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ABSTRACT: Recently, we designed and assembled protein nanobuilding blocks
(PN-Blocks) from an intermolecularly folded dimeric de novo protein called
WA20. Using this dimeric 4-helix bundle, we constructed a series of self-
assembling supramolecular nanostructures including polyhedra and chain-type
complexes. Here we describe the stabilization of WA20 by designing mutations
that stabilize the helices and hydrophobic core. The redesigned proteins denature
with substantially higher midpoints, with the most stable variant, called Super
WA20 (SUWA), displaying an extremely high midpoint (T, = 122 °C), much ’ g
higher than the T,, of WA20 (75 °C). The crystal structure of SUWA reveals an T T T T T T T T
intermolecularly folded dimer with bisecting U topology, similar to the parental
WA20 structure, with two long a-helices of a protomer intertwined with the
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helices of another protomer. Molecular dynamics simulations demonstrate that

the redesigned hydrophobic core in the center of SUWA significantly suppresses the deformation of helices observed in the same
region of WA20, suggesting this is a critical factor stabilizing the SUWA structure. This hyperstable de novo protein is expected to be
useful as nanoscale pillars of PN-Block components in new types of self-assembling nanoarchitectures.

KEYWORDS: protein stabilization, de novo protein, binary pattern, 4-helix bundle, bisecting U topology, protein nanobuilding block

he chemical reconstitution of living matter is one of the

ultimate goals of chemistry and synthetic biology.
Toward achieving this goal, the design of artificial proteins—
and the programmed self-assembly of such proteins into
complex and nanostructures—are important steps in the
emerging field of “synthetic structural biology”."”

As a semirational approach toward protein design, the binary
code strategy was developed to construct libraries of novel
polypeptides that would fold into predetermined structures.
Using secondary structure motifs with binary patterns of polar
and nonpolar residues, de novo proteins with a-helixes or j-
sheets have been successfully created without reference to
natural protein sequences.” From a third-generation library of
binary patterned 4-helix bundles, several de novo proteins with
functions in vitro™ and in vivo®™” have been produced.

We reported the crystal structure of WA20, a protein from
the third-generation library of binary patterned 4-helix
bundles,”'’ which forms an intermolecularly folded dimeric
helical bundle (so-called dimeric “nunchaku”-like structure)."’
To harness the unusual intertwined structure of WA20 for the
self-assembly of supramolecular nanostructures, we designed
and constructed a polyhedral protein nanobuilding block (PN-
Block), called “WA20-foldon” by fusing the dimeric de novo
protein WA20 to a trimeric foldon domain of T4 phage
fibritin.'” The WA20-foldon formed several distinctive types of
self-assembled nanoarchitectures including combinations of
dimers and trimers in multiples of 6-mers, which formed a
barrel-like hexamer and a tetrahedrally shaped dodecamer.
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The overall objective of the “PN-Block strategy” is to
construct a wide range of self-assembling nanostructures from
a few types of simple and fundamental PN-Blocks. The
intertwined rod-like structure of the de novo protein WA20,
with its intermolecularly folded dimeric structure, is well suited
as a simple and versatile PN-Block for the design and
construction of a range of different nanoarchitectures.'”

Recently, we designed and created a new class of de novo
nanobuilding blocks, which we called extender protein
nanobuilding blocks (ePN-Blocks)."® These were constructed
by joining tandemly two copies of WA20 with various linkers.
These linked proteins enabled the construction of a new series
of PN-Blocks that self-assembled into cyclized and extended
chain-type nanostructures. We successfully reconstructed
heteromeric complexes from extender and stopper PN-Blocks,
and the complexes further self-assembled into supramolecular
nanostructures.'’

With the long-term goal of producing nanostructures with
extremely high stabilities for applications in nanotechnology,
we were motivated to stabilize WA20, the central component
of these nanostructures. The current study describes the
successful stabilization of WA20 by rational design of
mutations that stabilize the helices and hydrophobic core.
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B RESULTS AND DISCUSSION

In the WA20 structure (Figure 1), position 28 near the center
of the first a-helix is occupied by a glycine residue. Since
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Figure 1. Mutations designed to stabilize the de novo protein WA20.
Side chains of the original sequence are shown as sticks in the crystal
structure of WA20 (PDB: 3VJF)."" Chains A and B are shown in
magenta and cyan, respectively.

glycine has the lowest helix propensity of any amino acid,"* we
replaced this residue. Because residue 28 occurs on the solvent
exposed face of the helix, we replaced Gly28 with serine, a
polar residue.

Next, we sought to stabilize the buried core of WA20. On
the basis of the crystal structure of WA20 (PDB: 3VJF),"" we
focused on His26, Asn34, Val71, and Glu78 (Figure 1 and
Figure S1, Supporting Information).

Residues His26 and Glu78 are located in the core near the
middle of the a-helices, and pairs of these residues form
intrachain hydrogen bonds (or salt bridges) (Figure S1A).
These buried polar residues are inconsistent with the binary
patterning strategy—which populates the core with hydro-
phobic residues and places polar residues on the surface—
because they were originally designed to form an interhelical
loop in a monomeric 4-helix bundle.” We mutated both His26
and Glu78 to leucine, which has a high helix propensity'* and
would be expected to promote nonpolar helix—helix
interactions, as seen in many structures related to leucine
zippers and coiled coils."”

Val71 is located at a hydrophobic pocket on the surface of
WA20 (Figure S1B). The mutation of Val71 to leucine was
designed to fill the pocket.

Finally, Asn34 is located at helix—helix interface (Figure
S1C). The mutation of Asn34 to leucine was designed to
stabilize the helix—helix interface by incorporating a hydro-
phobic interaction.

All of the mutant proteins expressed well in Escherichia coli,
and were purified by immobilized metal ion affinity
chromatography. Circular dichroism (CD) spectra at 30 °C
showed that all variants formed a-helical structures as well as
the parental WA20 protein (Figures 2A and S2). Thermal
denaturation revealed that all variants had higher midpoint
temperatures (T,,) than WA20 (Table 1 and Figure S3). The
single mutations G28S, N34L, and V71L each improved the
T,, by 8, 10, and 9 °C, respectively, compared to WA20 (T, =
75 °C). The double mutant H26L/E78L enhanced thermal
stability substantially with AT,, = 26 °C. The variant with all
five mutations (H26L/G28S/N34L/V71L/E78L) (Figure S4),
called Super WA20 (SUWA), achieved a remarkable improve-
ment in stability with T, = 122 °C, 47 °C higher than the
parental protein (Figure 2A and 2B and Table 1). In addition,
the thermal denaturation curves of WA20 and SUWA showed
a two-state unfolding transition (Figure 2B), but the other
WA20 variants (H26L/E78L, G28S, N34L, and V71L) seemed
to show a three-state unfolding transition (Figure S3A),
suggesting that there are some intermediate states in unfolding
processes of these WA20 variants. The observed T, values may
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Figure 2. Secondary structure and stability of the de novo protein
WA20 and SUWA (Super WA20). (A) Circular dichroism (CD)
spectra of WA20 and SUWA. (B) Thermal denaturation curves of
WA20 and SUWA. [0],5; on measured by CD is normalized and
plotted as a function of temperature. (C) Chemical denaturation of
WA20 and SUWA as a function of guanidine hydrochloride
(GdnHCI).

Table 1. Denaturation Midpoint Temperature (T,,) of
WA20 and Its Variants

SUWA
122 °C

WA20
75 °C

G28S
83 °C

N34L
85 °C

V71L
84 °C

H26L/E78L
101 °C

depend on protein concentration because the stability of a
dimeric protein depends on protein concentration when the
dimer unfolds into two monomers.

Furthermore, SUWA was stabilized substantially against
chemical denaturation by guanidine hydrochloride (GdnHCI).
The denaturation midpoint concentration (C,,) of SUWA was
increased to 6 M GdnHClI, compared to WA20 (C, = 3.5 M
GdnHCI) (Figure 2C). Assuming that the chemical denatura-
tion was a two-state transition between folded and unfolded
states, the folding free energy (AGg) of SUWA and WA20
were estimated to be —29.6 kcal/mol and —22.8 kcal/mol,
respectively (Figure $5).'°

Size exclusion chromatography—multiangle light scattering
(SEC—MALS) analysis showed that SUWA formed a dimer
(M,, = 24.8 kDa) as well as WA20 (Table S1 and Figure S6).
Small-angle X-ray scattering (SAXS) also indicated that SUWA
formed a dimer (M,, = 23.8 kDa) and an elongated structure
(the maximum diameter, D_, = 10 nm) as was the case with
WA20 (Table S2 and Figure S7).
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Figure 3. Crystal structure of SUWA. (A) Ribbon representation of
the overall structure of SUWA. Mutated residues are shown as stick
models. Chains A and B are shown in gray and yellow, respectively.
(B) Superimposition of the main-chain structures (C,) of SUWA and
WA20 (RMSD: 2.3 A). Chains A and B of SUWA are shown in gray
and yellow, respectively. Chains A and B of WA20 are shown in
magenta and cyan, respectively. (C) Closeup views of the mutation
sites of SUWA at the enhanced hydrophobic core.

folded dimer with a bisecting U topology.'”'® As was the case

for the original WA20 structure, SUWA contains two long a-
helices of one protomer intertwined with the helices of the
other protomer (Figure 3A). There are two dimers of SUWA
per asymmetric unit, and the main-chain structures of the a-
helices superimpose well (Figure S8A) but not completely
(root-mean-square deviation (RMSD) of C, atoms in a-
helices: 1.2 A for the two dimers of SUWA in an asymmetric
unit), suggesting that the structure may be slightly dynamic in
solution. The SUWA structure resembles the topology and
overall structure of WA20 (Figures 3B and S8B) (RMSD of C,
atoms in a-helices: 2.3 A for WA20 and SUWA (chains A and
B) and 1.7 A for WA20 and SUWA (chains C and D)). The
hydrophobic cores of SUWA were enhanced by the mutations
(Figures 3C and S8C).

To further probe how the designed mutations stabilize
SUWA relative to WA20, we performed molecular dynamics
(MD) simulations for the dimer dissolved in water. We
evaluated the probability of forming a-helical structure for each
residue of WA20 and SUWA at 310 and 400 K (Figures 4A
and S9). In the case of WA20, the a-helical structure at Glu78
and its neighbors were less stable than the other helical regions.
The time-dependent trajectories demonstrated that the side
chain of Glu78 dynamically flipped to become exposed to
solvent (Figure 4B and Movies S1 and S2), which was not
found in the static structure of WA20 in the crystal. In
response to this side chain movement, several water molecules
invaded the central core to fill the vacancy (see meshed region
in Figure 4B). The a-helical structures around Glu78 was
further destroyed with increasing temperature to 400 K

256

Residue number

Figure 4. Computational evaluation of the structural stabilities of
WA20 and SUWA by MD simulation. (A) Probability of forming a-
helical structure for each residue in the dimerized WA20 and SUWA
proteins in aqueous solution at 310 and 400 K. A probability of 1.0
indicates that the a-helical structure is preserved over the simulation.
The graphs including error bars are shown in Figure S9. (B) A typical
snapshot of the partially unfolded WA20 dimer observed at 310 K.
The atoms in Glu78 are represented by sticks and balls. The meshes
indicate the local regions where the density of water molecules is 4
times higher (purple mesh) and 3 times higher (light blue mesh) than
bulk. The right image corresponds to the axial view of the left one.
(C) A typical snapshot of the partially unfolded the WA20 dimer
observed at 400 K. The light blue meshes indicate the local regions
where the density of water molecules is 3 times higher than bulk. The
right image corresponds to the axial view of the left one.

(Figure 4C and Movie S3), suggesting that the unstable
conformations around Glu78 are related to the thermal
unfolding of WA20.

In contrast to these dynamic features in WA20, MD
simulations of SUWA revealed that the a-helix around Leu78
was stabilized significantly—even at the higher temperature of
400 K (Figure 4A and Movie S4). Moreover, the Leu78 side
chain stayed buried inside SUWA dimer and no interstitial
water molecules were observed in contrast to WA20. These
MD simulations indicate that the stabilized a-helical structure
with the enhanced hydrophobic core at the center of SUWA
eliminates one of the triggers for unfolding, thereby making
SUWA significantly more stable than WA20.

For many years, the stabilization of various proteins has been
studied in the fields of protein engineering and design.'”™’
Recent years have seen the design of several hyperstable de
novo proteins. For example, Huang et al. described parametri-
cally designed helical bundles with high thermodynamic
stability”® and Hsia et al. reported a hyperstable 60-subunit
icosahedron complex.”” With increasing understanding of the
factors underpinning protein design and stability,”” it is now
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possible to consider applications of de novo designed
hyperstable proteins. These considerations motivated the
current effort to enhance the stability of WA20, the central
component of our PN-Blocks.'”'” The newly designed variant,
SUWA, has several key advantages for applications in various
fields such as synthetic biology and nanotechnology: It is small
and simple; it expresses well in E. colj; its intertwined rod-like
dimeric structure can nucleate a range of topologies that are
not accessible to monomeric 4-helix bundles; and as a result of
the current work, it is extremely stable, maintaining its folded
structure well at temperatures above the boiling point of water
or at 5 M GdnHCI. Moreover, a series of the de novo proteins
with a variety of stability are also potentially useful for the
programmable design and assembly of nanoarchitecture
frameworks as nanoscale pillars of PN-Blocks contributing to
synthetic biology. Because SUWA was derived from a sequence
(WA20) taken from a vast library of binary patterned helical
bundles,” this protein is merely the first of many PN-Block
components that could eventually be used in the design of self-
assembling protein nanoarchitectures. Additionally, our pre-
vious demonstration that binary patterned proteins possess a
range of binding and catalytic properties (in vitro”> and in
vivo""”) suggests that this system may ultimately provide PN-
Blocks for the design of functional nanomaterials.

B METHODS

Construction of Protein Expression Plasmids. Protein
expression plasmids of the WA20 variants were prepared by
targeted site-directed mutagenesis of the plasmid pET3a-
WA20"" using the Transfer-PCR method”" with the oligo-
DNA primers (Table S4) and KOD-Plus-Neo DNA polymer-
ase (Toyobo, Osaka, Japan). The amino acid sequences of the
WA20 and SUWA proteins are shown in Figure S4.

Protein Expression and Purification. The WA20 and its
variant proteins were expressed in E. coli BL21 Star (DE3)
(Invitrogen, Carlsbad, CA) harboring the expression plasmid
in 2 L of LB broth, Lennox (Nacalai Tesque, Kyoto, Japan)
containing 50 ug/mL ampicillin sodium salt at 30 °C for 16 h.
All proteins were well expressed in E. coli without IPTG
induction. Proteins were extracted from harvested cells by the
freeze—thaw method and sonication with VC 505 Ultrasonic
Processor (Sonics and Materials, Newtown, CT) in lysis buffer
containing SO mM sodium phosphate buffer (pH 7.0), 300
mM NaCl, and 10% glycerol. Proteins were purified using
immobilized metal affinity chromatography (IMAC) with
COSMOGEL His-Accept (Nacalai Tesque). The equilibra-
tion/wash buffer contained 50 mM sodium phosphate buffer
(pH 7.0) and 300 mM NaCl, and the elution buffer contained
50 mM sodium phosphate buffer (pH 7.0), 300 mM NaCl,
10% glycerol, and 250 mM imidazole. Since many histidine
residues are exposed on the surface of the WA20 structure,"’
the WA20 and its variant proteins can bind the IMAC column
without a His-tag. Protein concentration was determined by
absorbance at 280 nm with molar extinction coefficient of
67602 M™' cm™ for WA20 and SUWA as calculated
according to the amino acid sequences.

Circular Dichroism (CD) Spectroscopy. For thermal
denaturation experiments, we used a J-720 spectropolarimeter
(JASCO, Hachioji, Tokyo, Japan) specially equipped with a
programmable temperature controller and a pressure-proof cell
compartment that prevented the aqueous solution from boiling
and evaporating at high temperatures. Thermal denaturation
was monitored at ellipticity 6,5, ,, of a typical peak for a-
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helices of proteins using the cell compartment pressured by
nitrogen gas (+0.5 MPa). Each protein (~0.25 mg/mL) was
dissolved in 20 mM sodium phosphate buffer (pH 7.5)
containing 150 mM NaCl and 10% glycerol. A cell with 0.1 cm
path length was used. The temperature was increased at a rate
of 1.0 °C/min. For chemical denaturation experiments, a J-
1500 spectropolarimeter (JASCO) was used. The WA20 and
SUWA proteins were dissolved in 20 mM sodium phosphate
buffer (pH 7.5) containing 150 mM NaCl, 10% glycerol, and
0—7 M guanidine hydrochloride (GdnHCI).

Structural Analyses. The SUWA protein was further
purified by cation exchange chromatography and size exclusion
chromatography (SEC) (Figure S10) for crystallization. Rod-
like crystals (Figure S11A) were obtained in a drop composed
of the protein solution (20 mg/mL) and the reservoir solution
(0.1 M HEPES, 25% w/v polyethylene glycol 3,350, pH 7.5) at
20 °C by the sitting drop vapor diffusion method. X-ray
diffraction data (Figure S11B) were collected at the Photon
Factory BL-SA beamline (KEK, Tsukuba, Japan). The SUWA
structure was solved by the molecular replacement method
with the WA20 structure (PDB ID: 3VJF)'" as a search model.
More detailed methods for X-ray crystallography, small-angle
X-ray scattering (SAXS), and SEC—multiangle light scattering
(SEC—MALS) were described in Supporting Information.

Molecular Dynamics (MD) Simulations. The all-atom
MD simulations were performed using the GPU accelerated
AMBERI18.%” The initial coordinate of the WA20 dimer was
referred from its crystal structure (PDB ID: 3VJF), and the
missing amino acids in the structure were added by using
MODELLER.*® The initial structure of the SUWA dimer was
modeled based on the WA20 structure by MODELLER. The
ff14SB AMBER force field** is used to represent these proteins
and TIP3P* for water. Each of the WA20 and SUWA dimers
was dissolved in an octahedral box comprising of 42580 and
39926 water molecules, respectively. Potassium and chloride
ions were added to each box to neutralize the total charge as
well as to set the ion density equal to 100 mM. The periodic
boundary conditions were applied for all directions. The time
step of the simulations was 2 fs. After energy minimization, the
solution was monotonically heated up from 0 to 310 K for 1 ns
under the constant volume, followed by the constant-volume
and constant-temperature (NVT) MD simulation at 310 K for
1 ns. To equilibrate the volume, the constant-pressure and
constant-temperature (NPT) MD simulation was performed at
1 bar and 310 K for 1 ns. The equilibrated configuration was
finally obtained after performing a 10 ns NVT-MD simulation
at 310 K. Then, the five different production NVT-MD
simulations were performed at 310 K for each 500 ns by giving
different momenta to the same equilibrated configuration. The
production NVT-MD simulations at 400 K were prepared in
the same way. The trajectories were recorded every 10 ps for
analyses. We identified the formation of a-helices based on
backbone amide and carbonyl atom positions.”® Each
protomer in a dimer is essentially identical, so we computed
the probability of forming a-helical structure for each residue
in the respective protomer and took the average between two
protomers.
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