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ABSTRACT: The unique structural properties of the ferritin
protein cages have provided impetus to focus on the methodical
study of these self-assembling nanosystems. Among these
proteins, Escherichia coli bacterioferritin (EcBfr), although
architecturally very similar to other members of the family,
shows structural instability and an incomplete self-assembly
behavior by populating two oligomerization states. Through
computational analysis and comparison to its homologues, we
have found that this protein has a smaller than average dimeric
interface on its 2-fold symmetry axis mainly because of the
existence of an interfacial water pocket centered around two water-bridged asparagine residues. To investigate the possibility of
engineering EcBfr for modiﬁed structural stability, we have used a semiempirical computational method to virtually explore the
energy diﬀerences of the 480 possible mutants at the dimeric interface relative to that of wild-type EcBfr. This computational study
also converged on the water-bridged asparagines. Replacing these two asparagines with hydrophobic amino acids resulted in
proteins that folded into R-helical monomers and assembled into cages as evidenced by circular dichroism and transmission electron
microscopy. Both thermal and chemical denaturation conﬁrmed that, in all cases, these proteins, in agreement with the calculations,
possessed increased stability. One of the three mutations shifts the population in favor of the higher-order oligomerization state in
solution as evidenced by both size exclusion chromatography and native gel electrophoresis. These results taken together suggest
that our low-level design was successful and that it may be possible to apply the strategy of targeting water pockets at
proteinprotein interfaces to other protein cage and self-assembling systems. More generally, this study further demonstrates
the power of jointly employing in silico and in vitro techniques to understand and enhance biostructural energetics.

P

roteinprotein interactions are fundamental to instituting
the speciﬁcity and integrity of the complex networks of
macromolecules that function cooperatively to maintain and
regulate integral cellular signaling and structure.1,2 Therefore,
establishing a detailed and general understanding of protein
protein interactions will lead to an enhanced appreciation of
greater biological processes.3 In addition, the rational design of
various systems, whether they exist in the realm of structural
biology4,5 or signal transduction,6,7 can emphatically demonstrate a top-to-bottom understanding of these systems or expose
painfully a lack thereof.
Investigations involving the rational design of proteinprotein
interactions are rare, although the design of tertiary structure and
small-molecule binding sites in proteins and structured peptides has
become common.710 Much of the work in the design of protein
protein structure has focused on the syntheticbiological
engineering of proteins to form novel nanoscale constructions or
molecular devices through self-assembly.11 A major thrust in
this direction has been in the development of coiled-coil-based,
R-helical polypeptides that can speciﬁcally assemble into nanotubes
and nanoﬁbers.1214 Nanoscale cage structures, however, have been
only rarely engineered, and few of these studies focus on the
proteinprotein interactions that control their assembly. Moreover,
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many of these structures are multidomain virus capsid proteins that
are structurally too complex to be applied as models for rational
design.15,16
Nanocage structures are formed by the assembly of the R-helical
ferritin protein family. Although the structural biology of these
proteins has been well-explored,17 there is still much not understood
about their self-assembly and structural energetics.5,18 Moreover,
although members of the ferritin family have been employed
extensively in the formation and stabilization of inorganic
nanomaterials,19 these applications are limited by the proteins’ often
nonideal stability and the lack of understanding of the general rules
governing their assembly, an understanding of which could provide
for the eventual rational engineering of proteins with novel physical
properties and structures tailored for speciﬁc applications.
Because of the depth of the work on the ferritin family and
their relatively simple structures made up of four-helix bundle
monomers that assemble into discrete octahedral, 24-mer,
homo-oligomers with C4, C3, and C2 axes of symmetry, these
proteins make up an ideal model system for the exploration of the
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rational design of proteinprotein interactions that shape selfassembly on a nanoscale. Such understanding could provide a
step toward the de novo design of large protein suprastructures.
We5 and others 20 have previously demonstrated that
Escherichia coli bacterioferritin (EcBfr) exists as an in vitro
mixture of self-assembled dimers and 24-mers, and we have
discovered a minidomain that, when removed, causes the protein
to discretely populate the dimeric state. In addition, we have
shown that it is possible to similarly shift the population to a
discrete dimer and the overall stability through “alanine shaving”
of single residues.18 These results clearly demonstrate that the
self-assembly of this protein can be easily manipulated through
subtle modiﬁcation. In addition, other mutational studies of
bacterioferritins have led to the production of variants with
either crippled ability to assemble into cages or decreased
stability compared to that of the wild-type parent.21,22 The only
design to stabilize a bacterioferritin cage structure extended the
C-terminus of EcBfr, resulting in a protein with a central cavity
restricted by 60% and an inability to bind heme.20
In this work, we ﬁrst quantitatively compare the architectures
of the bacterioferritin family to discover structural similarities
among the bacterioferritins from various organisms and to
identify the divergent architectural properties of EcBfr that might
cause structural instability of this protein. Then we describe a
minimal computational approach to engineering EcBfr for structural stability based on single-point mutations at protein
protein interfaces to plug water pockets, as opposed to the
optimization of the monomer hydrophobic core, the engineering
of metal ion or disulﬁde linkages, for example. Finally, we
generate three of the computationally screened proteins and
present characterization of their stability and self-assembly.

’ MATERIALS AND METHODS
The Supporting Information (Figure S1) contains the protein
sequence of EcBfr and also highlights the positions of the
individual mutations. Oligonucleotides were synthesized using
solid-phase phosphoramidite technology by 1st Base Pte. Ltd.
(Singapore). All concentrations of reagents in molecular biological reactions are initial concentrations before dilution unless
otherwise stated.
Analysis of Bacterioferritin Family ProteinProtein Interfaces and Quaternary Structure. Comparative analysis of the

proteinprotein interfaces of the bacterioferritin family was
performed using the web-based software “Protein interfaces,
surfaces and assemblies service” (PISA, European Bioinformatics
Institute).23 The Protein Data Bank (PDB) structures used as
input files are listed in Table S1 of the Supporting Information.
Ligands and ions present in the crystal structures were omitted
from calculations, and crystal structures were processed in
“Auto” mode. The symmetry-related interfaces are defined in
Figure S2 of the Supporting Information.
Free Energy Simulations of Virtual Mutants at the C2
Interface of EcBfr. All calculations for virtual mutation experiments with EcBfr were performed using FoldX 3.0 Beta3
(2009).24 PDB entry 2vxi was chosen for computational mutagenesis experiments because of the several crystal structures
available for EcBfr, this has the highest available resolution (1.9 Å).
An EcBfr dimer was created by deleting all the subunits except
two, chains C and D, which were centered at a C2 symmetry axis.
The RepairPDB protocol was used to minimize the energy of the
structure. The side chains were rotated while the backbones were
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fixed, and the buffer sulfate and heme ligands were removed. This
repaired PDB file was then used with the BuildModel protocol to
explore the changes in unfolding free energies (relative to that of
the wild type) of the 480 (24 interfacial residues  20 amino
acids) possible point mutants (at 298 K, pH 7, and a 50 mM ionic
strength). The calculation for each mutant was repeated at least
five times, and energy minimization for each replicate was
initiated from a different rotamer set. The ΔΔG values were
averaged, and the standard deviation was calculated. The results
of the calculation for some of the most stable mutants are
compiled in Table S3 of the Supporting Information.
Analysis of Virtual Mutants at the C2 Interface of EcBfr.
The wild-type and mutant C2 interfaces of EcBfr were further
analyzed using the proteinprotein interface comparison server,
ProtorP, to extract detailed structural information.25 The volume
of “water accessible empty space” between the interfacial atoms,
i.e., the pocket size, was measured using Computed Atlas of
Surface Topography of proteins (CASTp)26 with a probe radius
of 1.4 Å. The pocket volume index is defined as the ratio of the
pocket volume in cubic angstroms to the interface accessible
surface area in square angstroms, which quantifies the relative importance of pockets in different protein interfaces. These
results are compiled in Table S4 of the Supporting Information.
Preparation of Expression Constructs. Site-directed mutagenesis of wild-type EcBfr was performed, yielding the mutant
constructs (QuickChange, Novagen). The sequences of the
primers are presented in Figures S3S7 of the Supporting
Information. For each mutant, the mixing of reaction buffer
(2 μL of a 10 solution), the dsDNA template of wild-type
EcBfr27 (0.5 μL of a 66.22 ng/μL solution), forward oligonucleotide primer (1 μL of a 10 μM solution), reverse oligonucleotide
primer (1 μL of a 10 μM solution), dNTP mix (Fermentas, 2 μL
of a solution containing dATP, dTTP, dGTP, and dCTP at 2 mM
each), and ddH2O (13.5 μL) was performed to bring the total
volume to 20 μL. PfuTurbo DNA polymerase (0.75 μL of a
2.5 units/μL solution) was then added. The polymerase chain
reaction (PCR) involved an initial step at 95 °C for 30 s followed
by 18 cycles of 95 °C for 30 s, 55 °C for 1 min, and 68 °C for
6 min, which were followed by a subsequent extension step at
68 °C for 10 min. The DpnI restriction enzyme (0.5 μL of a
20 μg/μL solution) was added to 5 μL of the PCR product
together with NEBuffer 4 (New England Biolabs, 1 μL) and
ddH2O (3.5 μL) to bring the final volume to 10 μL. The solution
was incubated (37 °C, 1 h), and the mutated plasmids were
transformed into electrocompetent NovaBlue E. coli and isolated
by Miniprep (Qiagen). The success of the mutagenesis was
determined through sequencing (Figures S3S7 of the Supporting Information).
Gene Expression and Protein Purification. Plasmids harboring the desired genes were transformed into E. coli BL21(DE3) (Novagen) cells by electroporation. Gene expression in
the subsequent culture was induced (IPTG, Fermentas, 2 mL of a
0.1 M solution), and the culture was incubated (3 h, 30 °C). The
cells were harvested by centrifugation and lysed by sonication.
The soluble protein was applied to Ni-NTA resin (QIAGEN)
and eluted either by affinity tag cleavage with the addition of
enterokinase (New England Biolabs, 8 μL of a 2 μg/mL solution,
36 h, 4 °C) or buffers containing imidazole (250 mM) to elute
the protein affinity fusions that were subsequently digested in
solution and purified with Ni-NTA resin. The protein was
concentrated via ultrafiltration (Sartorius Vivaspin 6) and further
purified by size exclusion chromatography (Superdex 200
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Figure 1. Structural hydration of the dimer interface in the EcBfr cage. Four water molecules buried at the interface make hydrogen bonds with the side
chain of N23 and the backbone of L19 (shown by blue dashed lines) and interact with noninterfacial waters (shown by green dashed lines). The ﬁgure
was made using UCSF Chimera and PDB entry 2vxi.

10/300 GL). The purity of the proteins was determined by
SDSPAGE (Figure S8 of the Supporting Information). The
identity of the protein monomers was confirmed by MALDI
TOF mass spectroscopy (Figure S9 and Table S5 of the
Supporting Information).
Size Exclusion Chromatography (SEC). Purified protein
solutions were equilibrated via gel filtration chromatography
(GFC) running buffer [50 mM NaH2PO4 and 150 mM NaCl
(pH 7.0)] through repeated ultrafiltration (Vivaspin, Sartorius) at
4 °C. The samples were subjected to size exclusion chromatography
(AktaFPLC, Superdex 200 10/300 GL, flow rate of 0.5 mL/min,
4 °C). The column was calibrated using six proteins as standards
(GE Biosystems Calibration Kit).5 Analytical SEC was performed at
least five times for each protein using protein samples (10 μL,
300 μg/mL) equilibrated in GFC buffer (3 days, 4 °C).
Transmission Electron Microscopy (TEM). A solution of
purified protein (10 μL, 100 μg/mL) was prepared in phosphate
buffer [15.7 mM NaH2PO4 and 34.3 mM K2HPO4 (pH 7.2)]
and applied as a drop to a piece of parafilm. A circular copper grid
(300 mesh, Formvar/carbon-coated) was gently placed onto the
protein drop and incubated (room temperature, 1 min). The
excess solution was then removed from the grid by wicking with a
piece of filter paper. Once the surface of the grid was dry, it was
placed onto a drop of a uranyl acetate solution (10 μL, 1%, w/v)
for 1 min. The excess stain was then removed by wicking, and the
grid was left to dry. TEM data were obtained using a Jeol JEM1400 transmission electron microscope operating at 100 keV.
TEM micrographs were analyzed using ImageJ.28
Dynamic Light Scattering (DLS). A solution of the purified
protein (500 μL, 300 μg/mL) was prepared in phosphate buffer
[50 mM NaH2PO4 and 150 mM NaCl (pH 7.0)]. A Brookhaven
90Plus Particle Size Analyzer was used to perform the DLS analysis
using a 1 cm quartz cell. Each data set was collected over 3 min, and
five data sets were collected for each protein. The data were used to
calculate the average hydrodynamic diameter of the protein particles.
Native Polyacrylamide Gel Electrophoresis (native PAGE).
The protein samples (10 μL, 300 μg/mL) were equilibrated in
GFC buffer (3 days, 4 °C) and mixed with native sample buffer
(10 μL, Bio-Rad) prior to analysis by native PAGE (4% stacking
gel and 7% resolving gel). The gel was stained with Coomassie
Brilliant Blue.
Circular Dichroism Spectroscopy and Thermal Denaturation. The protein solutions were equilibrated in phosphate buffer
[15.67 mM NaH2PO4 and 34.33 mM K2HPO4 (pH 7.2)]
through repeated ultrafiltration (Vivaspin, Sartorius, 0.2 μm).
Protein concentrations were determined by BCA (Novagen),

and the solutions were diluted (300 μg/mL). CD spectra were
recorded on a JASCO J-810 spectropolarimeter from 200 to
250 nm at temperatures ranging from 20 to 110 °C at 5 °C
intervals (1 mm path length cuvette, 1 nm bandwidth, three
accumulations, and 470 s equilibration time at each temperature
point) (Figure S10 of the Supporting Information). Once the
solutions reached 110 °C, they were cooled to 20 °C over 30 min
and spectra were recorded from 200 to 250 nm for comparison
with the spectra obtained at 20 °C before thermal unfolding.
Chemical Denaturation with Guanidine Hydrochloride.
Guanidine stock solution (8 M) was made with the phosphate
buffer used for CD (above). The concentration of the solution
was determined by refractometry after it was filtered.29 Chemical
denaturation was initiated by diluting a concentrated protein
stock into phosphate buffers containing varying concentrations
of GuHCl (07.5 M). All samples contained 100 μg/mL protein
and were incubated at room temperature for 40 h before being
measured. CD signals for each individual sample were measured
10 times at 222 nm and averaged as described above.

’ RESULTS
Comparative Analysis of ProteinProtein Interfaces and
Quaternary Structure in the Bacterioferritin Family. Ferritins

and bacterioferritins, the heme-containing ferritin from bacteria,
essentially have the same quaternary and tertiary architectures.
The structures of bacterioferritins from various organisms have
been extensively studied.3040 Bacterioferritins, because of their
ability to host porphyrins and to perform bioinorganic catalysis,
are candidate scaffolds for the design of synthetic biomolecular
systems for a number of applications.41 Structural alignment
(Table S2 of the Supporting Information) of EcBfr with the
available crystal structures of the bacterioferritin family reveals
that their backbones are highly superimposable (average rootmean-square deviation of 0.8 Å, z score of >20) and have similar
tertiary structure even for proteins with a low level of sequence
identity, suggesting that monomer structural analysis may not
provide much direction in enhancing the stability of these
proteins. Therefore, the higher-level structure was investigated.
Higher-order quaternary structure and the proteinprotein
interfaces of the protein cages of the bacterioferritin family
were analyzed using PISA (Protein Interfaces, Surfaces and
Assemblies). These calculations (Table S1 of the Supporting
Information) show that the area buried upon formation of the
cage for EcBfr is slightly smaller than the average. As the
monomeric structure and the size of the 24-mer cage of the
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bacterioferritins are very similar (Table S2 of the Supporting
Information), these diﬀerences could be a result of variation of
proteinprotein interface size.
As the bacterioferritins assemble into 24-mer cages with
octahedral symmetry, these data can be further parsed by
comparing the buried surface area of the proteinprotein
interactions about the C2, C3, and C4 rotational axes (Figure
S2A of the Supporting Information). This analysis reveals (Table
S1 of the Supporting Information) that the total buried surface
area of EcBfr is slightly below that of the average bacterioferritin
because its C2 and C4 interfaces are smaller than the average
even though the C3 interface is larger than the average (Figure
S2B of the Supporting Information).
A deeper analysis reveals that a number of structural waters
are bound at the EcBfr C2 dimeric interface (Figure 1), and the
existence of this water pocket could explain why the C2 interface
of EcBfr is smaller than average. These water molecules are
coordinated to the side chains of N23 and the backbone of L19
from both chains of the dimer.30 In the most recent crystal
structure of EcBfr (PDB entry 2vxi), the water molecules in this
pocket appear to be involved in interactions with other water
molecules proximate to the interface and thus may be connected
to the bulk solvent outside of the cage.38 Exchange of these
waters with the bulk has not yet been assessed. The presence of
this water pocket suggests that a strategy for stabilizing EcBfr
might be to plug the water pocket by optimizing the side chain
packing at this region of the dimeric interface.42
Computational Stabilization of EcBfr’s Dimeric Interface.
To redesign the dimeric interface using a minimal amount of
computational power, we used a semiempirical force field, FoldX,43
to explore the free energy differences of all possible point mutations
of the C2, dimeric interface relative to the wild type. Each of the 24
residues at this interface was virtually mutated to each of the other 19
amino acids (and itself as a control), resulting in a total of 480
mutations in each of the two monomeric chains of the dimer. The
free energy of unfolding (ΔG) was calculated for both the wild type
and mutant for five replicates, and comparison of these energies
(ΔΔG) is an indication of the stabilizing or destabilizing effect of the
mutation. In the free energy calculations, the effect of interactions
with water molecules was investigated using the continuum solvation model implied in FoldX. This implicit solvation was included in
all free energy simulations for the wild type and mutants. Basically,
the extra stabilizing effect provided by a water molecule making
more than one hydrogen bond with the protein that cannot be taken
into account with nonexplicit solvent approximations is separately
included in the FoldX force field.43
Of the 23 mutants that exhibited the strongest stabilizing eﬀect
(ΔΔG < 1 kcal/mol), most were positioned near the water pockets
and many involved mutations from hydrophilic to hydrophobic
residues. Mutations to methionine (6 of 23) were removed from
the set as methionine, because of its conformational ﬂexibility, tends
to impart proteinprotein interfaces with nonspeciﬁc plasticity44,45
and, because of its susceptibility to oxidation, can cause structural
instability and aggregation.46 Many of the predicted stabilizing
mutations involved N23 (Table S3 of the Supporting Information),
and it could be envisioned that the interface could be stabilized by
using hydrophobic resides to bridge the water pocket. On the basis of
this rationale, the three top predicted mutations, N23F, N23L, and
N23W, were selected for further characterization in silico and in vitro.
Effects of Mutation on the Predicted Physical and Structural
Properties of the Dimeric Interface. We examined the predicted
structures of N23F, N23L, and N23W to determine how these
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Figure 2. Plugging of the water pocket at the dimeric interface upon
replacement of N23 with hydrophobic amino acids.

Table 1. Thermodynamic and Structural Analysis for the
Wild Type and Redesigned Protein Variants
dimeric
water pocket

interface

volume (Å3)

area (Å2)

Tm (°C)

ΔTm (°C)

wild type

214.0

913.2

58.9 ( 0.8



N23L

204.0

1036.7

60.1 ( 0.8

1.2

N23F

165.5

1069.4

69.5 ( 0.5

10.6

N23W

129.7

1137.8

80.1 ( 1.0

21.2

mutations affected the size of the water pocket and other physical
properties of the C2 interface (Table S4 of the Supporting
Information). In all cases, mutation caused the pocket to contract,
with N23W having the strongest effect (Figure 2 and Table 1).
Moreover, introduction of the mutations increased the amount of
buried surface area, in general, and the amount of nonpolar surface
area, in particular, at the interface. In all cases, the water was
displaced, and because of new side chain interactions, the watermediated hydrogen bonding interaction network around the wildtype Asn23 on EcBfr is replaced by contacts between the hydrophobic residues (Figure 3).47,48
Cloning, Expression, and Purification of the EcBfr N23X
Mutants. The N23F, N23W, and N23L mutants of EcBfr were
cloned (Figures S3S7 of the Supporting Information), expressed in E. coli, purified (Figure S8 of the Supporting Information), and confirmed by MALDI-TOF (Figure S9 and
Table S5 of the Supporting Information).
Cage Assembly of the EcBfr N23X Mutants (TEM). To
determine whether mutation deleteriously affects the ability of
the mutants to assemble into cage structures, we subjected the
proteins to transmission electron microscopy (TEM) (Figure 4).
TEM analysis of the EcBfr variants demonstrated detectable
protein cages for the all the proteins, indicating that the predicted
stabilizing mutations do not cause significant change in the
structure of the protein cage.
Solution Assembly of the EcBfr N23X Mutants (DLS). While
TEM can show the inherent ability of proteins to form cages, the
4032
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Figure 3. Computational prediction that mutation of N23 to hydrophobic residues repacks the dimeric interface. The interaction networks at the
dimeric interface of mutant proteins, N23L (A), N23F (B), and N23W (C) are shown. Side chainside chain interactions appear as lines, and
backboneside chain interactions are depicted as arrows pointing from the backbone to the side chain. Blue, green, and black lines or arrows represent
hydrogen bonding, salt bridges, and van der Waals interactions, respectively. Gray squares and black circles depict the residues from chains A and B,
respectively. The contact map was generated using Aquaprot and a symmetry assumption.48 (D) The water-mediated hydrogen bonding interaction
network around the wild-type Asn23 on EcBfr is replaced by the isosteric hydrophobic N23L mutation. (E) In the N23F mutant (E), residue L71 packs
against the “oﬀset stacked” F23 side chains to further stabilize the PhePhe aromatic interaction (planeplane angle of 28.4° and centroidcentroid
distance of 6.7 Å). (F) This network of hydrophobic residues expands in the N23W mutant by burial of I22 in the vicinity of the TrpTrp aromatic
interaction (planeplane angle of 74.8°; R5cen = 7.7 Å; R6cen = 6.3 Å).

samples are in a dried, adsorbed state. Because these can be
considered “forcing conditions”, TEM results sometimes are not
indicative of what goes on in solution.18 To determine whether
mutation affects the ability of the mutants to assemble in solution,
dynamic light scattering was performed. All three mutants form
particles that are similar in size to that of wild-type (WT) EcBfr
(Figure 4F), suggesting that they do assemble in solution.
Determination of the Stoichiometry of Solution Assembly of
the EcBfr N23X Mutants via Size Exclusion Chromatography
(SEC) and Native PAGE. EcBfr exists as an ∼1:1 mixture of 24-mer
and dimer.5,18 To determine if the predicted stabilizing mutations
can affect the ratio between these two populations in solution, we
analyzed the proteins by size exclusion chromatography (SEC).
Mutating the asparagine to phenylalanine (N23F), which was
predicted to have the largest stabilizing role (Table S3 of the
Supporting Information), shifts this ratio in favor of the 24-mer
(Figure 5A,B), suggesting that our strategy was successful in
discovering a protein with enhanced assembly properties. The other
two mutants shift the ratio in favor of the dimer, suggesting that
while this design was successful, forming hydrophobic interactions
across the water pocket will not always enhance the assembly of the
protein, implying that something more complicated may be occurring (see below). These trends were confirmed by native gel

electrophoresis (Figure 5C), although there is a minor band visible
in the native gel that has not been characterized.
Thermal Stability of the EcBfr N23X Mutants. To determine
if the predicted stabilizing mutations can influence the thermal
stability of EcBfr, we subjected the proteins to thermal denaturation
monitored by circular dichroism (CD). Although we would like to
be able to measure directly the energetics of the proteinprotein
interactions, thermal denaturation measures the relative energy
between the folded, oligomerized and unfolded, unoligomerized
states that can be used as a metric, albeit an indirect one that could
be complicated by additional oligomerization intermediates (see
below). All the mutants fold into a helical secondary structure as
evidenced by the characteristic CD minima at 208 and 222 nm
(Figure 6A). To investigate their thermal stability, we monitored the
222 nm peak with respect to temperature (Figure 6B and Figure S10
of the Supporting Information), and the thermal transition temperatures (Tm) were determined. All of the mutants that were
predicted to be more stable than the WT protein were indeed more
stable, and the most stable mutant, N23W, was ∼20 °C more stable
than the WT protein.
Chemical Stability of the EcBfr N23X Mutants. To further
characterize the relative stabilities of the proteins, we employed
chemical denaturation with guanidinium hydrochloride (GuHCl).
4033
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The three mutants uphold the trend observed in the thermal
denaturation, further suggesting that this simple virtual stabilization strategy can successfully predict mutations that result in
enhanced stability (Figure 6C).

Figure 4. Redesigned proteins can assemble into nanostructures.
TEM micrographs for wild-type EcBfr (A) and the N23L (B), N23F
(C), and N23W (D) mutants. (E) Quantiﬁcation of cage outer
diameters (black) and cavity inner diameters (gray) from TEM
micrographs. Boxes show the standard deviation, and the horizontal
dash represents the mean. (F) Hydrodynamic diameters for protein
cages as measured by DLS. Error bars represent the standard
deviation.

’ DISCUSSION
Rational designs for complex, folded proteins have had limited
success, and the tailoring of protein quaternary structure to produce
nanoarchitectures with new properties has been rare.16 As protein
nanocages have been of interest to the materials community because
of their nanoscale, aqueous solubility, and biocompatibility,49 we
reasoned that establishing and employing design strategies to these
structures is timely. We investigated whether it would be possible to
stabilize E. coli bacterioferritin (EcBfr) by focusing on protein
protein interactions that govern its self-assembly into an octahedral
24-mer. Through comparison with the other members of this
structural family, we found that EcBfr has a smaller than average
dimerization interface at its 2-fold rotational axis of symmetry.
Further investigation revealed a pocket of bound waters at this
interface centered around N23 and L19 (Figure 1). Concurrently, a
virtual mutagenesis strategy was employed that computationally
introduced every single-point mutation for all of the residues at this
interface. Many of the stabilizing mutations predicted by this analysis
were related to the water pocket in general and N23 speciﬁcally. Of
these predicted stabilizing mutations, N23L, N23F, and N23W were
selected for in vitro study (Figures 2 and 3). In all three cases, we
found that they assemble into cages (Figure 4) and increase the
thermal stability of the protein (Figure 6), and one of these pushed
the oligomerization state toward the 24-mer at the expense of the
dimer (Figure 5), suggesting that our relatively low-level computational strategy was successful and that the strategy of targeting water
pockets at proteinprotein interfaces may be able to be applied to
other protein cage and self-assembling systems. More generally, this
study further demonstrates the power of using in silico and in vitro
studies in concert.50
Along with the success of our relatively low-level computational
approach, this research may provide additional insight. The lack of
correlation between the overall stabilization provided by mutation
and the inﬂuence mutation has on the oligomerization state is
somewhat surprising, although we had previously found an alanine

Figure 5. Redesigned proteins exhibit altered oligomerization propensities in solution. (A) Distribution of dimer vs 24-mer (left) determined by size
exclusion chromatography (SEC); curves were normalized so that the height of the highest peak on all curves is the same. (B) Quantiﬁcation of the SEC
data determined by integrating the area under the SEC peaks for the mutant proteins (see Table S6 of the Supporting Information for values); one
asterisk denotes that the two-tailed P value equals 0.0120, and two asterisks denote that the two-tailed P value equals 0.0005 according to the paired
Student’s t test (n = 6). (C) Native PAGE shows the distribution of higher- and lower-order oligomerization states for each of the mutant proteins.
4034
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Figure 6. Redesigned proteins show partially reversible R-helical folds and enhanced thermal and chemical stability. (A) Circular Dichroism (CD)
spectra of wild-type EcBfr and thermally more stable variants at 20 °C before thermal denaturation (—) and at 20 °C after thermal unfolding ( 3 3 3 ) as an
indication of the native R-helical fold and the unfolding reversibility. (B and C) Percentage fold retained by the proteins as monitored by the CD signal at
222 nm during thermal (B) and GuHCl denaturation (C).

mutation in the dimeric interface of EcBfr that thermally stabilizes
the protein but weakens its ability to assemble.18 However, it is
possible to envision a system in which the size of the residue that
can ﬁt into a water pocket without changing the overall geometry
of the dimer is limited by the size of the pocket itself. Increasing
steric bulk over this limit may result in stabilization of the dimeric
interface but may disrupt greater oligomerization. Because EcBfr
naturally exists as a mixture of these two oligomerization states, it is
especially sensitive to this eﬀect and therefore is a useful tool for
exploring it further. One could imagine that even subtle conformational changes caused by mutation at the dimeric interface may
force the monomers to reposition slightly away from their native
arrangement and consequently cause the dimer to become
geometrically incompatible with the closed cage. The concept of
a thermally stabilized but unproductive dimeric building block may
have analogy with a masonry voussoir (the wedge-shaped stones
used in constructing an arch); if its shape is altered to subtend too
small or too large an angle, the assembled structure would not be
able to span the native distance.51 In other words, geometrical
changes at the dimer interface could result in the alteration of the
projection of the other interfaces so that the subunits cannot make
an enclosed cage. Along with the appropriate chemical complementarity, the partially assembled structure must provide an
appropriate geometric environment for the docking of additional
subunits with respect to the overall nanostructure. Thus, the
elongation step of the self-assembly process becomes slower than
the nucleation step, eventually resulting in kinetic trapping.52 In a
sense, Fisher’s “lock and key” for molecular recognition extends
into “arch and keystone” for self-assembly.5356 Intriguingly,
expansion of this concept might result in the purposeful alteration
of the geometry of the building blocks so that they interact in new
ways, resulting in assemblies with novel oligomerization states or
nanostructures.
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