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ABSTRACT

Self-assembled protein nanostructures have gained interest, owing to their potential

applications in biomaterials; however, successful design and construction of protein

nanostructures are limited. Herein, we constructed fusion protein 1 by linking the C-terminus

of a dimerization domain and the N-terminus of another dimerization domain with a three-helix

bundle protein, where it self-assembled mainly into tetramers. By replacing the C-terminal

dimerization domain of 1 with a trimerization domain (fusion protein 2), hexamers were mainly

obtained. According to ab initio structural models reconstructed from the small angle X-ray

scattering data, the tetramer of 1 and hexamer of 2 adopted quadrangle and cage-like structures,

respectively, although they were combinations of different conformations. High-speed atomic

force microscopy observations indicated that the tetramer and hexamer exhibit conformational

dynamics. These results show that the present method utilizing three-helix bundle-linked fusion

proteins is useful in the construction of protein nanostructures.
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INTRODUCTION

In nature, protein assemblies exhibit diverse functions on the basis of their well-ordered
nanoscale structures, including filament, ring, tube, and cage structures.” Protein
nanostructures are gaining interest in the fields of synthetic biology and nanomedicine. For
example, virus capsids have been considered as potential carriers for gene and drug delivery.?
As well as natural protein nanostructures, artificial protein nanostructures have received
attention as tailor-made biomaterials.’ Recently, artificial protein nanostructures have been

constructed by various methods, such as computational interface design,® metal

18-28 29-41

coordination,’/” fusion of oligomeric protein domains, ete However, successful
constructions of artificial protein nanostructures remain limited.

Computational designs of new protein-protein interfaces have provided tetrahedral,”
octahedral,” and icosahedral protein cages with atomic level accuracy.®® Metal-mediated
protein complexes have been achieved in crystals, although they often exhibit dynamic
equilibriums among metal coordinated and non-coordinated structures in solution.”’%? Fusion
proteins have also been utilized to construct protein oligomer cages./#2%-22242527 For an
example, Yeates and co-workers constructed a building block protein by fusing two
oligomerization domains; the C-terminal a-helix of one domain was connected to the N-

terminal a-helix of the other domain with a short o-helical linker./$2%22 The relative

orientations of the two oligomerization domains were restricted by the elongated a-helices in



the building block proteins, which resulted in the formation of self-assemblies with specific
nanostructures, including polymorphic cage-like structures.’® Later, a homologous tetrahedral
protein cage was constructed by reducing the steric hindrance between the trimeric component

and o-helical linker,?%?!

whereas a porous cube-shaped protein cage was constructed by a
similar method.??

Fusion proteins of two oligomerization domains connected with flexible linkers have also
been used to construct nanostructures.”>? The flexible linker allows a wide variety of
oligomerization domains to be used in the building block proteins, regardless of the secondary
structures at the N- and C-terminal domains, although the flexibility of the connection between
oligomerization domains often causes polydispersion of the assemblies.”># To circumvent the
heterogeneous property, Marsh and co-workers constructed a building block protein by fusing
(C3- and Cs-symmetric domains with a short flexible linker without controlling the relative
orientation between the domains, since only the octahedral structure is available by the
combination of C3- and Cs-symmetric domains.’ However, limited combinations of symmetric
domains, such as the C3/Cs combination, are available to construct nanostructures when fusing
two oligomerization domains with a flexible linker.#%’

In this study, we designed fusion proteins 1 and 2 by linking the C-terminus of an

oligomerization domain and the N-terminus of another oligomerization domain with a three-

helix bundle protein. Fusion proteins 1 and 2 formed a quadrangular tetramer and a cage-like



hexamer, respectively, demonstrating that the present method is useful in the construction of

protein nanostructures.

RESULTS

Design of fusion proteins. Our design strategy utilizes a dimeric protein in which the C-
terminal helices of the subunits protrude orthogonally. We envisage that when the C-terminal
helix of the subunit of the dimeric protein is directly fused to the N-terminal helix of a three-
helix bundle protein, the resulting protein will adopt a rigid V-shaped structure (Figure 1).
Connecting the C-terminus of the V-shaped protein to N-termini of other oligomeric proteins
will likely result in building block proteins, forming unique nanostructures.

To realize this design strategy, we surveyed the Protein Data Bank (PDB) for a dimeric
protein with C-terminal helices that protrude orthogonally. A dimeric protein (the L44C mutant
of HP0242 from Helicobacter pylori,** Dup is used for abbreviation, PDB ID: 3MLI) was
selected as the N-terminal domain of a building block protein due to its rigid structure and well-
characterized thermodynamic parameters.” We also examined the PDB for other components
of the building block protein, and selected a three-helix bundle protein (the N-terminal domain
of syntaxin-1A from Rattus norvegicus,” 3HBs.1a, PDB ID: 1BRO0) and another dimeric protein
(Trp repressor from Escherichia coli,** Dtr, PDB ID: 1WRT), owing to their structural

stabilities.”**” We constructed fusion protein 1 as a building block for a quadrangular tetramer



by genetically linking these three protein domains (Figure 1A). The fusion protein possessed a
rigid a-helical junction and a flexible non-structural junction; the C-terminal helix of Dup was
connected directly to the N-terminal helix of 3HBs-1a, whereas the C-terminus of 3HBs.1a was
connected to the N-terminus of Drr with a flexible linker (GSGSG) (Figure 1A, left). We
anticipated that 1 would form a quadrangular tetramer, owing to the following properties. (1)
The C-terminal helices of two Dup domains protrude orthogonally, owing to the interaction of
the remaining parts of the subunits between each other. (2) 3HBs-14 is structurally rigid and
assists the separation of Dup and Dtr domains. (3) The Dtr dimer is stable (it forms a dimer at
least up to 65 °C).*” Thus, two 1 may form a V-shaped dimer by the intermolecular interaction
of the Dup domains (Figure 1A, middle), and the two V-shaped dimers assemble into a
quadrangular tetramer by the intermolecular interaction through the two Dtr domains of each
V-shaped dimer (Figure 1A, right).

We extended our approach to construct a cage-like hexamer. Fusion protein 2 was
constructed by replacing Dtr of 1 with a trimerization domain (a de novo designed coiled-coil
trimer domain,*® Tcc, PDB ID 4DZL) and genetically linking three protein domains; Drp,
3HB:s-1a, and Tcc (Figure 1B). The N-terminus of Tcc was connected to the C-terminus of 3HBs-
1a with a flexible four-residue linker (GSGG) (Figure 1B, left). We envisaged that 2 forms a
cage-like hexamer by the intermolecular interaction of three V-shaped dimers through the two

Tcc domains of each V-shaped dimer (Figure 1B, middle and right).
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Figure 1. Schematic representation of the components of fusion proteins 1 and 2 and their
assemblies. (A) Fusion protein 1 is composed of N-terminal dimerization (Dup, purple), three-
helix bundle linker (3HBs-14, cyan), and C-terminal dimerization (Dtr, orange) domains, and
forms a tetramer. (B) Fusion protein 2 is composed of N-terminal dimerization (Dup, purple),
three-helix bundle linker (3HB:s.14a, cyan), and C-terminal trimerization (Tcc, green) domains,

and forms a hexamer.

Oligomer formation of fusion proteins. Fusion proteins 1 and 2 with N-terminal Hise

tags (Figure S1) were overexpressed in E. coli and obtained as inclusion bodies. Soluble 1 and

2 were obtained by refolding the proteins from inclusion bodies, and purified by immobilized

metal affinity chromatography (IMAC). Single bands were detected in the sodium dodecyl

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of IMAC-purified 1 and 2

(Figure S2), whereas several peaks were observed in their elution curves of size exclusion-fast
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protein liquid chromatography (SEC-FPLC) (Figures 2A and 2B), indicating that 1 and 2 form

various sizes of homo-oligomers. In the SEC-FPLC elution curve, peaks were observed at 155

and 180 mL in the elution curve of 1, whereas a broad peak was observed at 110-140 mL,

which corresponded to high-order oligomers (Figure 2A, IMAC-purified 1). Since the peak

intensity of the fraction eluting at 155 mL was larger than that eluting at 180 mL, the oligomer

eluting at 155 mL was purified further by repeating size exclusion chromatography (SEC)

(Figure 2A, main oligomer of 1). The purified main oligomer eluting at 155 mL did not

dissociate at a protein concentration of 25 uM (Figure S3). For the SEC-FPLC elution curve

of 2, three peaks were detected at 110-138, 151, and 178 mL (Figure 2B, IMAC-purified 2).

The 151 mL-peak was the main peak in the elution curve of 2; thus, we purified the oligomer

eluting at 151 mL by repeating SEC (Figure 2B, main oligomer of 2). Native-PAGE analysis

of IMAC-purified 1 and 2 revealed that 1 and 2 form several oligomeric species larger than the

main oligomer whereas 1 also exhibits a species smaller than its main oligomer (Figures 2C

and 2D).
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Figure 2. SEC-FPLC and native-PAGE analyses of fusion proteins 1 and 2. (A,B)
Chromatograms of IMAC-purified fusion protein and its SEC-FPLC-purified main oligomer:
(A) 1 and (B) 2. The concentration of the main oligomer was 250 uM. (C,D) Native-PAGE
analysis of IMAC-purified fusion protein and its SEC-FPLC-purified main oligomer: (C) 1 and

(D) 2.

The molecular weights of the main oligomers of 1 and 2 were estimated by small angle
X-ray scattering (SAXS) analysis. The forward scattering intensities /(0) of the main oligomers
were obtained from their Guinier plots (Figures 3A and 3B). /(0)/conc., where conc. represents
the protein concentration, is proportional to the protein molecular weight. The /(0)/conc. values
were corrected by the linear extrapolation of the /(0)/conc. vs. protein concentration plots to

zero protein concentrations (Figures 3C and 3D). We compared the corrected /(0)/conc. values



of the tetramer and hexamer with that of a standard protein, ovalbumin, to estimate their

apparent molecular weights. Accordingly, the molecular weights of the main oligomers of 1

and 2 were estimated as 177 and 187 kDa, respectively. We also performed size exclusion

chromatography-multi-angle light scattering (SEC-MALS) analysis for the main oligomers of

1 and 2 to verify their molecular weights (Figures 3E and 3F). The molecular weights of the

main oligomers of 1 and 2 were estimated as 144 and 173 kDa, respectively, from the SEC-

MALS analysis. These molecular weights obtained from the SAXS and SEC-MALS analyses

corresponded well to those of the tetramer of 1 (150 kDa) and hexamer of 2 (180 kDa), which

were calculated from the molecular weights of the fusion proteins (37.4 kDa for 1 and 30 kDa

for 2), supporting the hypothesis that the main oligomers of 1 and 2 are a tetramer and a

hexamer, respectively.
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Figure 3. SAXS and SEC-MALS analyses of main oligomers of fusion proteins 1 and 2. (A)
Guinier plots of the main oligomer of 1 at protein concentrations of 2.33 (open circle), 3.53
(open square), 4.73 (open diamond), 5.93 (solid circle), 7.13 (solid square), and 8.33 mg/mL
(solid diamond). The least-square fitted line of the data is shown for each plot. (B) Guinier
plots of the main oligomer of 2 at protein concentrations of 1.88 (open circle), 2.86 (open
square), 3.85 (open diamond), 4.84 (solid circle), 5.83 (solid square), and 6.81 mg/mL (solid
diamond). The least-square fitted line of the data points is shown for each plot. (C,D) Protein
concentration dependence of /(0)/conc. for the main oligomer: (C) 1 and (D) 2. (E,F) SEC-
MALS analysis of the main oligomers: (E) 1 and (F) 2. Light scattering (LS, solid line),
differential reflective index (dRI, dashed line), and the molecular weight of the protein (Mw,

dotted line) are plotted against the elution volume.

Structures of the tetramer of fusion protein 1 and hexamer of fusion protein 2. The
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structures of the tetramer of 1 and hexamer of 2 were estimated by SAXS analysis. The radii
of gyration (Rg) were calculated to be 50.1 + 1.3 and 64.5 = 5.9 A for the tetramer and hexamer,
respectively, based on the slope (—R¢*/3) of the Guinier plots (Figures 3A, 3B, S4, and Table
S1). We also obtained the maximum dimension (Dmax), which is defined as the point that the
pair-distance distribution function P(r) becomes zero (Figures 4A and 4B). The estimated Dmax
values of the tetramer (200 A) and hexamer (240 A) were larger than those estimated from the
predicted structures (tetramer, 180 A; hexamer, 215 A) (Figure 1), suggesting that the
oligomers adopt elongated structures. The ab initio bead and rigid body models of the tetramer
and hexamer were obtained from the SAXS data using the dummy atom minimization
(DAMMIF) program and the complexes with random loops (CORAL) program, respectively
(Figures 4C—H). The possible conformations of the tetramer and hexamer exhibited
quadrangular and cage-like structures with quasi D2 and quasi D3 symmetries, respectively
(Figures 4E—H). Although the structures of the ab initio models were generally similar to the
predicted structures, no hole was observed in the ab initio tetramer model, whereas no cavity

was observed in the hexamer model (Figures 4E-H).
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Figure 4. Structural characterizations of the tetramer of 1 and hexamer of 2 by SAXS
analysis. (A,B) The pair distance distribution functions obtained from the SAXS scattering
curves extrapolated to zero protein concentrations: (A) tetramer and (B) hexamer. (C,D) Fitting
of the experimental SAXS scattering curves (open circles) and theoretical curves obtained from
the CORAL models (black lines): (C) tetramer and (D) hexamer. (E-H) The ab initio bead
models (gray) depicted with the CORAL models composed of the N-terminal dimerization
(purple), three-helix bundle linker (cyan), and C-terminal dimerization (orange) or
trimerization (green) domains (SASBDB ID: tetramer, SASDFR4; hexamer, SASDFS4): (E,F)

tetramer and (G,H) hexamer. (F) and (H) are 90°-rotated views of (E) and (G), respectively.

Conformational dynamics of the tetramer of fusion protein 1 and hexamer of fusion
protein 2. We performed high-speed atomic force microscopy (HS-AFM) imaging of the
tetramer of 1 and hexamer of 2 to investigate their structural arrangements and dynamics
(Figure 5, Movies S1 and S2). In the HS-AFM images of the tetramer, two globular units,
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which were diagonal to each other, were fixed on the mica substrate modified by (3-

aminopropyl)triethoxysilane (APTES mica), whereas the other two globular units were mobile

(Figures 5A and 5B). The surface charge of Dup is more negative than that of Drr (Figure S4),

and thus Dup was more readily absorbed on the APTES-mica surface with abundant positive

charges. We attribute the two globular units absorbed on the substrate to Dup, and the other two

mobile globular units to DTr. Although negative charges are partially distributed on the surface

of 3HBs-1a (Figure S4), the negatively-charged region may be too small to let 3HBs-1a of the

tetramer absorb on the substrate. These observations indicate that the tetramer adopts various

conformations, apparently owing to the flexible linker between 3HBs-1a and Drr.

According to the HS-AFM images for the hexamer of 2, three globular units were fixed

on the APTES-mica surface and arranged in a triangle orientation (Figure 5C). The three units

may correspond to Dup, since the surface charge of Dup is more negative than those of 3HBs-

1A and Tcc (Figures 5C, 5D, and S4). In addition to the three units, two obscure units were also

detected (Figure 5C, white arrows). We attribute the two obscure units to the moving Tcc

domains (Figure 5D), since 3HBs-14 was not observed in the HS-AFM images of the tetramer

of 1 (Figure 5A), although 3HBs.1a and Tcc both exhibit partial negative charges on their

surfaces (Figure S4). The flexible GSGG linker between Tcc and 3HBs.1a may allow the

hexamer to adopt dynamic conformations.

14
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Figure 5. HS-AFM observations of the tetramer of 1 and hexamer of 2 on the APTES-mica
substrates. (A,C) Clipped HS-AFM images: (A) tetramer and (C) hexamer. (B,D) Schematic
views of the fixed N-terminal dimerization domains (purple) on the substrate and the mobile
C-terminal dimerization or trimerization domains (orange or green): (B) tetramer and (D)
hexamer. The three-helix bundle linkers are shown in cyan. The white arrows in (C) indicate

the C-terminal trimerization domains of the hexamer.

Discussion

In the fusion protein strategy, building block proteins have been constructed by linking two
oligomerization domains through a rigid a-helical or a flexible linker.” The oligomerization

domain is required to possess an a-helical terminus when a rigid a-helical linker is attached to
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the domain, whereas specific combinations of symmetry elements of oligomerization domains

are necessary when a flexible linker is used. These limitations hamper the design of diverse

nanostructures. We utilized an a-helical linker and a flexible linker to fuse three domains; an

N-terminal dimerization domain, a three helix bundle domain, and a C-terminal

oligomerization domain (Figure 1). Fusion protein 1 with a C-terminal dimerization domain

formed a quadrangle (Figures 4E and 4F), whereas fusion protein 2 with a C-terminal

trimerization domain formed a hexameric cage-like structure (Figures 4G and 4H),

demonstrating that a simple alteration of the C-terminal domain of the fusion protein controls

the oligomer structure. A wide variety of oligomerization domains is available at the C-terminal

region of the fusion protein, resulting in unique protein nanostructures.

Various sizes of oligomers were obtained by refolding fusion proteins 1 and 2 from

inclusion bodies (Figure 2), indicating that the present design strategy needs improvement.

Various sizes of oligomers formed, apparently due to the flexibility of the linker connecting the

three-helix bundle domain and the C-terminal oligomerization domain in the fusion proteins.

Marsh and co-workers have shown that the length of the flexible linker between the two

oligomerization domains affects the oligomer formation;?#?> thus, a more selective formation

of oligomers for 1 and 2 may be achieved by tuning the length of the flexible linker.

Additionally, the stability of the presumed helical region connecting the N-terminal and three-

helix bundle domains may decrease. For example, the bending of a helical linker of a fusion

16



protein induces polymorphism in the assemblies.’>”? Recently, a chemical cross linker has been
used to stabilize a helical linker that connects two protein components,’’ indicating the
improvement in the oligomer homogeneity by combining the three-helix bundle-linking
approach with the helix-stabilizing cross linker method.

The molecular weights of the main oligomers of 1 (177 kDa) and 2 (187 kDa), which were
estimated from the /(0)/conc. values (Figure 3), were consistent with those of the tetramer of 1
(150 kDa) and hexamer of 2 (180 kDa), respectively. However, the molecular weights
estimated as 215 and 245 kDa for the main oligomers of 1 and 2 from the elution volumes in
the SEC chromatograms (Figure 2) were larger than those of the tetramer and hexamer,
respectively. These discrepancies imply elongated structures for the tetramer and hexamer
(Figures 4E—H). The hydrodynamic radius (i.e., Stokes radius) of a protein with an elongated
structure is larger than that of a globular protein, and the elongated-structural protein elutes
earlier in SEC compared to a globular protein when the molecular weights are the same.’? Thus,
the tetramer and hexamer may have eluted earlier than standard globular proteins with similar
molecular weights, resulting in the overestimation of their molecular weights by SEC.

The ab initio models reconstructed from the SAXS data indicated that the tetramer of 1
and hexamer of 2 formed closed structures. However, no hole was observed in the ab initio
model of the tetramer of 1 (Figures 4E and 4F), and no cavity was observed in the model of the

hexamer of 2 (Figures 4G and 4H). The HS-AFM observation indicated that the tetramer and

17



hexamer adopt various conformations (Figure 5), apparently due to the flexibility of the linker
between the three-helix bundle and C-terminal domains. The ab initio models obtained by the
SAXS data for the tetramer and hexamer are average structures with various conformations.
Since conformational dynamics are essential for biological functions in many natural protein
nanostructures, such as ATP synthase,’ thermosome,’ RNA polymerase I1,°° and protease-
activating nucleotidase,’@ artificial protein nanostructures with conformational dynamics may
be useful to develop functional biomaterials. However, structural flexibility leads to structural
polymorphism as observed in the tetramer of 1 and hexamer of 2, and it would be necessary to
control the structural flexibility in the protein nanostructures maintaining the conformational

dynamics for future oligomer design studies.

Conclusions

In the present study, we designed two fusion proteins 1 and 2, comprising an N-terminal
dimerization domain, a three-helix bundle linker domain, and a C-terminal oligomerization
domain. According to the ab initio models reconstructed from the SAXS data, the tetramer of
1, possessing a C-terminal dimerization domain, formed a quadrangle. The hexamer of 2,
possessing a C-terminal trimerization domain, formed a cage-like structure. However, the
tetramer and hexamer of the fusion proteins revealed conformational dynamics, according to

the HS-AFM observations. The present method of fusion proteins linking oligomerization
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protein domains with a three-helix bundle protein may expand the variety of protein

nanostructures.

METHODS

Construction of expression systems for fusion proteins 1 and 2. DNA fragments

encoding fusion proteins 1 and 2 (Figure S1) were synthesized (Life Technologies Japan,

Tokyo) and inserted into pET15b vectors using an In-Fusion HD cloning kit (Takara). The

amino acid sequences of 1 and 2 were checked by DNA sequencing with a BigDye Terminator

v3.1 cycle sequencing kit (Applied Biosystems, Inc., Foster City, CA) and an ABI PRISM 3100

genetic analyzer sequencing system (Applied Biosystems, Inc.). The obtained plasmids were

transformed into E. coli Rosetta2 (DE3) (Novagen).

Preparation of the tetramer of fusion protein 1 and hexamer of fusion protein 2. E.

coli Rosetta2 (DE3) cells overproducing fusion proteins 1 and 2 were grown at 37 °C in LB

broth containing ampicillin (100 pg/mL) and chloramphenicol (30 pg/mL). Isopropyl B-D-1-

thiogalactopyranoside was added to the culture (final concentration, 0.5 mM) when the ODsoo

value reached 0.6. The culture was incubated at 37 °C for 4 h, and harvested by centrifugation.

The cell pellet was suspended in a minimal volume of 25 mM

tris(hydroxymethyl)aminomethane-hydrochloric acid (Tris-HCI) buffer (pH 8.0) containing

150 mM sodium chloride (NaCl), and lysed by freeze-thaw and sonication. After the
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centrifugation of the cell lysate, the fusion proteins were obtained as inclusion bodies. The
inclusion body was solubilized with 25 mM Tris buffer (pH 8.0) containing 6 M guanidine
hydrochloride, 0.1 M L-arginine, 0.1 M dithiothreitol, 0.01 M ethylene diamine tetraacetic acid,
and 0.5 M NaCl. The refolding of the fusion protein was performed by dialysis in 25 mM Tris
buffer (pH 8.0) containing 0.2 M NaCl. After the dialysis, the protein solution was purified by
IMAC with a HisTrap HP column (GE Healthcare) using a FPLC system (AKTA prime plus,
GE Healthcare) (flow rate, 3.0 mL/min; monitoring wavelength, 280 nm; solvent, 25 mM Tris-
HCI buffer (pH 8.0) containing 0.5 M NaCl and 0-0.5 M imidazole; temperature, 4 °C). The
tetramer of 1 and hexamer of 2 were purified by repeating SEC (HiLoad 26/60 Superdex200,
GE healthcare, Buckinghamshire) using the FPLC system (AKTA prime plus, GE Healthcare)
(flow rate, 2.5 mL/min; monitoring wavelength, 280 nm; solvent, 25 mM Tris-HCI buffer (pH
8.0) containing 150 mM NaCl; temperature, 4 °C). The purities of the fusion proteins were
checked by SDS-PAGE analysis. The protein concentration was determined by the Bradford
method.”” Native-PAGE analysis of IMAC-purified fusion proteins and their SEC-FPLC-
purified main oligomers were performed with a 7.5% acrylamide gel and by staining the
proteins with Coomassie Brilliant Blue.

Small angle X-ray scattering measurement. The purified tetramer of 1 and hexamer of
2 were prepared in 25 mM Tris-HCI (pH 8.0) containing 150 mM NaCl for SAXS

measurements. SAXS measurements were carried out using a Nano-Viewer diffractometer

20



system equipped with a MicroMax-007 X-ray generator (RIGAKU), possessing a Cu target (A
= 1.5418 A) and a PILATUS 200 K detector (DECTRIS) (Table S1). The exposure time was
25 min for each measurement. Scattering intensities, /(Q), of the tetramer and hexamer were
collected at various protein concentrations in the momentum transfer (Q) range of 0.012-0.25
A™! where Q is expressed as 4msind / A, 20 is the scattering angle, and A is the X-ray wavelength.
The background scattering intensity of the buffer solution was subtracted from those of the
tetramer and hexamer. The scattering intensities were used to generate Guinier plots, in which
the natural logarithm of scattering intensity, In /(Q), was plotted against squared momentum
transfer (Q?). The 1(0) values of the tetramer and hexamer were obtained by the linear
extrapolation of Guinier plots to zero angle. The /(0) value normalized by protein concentration,
1(0)/conc., is proportional to the protein molecular weight, but varies with the protein
concentration. To avoid the effect of protein concentration, the /(0)/conc. values of the tetramer
and hexamer were plotted against the protein concentrations and corrected by the linear
extrapolation of the plots to zero protein concentrations (Figures 3C and 3D, Table S1). The
extrapolated /(0)/conc. values of the tetramer and hexamer were compared with that of a
standard protein, ovalbumin (45 kDa; Sigma-Aldrich), to estimate their apparent molecular
weights. The Rg value was obtained using the relation in which the slope of the Guinier plot
corresponds to —R¢*/3 at low Q regions. Since the R’ value depends on the protein

concentration, the Ry> values of the tetramer and hexamer were corrected by the linear
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extrapolation of their Rg’ vs. protein concentration plots to zero protein concentrations (Figure
S5). The pair-distance distribution function, P(r), of the tetramer and hexamer were calculated
from the scattering intensities using the GNOM software.’®? The Dmax values of the tetramer
and hexamer were obtained from their P(r) values. 4b initio bead modelling was performed
using the DAMMIF software without structural restrictions,’” such as point symmetry and
particle anisometry. The 19 independently calculated models were averaged using the
DAMAVER software.%” Using the average model as a starting model, we refined the bead
model using the DAMMIN software.?” The rigid body models of the tetramer and hexamer
were obtained from the CORAL program.’® The initial models were constructed from the
crystal structures of the N-terminal dimerization (PDB ID: 3MLI), three-helix bundle linker
(PDB ID: 1BR0), and C-terminal dimerization (1 WRT) domains for the quadrangular tetramer,
and from the N-terminal dimerization (PDB ID: 3MLI), three-helix bundle linker (PDB ID:
1BRO), and C-terminal trimerization (PDB ID 4DZL) domains for the cage-like hexamer. The
positions of the three-helix bundle linker and N-terminal domains were firstly optimized,
subsequently, setting the obtained positions of the three-helix bundle linker and N-terminal
domains, the positions of the C-terminal domains were optimized until converged.
Size-exclusion chromatography-multi-angle static light scattering. SEC-MALS
analysis of the main oligomers of 1 and 2 were performed with a Superdex 200 increase 10/300

GL column (GE Healthcare) using an Alliance 2695 high performance liquid chromatography
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system (Waters). Light scattering and refraction index were measured using a DAWN HELEOS

IT detector (Wyatt Technology) and a 2414 Refractive Index (RI) detector (Waters), respectively.

The column was equilibrated at 20 °C with 25 mM Tris-HCI buffer, pH 8.0, containing 150

mM NaCl. Samples (30 ul) were injected under the buffer flow rate of 0.6 ml/min. The obtained

data were recorded and processed using the ASTRA 6.1 software (Wyatt Technologies).

High-speed atomic force microscopy observation. AFM images were capture by a

laboratory-built HS-AFM operated with tapping mode. For the HS-AFM imaging, a small

cantilever with dimensions of 7-um long, 2-ym wide, and 90-nm thick was used (BL-AC7,

Olympus). Its nominal spring constant and resonant frequency were ~0.2 N/m and ~800 kHz,

respectively, in a liquid. An amorphous carbon tip was deposited on the original bird-beak tip

using electron beam deposition (EBD), and then sharpened by a plasma etching in an argon

environment. The typical radius of the EBD tip was reduced to approximately 2 nm after the

sharpening. For the tapping-mode imaging, the cantilever was oscillated with an amplitude of

about 1 nm for the free oscillation, and the amplitude was reduced to be ~ 90 % of the free

oscillation amplitude for a feedback control. As a sample substrate, we used mica surface

treated by (3-aminopropyl)triethoxysilane (APTES, Shin-Etsu Chemical) with volume

concentrations of 0.1 % and 0.03% for the observations of tetramer and hexamer, respectively.

After cleavage of a mica sheet 1.5 mm in a diameter, APTES with a concentration of 0.1% was

deposited on the mica surface. After 3-min incubation, the mica surface was thoroughly washed
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with pure water. The solution containing the tetramer of 1 (3.8 nM) or hexamer of 2 (46.8 nM)

was deposited on the APTES-mica and incubated for 3 min. After the incubation, the residual

molecules were thoroughly washed with an observation buffer (20 mM Tris-HCI (pH 8.0)

containing 150 mM NaCl). After the washing, the tip was approached, and the HS-AFM

imaging was performed under the buffer solution. The HS-AFM images were taken at a frame

rate of 10 fps.
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Figure S1. Amino acid sequences and 3D model structures of fusion proteins 1 and 2. Amino
acid sequences of (A) 1 and (B) 2 and cartoon representations of (C) 1 and (D) 2 are depicted.
The residues corresponding to the N-terminal dimerization, three-helix bundle, C-terminal
dimerization, and C-terminal trimerization domains are depicted in purple, light blue, orange,

and light green, respectively.
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Figure S2. SDS-PAGE analysis of fusion proteins (A) 1 and (B) 2 purified by immobilized
metal affinity chromatography.
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Figure S3. Size exclusion chromatograms of the main oligomers of fusion proteins 1 and 2. (A)

Chromatograms of the main oligomer of 1 at protein concentrations of 250 uM (blue) and 25

uM (red). (B) Chromatograms of the main oligomer of 2 at protein concentrations of 250 uM

(blue) and 25 uM (red).
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Figure S4. Surface charge distribution comparison of the domains of fusion proteins 1 and 2:
(A) N-terminal domain (Dup, PDB ID: 3MLI), (B) three-helix bundle domain (3HBs-1a, PDB
ID: 1BRO), (C) C-terminal domains of 1 (Dtr, PDB ID: 1WRT) and (D) C-terminal domains
of 2 (Tee, PDB ID: 4DZL). Electrostatic calculations were performed using the APBS program
tool and visualized by PyMOL. Positively-charged, neutral, and negatively-charged regions are
shown in blue, gray, and red, respectively. Dup, 3HBs-1a, DR, and Tec are also shown in ribbon
models in (A) purple/pink, (B) cyan, (C) orange/yellow, and (D) yellow/yellow-green/green,

respectively.
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Figure S5. Protein concentration dependence of Ry* for the main oligomers of fusion proteins
1 and 2. (A) Rg? vs. protein concentration plot for the main oligomer of 1. (B) R¢* vs. protein

concentration plots for the main oligomer of 2.
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Movie S1. HS-AFM movie of the tetramer of fusion protein 1 on an APTES-mica substrate.
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Movie S2. HS-AFM movie of the hexamer of fusion protein 2 on an APTES-mica substrate.
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Table S1. SAXS data collection and analyzed parameters of the tetramer of 1 and hexamer of
2.

Data-collection parameters the tetramer of 1 the hexamer of 2
Diffractometer Nano-Viewer (RIGAKU) Nano-Viewer (RIGAKU)
Detector PILATUS 200K PILATUS 200K
Beam geometry Pin hole slit (©0.8 mm) Pin hole slit (©0.8 mm)
Wavelength (A) 1.5418 1.5418

Q range 0.012-0.25 0.012-0.25
Exposure time (min) 25 25
Concentration range (mg/mL) 2.3-8.3 1.9-6.8

Analyzed parameters

1(0)/conc. (from Guinier)“ 36.8+£0.7 38.9+3.0
Rg (A) (from Guinier) 50.1+1.3 64.5+5.9
1(0)/conc. (from P[r]) 374+ 0.9 409+2.2
Rg (A) (from P[r]) 524+1.6 69.9 +3.1
Dmax (A) 200 240
Porod volume estimate (A%) 379000 642000
Mw (kDa) (from /(0)/conc.) 177 187
Calculated Mw (kDa) 150 180

@ The 1(0)/conc. values of the tetramer of 1 and hexamer of 2 were obtained by the linear
extrapolation of the /(0)/conc. vs. protein concentration plots to zero protein concentrations.
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