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ABSTRACT: The design of novel proteins that self-assemble
into supramolecular complexes is an important step in the
development of synthetic biology and nanotechnology. Recently,
we described the three-dimensional structure of WA20, a de novo

protein that forms an intermolecularly folded dimeric 4-helix

bundle (PDB code 3VJF). To harness the unusual intertwined
structure of WA20 for the self-assembly of supramolecular
nanostructures, we created a protein nanobuilding block (PN-

Block), called WA20-foldon, by fusing the dimeric structure of

WA20 to the trimeric foldon domain of fibritin from
bacteriophage T4. The WA20-foldon fusion protein was expressed
in the soluble fraction in Escherichia coli, purified, and shown to
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form several homooligomeric forms. The stable oligomeric forms were further purified and characterized by a range of
biophysical techniques. Size exclusion chromatography, multiangle light scattering, analytical ultracentrifugation, and small-angle
X-ray scattering (SAXS) analyses indicate that the small (S form), middle (M form), and large (L form) forms of the WA20-
foldon oligomers exist as hexamer (6-mer), dodecamer (12-mer), and octadecamer (18-mer), respectively. These findings
suggest that the oligomers in multiples of 6-mer are stably formed by fusing the interdigitated dimer of WA20 with the trimer of
foldon domain. Pair-distance distribution functions obtained from the Fourier inversion of the SAXS data suggest that the S and
M forms have barrel- and tetrahedron-like shapes, respectively. These results demonstrate that the de novo WA20-foldon is an
effective building block for the creation of self-assembling artificial nanoarchitectures.

B INTRODUCTION

Living organisms are maintained by various self-assembling
biomolecules including proteins, nucleic acids, sugars, and
lipids. The chemical reconstitution of living matter is one of the
ultimate goals of chemistry and synthetic biology, and rational
design of artificial biomacromolecules that self-assemble into
supramolecular complexes is an important step toward
achieving this goal.

In recent years, DNA origami has been developed to design
and create various nanostructures.'™ The base complementar-
ity of DNA can be used to design rationally artificial
nanostructures with versatile two-dimensional (2D) and
three-dimensional (3D) shapes, such as polyhedra.” However,
nucleic acids generally consist of only four types of bases, A, T,
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G, and C, and the limited number of combinations and
chemical features might restrict the potential to produce
advanced functions.

Proteins consist of 20 types of amino acids, allowing a greater
number of chemical properties. Moreover, the enormous
varieties of possible sequence combinations expand the
probabilities to create diverse and advanced functions. In
nature, proteins perform the complex and functional tasks in
living organisms because proteins can form intricate and refined
tertiary and quaternary structures with versatile chemical
properties and functionalities.
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Figure 1. Schematics of construction and assemblies of the WA20-foldon fusion protein as a PN-Block. (A) Ribbon representation (see also Figure
S1, Supporting Information) and schematics of the intermolecularly folded dimeric WA20 (PDB code 3VJF),® shown in red, and trimeric foldon
domain of T4 phage fibritin (PDB code IRFO),® shown in blue. (B) Construction of the WA20-foldon fusion protein as a PN-Block. (C)
Schematics of a nanoarchitecture design by expected self-assemblies of the WA20-foldon. In stable self-assembling complexes, the WA20-foldon is
expected to form highly symmetric oligomers in multiples of 6-mer because of the combination of the WA20 dimer and foldon trimer.

The design of de novo proteins is substantially complicated
because of the contribution of many cooperative and long-
range interactions. De novo protein design and engineering have
been performed with mainly two motivations: (1) recapit-
ulation of natural systems to ultimately test our understanding
of the principles of protein structure and function and (2)
construction of tailor-made proteins as an essential step toward
applied biotechnology. Research on de novo protein design has
progressed toward the construction of novel proteins emanated
mainly from three approaches: (1) rational and computational
design,7_9 (2) combinatorial methods,'’ and (3) semirational
approaches, including elements of both rational design and
combinatorial methods.'""*

As a semirational approach, the binary code strategy has been
developed to produce focused libraries of de novo proteins
designed by the binary patterning of polar and nonpolar
residues, and a-helix or f-sheet de novo proteins have been
created."' ~'* From a third-generation library of de novo 4-helix
bundle proteins designed by binary patterning, a stable and
functional de novo protein called WA20 was obtained.'>'
Recently, we solved the crystal structure of the de novo protein
WA20, revealing an unusual 3D-domain-swapped dimeric
structure with a intermolecularly folded 4-helix bundle.” (3D
domain swapping is a mechanism of exchanging one structural
domain of a protein monomer with that of the identical domain
from a second monomer, resulting in an intertwined
oligomer.w’ls) Each WA20 monomer (“nunchaku”-like struc-
ture), which comprises two long a-helices, intertwines with the
helices of another monomer (Figure 1A and Figure SI,
Supporting Information). This unusual intertwined topology
was first found in the topology-changed structure of the Rozp
A31P mutant,'® which was thermodynamically destabilized.”
The structure of WA20 is stable (melting temperature, T, =
~70 °C) and forms a simple rod-like shape with ~8 nm length
and ~3 nm diameter.’ The stable, simple, and unusual
intermolecularly folded structure of the de novo protein
WA20 raises the possibility of application to basic framework
tools in nanotechnology and synthetic biology.

In recent years, several approaches to design artificial self-
assembled protein complexes have been developed:

e 3D domain-swapped dimers and fibrous oligomers”'

e Nanostructures including calges,zz*24 filaments,”* and
lattices,” constructed from fusion proteins designed by
symmetric self-assembly

26—28

o Self-assembling fibers, nanostructures,” and cages?’0

constructed from designed coiled-coil peptide modules

e Metal-directed self-assembling protein complexes®"**

e A single-chain polypeptide tetrahedron assembled from
coiled-coil segments

e Computationally designed self-assembling protein nano-
materials with atomic level accuracy”***

e Other approaches (see refs 36—42)

In this study, to apply the simple, stable, and characteristic
intermolecularly folded dimeric structure of WA20 to construct
supramolecular nanostructures, we designed and constructed a
WA20-foldon—a fusion protein of the dimeric de novo protein
WA20° and a trimeric foldon domain®* of fibritin from
bacteriophage T4—as a simple and versatile nanobuilding
block (Figure 1). In the nanoarchitectures, the parts of the
WA20 and foldon domains resemble a rectilinear framework/
edge and corner vertex/node, respectively (Figure 1C). Here,
we report the design and construction of the WA20-foldon
fusion protein as a novel protein nanobuilding block (PN-
Block) and demonstrate its characteristic self-assembling
nanoarchitectures.

B MATERIAL AND METHODS

Construction of Expression Plasmid of WA20-Foldon. The
DNA fragment encodin% the de novo protein WA20 was prepared from
plasmid pET3a-WA20”'° by polymerase chain reaction (PCR) using
KOD-Plus-Neo DNA polymerase (Toyobo, Osaka, Japan) and
primers, T7 promoter primer and WA20RV_HindIll (Table S1,
Supporting Information). The amplified fragment was digested by
Ndel and HindIII and cloned into pET32b(+) (Merck Millipore,
Darmstadt, Germany) between the Ndel and HindI1I sites to construct
the plasmid pET-WA20, i.e., the Trx tag was removed and replaced
with WA20. The DNA fragment encoding the foldon domain
(residues 458—483 in T4 phage fibritin) was prepared by annealing
and extension reactions with the two synthesized oligonucleotides
(Foldon_HindIII-Notl FW and Foldon Xhol RV) (Table S1,
Supporting Information). The DNA fragment encoding the foldon
domain digested HindIIl and Xhol and cloned into pET-WA20
between the HindIIl and Xhol sites to give the expression plasimid
pET-WA20-foldon. The amino acid sequence of the WA20-foldon
fusion protein with a His, tag at the C terminal is shown in Figure S2
(Supporting Information).

Protein Expression and Purification of WA20-Foldon. The
WA20-foldon protein with a His, tag was expressed in Escherichia coli
BL21 Star(DE3) (Invitrogen, Carlsbad, CA) harboring pET-WA20-
foldon using LB broth, Lennox (Nacalai Tesque, Kyoto, Japan) with
50 pg/mL ampicillin sodium salt at 37 °C. The expression was
induced with 0.2 mM isopropyl f-p-1-thiogalactopyranoside at ODgy,
(optical density at 600 nm) = ~0.8, and cells were further cultured for
3—4 h at 37 °C. The protein was extracted from the harvested cells by
sonication in a lysis buffer (S0 mM sodium phosphate buffer (pH 7.0)
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containing 300 mM NaCl, 10% glycerol). The protein was purified by
immobilized metal ion affinity chromatography (IMAC) with a
HisTrap HP column (GE healthcare, Little Chalfont, UK) and eluted
using a linear gradient of imidazole (equilibration buffer: 20 mM
sodium phosphate buffer (pH 7.4) containing 500 mM NaCl, 200 mM
L-ArgHCl, 10% glycerol, and 20 mM imidazole; elution buffer: 20 mM
sodium phosphate buffer (pH 7.4) containing 500 mM NaCl, 200 mM
L-ArgHCl, 10% glycerol, and S00 mM imidazole). The protein samples
were concentrated with Amicon ultra centrifugal filters (Merck
Millipore). Each form of the WA20-foldon protein was further
purified repeatedly by size exclusion chromatography (SEC) (20 mM
HEPES buffer (pH 7.5) containing 100 mM NaCl, 200 mM L-ArgHC],
and 10% glycerol) with HiLoad 16/600 Superdex 200 pg and
Superdex 200 Increase 10/300 GL columns (GE healthcare).

SEC Multi-Angle Light Scattering (SEC-MALS). SEC-MALS
experiments were performed using a 1260 Infinity HPLC system
(Agilent Technologies, Santa Clara, CA) equipped with a Superdex
200 Increase 10/300 GL column, which was connected in line with a
miniDAWN TREOS multiangle static light-scattering detector (Wyatt
Technology, Santa Barbara, CA). The data were collected in
phosphate buffered saline (PBS, pH 7.4:1 mM KH,PO,, 3 mM
Na,HPO,, and 155 mM NaCl) at 20 °C and analyzed using ASTRA 6
software (Wyatt Technology). The dn/dc value (0.185 mL/g) was
generally used for proteins, and the extinction coefficient (0.913 mL
mg ! cm™) for the WA20-foldon was calculated from the amino acid
sequence.**

Analytical Ultracentrifugation (AUC). AUC experiments were
performed at 20 °C using an analytical ultracentrifuge, Optima XL-I
(Beckman Coulter, Brea, CA) with a An-50 Ti rotor. For
sedimentation velocity experiments, cells with a standard Epon two-
channel centerpiece and sapphire windows were used. The sample
(400 uL) and reference buffer (420 yL; 20 mM HEPES buffer (pH
7.5) containing 100 mM NaCl, 200 mM r-ArgHC], and 10% glycerol)
were loaded into the cells. Absorbance scans at 280 nm were collected
at 10 min intervals during sedimentation at 50 X 10° rpm. The
sedimentation velocity experiments were performed at protein
concentrations of 1.2, 0.6, and 0.3 mg/mL. Partial specific volume of
the protein was calculated from standard tables using the SEDNTERP
program.” The solvent density (1.0472 g/cm®) and solvent viscosity
(1.5639 cP) were determined using DMA 4500 M and AMVn (Anton
Paar, Graz, Austria), respectively. The resulting scans were analyzed
using the continuous distribution (c(s)) analysis module in the
SEDFIT program (version 14.7g).*® Sedimentation coefficient incre-
ments of 200 were used in the appropriate range for each sample. The
frictional coefficient was allowed to float during fitting. The weight-
average sedimentation coefficient was obtained by integrating the
range of sedimentation coefficients in which peaks were present. The
values of sedimentation coefficient were corrected to 20 °C in pure
water (s59,,)-

Sedimentation equilibrium experiments were carried out in cells
with a six-channel centerpiece and quartz windows at 20 °C. The
sample concentrations were 0.6, 0.3, and 0.15 mg/mL. Data were
obtained at 4, 9, and 20 X 10° rpm. A total equilibration time of 48 h
was used for each speed, with absorbance scans at 280 nm taken every
4 h to ensure that equilibrium had been reached. Data analysis was
performed by global analysis of data sets obtained at different loading
concentrations and rotor speeds using SEDPHAT program (version
10.58d).*”

Small-Angle X-ray Scattering (SAXS). SAXS measurements
were performed on the WA20-foldon oligomers, chicken egg white
lysozyme (Wako Pure Chemical Industries, Osaka, Japan), and WA20°
in 20 mM HEPES buffer (pH 7.5) containing 100 mM NaCl, 200 mM
L-ArgHCl, 10% glycerol, and 1 mM dithiothreitol at 4 °C (Table S2,
Supporting Information). The SAXS measurements were performed
by SAXSess mc® (Anton Paar) with a SAXSess camera (Anton Paar)
attached to a sealed-tube anode X-ray generator (GE Inspection
Technologies, Huerth, Germany). The line-shaped and monochro-
matic X-ray beams of CuKa radiation (4 = 0.1542 nm) were provided
by a Gobel mirror and a block collimator. Liquid samples were filled
into a temperature-controlled vacuum-tight quartz capillary cell. An

imaging plate detector that recorded the primary beams attenuated by
a semitransparent beam stop and the scattered X-rays was read out by
a Cyclone Phosphor System (PerkinElmer, Waltham, MA). The 2D
scattering patterns were integrated into one-dimensional scattering
intensities, I(g), as a function of the magnitude of the scattering vector,
q = (47/2) sin(6/2), using the SAXSQuant program (Anton Paar),
where 0 is the total scattering angle. All I(g) data were normalized to
have a uniform primary intensity at g = 0 for transmission calibration.
The background scattering contributions from the capillary and
solvent were corrected. The absolute intensity calibration was
performed by referring to water as a secondary standard.*®
Generally, the scattering intensity for a colloidal dispersion is given
by the product of the form factor, P(q), and the structure factor, S(q):

I(q) = nP(q)S(q)

where n is the number density of the particle. If interparticle
interactions including the excluded volume effect and electrostatic
interaction can be neglected (i.e, S(q) = 1), the scattering intensity is
proportional to the form factor. Our experimental condition can be
regarded as a situation in which the structure factor is almost unity, i.e.,
I(q) ~ n P(q), because of a low protein concentration and a high salt
concentration of the solvent. The form factor is given by the Fourier
transformation of the pair-distance distribution function, p(r), which
describes the size and shape of the particle:

P(q) = 4n fODmp(r)

sin qr
qr

where D, is the maximum intraparticle distance. To obtain p(r) of
the proteins and their self-assemblies using a virtually model-free
routine, we used the indirect Fourier transformation (IFT)
technique.* " The forward absolute scattering intensity, I(q — 0),
was extrapolated from the data. The radius of gyration, R, was
estimated by the Guinier approximation.*®

Rigid-Body Modeling of Oligomeric Structures of WA20-
Foldon. The rigid-body models of WA20-foldon oligomeric structures
were constructed using the program COOT®* based on the crystal
structure of WA20 [protein data bank (PDB) code, 3VJF]> and the
solution structure of the foldon domain (PDB code, 1RFO)® with a
consideration of their N- and C-terminal directions and two- and
three-fold symmetries. The rigid-body models were manually and
iteratively refined to minimize differences in the p(r) and I(q)
calculated from the models and those obtained from SAXS
experiments (Figures S3—S5, Supporting Information).

Calculation of ab Initio Low-Resolution Shapes of WA20-
Foldon. Low-resolution supramolecular shapes were reconstructed
from the SAXS intensity profiles using an ab initio procedure of the
program DAMMIN® in the ATSAS program package.’* Using
dummy atom minimization (DAMMIN), a protein molecule is
approximated by densely packed small spheres (dummy atoms).
Because the low-resolution ab initio modeling procedure does not
consider the internal structure, relatively low-angle data (qR, < 7) were
used. Simulated annealing calculations were performed several times to
determine a configuration that fits the SAXS data, starting from the
dummy atoms placed at random coordinates within the search space, a
sphere of diameter D,,,,, with/without a consideration of two- and/or
three-fold symmetry constraints.

dr

B RESULTS AND DISCUSSION

Design of WA20-Foldon as a PN-Block to Construct
Self-Assembling Nanostructures. As shown in Figure 1, to
construct self-assembling nanostructures, the first PN-Block,
the WA20-foldon, which utilized the unusual intermolecularly
folded dimeric de novo protein WA20 as a framework, was
designed by reference to the “nanohedra” strategy’””’ using
symmetry to design the nanostructures. The design of a dimer—
trimer PN-Block is notably a versatile and powerful approach as
a geometrically based building block to construct several
polyhedra with three edges from one node, such as a
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tetrahedron, hexahedron, and dodecahedron. The WA20-
foldon fusion protein was constructed as a fundamental PN-
Block by fusing the dimeric de novo protein WA20 and trimeric
foldon domain of T4 phage fibritin®** with an alanine-rich
short linker (the amino-acid sequence: KLAAA) (Figure 1 and
Figure S2, Supporting Information). The residues in this linker
have relatively high helix-forming propensities.”> The foldon
domain consisting of only 26 residues is suitable for a trimeric
connecting vertex/node part because it promotes stable
trimerization by fast folding and its application to the
construction of engineered bionanotubes was reported.” In
the stable self-assembling complexes of the WA20-foldon, it is
expected to form several oligomers in multiples of 6-mer
because of the combination of the WA20 dimer and foldon
trimer (Figure 1C).

Self-Assembling Oligomers of WA20-Foldon Pro-
duced in E. coli. The WA20-foldon protein with a His, tag
was expressed in a soluble fraction in E. coli and purified by
IMAC. Sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) of the purified fraction shows almost a
single band (Figure 2A). However, native PAGE of the same
fraction shows several discrete bands (Figure 2B), suggesting
that the WA20-foldon forms several homooligomeric states
simultaneously in the soluble fraction in E. coli. The stable
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Figure 2. Polyacrylamide gel electrophoresis of WA20-foldon. (A)
SDS-PAGE (17.5% polyacrylamide gel) and (B) native PAGE (7.5%
polyacrylamide gel) of the WA20-foldon after IMAC purification. (C)
SDS-PAGE (17.5% gel) and (D) native PAGE (7.5% gel) of each form
of the WA20-foldon after SEC purification. S: S form; M: M form; L:
L form; H: H form; W: WA20 as a control sample. Proteins were
stained with Coomassie brilliant blue. The protein molecular weight
marker (broad) (Takara Bio, Otsu, Japan) was used for SDS-PAGE.

WA20-foldon oligomers were further purified by SEC, and the
four discrete bands were separated in native PAGE (Figure
2D), but they showed the same single band in SDS-PAGE
(Figure 2C). The major discrete bands of the WA20-foldon
oligomers were named the small form (S form), middle form
(M form), large form (L form), and huge form (H form) in
order from the lower band in native PAGE (Figure 2D). In
addition, Figure S6 (Supporting Information) shows that the
quality of the proteins did not change practically in SDS-PAGE
and native PAGE after at least ~8 months of storage at 4 °C,
suggesting that the WA20-foldon protein is very stable at the
level of not only the polypeptide but also its oligomeric states
(i.e, no observable exchange between the forms).

Analyses of Oligomeric States of WA20-Foldon. To
estimate the molecular mass of the WA20-foldon oligomers, we
first analyzed each form of the purified WA20-foldon using
SEC. Figure 3 shows the chromatograms of each form of the
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Figure 3. SEC chromatograms of each form of the purified WA20-
foldon on Superdex 200 Increase 10/300 GL. WA20 was used as a
control sample. The elution volume and molecular mass, estimated by
the standard calibration curve (Figure S7, Supporting Information) are
summarized in Table 1.

WA20-foldon. The peaks of the S and M forms are sharp and
nearly symmetrical-shaped single peaks, suggesting that they are
almost monodispersed. In contrast, the peak shapes of the L
and H forms are broad, suggesting that they are polydispersed.
Table 1 shows the elution volume and estimated molecular
mass using SEC with the standard calibration curve (Figure S7,
Supporting Information). The molecular masses of the
individual forms of the WA20-foldon were estimated to be 84
kDa (S form), 195 kDa (M form), 284 kDa (L form), and 415
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Table 1. Elution Volume and Estimated Molecular Mass of
WA20-Foldon Oligomers in SEC Experiments

sample elution volume [mL] M, [kDa] oligomeric state [mer]”
S form 12.5 84.0 S
M form 10.6 195 11
L form 9.7 284 17
H form 8.8 415 24
WA20 15.8 21.0 2

“The molecular mass of a WA20-foldon protomer is 17.0 kDa.

kDa (H form). However, the molecular mass of the H form
might be underestimated because the H form peak overlapped
with the column void volume (8.5 mL, elution volume of Blue
Dextran 2000). Because the molecular mass of a WA20-foldon
protomer is 17.0 kDa, oligomeric states of the individual forms
of the WA20-foldon were roughly calculated to be S-mer (S
form), 11-mer (M form), 17-mer (L form), and 24-mer (H
form) (Table 1).

To determine the absolute molecular mass without reference
standard samples, we performed SEC-MALS®’ experiments
(Table 2; and Figure S8, Supporting Information). The

Table 2. Molecular Mass of WA20-Foldon Oligomers
Determined by SEC-MALS Experiments

sample M,, [kDa] oligomeric state [mer]
S form 101 6
M form 199 12
L form 299 18
H, form 392 23
H, form 543 32

molecular masses of the individual forms of the WA20-foldon
were determined to be 101 kDa (S form), 199 kDa (M form),
299 kDa (L form), 392 kDa (H; form: the lower-mass refined
component in the H form), and 543 kDa (H, form: the higher-
mass refined component in the H form), and their oligomeric
states were estimated to be 6-mer (S form), 12-mer (M form),
18-mer (L form), 23-mer (H; form), and 32-mer (H, form).
These results suggest that the WA20-foldon forms regularly
discrete oligomers in multiples of 6-mer because of the
combination of the WA20 dimer and foldon trimer (Figure
1C).

As the third independent method to analyze molecular mass
of the WA20-foldon oligomers, we performed AUC experi-
ments. First, we performed sedimentation velocity experiments
(Figure S9, Supporting Information). The c(s) distribution of
the sample S shows the presence of a single species
corresponding to the S form with a sedimentation coeflicient
(s20,w) Of 5.20 (£0.02) S (Figure S9A, Supporting Information).
The molecular mass was estimated to be 91 (+2) kDa. The
frictional ratio, f/f,, for the S form was calculated to be 1.45
(£0.02). The value of the frictional ratio represents the degree
of deviation, due to hydration, rugosity, asymmetry, and
expansion of the molecule. The S form has a larger frictional
ratio of 1.45 than the typical values of 1.05—1.30 for globular
proteins,” implying that it has an atypical shape (e.g, an
elongated shape).

The c(s) distribution of the sample M shows the presence of
two main species corresponding to the M and S forms (Figure
S9B, Supporting Information). The large peak has a
sedimentation coefficient (sy,,) of 7.61 (+0.01) S for the M

form, and another small peak has that of 5.34 (+0.02) S for the
S form. Because the c(s) distribution shape, the sedimentation
coefficient value, and the ratio of the peak height did not
significantly change with the protein concentration, the two
species are independent molecules, not in equilibrium system
(i-e., self-association system and/or subunit exchanging
system), in the time scale of the experiments.

The c(s) distribution of the sample L shows that the solution
contains various species in the broad range (Figure S9C,
Supporting Information). The major peak has a sedimentation
coefficient (s,,,) of 9.93 (+0.04) S probably for the L form and
another peak has that of 6.49 (+0.02) S. However, these values
may possess lower reliability because the peaks are small and
broad. Also, the c(s) distribution of the sample H shows that
the solution contains various species (Figure S9D, Supporting
Information). It is difficult to analyze this because of the small
and broad peaks.

Judging from the results of sedimentation velocity experi-
ments, we further performed sedimentation equilibrium AUC
experiments of the samples S and M to determine molecular
mass of the S and M forms of the WA20-foldon (Figure 4). The
molecular mass of the S form was determined to be 96 (+1)
kDa from the sedimentation equilibrium experiments of the
sample S (Figure 4A). The molecular masses of the two species
in the sample M were determined to be 180 (£8) kDa for the
M form and 100 (+5) kDa for the S form from the
sedimentation equilibrium experiments using two species
analysis model (Figure 4B). From these results, the oligomeric
states of the S and M forms were estimated to be 6-mer and 11-
mer, respectively.

In addition, the matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectrum of the S form of
the WA20-foldon cross-linked by glutaraldehyde shows the
mass peak of m/z = 111449 assignable to 6-mer considering
mass increase due to chemical modification (Figure S10,
Supporting Information). However, mass spectra peaks of the
other forms of the WA20-foldon were not observed probably
because of the higher molecular masses of the M, L, and H
forms.

Furthermore, Figure SA shows SAXS intensities of a series of
the WA20-foldon oligomers, WA20, and chicken egg lysozyme.
Assuming that these proteins have practically identical
scattering length densities and specific volumes and that the
structure factor S(q) & 1 for dilute samples, the forward-
scattering intensity normalized by protein concentration, I(qg —
0)/c, is proportional to the weight-average molecular mass
(M,,). Lysozyme (M,, = 14.3 kDa) was used as a molecular
mass reference standard. The average molecular masses of the
individual forms of the WA20-foldon were estimated to be 97.1
kDa (S form), 224 kDa (M form), 331 kDa (L form), and 641
kDa (H form), and oligomeric states of the individual forms of
the WA20-foldon were roughly calculated to be 6-mer (S
form), 13-mer (M form), 19-mer (L form), and 38-mer (H
form) (Table 3).

Table 4 summarizes the results of molecular mass and
oligomeric states of the WA20-foldon oligomers, determined by
the multifaceted experiments. Because the stable form of the
WA20-foldon should form the oligomers in multiples of 6-mer
in the light of the combination of the WA20 dimer and foldon
trimer, overall these results indicate that the individual forms of
the WA20-foldon exist as hexamer (6-mer) for the S form,
dodecamer (12-mer) for the M form, octadecamer (18-mer)
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Figure 4. Sedimentation equilibrium AUC experiments of the WA20-
foldon. Scans from three different rotor speeds (@: 4000 rpm; H: 9000
rpm; V¥: 20000 rpm) monitored at 280 nm. (Protein concentration:
0.3 mg/mL). (A) Sample S: the lines represent fits to the data of a
single species model that yield a calculated protein mass of 96 kDa.
(B) Sample M: the lines represent fits to the data of two species model
that yield calculated protein mass of 100 and 180 kDa.

for the L form, and a mixture of 24-mer, 30-mer, and perhaps
higher oligomers for the H form.

Shape Analysis of WA20-Foldon from SAXS Data. To
extract intuitive real-space information from the SAXS data, the
pair-distance distribution functions, p(r), reflected by the
shapes of the WA20-foldon oligomers were obtained using
the IFT technique® ™' (Figure SB). The integral of p(r)/c
from r = 0 to r = D,,,, is equal to the extrapolated forward
absolute scattering intensity normalized by concentration, I(q
— 0)/c, and therefore, it is proportional to the weight-average
molecular mass, M,. The shape of p(r) of the S form is
characterized by an extended tail in the high-r regime, which is
approximated by an ellipsoid.”® In contrast, p(r) of the M form
shows a comparatively symmetrical bell-like shape, suggesting a
sphere-like structure. The shapes of p(r) of the L and H forms
show a higher similarity to that of the M form than that of the S
form. These suggest that the L and H forms exist in larger
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Figure 5. SAXS analysis of the WA20-foldon. (A) Concentration-
normalized absolute scattering intensities, I(g)/c, of the WA20-foldon
oligomers, lysozyme, and WA20. (B) Their real-space information,
pair-distance distribution functions normalized by the concentration,
p(r)/c, as obtained by IFT.

Table 3. SAXS Analysis Data and Estimated Molecular Mass
of WA20-Foldon Oligomers

I(g—0)/c Doy R, M, oligomeric

sample [em™ mg™' mL] [nm] [nm] [kDa] state [mer]
S form 0.048 16 39 97.1 6
M form 0.11 20 5.3 224 13
L form 0.16 28 6.9 331 19
H form 031 31 8.7 641 38
WA20 0.012 10 2.5 24.6 2
lysozyme® 0.0070 S0 1S 143 1

“Lysozyme is as a molecular mass reference standard.

sphere-like structures. However, the high-r residual of p(r) of
the L form implies that the L form contains a larger-sized
complex as a minor component because of its polydispersity, as
suggested by the SEC experiment (Figure 3).

Because of further purification by repeated SEC, the S and M
forms of the WA20-foldon can be considered as practically
monodispersed particles. Therefore, further analysis for the S
and M forms was performed to obtain more structural insights
from the SAXS data utilizing high-resolution structures of the
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Table 4. Summary of Molecular Mass and Oligomeric State
of WA20-Foldon Oligomers

oligomeric state

form SEC MALS AUC MS SAXS [mer]®
S form 84 101 96 111 97 6
M form 195 199 180 - 224 12
L form 284 299 - - 331 18
Hform 415 392, 543 - - 641 24, 30, 362

“The molecular mass of a WA20-foldon protomer is 17.0 kDa.

WA20 and foldon domains with geometrical and symmetrical
restrictions. The rigid-body model structures of the S form
hexamer and the M form dodecamer were iteratively
constructed based on the crystal structure of the dimeric
WA20 (PDB code 3VJF)’ and the NMR structure of the
trimeric foldon domain (PDB code 1RFO)° to reproduce the
experimental p(r) and I(q) (Figures S3—SS, Supporting
Information). The models were constructed with a consid-
eration of linking their C and N terminals with two- and three-
fold symmetries (Figures S3 and S4, Supporting Information).
The models show the extended barrel-like structure for the S
form (Figure 6A) and the distinctive tetrahedron-like structure
for the M form (Figure 7A). The p(r) and I(q) simulated from
the models of the S and M forms closely resemble those
obtained from the SAXS experiments (Figures 6B and 7B and
Figure SS, Supporting Information). Moreover, the hydro-
dynamic properties of the S and M forms are predicted from
the rigid-body model structures using the program HYDRO-
PRO.” The predicted radii of gyration (Rg) are 3.9 nm (S
form) and 5.0 nm (M form), and the predicted sedimentation
coefficients (s,,,) are 54 S (S form) and 7.9 S (M form).
These values are highly consistent with the experimental
results, 3.9 nm (S form) and 5.3 nm (M form) of R, from SAXS

and 52 S (S form) and 7.6 S (M form) of s, from AUC,
supporting our rigid-body models.

Furthermore, the low-resolution shapes of the S and M forms
were reconstructed from the SAXS data using the ab initio
modeling program DAMMIN.” The protein models were
composed of small beads (dummy atoms). The shapes were
estimated using nonlinear least-squares that fit the experimental
SAXS data (Figures 6D and 7D). We performed calculations
several times with and without symmetry constraints (P2 and/
or P3, derived from the dimer and/or trimer domains,
respectively), and a majority of the calculations led to similar
results. The typical and major results are shown in Figures 6C
and 7C. The S form shows an elongated barrel-like shape
(Figure 6C). The M form shows a less-elongated, sphere-like
shape with four humps, similar to a tetrahedron, with a
consideration of a P23 symmetry constraint (Figure 7C).

Perspectives of PN-Block Approach. We demonstrated
that the WA20-foldon fusion protein as a PN-Block formed
several types of self-assembling oligomeric nanostructures. The
results illustrated the concept of the “PN-Block approach”
various self-assembling nanostructures are created from a few
types of simple and fundamental PN-Blocks (Figure 1). PN-
Blocks using the intermolecularly folded dimeric de novo
protein (e.g, WA20) have some advantages: (1) the simple,
stable, and intertwined rod-like structure of the de novo protein
makes it easy to use PN-Blocks to design and construct simple
and stable frameworks of nanoarchitectures, and (2) the PN-
Blocks using the de novo protein, based on the simple binary
patterning, have great potential for redesigning functional
nanostructures using our functional binary-patterned de novo
protein library.'®®® (“PN” in PN-Block also has a different
meaning from the polar and nonpolar abbreviations used in the
binary code strategy for protein design.) Moreover, the PN-
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Figure 6. Three-dimensional model structures of the S form of the WA20-foldon derived from SAXS analysis. (A) The rigid-body model structure of
the S form hexamer of the WA20-foldon. The domains of the WA20 (PDB code 3VJF),’ foldon (PDB code 1RFO), and Hisg tag are shown in red,
blue, and light gray, respectively. (B) The pair-distance distribution function, p(r), of the S form of the WA20-foldon as obtained by the SAXS
experiment (black line) and that simulated from the rigid-body model structure (red line). (C) The dummy atom model shape of the S form of the
WA20-foldon reconstructed from the SAXS data using the ab initio modeling program DAMMIN with a P32 symmetry constraint.”> (D) The
concentration-normalized SAXS intensity, I(q)/c, of the S form of the WA20-foldon (black open circle) and that optimized by the DAMMIN

procedure (red line).

11291

DOI: 10.1021/jacs.5b03593
J. Am. Chem. Soc. 2015, 137, 11285-11293


http://dx.doi.org/10.1021/jacs.5b03593

Journal of the American Chemical Society

M form (model)

A

~17 nm

Pt
&K
Side view Top view

C M form (DAMMIN)

Side view Top view

0.0012
B M form (SAXS)
0.001 e M form (model)
— 0.0008
=
£, 0.0006
=
=
&, 0.0004
0.0002
0
0 5 10 15 20
r [nm]

=
E
s
£
& 001 1
3,
S o M form (SAXS)
S DAMMIN
0.001 +
0.1 p— 1

Figure 7. Three-dimensional model structures of the M form of the WA20-foldon derived from SAXS analysis. (A) The rigid-body model structure
of the M form dodecamer of the WA20-foldon. The domains are shown in the same colors as in Figure 6A. (B) The pair-distance distribution

function, p(r), of the M form of the WA20-foldon as obtained by the

SAXS experiment (black line) and that simulated from the rigid-body model

structure (red line). (C) The dummy atom model shape of the M form of the WA20-foldon reconstructed from the SAXS data using the program
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open circle) and that optimized by the DAMMIN procedure (red line).

Block approach can be further enhanced by adding cofactors
and/or synthetic ligands such as metal-directed protein self-
assemblies’*> and the protein encapsulation in synthetic self-
assembled coordination cages®’ and by using computational
methods for protein design such as Rosetta software suite for
macromolecular modeling,*>%*

B CONCLUSIONS

In this study, we designed and developed the self-assembling
WA20-foldon fusion protein as a novel protein nanobuilding
block (PN-Block) using the intermolecularly folded dimeric de
novo protein WA20. The study revealed that the WA20-foldon,
as one PN-Block, simultaneously formed several distinctive
types of self-assembling homooligomers in multiples of 6-mer
because of the combination of the WA20 dimer and foldon
trimer. The SAXS analyses suggest that the S and M forms of
the WA20-foldon exist in nanostructures of a barrel-like-shaped
hexamer and tetrahedron-like-shaped dodecamer, respectively.
These results demonstrate that the PN-Block approach using
the intertwined dimeric de novo protein is a powerful strategy to
create self-assembling supramolecular nanoarchitectures.
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