (94 �C for 0.5 min), an annealing stage
(55 �C for 0.5 min), and an extension stage (72 �C for 1 min).
These 30 cycles were followed by a final extension step (72 �C for
5 min) (results presented in Figure S11).
Amplification PCR. The assembled gene was amplified by

PCR. The unpurified assembled template (1 μL) was added to a
solution of forward and reverse primers (these being the end
primers from gene synthesis; 2 μL of each, 10 μM), dNTP
solution (2.5 μL, dATP, dCTP, dTTP, and dGTP at 2 mM
each), Pfu DNA polymerase (0.5 μL, 2.5 units/μL), Pfu buffer
(2.5 μL, 10�), and deionized water (14.5 μL) to bring the total
volume to 25 μL. The amplification program consisted of an
initial denaturation step (94 �C for 5 min) followed by 30 cycles
consisting of a denaturation stage (94 �C for 0.5 min), an
annealing stage (55 �C for 0.5 min), and an extension stage
(72 �C for 1 min). These 30 cycles were followed by a final
extension step (72 �C for 5 min) (results presented in Figure S11).
Extension PCR. The DNA template (1 μL) was added to a

solution of sense and antisense Ek/LIC primers (see section C of
Figures S3-S10 for sequences; 2 μL of each, 10 μM), dNTP mix
(2.5 μL, dATP, dCTP, dTTP, and dGTP at 2 mM each), Pfu
buffer (2.5μL, 10�), PfuDNApolymerase (0.5μL, 2.5 units/μL),
and deionized water (14.5 μL) to bring the total volume to 25 μL.
The PCR program consisted of an initial denaturation step
(94 �C for 5 min) followed by 30 cycles consisting of a denatura-
tion step (94 �C for 0.5 min), an annealing step (55 �C for
0.5 min), and an extension step (72 �C for 1 min). These 30 cycles
were followed by a final extension step (55 �C for 5 min). The
product was isolated by gel purification (Eppendorf Perfectprep
Gel Cleanup kit) (results presented in Figure S12).
Preparation of Extended Single-Stranded Complemen-

tary Ends and Annealing to Ek/LIC Vector. The purified
DNA product from the extension PCR (8 μL) was added to a

solution consisting of dATP solution (Novagen, 2 μL, 25 mM),

DTT (Novagen, 1 μL, 100 mM), T4 DNA polymerase buffer

(Novagen, 2 μL, 10�), T4 DNA polymerase (Novagen, 0.4 μL,
2.5 units/μL), and deionized water (6.6 μL) to bring the total

volume to 20 μL. The sample was incubated (22 �C for 30 min),

after which the temperature was increased (75 �C for 30 min) to

inactivate the enzyme. The gene insert (2 μL) was then added to a

solution of deionized water (3.5 μL) containing the Ek/LIC
vector (Novagen, 0.5 μL). The solution was incubated (22 �C
for 5 min), and EDTA (Novagen Chemicals, 2 μL, 25 mM) was
then added and the solution incubated for an additional 1 h.

The resulting vector construct was transformed by electro-
poration into electrocompetent Novablue cells (Novagen). The
resulting carbenicillin-resistant colonies were screened for the
recombinant gene by PCR (results presented in Figure S13) and
dideoxy sequencing (1st Base) after miniprep (Qiagen).
Protein Expression. An overnight culture (3 mL) of BL21

(DE3) (Novagen) cells containing the expression construct
(Novagen) was added to Luria broth (250 mL) supplemented
with carbenicillin (Novagen, 250 μL, 50 mg/mL). The culture
was incubated (150 rpm, 37 �C) until the OD600 reached
∼0.4-0.6, at which time protein expression was induced (IPTG,
Fermentas, 1 mL, 100 mM) and the culture incubated further
(150 rpm, 30 �C, 3 h).

The cells were isolated by centrifugation, and the pellet,
resuspended in equilibrium buffer [300 mM NaCl and 50 mM
NaH2PO4 (USB Chemicals) at pH 7.0, 7.5 mL], was lysed by
sonication (SONICS Vibra Cell sonicator, cycle of 3 s pulse at
40%amplitude followed by a 3 s rest repeated for a 4min period).
The lysis debris was cleared by centrifugation.
Protein Purification and Affinity Tag Cleavage. The His-

tagged proteins were purified by incubation of the crude protein
with metal affinity resin (TALON, Clontech) in batch mode as
per the manufacturer’s instructions. The proteins were eluted
from the resin using affinity tag cleavage by the addition of
enterokinase (New England Biolabs, 8 μL, 2 μg/mL), and the
solution was incubated with gentle inversion (4 �C for 48 h). The
protein was then concentrated, and the buffer was exchan-
ged using ultrafiltration (Centricon). A 12% SDS-PAGE gel
was run to verify the purity of the proteins (results presented in
Figure S15).
On Resin Refolding. After induction and cell isolation,

the bacterial pellet was resuspended in lysis buffer (100 mM
NaH2PO4, 10 mM Tris, and 8 M urea at pH 8.0, 4 mL). The
solution was centrifuged (10000 rpm, 4 �C, 20 min) and the pellet
discarded. Resin (1 mL) was added to the supernatant and
incubated with gentle inversion (1 h). The supernatant was then
discarded and the resin washed with buffer [100 mM NaH2PO4,
10 mM Tris-HCl, and 8 M urea at pH 6.3 (for BFR+BC-E) or
pH 6.7 (for DPS-BC+E)], to elute any nonspecifically bound
protein. The resin was then washed with buffers containing
decreasing amounts of urea (6, 4, 2, 1, and 0.5 M) to refold the
protein. The buffer was then replaced with enterokinase buffer
(20 mM Tris, 50 mM NaCl, and 2 mM CaCl2 at pH 8.0, 2 mL),
enterokinase (2 μL) added, and the solution incubatedwith gentle
inversion (4 �C for 48 h) (results presented in Figure S15).
Temperature-Dependent CD Analysis. A purified protein

solution was diluted with phosphate buffer (50 mMNaH2PO4 at
pH 7.2) and then filtered (0.2 μm). The concentration of the
proteinwas determined (BCA,Novagen) and diluted to 100 μg/mL.

CD analysis was performed in 1 mm quartz cells, using a Jasco
J-710 spectropolarimeter fitted with a Peltier temperature con-
troller. Spectra were recorded from 250 to 200 nm at 5 �C
intervals over a temperature range of 20-90 �C with an equili-
bration time at each temperature of 10 min. At least three
replicates were performed (results presented in Figure S16).
For each experiment, the signal at 222 nm was plotted
versus temperature and fitted to the equation CD = CDfold +
(CDunfold - CDfold)/[1 + (T/Tm)

B], where CDfold is the signal of
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the fully folded protein, CDunfold is the signal of the fully unfolded
protein, T is the temperature, Tm is the melting point, and B is a
fitting parameter which gives a sense of the cooperativity of the
system (Figure S17 and Figure 2). After the proteins had melted,
the solutions were cooled slowly to 20 �C over 30 min, and the
spectra were compared to those obtained by the unfolding
experiment (Figure S18 and Figure 2).
Dynamic Light Scattering (DLS). The concentration of

the protein was determined (BCA, Novagen), and the solution
was diluted to 100 μg/mL with phosphate buffer. DLS analysis
was performed using a Brookhaven 90 Plus Particle Sizer and a
1 cm path length quartz cell. The data set was collected for 3 min,
and three data sets were collected for each protein. An average
hydrodynamic diameter was calculated from at least three
replicates (Figure 4).
Size Exclusion Chromatography. Size exclusion was

performed on a GE Akta FPLC system with a Superdex 200
10/300 GL gel filtration column at a flow rate of 0.5 mL/min
(running buffer, 50 mM phosphate and 0.15 MNaCl at pH 7.0).
Calibration was performed by injection of blue dextran, thyr-
oglobin, horse spleen ferritin, aldolase, conalbumin, and ovalbu-
min (GE Biosystems). The elution volumes (Ve, average of two
runs) were used to determine the gel-phase distribution constant
(Kav) by the relationshipKav = (Ve- Vo)/(Vc - Vo), whereVo is
the void volume (assumed to be the elution volume of the blue
dextran) and Vc is the column volume (24 mL). These Kav values
were correlated to the Stokes radii of the proteins (Figure S19).
Conalbumin was excluded from the Stokes radii correlation due
to the fact that its radius is unknown (GEBiosystems Calibration
Kit Manual).
Transmission Electron Microscopy. The solution of the

purified protein (10 μL, 20-100 μg/mL) was dropped onto a
sheet of parafilm; the grid (Formvar/carbon, copper 300 mesh)
was placed on the drop (1 min), and filter paper was used to wick

away excess solution. The grid was then placed on a solution of
uranyl acetate stain [7 μL, 1% (w/v), 1 min]. The grid was dried
with filter paper and then air-dried in a closed box.

TEM data were obtained at the National University of
Singapore Medical School using a FEI EM 208S transmission
electron microscope operating at 100 keV.

Particles sizes were measured from the micrographs using
Image J (National Institutes of Health, Bethesda, MD). A circle
was drawn around the particle, and the diameter of this circle
was calculated. At least 50 particles were measured from
each image, except in the cases where there were fewer than
50 particles in a particular image, in which case the diameter of
every particle in the image was measured (Figure S20 and
Figure 3)
Analytical Ultracentrifuge Sedimentation Equilibrium

(SE). Sedimentation equilibrium experiments were performed
on a Beckman Optima XL-A analytical ultracentrifuge.
Solutions of DPS andDPS+Ewere filtered (0.2 μm) and diluted
to 0.2 mg/mL with gel filtration running buffer (50 mM
phosphate and 0.15 M NaCl at pH 7.0). Protein samples were
centrifuged at 5000, 6500, 9000, and 12000 rpm. The equilibrium
datawere collected at each speed for 4, 8, 12, 16, and 20 h at 20 �C
with 0.0001 cm step resolution and 20 averages per scan.
Ultrascan was used to calculate the buffer density (1.0089 g/mL)
and partial specific volume of proteins from amino acid
composition (the concentration of the DPS solution was
0.73915 mL/g, and the concentration of the DPS+E solution
was 0.73907 mL/g).

FIGURE 2: Circular dichroism (CD) spectra (top) of the cage proteins
andmutants at 20 �C before thermal denaturation (solid lines) and at
20 �C after thermal denaturation (dotted lines) to indicate the level of
unfolding reversibility. CD signals (bottom) of the cage proteins and
mutants at 222 nm during thermal denaturation. Full scans of the
denaturation experiments at each temperature point can be found in
Figure S16, actual melting point values in Figure S17, and individual
protein reversibility comparisons in Figure S18, both of which are
summarized in Table 1. All data are the average of at least three
experiments. The schematic convention follows that of Figure 1.

FIGURE 3: Representative negatively stained TEM micrographs of
protein cages formed by BFR, DPS, DPS+E, and DPS-BC (top
four panels) with outer (bottom left) and cavity (bottom right)
diameters of the particles from analysis of micrographs. Additional
micrographs can be found in Figure S19. The schematic convention
follows that of Figure 1.
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RESULTS

Protein Design. Inspection of the BFR and DPS four-helix
bundle monomer structures reveals that the two primarily differ
in the placement of an additional fifth helix: DPS has a “BC
helix” between the second and third helices of the bundle, and
BFR has an “E helix” at its C-terminus. The BC helix is found at
the interface between two dimers near the 2-fold axis in DPS,
whereas the E helix is located at the tetramerization interface and
is positioned near the 4-fold symmetry axis in BFR. The goal of
this study is to determine what role the E and BC helices play in
BFR andDPS, respectively, by determining changes inmonomer
structure, thermodynamic stability, folding reversibility, size of
the oligomer, and oligomerization number when these minihe-
lices are swapped between the two proteins. We therefore
designed six mutant proteins that explore all possible permuta-
tions. The proteins that were studiedwereDPS-BCandBFR-E
which have neither of the extra-bundle helices, DPS and
BFR+BC-E which possess only the BC helix, DPS-BC+E
and BFR which incorporate only the E helix, and DPS+E and
BFR+BC, each of which has both BC and E helices (Figure 1
and Figure S1).
Cloning and Protein Expression and Purification. The

proteins were produced through bacterial overexpression fol-
lowed by affinity purification. The genes for expression were
generated through the assembly of synthetic oligonucleotides by
means of a double-PCR procedure (30) (Figures S2-S13). This
method proved to be general and high-yielding and should be
amenable to eventual higher-throughput production. These
genes were conjugated to a pET-32 Ek/LIC expression vector
(Novagen). There are several advantages of the use of this
expression vector. (a) It uses ligation-independent cloning
which is high-yielding and therefore could prove useful in the
construction of libraries. (b) It provides proteins fused to a series
of affinity tags to simplify purification. (c) These tags can be
removed through cleavage at an enterokinase cleavage site.
(d) This site abuts the natural start site of the protein, leaving
no additional residues, an essential requirement for self-assembly
studies. The protein was purified through immobilization on
affinity resin followed by on-resin enterokinase cleavage and
protein release (Figures S14 and S15). The benefit of this strategy
is that because the monomer is bound to the resin and only self-
assembles upon release (the large affinity tags presumably
prevent self-assembly), it would conceivably be relatively simple
to load for drug delivery studies. This procedure appeared to be
general in that it worked well for all the proteins with the excep-
tion of BFR+BC-E, in which after overexpression all the pro-
tein was taken up in insoluble inclusion bodies. After unsuccess-
fully attempting to optimize the expression of BFR+BC-E, we
employed an on-resin refolding strategy in which the inclusion
bodies were solubilized in urea and applied to the resin and the
denatured protein was refolded by gradual buffer exchange into
enterokinase buffer and cleaved as normal. This procedure may
be general, with eventual optimization, as it also was successful
for the purification of DPS-BC+Ewhich was difficult to purify
to homogeneity using the conventional process.We are currently
optimizing this on-resin refolding method and exploring its
further generality.
Circular Dichroism-Based Studies. Circular dichroism

(CD) indicates that all the proteins fold into highly helical
secondary structures and that mutation, as expected, does not
strongly affect the overall helicities of the proteins. Interestingly,

the CD spectra of the mutants at 20 �C resemble those of the
parent proteins (Figure 2), suggesting that the structures of the
mutants derived from BFR are more similar to BFR than they
are to DPS and vice versa. As would be expected by making such
gross, minidomain-based mutations without optimization for
packing, the thermal stability of the mutants was depressed in all
cases as evidenced bymelting experiments following theCDband
at 222 nm, although they all exhibit highly cooperative unfolding,
suggesting well-packed structures. The maxiferritin, BFR, was
more sensitive to mutation than DPS. For the BFR series, either
the deletion of the E helix (BFR-E) or the addition of the BC
helix (BFR+BC) resulted in an ∼11 �C depression in Tm,
indicating that the E helix is essential for stability and that
introduction of the BC helix disrupts the stability. This trend is
reinforced by the observation that removal of the E helix and
inclusion of the BC helix (i.e., BFR+BC-E) has the strongest
effect on BFR stability, reducing the Tm by ∼27 �C. Taken
together, these data demonstrate the importance of interactions
across the 4-fold axis and imply that the introduction of addi-
tional interactions across the 2-fold symmetry axis is detrimental
rather than advantageous as would be expected if dimerization
drives the assembly. For the mutants derived from DPS, as
expected, removal of the BC helix (DPS-BC) has the largest
melting point depression (∼16 �C) presumably due to losing
essential contacts across the 2-fold axis. However, addition of
the E helix (DPS-BC+E) nearly fully recovers the stability,
depressing the Tm by only ∼5 �C. The protein with both helices
(DPS+E) preserves the trend with a Tm depression of ∼7 �C
(Figure S17 and Table 1).

Controlled refolding experiments result in an additional
surprise. Although the DPS series is more thermally stable, slow
cooling after denaturation indicated that DPS and its mutants
were much less likely to return to their native fold than were the
BFR mutants (Figure 2, Figure S18, and Table 1). These results
imply that the DPS series possesses a larger kinetic barrier to
refolding. Understanding the nature of this possible barrier
warrants further investigation. Taken together, with the observa-
tion that BFR is more thermally sensitive to mutation, these
data suggest that the mechanisms governing the folding of the
maxiferritins are possibly dissimilar to those that control the
miniferritins.
Transmission Electron Microscopy (TEM). With the

knowledge that all the proteins form cooperatively folded,
thermodynamically stable, helical structures, we explored their
ability to assemble into hollow cages by transmission electron
microscopy (TEM) using negative staining (Figure 3 and
Figure S19). The electron micrographs of the native proteins
BFR and DPS revealed structures similar in shape and size to
those reported in the literature. Of the mutants, only the DPS

Table 1: Melting Temperatures and Reversibility of Proteins Used in This

Study

protein Tm (�C) ΔTm (�C) reversibility (%)

BFR 65.3( 0.7 83

BFR-E 53.9 ( 0.2 11.4( 0.9 74

BFR+BC-E 38.1( 2.7 27.2( 3.4 67

BFR+BC 53.6( 0.2 11.7( 0.9 51

DPS 67.6( 0.3 35

DPS-BC 50.1( 0.8 17.5( 1.1 30

DPS-BC+E 63.4( 1.4 4.2( 1.7 38

DPS+E 60.3( 0.4 7.3( 0.7 27
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series formed any uniform structure that could be detected
by TEM. This is consistent with CD data which demonstrated
the greater sensitivity of BFR to mutagenesis relative to that of
DPS. Image analysis of the DPS-BC micrographs indicates
structures slightly smaller than DPS. Interestingly, DPS+E
produced nanostructured particles of a size intermediate between
those of BFR and DPS. As evidenced by the uptake of negative
stain, the mutants formed hollow spheres. Although their outer
diameters were of different sizes, the size of their inner cavities
remains unchanged from that of the native DPS.
Dynamic Light Scattering (DLS) and Size Exclusion

Chromatography (SEC). To gain further insight into the
nature of the nanostructures and their relative populations in
solution, and to determine the self-assembled state of themutants
that do not exhibit cage structures in the TEM, two solution-
phase techniques were employed.Dynamic light scattering (DLS)
supported the formationof particles∼13 and∼10 nm indiameter
for BFR and DPS, respectively (Figure 4). These values are
slightly larger than those published. However, DLS measures
hydrodynamic radii, so the measured diameters would be
expected to be larger than those obtained by TEM or AFM
analysis. The BFR mutants (∼1-3 nm) are much smaller than
their parent, implying that those mutants lose protein cage
structure, which is consistent with the TEM data. The DPS series
formed larger particles than the BFRmutants and ranged in size
from ∼6 to ∼13 nm, suggesting that some sort of oligomer was
formed. Analysis of the mutants showed that DPS+E formed
particles larger than the parent, whereas DPS-BC formed
nanostructures that were smaller which is also consistent with
the electron microscopy data.

Size exclusion chromatography (SEC) allows the exploration
of both small and large oligomers, and differences between
populations of small particles (such as monomer and dimer)
can be clearly observed (Figure 4). SEC therefore can sharpen our
perception of oligomerization state and therefore help to further
refine the role the BC andEhelices play in assembly of the protein
cages. Size exclusion experiments, possibly because of the
associated solvation sphere surrounding these proteins, suggested
that BFR and DPS (BFR, ∼13.0 nm; DPS, ∼10.5 nm) were
slightly larger than those compounds described in the literature
(Figure 4). Consistent with the literature (28), the BFR 24-mer in
our hands exists as amixturewith amuch smaller oligomer which
correlates to a dimer. Isolation of one of these peaks, followed
by concentration, results in the reappearance of both peaks,
suggesting that they are in equilibrium.None of the BFRmutants
form the larger oligomer, again emphasizing the sensitivity of
BFR to mutation. Removing the E helix from BFR (BFR-E)
results in a protein that exists entirely in the dimeric state, further
emphasizing the great importance of the E helix in controlling the
assembly of the protein cage. Addition of the BC helix to both
BFR (BFR+BC) and theEhelix-deletedmutant (BFR+BC-E)
results in mixtures of the dimer and a protein which correlates to
the monomer. Light is shed on the sensitivity of BFR to
mutagenesis through the realization that native BFR is an
equilibrium mixture; this delicate balance may be easily tipped.
TheEhelixmayhave near-complete control over this equilibrium
as evidenced by the fact that BFR-E forms a homogeneous
population of the lower-order complex. Since the BC helix exists
at the 2-fold symmetry axis between dimers and no packing
optimization was performed on the mutants, it stands to reason
that addition of the BC helix affects the dimer-monomer
transition.

The DPS series is consistent with the conclusion based on the
CD and DLS data that this protein’s structure is less sensitive to
mutation. Analysis of theDPS series also supports the hypothesis
that the E helix has greater oligomerization power than the
BC helix. Removal of the BC helix (DPS-BC) results in no
observable change in the oligomerization state, whereas addition
of the E helix to this mutant (DPS-BC+E) leads to a protein
that exists as a complex mixture of states composed of the dimer,
the natural 12-mer oligomerization state, and, intriguingly, a
well-populated population (54%) of a state that is intermediate
between the two (approximately hexamer). We are currently
trying to determine the nature of this structure and whether it is
possible to stabilize it through further mutation.Most striking of
all is DPS+E which, consistent with the DLS data, forms a
unique, homogeneous, and stable population (as evidenced by
the melting data) of an oligomer intermediate in size (∼11.5 nm)
between BFR and DPS, supporting the notion that the E helix
domain of BFR controls higher-order oligomerization.
Sedimentation Equilibrium. Because of the intriguing and

unexpectedTEM,DLS, andSEC results suggesting thatDPS+E
forms capsules that are intermediate in size between those of
native DPS and BFR, we sought to determine whether this
size difference is due to a different oligomerization state or to
some alteration in the assembled conformation. While SEC
can be used to determine difference in size of protein oligomers,
sedimentation equilibrium (SE) is routinely used to determine
differences in molecular mass (31). Analysis of the SE data
for DPS and DPS+E suggests that DPS forms an oligomer with
a molecular mass of 220 kDa, whereas the molecular mass of
the DPS+E protein cage is 240 kDa (Figure 5). These data
are consistent with the formation of a DPS+E multimer with
a stoichiometry similar to that of the DPS 12-mer (note that
the DPS+E monomer molecular mass is 19 kDa; the DPS

FIGURE 4: Dynamic light scattering (top left) and size exclusion
chromatograms (right) of cage proteins andmutants. The chromato-
gram peaks were correlated to elution volumes of standard proteins
(Figure S19) to determine Stokes diameters (bottom left). The
chromatograms were normalized to 1, and the populations of
particles of each diameter are indicated. The schematic convention
follows that of Figure 1.
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monomer molecular mass is 21 kDa). Therefore, we con-
clude that DPS+E, instead of assembling into a unique
and novel oligomerization state, forms a uniquely sized protein
cage of the same order as the native protein. We are actively
seeking a broader understanding regarding the origin of
this alteration in size and whether it can be exploited in broad-
ening the fundamental understanding of protein self-assembly,
and whether it can be applied to the formation of novel
nanomaterials.

DISCUSSION

The E helix from BFR and the BC helix from DPS were
swapped between the two parent proteins, resulting in a series of
mutants with all possible permutations. Although all mutants
exhibited decreased thermostability compared to their parent,
they all formed helical structures and unfolded cooperatively,
suggesting tight, near-native folds. All BFR mutants exhibited a
larger decrease in thermostability, suggesting a higher sensitivity
of this protein to mutation compared to that of DPS. Although
BFR is more thermodynamically sensitive to mutation, all
members of the BFR series exhibited a higher degree of thermal
folding reversibility than did the DPS series, implying that DPS
is blocked kinetically from returning to the folded state. Of the
mutants, only DPS+E and DPS-BC could form protein
capsules as evidenced by TEM. Techniques for measuring the
size of the oligomers that did form (DLS and SEC) demonstrated
that none of the BFR mutants formed structures larger than a
dimer, whereas all members of the DPS series exhibited some
populations of higher-order oligomers. The weak oligomeriza-
tionpower of theBChelix was demonstrated byDPS-BC,which
formed a nanostructure identical in size to the nativeDPS, and by
BFR+BCandBFR+BC-E, both ofwhich formed populations
of the dimer smaller than that of BFR and BFR-E. However,
the greater power exhibited by the E helix in controlling
oligomerization is made evident by the removal of the E helix
from BFR (BFR-E) which results in obliteration of the 24-mer
to form a dimer as a homogeneous population. In addition, a
comparison between the DPS-BC+E and DPS-BC mutants
further demonstrates the high level of importance of the E helix in
oligomerization, as addition of the E helix in the former resulted
in a mixed population of 12-mer, dimer, and a majority of
∼6-mer, while the latter with only the removal of the BC helix
failed to demonstrate this. Finally, addition of the E helix to
native DPS (DPS+E) dramatically emphasizes the importance
of the E helix. The techniques of TEM, DLS, and SEC all show

that this mutant forms a unique and homogeneous popula-
tion of a protein that is intermediate in size between the BFR
and DPS native proteins. The determination of its molecular
mass using SE supports the running hypothesis that this
protein is not self-assembling into an oligomer with a greater
number of subunits but that is in fact just larger, most likely
due to a change in assembly structure, monomer conformation,
or both. Taken together, these data indicate that the E helix
in BFR plays a stronger role in the formation of quater-
nary structure than does the BC helix in DPS and that
stabilization of the dimer may not always be the most
important self-assembly step in cage formation as was previously
assumed.

We are actively seeking a broader understanding of these
systems, attempting to further characterize some of the novel
structures that were formed, and to apply these mutants to the
templation of novel nanoscale materials. As a larger goal of this
project, we are attempting to build more comprehensive systems
to investigate other factors that determine protein cage self-
assembly, such as grafting bundle surface residues, varying amino
acid content, and changing helix length. Additionally, we hope
that this research can provide preliminary data for the establish-
ment of these cage proteins as model systems for exploring self-
assembly and quaternary structure formation within a protein
design context.
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