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Abstract

The design of proteins that self-assemble into higher order architectures is of great interest
due to their potential application in nanotechnology. Specifically, the self-assembly of pro-
teins into ordered lattices is of special interest to the field of structural biology. Here we
designed a 2 dimensional (2D) protein lattice using a fusion of a tandem repeat of three Tel-
SAM domains (TTT) to the Ferric uptake regulator (FUR) domain. We determined the struc-
ture of the designed (TTT-FUR) fusion protein to 2.3 A by X-ray crystallographic methods. In
agreement with the design, a 2D lattice composed of TelSAM fibers interdigitated by the
FUR domain was observed. As expected, the fusion of a tandem repeat of three TelSAM
domains formed 24 screw axis, and the self-assembly of the ordered oligomer was under pH
control. We demonstrated that the fusion of TTT to a domain having a 2-fold symmetry,
such as the FUR domain, can produce an ordered 2D lattice. The TTT-FUR system com-
bines features from the rotational symmetry matching approach with the oligomer driven
crystallization method. This TTT-FUR fusion was amenable to X-ray crystallographic meth-
ods, and is a promising crystallization chaperone.

Introduction

Proteins that self-assemble into higher order structures have garnered much interest due to
their potential applications in nanotechnology such as sensors [1,2], vaccine development [3,4],
diagnostics [5,6], and drug delivery [7,8]. Additionally, self-assembled proteins can be used as
scaffolds for templating inorganic materials [9,10,11,12,13,14], which can have a variety of appli-
cations in nanoelectronic [15,16,17], plasmonic [18,19,20], magnetic [21], biomedical [22,23],
and catalytic fields [23,24]. Efforts have been directed toward the design of proteins that self-
assemble, and various architectures have been pursued such as fibers [25], nanocages [26,27],
and lattices [28]. Engineering proteins into ordered lattices is of special interest to structural
biologists in the fields of electron microscopy (EM) and X-ray crystallography.

Two approaches have been applied successfully for the design of two dimensional protein
arrays. These are: (1) the matching rotational symmetry approach [29], and (2) computational
optimization of protein-protein interfaces [28]. In both cases, the success of the design was
observed only by EM techniques. Protein structure determination by X-ray crystallographic
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methods relies on obtaining highly ordered lattices, which can be a critical bottle neck. Protein
fusions have been used to assist in crystallization by utilizing protein domains that have been
described as crystallization chaperones [30,31,32,33]. Ordered two dimensional (2D) protein
arrays can be potentially utilized as platforms for the production of ordered three dimensional
crystals. However, this requires the arrays to be amenable to crystallographic techniques, not
just EM methods. This is challenging since proteins that self-assemble into large oligomeric
complexes tend to precipitate rapidly, and crystal growth typically requires higher solubility
for the specimen of interest. In order to overcome this challenge, we are utilizing pH as a trig-
ger to control the oligomerization process.

Here, we report a novel approach for the design of two dimensional protein lattices that we
confirmed by X-ray crystallography to high resolution. This approach combines features from
the “polymer driven crystallization” method [34], with the “rotational symmetry matching”
method [29], which was used successfully to generate a 2D lattice by fusion of aminolevulinic
acid dehydrogenase which has D4 symmetry to a streptavidin/streptag system which has D2
symmetry. This 2D lattice was observed by EM [29]. The “polymer driven crystallization”
method is based on the human TelSAM (Tel: Translocation Ets Leukemia, SAM: Sterile Alpha
Motif) domain. Tel is a member of the ETS family of transcriptional regulators which is fre-
quently involved in human leukemias as the result of specific chromosomal translocations
[35]. The Sterile Alpha Motif (SAM) is a protein interaction motif found in a wide variety of
eukaryotic proteins that are involved in many biological processes such as protein-protein,
protein-RNA, and protein-lipid interactions [36]. It has been shown that in some cases the
SAM domain self oligomerizes, and in other cases it can bind to a variety of non-SAM domain
proteins [37].

The SAM domain of Tel (TelSAM) forms an oligomer with a 65 helical symmetry [38].
However, mutating residue Valine-80 to glutamate (V80E) renders the oligomeric assembly
pH dependent. Therefore, pH can be used as a trigger to control the oligomerization process.
Residue 80 resides at the center of what otherwise would be a largely hydrophobic oligomeric
interface [38,39]. It has been shown that the V8OE mutation does not cause significant struc-
tural changes at the interface compared to wtTelSAM structure [39]. It was proposed that the
hydrophilic nature of the glutamate is what renders TelSAM soluble at high pH by interfering
with the overall hydrophobic nature of the oligomeric interface [38]. Upon protonation of the
glutamate at lower pH, it is no longer sufficiently hydrophilic to prevent the association of the
TelSAM molecules. This mutated form (V80E) offers attractive features that can be exploited
for use as a crystallization chaperone, and it has previously been demonstrated that TelSAM is
indeed a promising crystallization chaperone [34]. These previous experiments demonstrated
that: (1) TelSAM protein fusions did not hinder protein expression or folding, and a number
of crystals were obtained, (2) The pH trigger worked as expected, and importantly (3) the tan-
dem repeat of two TelSAM domains adopted the intended structure (PDB code 2QAR). Spe-
cifically, the fusion of two TelSAM domains maintained the helical polymeric nature with
fewer units for each repeat turn. Thus, instead of 60° degrees rotation per unit, 120° degrees
rotation per unit was obtained, and the 65 screw symmetry was transformed into 3, screw
symmetry.

We build on these prior experiences in order to develop an alternate and an improved sys-
tem with more favorable features. Here we utilized a tandem repeat of three TelSAM domains
instead of two. With three TelSAM domains (TTT) a 180° degrees rotation per unit would be
expected, which should form oligomers with each single filament having a 2; screw axis sym-
metry. We attempt to use the 2, symmetry as a backbone to form a 2D lattice by fusing a pro-
tein domain with a tendency to form a 2-fold symmetry to the 2, screw axis, as shown in Fig
1A and 1B.
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Fig 1. Design of the 2D lattice. The 2-fold symmetry axis for the n-FUR domain is shown to be able to adopt multiple conformations.
In (A) the 2-fold axis is shown parallel to the TelSAM helical axis, and (B) shows how the n-FUR domain can adopt a different
orientation. The TelSAM oligomer is shown as a blue ribbon. The n-FUR domains are shown in green and yellow, and the flexible
linker is shown in red.

https://doi.org/10.1371/journal.pone.0174485.9001

Fusion of TTT to a dimeric protein can lead to rapid self-assembly and precipitation of the
sample (unpublished results). In order to avoid aggregation by rapid self-assembly of the result-
ing construct, we selected the N-terminal domain of the ferric uptake regulator (FUR) protein
from E. coli. The N-terminal domain of FUR (n-FUR,; residues 1 to 83) was shown to be mono-
meric in solution, and yet formed dimers in the crystal structure [40]. These n-FUR dimers
were mediated by cadmium ions (PDB code: 2FU4). Therefore, the fusion of TTT with n-FUR
would be expected to be soluble at high pH and in the absence of cadmium. A flexible linker
was used to connect the n-FUR domain to TTT, in order to allow the n-FUR domain to sample
many orientations and select a favorable position without restricting the orientation of the
2-fold axis (Fig 1B). Our goal for the 2-D lattice design was that the interactions between the
TelSAM oligomers be entirely mediated by the n-FUR domains as shown in Fig 1A and 1B.

Materials and methods

Lattice design

Three TelSAM domains were fused to a single n-FUR domain. The order of the TelSAM
domains in this fusion is V80E, WT, WT, followed by the n-FUR domain. Thus the protein
domains have the following order: V8OE-TelSAM — wtTelSAM — wtTelSAM — n-FUR
(VBOE-WT-WT-FUR) as shown in Fig 2. With this order of domains, the internal TelSAM
interfaces would be the same as the wtTelSAM interface, however the external oligomeric
interface presents the V80E mutation (Fig 2). This design was selected in order to ensure
improved solubility of our construct, yet maintain the rigidity of the internal interfaces. Thus,
the association of V8OE-WT-WT-FUR with other molecules is pH dependent, whereas the
internal interfaces of TelSAM are always formed (Fig 2).

Cloning

TELSAM fusion clones were prepared by standard PCR and double digest and ligation proce-
dures. First, the n-FUR domain was added to a tandem repeat of two SAM domains. Then, a third
SAM domain was subcloned in between the second SAM domain and the n-FUR domain, which
included a flexible GGGSGGGS linker to connect the TelSAM domains to the n-FUR domain.
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Fig 2. The order of the TeISAM domains and the effect of pH on solubility. The behavior of monomeric
WT TelSAM (A), and V8OE TelSAM (B) as a function of pH. (C) The designed order of the tandem repeat of
three TelSAM domains. This order results in having the VBOE on the external surface of the protein and the
two internal interfaces with WT residues. (D) The predicted behavior of the fusion of the designed TTT as a
function of pH, as a result of having the V80E on the external surface. Valine at position 80 is shown as a black
triangle. A glutamate at position 80 is highlighted in red. At high pH the glutamate is shown as a star that
promotes monomeric behavior. At low pH the glutamate is shown as a red triangle that can promote
oligomerization.

https://doi.org/10.1371/journal.pone.0174485.9002

Protein expression, purification and crystallization

Protein expression was carried out in E. coli Top10 cells in LB containing 100 ug/mL ampicillin
at 37°C. The cells were induced for 3 hours with 0.02% (w/v) L-arabinose when ODgq, reached
0.7. The cell pellets were resuspended in buffer A containing (50 mM Tris pH 8.7, 250 mM
NaCl, 5% (v/v) glycerol, and 1 mM PMSF). The cells were then disrupted by two passes
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through an M110-P microfluidizer (Microfluidics) at 20k psi, and centrifuged in a Beckman
JA-20 rotor for 30 min at 14K rpm. The supernatant was combined with 2 mL of Ni-NTA
affinity resin and stirred at 4°C for 1 hour. The resin was applied to a gravity flow column and
washed with buffer A containing increasing concentrations of imidazole. The washes consisted
of 30 mL of buffer A containing 10 mM imidazole, followed by 30 mL containing 30 mM imid-
azole, and finally 10 mL with 50 mM imidazole. The protein was eluted in 10 mL of buffer-A
containing 250 mM imidazole. The eluted protein was transferred to a 10K MWCO Spectra-
Por Dialysis Membrane and buffer exchanged to 50 mM Tris pH 8.7 and 250 mM NaCl. The
protein was concentrated in a 10K MWCO Amicon Ultracel centrifugal filter unit. The protein
concentration prior to setting up crystallization conditions was 8 mg/mL. The protein was
crystallized at 17°C using the hanging drop vapor diffusion method by mixing 1 pL of the pro-
tein with an equal volume of the well solution which contained 100 mM Tris pH 8.0 and 3.5 M
NaCl.

Protein precipitation curves

We tested the solubility of the protein as a function of pH and evaluated the effect of cadmium.
The solubility of the protein was tested using several buffers with pHs ranging from 4.5 to 9.0,
and the effect of adding 5mM cadmium chloride was examined. The solubility of 0.4 mM pro-
tein was monitored by measuring the absorbance at 400 nm on a SpectraMax M5 spectropho-
tometer (Molecular Devices).

Structure determination

Crystals were flash frozen into liquid nitrogen and the data was collected at the Advance Pho-
ton Source (APS) at the ID beamline 22. The data was processed to 2.3 A using the program
HKL2000 [41]. Phases were obtained by molecular replacement with the program Phaser [42]
using TelSAM and the n-FUR domain as models (pdb codes 1JI7 and 2FU4, respectively). All
four domains were found by Phaser [42] (S1 File and S2 File). Model building and structural
comparisons were performed using COOT [43], and refinement was carried out in Refmac
[44]. The calculations of the interface surface areas were carried out using PISA [45].

Protein data bank accession code. The structure and data have been deposited in the
PDB with the accession code 5LOP.

Results and discussion
Protein expression and solubility

The V80E-WT-WT-FUR (TTT-FUR) construct expressed well, and was soluble at high pH (to
at least 15 mg/ml). The precipitation curve demonstrated that the solubility of the (TTT-FUR)
fusion protein is dependent on pH as expected. A higher absorbance is observed at lower pH,
indicating the formation of large complexes. This is consistent with the V80E-TelSAM domain
forming an oligomer at lower pH (Fig 2). Therefore, this result supports that the V80OE muta-
tion being present on the external surface of the protein as designed. Additionally, we observed
that cadmium leads to rapid precipitation of the protein regardless of the pH (Fig 3).

Crystallization and structure description

Crystallization screens were carried out both in the presence and absence of cadmium. Crystal-
lization trials in the presence of cadmium precipitated rapidly, in agreement with the precipita-
tion curves (Fig 3). A more varied behavior (soluble vs precipitated) was observed in the drops
without cadmium, and crystals were identified in the trays in the absence of cadmium. Plate
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Fig 3. Precipitation curve. The effect of pH and cadmium on solubility. In the absence of cadmium (black squares), protein solubility is pH dependent. In the
presence of cadmium (red circles), the protein is always oligomeric.

https://doi.org/10.1371/journal.pone.0174485.9003

crystals grew to a size of 0.7x0.15x0.03 mm (Fig 4). We determined the structure of the
TTT-FUR fusion protein to 2.3 A by X-ray crystallography (Table 1). One molecule was found
in the asymmetric unit, and all four protein domains (3 TelSAM domains, and 1 n-FUR
domain) were identified by molecular replacement using Phaser.

The loops that link these domains were disordered and not visible in the electron density.
Having flexible loops was a part of the design, thus this result is not a surprise. Similarly, in
previous TelSAM tandem fusions, the loops were also disordered [34].

In order to determine which of the TelSAM domains contains the mutated Glu residue at
position 80, all three domains were initially modeled as valines. Difference map densities
helped determine clearly which domain had additional density as would be expected for a
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Fig 4. Pictures of the TTT-FUR crystals.

https://doi.org/10.1371/journal.pone.0174485.9004

glutamate at this position. These initial electron difference density maps are shown in Fig 5,
which clearly identifies the TelSAM molecule with the V80E mutation as indicated by the
amount of excess positive electron density. The identification of this mutation allowed us to

Table 1. Data collection and refinement statistics*.

Space group Cc2

Resolution range (A) 50.0-2.30 (2.35-2.30)
Cella, b, ¢ (A) 131.31, 54.83, 88.48
Alpha, beta, gamma (°) 90.0, 128.5, 90.0
Completeness (%) 93.9 (68.7)
Redundancy 4.8 (3.5)

Rmerge (%) 9.2 (28.3)

1/Sigma 15.9(3.7)

CC% -92.2

Number of unique reflections measured 20782

Number of reflections used in refinement 19724

Rwork/Rfree (%) 19.82/23.56 (24.0/31.9)
Bonds RMS (A) 0.019

Angles RMS (%) 1.935

Protein atoms 2555

Solvent atoms 120

Mean B factor (A2) 19.28

Protein atoms 19.09

Solvent atoms 23.33

Solvent content (%)/Matthews Coeff 61.07/3.16

* Number in parenthesis corresponds to the highest resolution shell (2.35-2.30) A.

https://doi.org/10.1371/journal.pone.0174485.t001
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place this molecule first in the sequence in accordance with the design, with the V8OE TelSAM
first in sequence, followed by two WT TelSAM molecules, and ending with the n-FUR
domain. As expected, the structures of the internal TelSAM-TelSAM interfaces are similar

to the external one formed by V80E (Fig 5). The temperature factors showed that all four
domains were well ordered. The average temperature factors were 17.6, 17.8, 14.9, and 26.5 A*
for the three TelSAM domains and the n-FUR domain, respectively.

Structural comparisons

The structures of the three TelSAM domains are similar to each other with Co rmsd values of
0.57 A, 0.66 A, and 0.44 A between the A and B chains, A and C chains, and B and C chains,
respectively. The structures of the TelSAM domains are also similar to the previously deter-
mined structures. Superposition of the TelSAM domains onto the A chain of the original Tel-
SAM structure (pdb code 1J17) generates the following Co. RMSD values: 0.73 A for chain A,
0.49 A for chain B, and 0.33 A for chain C. The RMSD values for n-FUR domain compared to
the A and B chains of the previously determined structure of n-FUR (pdb code 2FU4) are 0.88
A, and 0.95 A, respectively. The largest change for the n-FUR domain is observed at the loop
consisting of residues 72-78 as shown in Fig 6.

Higher order structure

The organization of the 3TelSAM portion of the fusion achieved the expected structure, an
oligomer with 180° degree rotation per unit that forms a 2, screw axis, which can also be
described as one dimensional crystals or fibers. The observed structure for the TelSAM oligo-
mer in this structure is similar to the original TelSAM oligomeric structure (PDB code 1]17). A
repeat distance of 54.8 A is observed in this structure vs. 52.7 A in the original TelSAM struc-
ture. The average interface surface area per monomer between the TelSAM domains is 622.8
A% in this structure vs. 624.8 A” in the original structure. In our structure, there is one molecule
in the asymmetric unit, which contains three TelSAM domains. Similarly, three TelSAM mole-
cules were present in the asymmetric unit in the original TelSAM structure (pdb code 1J17). If
the three TelSAM domains from the original structure are treated as a single molecule and
compared to our structure, an overall Coo RMSD of 1.59 A is obtained. These results indicate
structural similarities between these two structures, regarding the TelSAM monomers as well
as the TelSAM oligomers.

The overall crystal packing of the TTT-FUR structure can be described as stacking of 2-D
layers to generate a 3 dimensional crystal (Fig 7). The 2-D layer is formed by TelSAM fibers
that are interdigitated with the n-FUR domain (Fig 8). Importantly, within this 2-D lattice, the
n-FUR domain is the sole contributor to the lateral contacts that connect the TelSAM oligo-
meric fibers (Fig 8 and S3 File). The stacking of these 2-D layers is mediated by interactions
between neighboring TelSAM fibers, as well as interactions between the FUR domains and the
TelSAM domains (S1 Fig).

Cadmium appeared to lead to quick precipitation of the protein (Fig 3), and the TTT-FUR
crystals were obtained in the absence of cadmium. Thus, it was unclear if the FUR domain
would display a 2-fold rotational symmetry. Interestingly, instead of forming a strict dimer,
the n-FUR domain formed a 2, helical symmetry similar to that of the TelSAM oligomer (Figs
8 and 9). The repeat distance per turn for the n-FUR domain matched the repeat distance per
turn for the TelSAM helical oligomer. Both distances equal the unit cell dimension for ‘b’ of
54.8 A along the Y axis. This probably played an important role in the success in obtaining
high quality crystals, and was likely in part due to the similar sizes of the TelSAM and n-FUR
domains. The surface area buried between the n-FUR domains is 273.5 A* for each monomer.
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Fig 5. Difference electron density map (Fo-Fc) contoured at 3.0 sigma at residue 80 for all three
TelSAM domains. This was calculated in the early stages of model building, with valine built at position 80 for
all three TelSAM domains. The excess density indicates which of the three domains has the glutamate
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mutation at position 80. The first TelSAM is colored in green, the second is colored in cyan, and the third is
colored in magenta. The symmetry related molecule is colored in gray.

https://doi.org/10.1371/journal.pone.0174485.9005

Fig 6. Structural comparison of the n-FUR domain. Superposition of the observed n-Fur domain (green)
onto the previously determined structure (semi-transparent purple. PDB code: 2FU4).

https://doi.org/10.1371/journal.pone.0174485.9006

Fig 7. The observed 3 dimensional crystal packing, with a top-down view of the TelSAM oligomers. The
TelSAM domains are shown in yellow, red, and blue, and the FUR domain is shown in green. The symmetry
related molecules are shown in gray. The unit cell is shown in yellow. The crystal packing can be described as
stacking of 2D crystals. The arrow between the red lines points out the 2D lattice. This view is looking down the Y
axis. The unit cell dimensions are (131.3, 54.8, 88.5) A, and the angles are (90.0°, 128.5°, 90.0°)

https://doi.org/10.1371/journal.pone.0174485.9007
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Fig 8. The observed 2D crystal packing. One set of TTT domains are shown in red shades, and the second
set is shown in blue shades. The n-FUR domains are shown in green and yellow. (A) Top-down view of the
TelSAM oligomers. (B) Side view of the TelSAM oligomers. Within the 2D lattice, the interactions between
neighboring TelSAM fibers are entirely mediated by the n-FUR domains. Additional figures for the crystal
packing are included in the supplemental materials.

https://doi.org/10.1371/journal.pone.0174485.g008

The n-FUR domain attained the desired 2-fold symmetry, although not the packing interac-
tions previously observed (PDB code: 2FU4). However, since the crystals were obtained in the
absence of cadmium, it was apparent that the likelihood of obtaining the previously observed
dimer [40] was low, and it was unclear which orientation the n-FUR domain would adopt. It is
likely that the flexibility of the loops allowed the n-FUR domain to sample a variety of packing
interactions and adopt a favorable orientation leading to crystal growth. Interestingly, having
flexible loops did not prevent the growth of highly ordered crystals. Instead, the flexibility of the
loops likely played an important role in the success of the lattice assembly and it is reasonable to
conclude that, as we expected, the lattice assembly is not dependent on having perfect linkers.

Conclusions

We achieved many of the desired features of the designed 2D lattice. One important feature is
that the fusion of three TelSAM domains achieved not only the desired structure, but also the
desired property of pH driven oligomerization. This control over the oligomerization process
is likely what allowed us to grow good quality 3D crystals. Previously, successful 2D protein
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A q

Fig 9. Graphic representation of the observed 2D lattice shown in Fig 8B. The n-FUR domains formed a
2, screw axis instead of a strict 2-fold axis, as shown in Fig 1. The color scheme is the same as used in Fig 1.

https://doi.org/10.1371/journal.pone.0174485.g009

lattice designs were only confirmed by EM [28,29]. Thus, here we demonstrated the first 2D
lattice design that produced good quality 3D crystals and allowed the structure to be deter-
mined to high resolution by X-ray crystallographic methods. Another critically significant fea-
ture that was achieved is that the side by side crystal packing interactions between the TelSAM
fibers were entirely mediated by the n-FUR domain. This is essential because it suggests that
this design is well suited for further exploration for the crystallization of cargo proteins, with
the crystallization contacts already prefabricated.

Although the n-FUR domain did not form the previously observed dimer, the crystal pack-
ing obtained confirms the validity of our design strategy. Our structure validates that the
fusion of three TelSAM domains provides a valid platform for the generation of ordered
2D and 3D lattices. The lattice design described here includes features from what has been
described as “rotational symmetry matching”. However, in this case by using a screw axis, we
introduced the translational symmetry element to this approach. Translational symmetry can
greatly expand the possible patterns that can be achieved by rotational symmetry matching,
making it a more powerful and diverse method.

Supporting information

S1 File. Pdb file. Phaser was able to find all four domains. For clarity each domain is labeled as
a separate chain.
(PDB)

S2 File. Data file. Crystallographic data in mtz format.
(MTZ)

S$3 File. Two dimensional lattice. Pdb file representing the 2-dimensional protein lattice.
(PDB)
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S1 Fig. Packing of the TTT-FUR crystals. (A) Top down view of three rows of TTT-FUR. (B)
The same three rows shown at a tilt angle. (C) Side view of the same three rows. In All panels
the FUR domains are shown in green, and the TelSAM domains are shown in blue and red.
The stacking of these 2-D layers is mediated by interactions between neighboring TelSAM
fibers, as well as interactions between the FUR domains and the TelSAM domains.

(PDF)

Author Contributions

Conceptualization: SF.

Formal analysis: SF SP SA.

Investigation: SF SP SA NJ.

Methodology: SF SP SA NJ.

Project administration: SF.

Resources: SF.

Supervision: SF.

Validation: SF SP SA.

Writing - original draft: SF.

Writing - review & editing: SF SP SA.

References

1.

Leng Y, Wei HP, Zhang ZP, Zhou YF, Deng JY, Cui ZQ, et al. (2010) Integration of a fluorescent molec-
ular biosensor into self-assembled protein nanowires: a large sensitivity enhancement. Angew Chem
Int Ed Engl 49: 7243-7246. https://doi.org/10.1002/anie.201002452 PMID: 20730845

Men D, Guo YC, Zhang ZP, Wei HP, Zhou YF, Cui Zq, et al. (2009) Seeding-induced self-assembling
protein nanowires dramatically increase the sensitivity of immunoassays. Nano Lett 9: 2246-2250.
https://doi.org/10.1021/nl19003464 PMID: 19402649

Mesnage S, Weber-Levy M, Haustant M, Mock M, Fouet A (1999) Cell surface-exposed tetanus toxin
fragment C produced by recombinant Bacillus anthracis protects against tetanus toxin. Infect Immun
67: 4847-4850. PMID: 10456940

llk N, Vollenkle C, Egelseer EM, Breitwieser A, Sleytr UB, Sara M (2002) Molecular characterization of
the S-layer gene, sbpA, of Bacillus sphaericus CCM 2177 and production of a functional S-layer fusion
protein with the ability to recrystallize in a defined orientation while presenting the fused allergen. Appl
Environ Microbiol 68: 3251-3260. https://doi.org/10.1128/AEM.68.7.3251-3260.2002 PMID: 12089001

Pleschberger M, Saerens D, Weigert S, Sleytr UB, Muyldermans S, Sara M, et al. (2004) An S-layer
heavy chain camel antibody fusion protein for generation of a nanopatterned sensing layer to detect the
prostate-specific antigen by surface plasmon resonance technology. Bioconjug Chem 15: 664—671.
https://doi.org/10.1021/bc049964w PMID: 15149195

Tschiggerl H, Casey JL, Parisi K, Foley M, Sleytr UB (2008) Display of a peptide mimotope on a crystal-
line bacterial cell surface layer (S-layer) lattice for diagnosis of Epstein-Barr virus infection. Bioconjug
Chem 19: 860-865. https://doi.org/10.1021/bc7003523 PMID: 18376854

Hernandez-Garcia A, Kraft DJ, Janssen AF, Bomans PH, Sommerdijk NA, Thies-Weesie DM, et al.
(2014) Design and self-assembly of simple coat proteins for artificial viruses. Nat Nanotechnol 9: 698—
702. https://doi.org/10.1038/nnano.2014.169 PMID: 25150720

IIk N, Kupcu S, Moncayo G, Klimt S, Ecker RC, Hofer-Warbinek R, et al. (2004) A functional chimaeric

S-layer-enhanced green fluorescent protein to follow the uptake of S-layer-coated liposomes into
eukaryotic cells. Biochem J 379: 441-448. https://doi.org/10.1042/BJ20031900 PMID: 14725506

PLOS ONE | https://doi.org/10.1371/journal.pone.0174485  April 18,2017 13/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0174485.s004
https://doi.org/10.1002/anie.201002452
http://www.ncbi.nlm.nih.gov/pubmed/20730845
https://doi.org/10.1021/nl9003464
http://www.ncbi.nlm.nih.gov/pubmed/19402649
http://www.ncbi.nlm.nih.gov/pubmed/10456940
https://doi.org/10.1128/AEM.68.7.3251-3260.2002
http://www.ncbi.nlm.nih.gov/pubmed/12089001
https://doi.org/10.1021/bc049964w
http://www.ncbi.nlm.nih.gov/pubmed/15149195
https://doi.org/10.1021/bc7003523
http://www.ncbi.nlm.nih.gov/pubmed/18376854
https://doi.org/10.1038/nnano.2014.169
http://www.ncbi.nlm.nih.gov/pubmed/25150720
https://doi.org/10.1042/BJ20031900
http://www.ncbi.nlm.nih.gov/pubmed/14725506
https://doi.org/10.1371/journal.pone.0174485

@° PLOS | ONE

Symmetry based assembly of a 2 dimensional protein lattice

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Kim JW, Choi SH, Lillehei PT, Chu SH, King GC, Watt GD (2005) Cobalt oxide hollow nanoparticles
derived by bio-templating. Chemical Communications: 4101-4103. https://doi.org/10.1039/b505097a
PMID: 16091813

Sadasivan S, Patil AJ, Bromley KM, Hastie PGR, Banting G, Mann S (2008) Novel protein-inorganic
nanoparticles prepared by inorganic replication of self-assembled clathrin cages and triskelia. Soft Mat-
ter 4:2054-2058.

Schoen AP, Schoen DT, Huggins KNL, Arunagirinathan MA, Heilshorn SC (2011) Template Engineer-
ing Through Epitope Recognition: A Modular, Biomimetic Strategy for Inorganic Nanomaterial Synthe-
sis. Journal of the American Chemical Society 133: 18202—18207. https://doi.org/10.1021/ja204732n
PMID: 21967307

Huggins KNL, Schoen AP, Arunagirinathan MA, Heilshorn SC (2014) Multi-Site Functionalization of
Protein Scaffolds for Bimetallic Nanoparticle Templating. Advanced Functional Materials 24: 7737—
7744,

Uchida M, Qazi S, Edwards E, Douglas T (2015) Use of Protein Cages as a Template for Confined Syn-
thesis of Inorganic and Organic Nanoparticles. Protein Cages: Methods and Protocols 1252: 17-25.

McMillan RA, Howard J, Zaluzec NJ, Kagawa HK, Mogul R, Li YF, et al. (2005) A self-assembling pro-
tein template for constrained synthesis and patterning of nanoparticle arrays. Journal of the American
Chemical Society 127: 2800—2801. https://doi.org/10.1021/ja043827s PMID: 15740085

Bai HY, Xu F, Anjia L, Matsui H (2009) Low temperature synthesis of ZnO nanowires by using a geneti-
cally-modified collagen-like triple helix as a catalytic template. Soft Matter 5: 966—969.

Lee YJ, YiH, Kim WJ, Kang K, Yun DS, Strano MS, et al. (2009) Fabricating Genetically Engineered
High-Power Lithium-lon Batteries Using Multiple Virus Genes. Science 324: 1051-1055. https://doi.
org/10.1126/science.1171541 PMID: 19342549

Nam KT, Kim DW, Yoo PJ, Chiang CY, Meethong N, Hammond PT, et al. (2006) Virus-enabled synthe-
sis and assembly of nanowires for lithium ion battery electrodes. Science 312: 885-888. https://doi.org/
10.1126/science.1122716 PMID: 16601154

Marinica DC, Kazansky AK, Nordlander P, Aizpurua J, Borisov AG (2012) Quantum plasmonics: nonlin-
ear effects in the field enhancement of a plasmonic nanoparticle dimer. Nano Lett 12: 1333—1339.
https://doi.org/10.1021/nl300269¢ PMID: 22320125

Scholl JA, Garcia-Etxarri A, Koh AL, Dionne JA (2013) Observation of quantum tunneling between two
plasmonic nanoparticles. Nano Lett 13: 564-569. https://doi.org/10.1021/nI304078v PMID: 23245286

Tan SF, Wu L, Yang JK, Bai P, Bosman M, Nijhuis CA (2014) Quantum plasmon resonances controlled
by molecular tunnel junctions. Science 343: 1496—-1499. https://doi.org/10.1126/science.1248797
PMID: 24675958

Nudelman H, Valverde-Tercedor C, Kolusheva S, Gonzalez TP, Widdrat M, Grimberg N, et al. (2016)
Structure-function studies of the magnetite-biomineralizing magnetosome-associated protein MamC.
Journal of Structural Biology 194: 244-252. https://doi.org/10.1016/}.jsb.2016.03.001 PMID: 26970040

Kramer RM, Li C, Carter DC, Stone MO, Naik RR (2004) Engineered protein cages for nanomaterial
synthesis. Journal of the American Chemical Society 126: 13282—13286. https://doi.org/10.1021/
ja046735b PMID: 15479082

Daniel MC, Astruc D (2004) Gold nanoparticles: Assembly, supramolecular chemistry, quantum-size-
related properties, and applications toward biology, catalysis, and nanotechnology. Chemical Reviews
104: 293-346. https://doi.org/10.1021/cr030698+ PMID: 14719978

Behrens S, Heyman A, Maul R, Essig S, Steigerwald S, Quintilla A, et al. (2009) Constrained Synthesis
and Organization of Catalytically Active Metal Nanoparticles by Self-Assembled Protein Templates.
Advanced Materials 21: 3515-+.

Padilla JE, Colovos C, Yeates TO (2001) Nanohedra: using symmetry to design self assembling protein
cages, layers, crystals, and filaments. Proc Natl Acad Sci U S A 98: 2217-2221. https://doi.org/10.
1073/pnas.041614998 PMID: 11226219

Lai YT, Cascio D, Yeates TO (2012) Structure of a 16-nm cage designed by using protein oligomers.
Science 336: 1129. https://doi.org/10.1126/science.1219351 PMID: 22654051

Lai YT, Reading E, Hura GL, Tsai KL, Laganowsky A, Asturias FJ, et al. (2014) Structure of a designed
protein cage that self-assembles into a highly porous cube. Nat Chem 6: 1065—1071. https://doi.org/10.
1038/nchem.2107 PMID: 25411884

Gonen S, DiMaio F, Gonen T, Baker D (2015) Design of ordered two-dimensional arrays mediated by
noncovalent protein-protein interfaces. Science 348: 1365—1368. https://doi.org/10.1126/science.
a2aa9897 PMID: 26089516

PLOS ONE | https://doi.org/10.1371/journal.pone.0174485  April 18,2017 14/15


https://doi.org/10.1039/b505097a
http://www.ncbi.nlm.nih.gov/pubmed/16091813
https://doi.org/10.1021/ja204732n
http://www.ncbi.nlm.nih.gov/pubmed/21967307
https://doi.org/10.1021/ja043827s
http://www.ncbi.nlm.nih.gov/pubmed/15740085
https://doi.org/10.1126/science.1171541
https://doi.org/10.1126/science.1171541
http://www.ncbi.nlm.nih.gov/pubmed/19342549
https://doi.org/10.1126/science.1122716
https://doi.org/10.1126/science.1122716
http://www.ncbi.nlm.nih.gov/pubmed/16601154
https://doi.org/10.1021/nl300269c
http://www.ncbi.nlm.nih.gov/pubmed/22320125
https://doi.org/10.1021/nl304078v
http://www.ncbi.nlm.nih.gov/pubmed/23245286
https://doi.org/10.1126/science.1248797
http://www.ncbi.nlm.nih.gov/pubmed/24675958
https://doi.org/10.1016/j.jsb.2016.03.001
http://www.ncbi.nlm.nih.gov/pubmed/26970040
https://doi.org/10.1021/ja046735b
https://doi.org/10.1021/ja046735b
http://www.ncbi.nlm.nih.gov/pubmed/15479082
https://doi.org/10.1021/cr030698+
http://www.ncbi.nlm.nih.gov/pubmed/14719978
https://doi.org/10.1073/pnas.041614998
https://doi.org/10.1073/pnas.041614998
http://www.ncbi.nlm.nih.gov/pubmed/11226219
https://doi.org/10.1126/science.1219351
http://www.ncbi.nlm.nih.gov/pubmed/22654051
https://doi.org/10.1038/nchem.2107
https://doi.org/10.1038/nchem.2107
http://www.ncbi.nlm.nih.gov/pubmed/25411884
https://doi.org/10.1126/science.aaa9897
https://doi.org/10.1126/science.aaa9897
http://www.ncbi.nlm.nih.gov/pubmed/26089516
https://doi.org/10.1371/journal.pone.0174485

@° PLOS | ONE

Symmetry based assembly of a 2 dimensional protein lattice

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

M,

42,

43.

44,

45.

Sinclair JC, Davies KM, Venien-Bryan C, Noble ME (2011) Generation of protein lattices by fusing pro-
teins with matching rotational symmetry. Nat Nanotechnol 6: 558-562. https://doi.org/10.1038/nnano.
2011.122 PMID: 21804552

Jaakola VP, Griffith MT, Hanson MA, Cherezov V, Chien EY, Lane JR, et al. (2008) The 2.6 angstrom
crystal structure of a human A2A adenosine receptor bound to an antagonist. Science 322: 1211—
1217. https://doi.org/10.1126/science.1164772 PMID: 18832607

Zhan'Y, Song X, Zhou GW (2001) Structural analysis of regulatory protein domains using GST-fusion
proteins. Gene 281: 1-9. PMID: 11750122

Smyth DR, Mrozkiewicz MK, McGrath WJ, Listwan P, Kobe B (2003) Crystal structures of fusion pro-
teins with large-affinity tags. Protein Sci 12: 1313—-1322. https://doi.org/10.1110/ps.0243403 PMID:
12824478

Donahue JP, Patel H, Anderson WF, Hawiger J (1994) Three-dimensional structure of the platelet integ-
rin recognition segment of the fibrinogen gamma chain obtained by carrier protein-driven crystallization.
Proc Natl Acad SciU S A 91: 12178-12182. PMID: 7527555

Nauli S, Farr S, Lee YJ, Kim HY, Faham S, Bowie JU (2007) Polymer-driven crystallization. Protein Sci
16: 2542-2551. https://doi.org/10.1110/ps.073074207 PMID: 17962407

Jousset C, Carron C, Boureux A, Quang CT, Oury C, Dusanter-Fourt |, et al. (1997) A domain of TEL
conserved in a subset of ETS proteins defines a specific oligomerization interface essential to the mito-

genic properties of the TEL-PDGFR beta oncoprotein. EMBO J 16: 69-82. https://doi.org/10.1093/
emboj/16.1.69 PMID: 9009269

Qiao F, Bowie JU (2005) The many faces of SAM. Sci STKE 2005: re7.

Peterson AJ, Kyba M, Bornemann D, Morgan K, Brock HW, Simon J (1997) A domain shared by the
Polycomb group proteins Scm and ph mediates heterotypic and homotypic interactions. Mol Cell Biol
17: 6683-6692. PMID: 9343432

Kim CA, Phillips ML, Kim W, Gingery M, Tran HH, Robinson MA, et al. (2001) Polymerization of the
SAM domain of TEL in leukemogenesis and transcriptional repression. EMBO J 20: 4173-4182.
https://doi.org/10.1093/emboj/20.15.4173 PMID: 11483520

Tran HH, Kim CA, Faham S, Siddall MC, Bowie JU (2002) Native interface of the SAM domain polymer
of TEL. BMC Struct Biol 2: 5. https://doi.org/10.1186/1472-6807-2-5 PMID: 12193272

Pecqueur L, D’Autreaux B, Dupuy J, Nicolet Y, Jacquamet L, Brutscher B, et al. (2006) Structural
changes of Escherichia coli ferric uptake regulator during metal-dependent dimerization and activation
explored by NMR and X-ray crystallography. J Biol Chem 281: 21286-21295. https://doi.org/10.1074/
jbc.M601278200 PMID: 16690618

Borek D, Minor W, Otwinowski Z (2003) Measurement errors and their consequences in protein crystal-
lography. Acta Crystallographica Section D-Biological Crystallography 59: 2031-2038.

Bunkoczi G, Echols N, McCoy AJ, Oeffner RD, Adams PD, Read RJ (2013) Phaser.MRage: automated
molecular replacement. Acta Crystallographica Section D-Biological Crystallography 69: 2276-2286.
Emsley P, Lohkamp B, Scott WG, Cowtan K (2010) Features and development of Coot. Acta Crystallo-
graphica Section D-Biological Crystallography 66: 486-501.

Murshudov GN, Vagin AA, Dodson EJ (1997) Refinement of macromolecular structures by the maxi-
mum-likelihood method. Acta Crystallographica Section D-Biological Crystallography 53: 240-255.
Krissinel E, Henrick K (2007) Inference of macromolecular assemblies from crystalline state. J Mol Biol
372: 774-797. https://doi.org/10.1016/j.jmb.2007.05.022 PMID: 17681537

PLOS ONE | https://doi.org/10.1371/journal.pone.0174485  April 18,2017 15/15


https://doi.org/10.1038/nnano.2011.122
https://doi.org/10.1038/nnano.2011.122
http://www.ncbi.nlm.nih.gov/pubmed/21804552
https://doi.org/10.1126/science.1164772
http://www.ncbi.nlm.nih.gov/pubmed/18832607
http://www.ncbi.nlm.nih.gov/pubmed/11750122
https://doi.org/10.1110/ps.0243403
http://www.ncbi.nlm.nih.gov/pubmed/12824478
http://www.ncbi.nlm.nih.gov/pubmed/7527555
https://doi.org/10.1110/ps.073074207
http://www.ncbi.nlm.nih.gov/pubmed/17962407
https://doi.org/10.1093/emboj/16.1.69
https://doi.org/10.1093/emboj/16.1.69
http://www.ncbi.nlm.nih.gov/pubmed/9009269
http://www.ncbi.nlm.nih.gov/pubmed/9343432
https://doi.org/10.1093/emboj/20.15.4173
http://www.ncbi.nlm.nih.gov/pubmed/11483520
https://doi.org/10.1186/1472-6807-2-5
http://www.ncbi.nlm.nih.gov/pubmed/12193272
https://doi.org/10.1074/jbc.M601278200
https://doi.org/10.1074/jbc.M601278200
http://www.ncbi.nlm.nih.gov/pubmed/16690618
https://doi.org/10.1016/j.jmb.2007.05.022
http://www.ncbi.nlm.nih.gov/pubmed/17681537
https://doi.org/10.1371/journal.pone.0174485

