Chapter 5
Computationally Assisted Engineering of Protein Cages
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Abstract
A hybrid computational method incorporating topographic analysis of protein surfaces and free-energy
calculations of protein-protein interactions in protein nanocages is described. This design strategy can be
used to engineer protein cages for enhanced structural stability and assembly.
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Introduction
Many self-assembling protein cages have evolved to selectively
isolate biological material, such as mineralized iron in the case of
the ferritins or genetic material within virus capsids, and release it
on demand. Due to these encapsulation properties in addition to
their nanoscale, protein cages are being harnessed increasingly for a
wide range of nanobiotechnological applications from drug delivery to nanomaterials and catalysis [1]. However these applications
are often limited by the non-ideal physical properties of these
protein complexes. Therefore, it may be desirable to reengineer
protein cages for enhanced utility. However, complete de novo
rational design of complex folded proteins is extremely difficult
[2], and this challenge is compounded for self-assembling nanoscaled protein quaternary structure [3]. Thus, the development and
implementation of tools for the computationally assisted manipulation of protein-protein interactions involved in self-assembly, especially those generating nanostructured protein complexes, are of
great recent interest [4]. Here, we describe a hybrid computational
method incorporating topographic analysis of protein surfaces and
free-energy calculations of protein-protein interactions to enhance
the structural energetics of a protein nanocage.
Protein nanostructure is often assembled from multiple protein
chains and is therefore controlled by different protein-protein
interfaces, the number and nature of which depend on
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stoichiometry, symmetry, and similarities between the monomers.
Thus, to stabilize oligomeric protein complexes, an obvious strategy would be to manipulate interactions at the protein-protein
interfaces directly [5]. However, the direct strategy ignores the
fact that the hierarchical interdependence of the interactions made
at these interfaces often complicates the redesign process through
positive and negative cooperativity [4]. In other words, unfavorable
structural deviations caused by small atomic clashes at lowerstoichiometry interfaces can be amplified through the structural
hierarchy, resulting in complete disruption of higher-order assembly even if the specific redesigned interface is enhanced [6]. Thus,
current protein design methodology is limited when applied to
engineering nanostructures, and it rarely can be applied to multisubunit, self-assembling systems [5]. Hence, improving the accuracy and predictive power of the currently available computational
methodology is desirable. One strategy to do this could be the
development of new hybrid computational approaches.
Proteins typically fold into well-packed three-dimensional
structures. However, some oligomeric proteins, for various functional and non-functional reasons, possess protein-protein interfaces interrupted by solvent-accessible “concavities” which are
further characterized by the number of openings they provide to
bulk solvent: pockets (one opening) and pores (two openings). For
example, some ferritins have concavities near their twofold, threefold, fourfold, and “B-site” interfaces (see Fig. 2 for a graphical
definition of these interfaces). Some of these concavities are
thought to be involved in the traffic of chemical species required
for iron biomineralization inside the cage [7, 8].
In most protein design strategies, solvent-accessible concavities
are rarely distinguished from other “packing imperfections”
although in a few examples, with monomeric proteins, cavity-filling
or cavity-making mutations have been used to probe folding
[9–17]. The structural analysis program CASTp differentiates packing imperfections at protein-protein interactions based on their
solvent accessibility [18]. The structural distinctness of these
imperfections, which can be analytically detected by CASTp, has
been exploited to design new molecular interactions through the
optimization of side-chain packing in protein-protein interfacial
concavities [6, 19].
In this chapter, we describe a method that we have successfully
employed to stabilize [6] and enhance the self-assembling properties [19] of a protein nanocage, E. coli bacterioferritin. Our previous analyses have shown that most stabilizing mutations were
associated with interfacial concavities; thus we reasoned that an
efficient computational search could be achieved by limiting our
focus to optimizing pocket-associated residues rather than the
entire interface. In addition, we thought that the assembly state
would be more tolerant to mutations within concavities because
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there is more volume within which to generate new interactions
[6]. Moreover, this method finds mutations that either block the
interfacial pores or reduce the volume of the pockets, each of which
effects is respectively suitable for making the cage impermeable
and/or enhancing its stability.
The procedure described here is general and should be easily
ported to other ferritins and protein cages. Our approach has been
applied to single-point mutations but could be adapted to larger,
more extensive studies. Furthermore, our suggestions regarding
filtering out potential problematic residues and the number of
structures to carry forward are based on developing a manageable
project for a single PhD student in a modestly funded lab.

2

Materials
PDB file for a high-resolution structure of the protein cage [20]
(downloadable at: http://www.rcsb.org/pdb/).
Structure visualization program (e.g., UCSF Chimera [21], downloadable at: http://www.cgl.ucsf.edu/chimera/).
FoldX program [22] (downloadable at: http://foldx.crg.es/).
CASTp [23] (web server accessible at http://cast.engr.uic.edu/).
BLAST [24] (user interface: http://blast.ncbi.nlm.nih.gov/).
Sequence alignment program (for example, ClustalX [25] downloadable at: http://www.clustal.org/).

3

Methods
This approach to engineer enhanced protein cage stability and selfassembly is based on a hybrid computational method incorporating
topographic analysis of protein surfaces and free-energy calculations
of protein-protein interactions. A summary of this approach is shown
in the workflow diagram (see Fig. 1). This approach requires a protein
data bank file (.pdb) containing the high-resolution structure of the
protein cage of interest. These can be obtained from the RCSB
Protein Data Bank. To prepare the structure for the calculations, it
first must be simplified through the generation of an oligomeric
subcomplex focusing on the protein-protein interaction of interest.
The energy of this subcomplex is then computationally minimized to
generate a structure with slightly altered atomic coordinates of the
side chains. The virtual screening for stabilizing mutations is initiated
by the identification of pockets at the oligomeric interfaces through
surface topographic analysis of the minimized subcomplexes. Saturation mutagenesis is next performed through a series of free-energy
calculations. Because these are low-level calculations, it is essential to
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Fig. 1 A minimal computational workflow to design stabilized protein cages. Three stages of our strategy
consist of: (1) preparation of the initial structure file into a minimized subcomplex, (2) virtual screening for
stabilizing mutations using a minimal computation approach employing a hybrid of surface topographic
analysis of protein-protein interfaces and free-energy simulation of their interactions, and (3) virtual control
experiments to filter out potentially unreliable hits

perform replicates and virtual control experiments to improve the
success rate. Therefore, interaction network and phylogenetic analyses are then performed on the predicted stabilizing mutations to
ensure they do not impose any potentially destabilizing effects. Only
variants that pass these controls are taken on for cloning, expression,
and in vitro analysis.
3.1 Preparation of
the Cage Subcomplex
Structures

1. Retrieve the atomic coordinates of the protein cage either
generated de novo or downloaded from the RCSB Protein
Data Bank (see Notes 1 and 2).
2. Use the visualization program to extract the coordinates of an
oligomeric subcomplex of the cage from the PDB file. A subcomplex oligomer (e.g., dimer, trimer, etc.) is created through
deletion of all except the protein chains that comprise the
protein-protein interface of interest. As most protein cages
are symmetric, this simplification will reduce the computation
time while causing little loss in accuracy (see Note 3).
3. Use the hRepairPDBi command in the FoldX software to
perform an initial minimization of the subcomplex (at 298 K,
pH 7, 0.05 M ionic strength; see Note 4).
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3.2 Screening for
Stabilizing Mutation by
Virtual Saturation
Mutagenesis of
Pocket-Forming
Residues
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1. Submit the repaired subcomplex to CASTp [23] for detection
and analysis of the pockets. Visualize the CASTp results using
the visualization program. The CASTp calculations will detect
many pockets and pores in the structure of each subcomplex.
Rank them based on the molecular volume and visually confirm
that these concavities are in the protein-protein interface of
interest and not involved with protein monomers located outside the subcomplex (see Note 5).
2. Using the visualization program, export the list of residues
involved in the selected pocket (e.g., use the hwrite listi command in Chimera).
3. Virtually mutate all of the residues involved in the interfacial
concavity to all other amino acids using the hBuildModeli
command of FoldX. This will generate an output file whose
name begins with “Average_” Save this file for further analysis
(see Note 6).
4. Open the resulting “Average_” output file using a spreadsheet
editor and sort the data in ascending order by “total energy”
to rank the mutations based on their degree of stabilization.
Select the five most stabilizing mutations for further analysis
(see Note 7).

3.3 Structural
Analysis as Virtual
Control Experiments to
Filter Out Potential
False Positives

1. Generate the minimized structure of the subcomplex for each
of the selected mutants using the hBuildModeli command in
FoldX and setting the “OutPDB” value to “true”
2. Submit each of these minimized structures to CASTp to analyze the structural effect of the mutation on the targeted concavity. This analysis will determine if the mutation indeed
reduces the volume of the concavity as expected (see Note 8).
3. Use the hPrintNetworksi command in FoldX to extract the
interaction network information from the minimized subcomplex structures of WT and the mutants. Identify mutated residues and compare the WT with the mutants to determine if new
interactions across the interface were generated (see Note 9).
4. Obtain the amino acid sequence of homologous proteins from
BLAST and perform an alignment to make sure that the
mutated residues are not highly conserved (see Note 10).
5. Select three mutants that pass the control filters in the last three
steps and assess them in vitro for stability.

4

Notes
1. If downloading the structure from the PDB, be sure to select
the “biological assembly” as this will usually be the entire
oligomeric cage as opposed to a single monomer.
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2. Having a high-quality structure of the cage (resolution below
2.2 Å) is essential for successful analysis. Structures with a
resolution below 2.8 Å can also be considered, but the computational results will be less reliable, and the software may have
problems with some high-energy side-chain conformations.
3. A typical protein cage is composed of tens of thousands of
atoms. Performing molecular-modeling calculations for such a
large system requires tremendous amounts of computational
power and time, making the task unfeasible. Our approach to
break down large cage complexes into smaller oligomeric subcomplexes reduces the computational demand. For example, in
the octahedral, homo-24-meric cage of a maxiferritin (see
Fig. 2), each monomer interacts with six surrounding monomers through different types of interfaces, some of which are
symmetry related. That is, in each ferritin cage, there are 6
tetramerization sites surrounding the fourfold axes, 8 trimerization sites on the threefold axes, 12 dimerizing interactions at
the twofold axes of symmetry, and 24 “B-site interfaces”.
A combination of these interfaces constitutes the complete set
of protein-protein contacts made by a monomer in the cage
oligomerization state (e.g., the black monomer in Fig. 2).

Fig. 2 Four different types of representative subcomplex oligomers into which a typical maxiferritin nanocage
with octahedral, 432 symmetry can be broken down to reduce computational demand when analyzing their
protein-protein interfaces. Each monomer (in black) interacts with six surrounding monomers through different
types of interfaces, some of which are symmetry related. Clockwise, starting on the left: in each ferritin cage,
there are 12 dimerizing interactions at the twofold axes of symmetry, 6 tetramerization sites surrounding the
fourfold axes, 24 “B-site” interfaces, and 8 trimerization sites on the threefold axes. In order to ensure that
interfacial concavities are analyzed accurately, some of these subcomplexes may be symmetry redundant. For
example, in the maxiferritin, we define the “B-site interface” for the calculations although formally it is defined
by combinations of the other interfaces (see Note 3)
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4. A prerequisite for the computational analysis is to have a good
structure, that is, a protein with no van der Waals clashes or no
residues with high-energy rotamers. Also it is necessary to make
sure that there are no missing atoms or any gaps in the backbone. To fulfill these requirements the hRepairPDBi command
in FoldX is used to prepare PDB files for subsequent calculations. During this process, residues that have unfavorable torsion angles, van der Waals clashes, etc. are identified and
optimized to find new energy minima. In the FoldX protocol,
the side chains are rotated, while the backbones are fixed, and
buffer salts and unwanted ligands are removed. These
“repaired” PDB files are then used to perform surface topography analysis using CASTp in the next step.
5. Concavities detected by CASTp on the edges of a subcomplex
are less useful because the effect of the missing monomers is
neglected during their detection. With that said, this emphasizes
the importance of analyzing a number different protein-protein
interactions through the selection of different subcomplexes.
Thus, some of these subcomplexes may be symmetry redundant.
For example, in the maxiferritin, we define a “B-site interface”
for the calculations although formally combinations of the other
interfaces define it.
6. To save hard drive space, set the “OutPDB” value to “false” in
the virtual screening step. Later in the control step, we will set
this value to “true” in order to generate PDB files for the
minimized structure of only the selected mutants.
7. It has been previously shown that methionine side chains in a
protein can accommodate many different geometries and thus
provide a considerable degree of conformational flexibility
resulting in the lack of specificity for methionine-rich protein
surfaces [26, 27]. Moreover, the oxidation of methionine,
which occurs in a wide variety of conditions, has been shown
to cause structural instability and changes in the aggregation
states of proteins [28]. Thus, we generally remove Met from
the list of viable stabilizing designs. In addition, mutations to
proline can also be problematic due to loss of a backbone
hydrogen bond and backbone flexibility effects. Because
FoldX assumes a rigid backbone, we typically remove proline
mutations from candidate designs.
8. In the E. coli bacterioferritin cage for instance, there is a large
concavity (see Fig. 3) at the twofold dimeric interface which
contracts upon computationally predicted replacement of Asn23
with hydrophobic amino acids. We have shown in vitro that these
mutations enhance the thermal stability of the ferritin [6].
9. If the WT residue that was mutated has a large number of contacting atoms (more than 20), it is considered “highly buried.”
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Fig. 3 Computationally predicted mutation of Asn23 to hydrophobic residues causes the large structural
concavity (depicted as a blue surface) at the twofold dimeric interface of E. coli bacterioferritin to contract. The
figure is adopted from Ardejani et al. [6] with permission

This may indicate that it is making structurally important interactions (as opposed to interactions with bound solvent within the
concavity). In these cases, we often choose to avoid mutating
these residues. This consideration is especially critical if the residue is involved in hydrogen bonding. We have noticed that the
energetic penalty implemented in the FoldX energy function for
removing a hydrogen bond can be understated compared to the
other energy terms. Thus, the software may often falsely predict
that a mutation, which removes a WT hydrogen bond, to have a
stabilizing effect on the complex. Therefore, special care should
be taken when residues involved in hydrogen bonds are mutated
especially if the hydrogen bonds are part of a large interaction
network.
10. A high level of conservation can give an indication that the
residue is structurally or functionally important. Thus, avoiding mutation of these might be recommended, depending on
the goals of the engineering exercise.
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