Open Access Article. Published on 29 October 2021. Downloaded on 7/18/2025 2:39:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ChemComm -

#® ROYAL SOCIETY
OF CHEMISTRY

FEATURE ART'CLE View Article Online

’ '.) Check for updates ‘

Cite this: Chem. Commun., 2021,
57,12074

Received 19th August 2021,
Accepted 5th October 2021

DOI: 10.1039/d1cc04608)

rsc.li/chemcomm

Division of Materials Science, Graduate School of Science and Technology,

View Journal | View Issue

Use of 3D domain swapping in constructing
supramolecular metalloproteins

Shun Hirota, U2 * Tsuyoshi Mashima 2 and Naoya Kobayashi

Supramolecules, which are formed by assembling multiple molecules by noncovalent intermolecular
interactions instead of covalent bonds, often show additional properties that cannot be exhibited by a
single molecule. Supramolecules have evolved into molecular machines in the field of chemistry, and
various supramolecular proteins are responsible for life activities in the field of biology. The design and
creation of supramolecular proteins will lead to development of new enzymes, functional biomaterials,
drug delivery systems, etc.; thus, the number of studies on the regulation of supramolecular proteins is
increasing year by year. Several methods, including disulfide bond, metal coordination, and surface—
surface interaction, have been utilized to construct supramolecular proteins. In nature, proteins have
been shown to form oligomers by 3D domain swapping (3D-DS), a phenomenon in which a structural
region is exchanged between molecules of the same protein. We have been studying the mechanism of
3D-DS and utilizing 3D-DS to construct supramolecular metalloproteins. Cytochrome ¢ forms cyclic
oligomers and polymers by 3D-DS, whereas other metalloproteins, such as various c-type cytochromes
and azurin form small oligomers and myoglobin forms a compact dimer. We have also utilized 3D-DS to
construct heterodimers with different active sites, a protein nanocage encapsulating a Zn—-SOy4 cluster in
the internal cavity, and a tetrahedron with a designed building block protein. Protein oligomer formation
was controlled for the 3D-DS dimer of a dimer monomer transition protein. This article reviews our
research on supramolecular metalloproteins.

1. Introduction

In recent years, various methods have been attempted to
construct supramolecular proteins.’”” Research on construct-
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Fig. 1 Schematic view of 3D-DS. The protein example is diphtheria toxin
(PDB ID: monomer, IMDT; dimer, 1DDT). The magenta and cyan structural
regions are exchanged between molecules, resulting in the formation of a
3D-DS dimer.

Monomer

association and dissociation, has attracted increasing attention.
Methods for creating supramolecular proteins are rapidly
developing, where structural control is advantageous for
functional control. The introduction of a bridging site to the
protein surface by amino acid mutation has been widely used to
connect proteins; this method includes disulfide bond®° and
metal coordination.'®™* Attempts have also been made to utilize
interfacial interactions between proteins for the construction of
supramolecular proteins. Two proteins in which each protein
forms homo-oligomers are connected as a fusion protein, resulting
in the formation of structured supramolecular proteins,"*™” and
computer design has been used to optimize the interfacial inter-
actions between the two proteins.'**°

We have been studying the phenomenon of 3D domain
swapping (3D-DS), in which the same structural region is
exchanged three-dimensionally between molecules of the same
protein (Fig. 1). The unit structure of domain-swapped oligomers
is essentially identical to the corresponding monomer structure,
except for the hinge region that connects the exchanged regions.
The first 3D-DS structure was reported in 1994 for a dimer
of diphtheria toxin.” Since then, 3D-DS has been reported to
occur in many natural proteins and suggested to be related
to protein deposition diseases;** for example, a mutant of
ol-antitrypsin®>—the serpin (serine protease inhibitory protein)
involved in serpin disease—and B2 microglobulin®® that causes
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dialysis amyloidosis have been shown to involve 3D-DS, as well
as human prion protein** and cystatin C.>> The number of
proteins known to exhibit 3D-DS has been increasing, and over
600 3D-DS structures have been deposited in the Protein Data
Bank.>® Most swapped domains are at either the N- or C-
terminus and the swapped domains are diverse in their primary
and secondary structures, suggesting that almost any protein
may undergo 3D-DS.”” 3D-DS has also been applied to create
functional protein molecules.”®* ' On the other hand, the metal
site is essential to the function of metalloproteins, and new
strategies for constructing supramolecular metalloproteins are
particularly useful for creating functional proteins.**™® We have
shown that various metalloproteins can exhibit 3D-DS and
constructed various supramolecular metalloproteins.®”*® This
review introduces 3D-DS for producing supramolecular
metalloproteins.

2. Preparation of supramolecular
proteins using covalent bonds and
surface interactions

2.1. Disulfide bond

The simplest method for connecting proteins is to introduce a
cysteine (Cys) to the protein surface and form an intermolecular
disulfide bond via the sulfur atom of the Cys residue. When a
Cys was introduced to the surface of the homohexameric protein
Hcp1, which forms a ring structure, a tube structure with stacked
rings was constructed by intermolecular disulfide bonds
(Fig. 2A).® The hexamer of the Hep1 mutant reversibly converted
between the tube and ring structures by controlling the
formation of disulfide bonds with a redox reaction.

A two-dimensional crystal without lattice defects has been
constructed by introducing Cys to the surface of the tetrameric
protein RhuA and forming a disulfide bond network between
molecules,” where the flexibility of the disulfide bond allowed
the crystal to reduce the defects. The arrangement of the protein
molecules in this two-dimensional crystal was changed coopera-
tively by gentle mixing with a pipette and sedimentation.

2.2. Metal coordination

Since a metal and its ligand form a bond in a fixed orientation,
metal coordination is widely used in metal-organic
frameworks.***° The metal coordination bond shows a specific
coordination structure depending on the metal ion, and the
bond can form and cleave depending on the presence of metal
ions; thus, it is also effective to use the metal coordination
bond to control the formation of supramolecular proteins.
A supramolecule of a cytochrome (cyt) bss, mutant with a
periodic structure was obtained by chemically modifying the
surface of the protein so that the haem-protein interaction
occurs intermolecularly.*' Two- and three-dimensional supra-
molecules of cyt chse, (a cyt bse, mutant protein with a haem
immobilized on the 4-helix bundle protein moiety by introducing
two Cys residues to the polypeptide)*> have been constructed by
introducing metal coordination sites to the surface of the protein.
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Fig. 2 Schematic views of supramolecular construction. (A) Conversion
between tube and ring structures with a redox reaction. Ring-shaped
protein hexamers are connected through a disulfide bond in the tube
structure. The magenta dots on the rings represent the Cys residues.
(B) Dimer, trimer, and tetramer constructed by Cu®* (blue), Ni* (cyan), and
Zn?* (red) ion coordination to a cyt cbsg, mutant, respectively. (C) Design
of fusion proteins 1 and 2 and construction of their assemblies: (a)
tetramer, (b) hexamer. Adapted with permission from ref. 16. Copyright
2019 American Chemical Society.

Metal binding sites were formed between the cyt cbse, molecules
at the protein surfaces with the introduced histidine(s) (His), bis-
His clamp(s), and/or an aspartate (Asp). When Cu®*, Ni**, and
Zn>" were coordinated to this site, dimers, trimers, and tetramers
were obtained, respectively (Fig. 2B).">** Additionally, when
two Zn>"-binding sites with different affinities were introduced
to the surface of cyt chss,, one-dimensional spiral nanotubes
and two- or three-dimensional protein sequence crystals were
obtained, depending on the pH and Zn>" concentration of the
solution."
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A metal binding site comprising two bis-His clamps was
constructed between the surface of glutathione-S-transferase
(GST) molecules by introducing two consecutive His (bis-His
clamps), where nanorings were constructed through Ni** ion
coordination.’> A chaperonin GroEL mutant appended
with zwitterionic merocyanine units, was assembled one-
dimensionally utilizing the coordination of Mg®" ions."> ATP
hydrolysis induced conformational changes in the chaperonin
units, which in turn generated a mechanical force that led to
the disassembly of the tube and release of the guest molecules.

2.3. Surface-surface interaction

Protein surface-surface interactions are also useful for the
construction of supramolecular proteins. When constructing
supramolecular proteins with surface-surface interactions,
fusion proteins that link subunits of different homo oligomeric
proteins are frequently used. Using a fusion protein (WA20-
foldon) in which the artificial dimeric protein WA20 and the
trimeric protein foldon were connected through a 5-residue
linker, a barrel structure hexamer, a tetrahedral cage 12-mer,
and various other shaped supramolecular proteins were
constructed."* A uniform icosahedral 60-meric supramolecular
protein, TIP60, which contained 20 regular-triangle-like pores
on the surface, symmetrically self-assembled from fusion
proteins of a pentameric Sm-like protein and a dimeric
MyoX-coil domain.**** A supramolecular protein was con-
structed using a fusion protein in which a coiled-coil tetrameric
peptide and a trimeric protein were linked with a relatively
short peptide.'® When the number of residues in the peptide
linker was four, a cage structure could be selectively obtained,
but when the number of linker residues was two, the ideal
octamer was not producible due to the short linker, and the
sizes varied. A flexible linker consisting of several amino acids
is convenient for obtaining a protein oligomer with the most
stable structure, although it is often difficult to control the
supramolecular protein to a fixed structure.

A fusion protein (fusion protein 1) was constructed by
linking two dimeric proteins with a three-helix bundle protein
and self-assembled mainly into tetramers (Fig. 2C)."® Replacing
one of the dimeric proteins of fusion protein 1 with a trimeric
protein (fusion protein 2) resulted mainly in hexamers.
According to ab initio structural models reconstructed from
the small-angle X-ray scattering (SAXS) data, the tetramer of 1
and hexamer of 2 adopted quadrangle and cage-like structures,
respectively, although high-speed atomic force microscopy
observations indicated that the tetramer and hexamer
exhibited conformational dynamics. These results show that
the method of utilizing three-helix bundle-linked fusion pro-
teins is useful in the construction of protein nanostructures.

A dodecameric fusion protein in which a dimeric and a
trimeric protein are linked by an o-helix linker has been shown
to self-assemble into a stable cage structure with a diameter of
16 nm."” In linking two types of oligomeric proteins with an
a-helix linker, the interaction between the fusion proteins
utilizes the interaction of the original oligomeric proteins and
is relatively strong. However, the structure of the o-helix linker

This journal is © The Royal Society of Chemistry 2021
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may fluctuate greatly, and precise design is required to obtain a
uniform supramolecular structure. A 24-subunit, 13-nm
diameter complex with octahedral symmetry and a 12-subunit,
11 nm dimeter complex with tetrahedral symmetry were
constructed with trimeric protein building blocks using compu-
tational design.*® A computationally designed transmembrane
monomer, homodimer, trimer, and tetramer have been shown
to localize to bacterial and mammalian cell membranes.'®
Amino acid residues on the protein surface have been
computationally designed to construct a protein-inorganic
hybrid material.’® These results indicate that computer design
is a promising tool for supramolecular protein design.

3. Preparation of supramolecular
metalloproteins utilizing 3D domain
swapping

3.1. 3D domain swapping of native metalloproteins

Our first report of 3D-DS addressed horse cyt ¢ in 2010.*” Cyt ¢
was reported to polymerize in 1962, but the polymerization
mechanism remained unknown.*® To solve the polymerization
mechanism, we made small oligomers of horse cyt ¢ by treating
its monomer with ethanol, subsequently freeze-drying the
solution, redissolving the protein residue, and heating the
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obtained high-order oligomers at 37 °C for 40 min to dissociate
them into small oligomers.”” We purified the small oligomers
(dimer, trimer, and tetramer) by size exclusion chromatography
and found that the dimer and trimer exhibit 3D-DS structures
in which the C-terminal o-helix is exchanged between
protomers (dimer, PDB ID: 3NBS and trimer, PDB I D:
3NBT).”” We also performed SAXS and differential scanning
calorimetry analyses on the purified small-size oligomers and
deduced that the nature of cyt ¢ polymerization is successive 3D-
DS (in other words, ‘runaway domain swapping’ or ‘propagated
domain swapping’) (Fig. 3).” Similar successive domain swap-
ping has been reported for several proteins, including RNase A,*°
serpin,”® cystatin C,”* T7 endonuclease 1,>> B,-microglobulin,*
and yD-crystallin,>® indicating that successive 3D-DS occurs in
various proteins. Successive 3D-DS has also been achieved in a
three-helix bundle protein by removing the loop between the
second and third helices.*

The binding properties of cyt ¢ to its partner proteins, cyt bcy
complex and cyt ¢ oxidase, and the cell membrane, may not be
affected by 3D-DS, since the interface of the subunits in the
3D-DS dimer is different from the putative binding sites of cyt ¢ to
the partner proteins and cell membrane.”>™” On the other hand,
the reaction properties of cyt ¢ are altered by 3D-DS. Met and His
are coordinated to the haem iron in the cyt ¢ monomer.>*"°
In contrast, haem-coordinating Met80 disassociates from the

Fig. 3 Schematic view of cyt ¢ polymerization: (A) monomer crystal structure (PDB: 1HRC),>® (B) model structure of open monomer, (C) model structure
of open dimer, (D) dimer crystal structure (PDB: 3NBS),*’ (E) model structure of open trimer, (F) trimer crystal structure (PDB: 3NBT),*’ and (G) model

structure of open tetramer. Met80 is highlighted in yellow. Sphere models
Copyright 2010 National Academy of Sciences.
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are shown below each structure. Adapted with permission from ref. 47.
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haem iron in the cyt ¢ 3D-DS dimer and trimer; thus, external
ligands, such as the cyanide ion, bind more easily to the haem
iron of oligomers than to that of the monomer.*® Peroxides may
also bind to the haem iron of cyt ¢ oligomer more easily, making
the peroxidase activity of the cyt ¢ dimer higher than that of the
monomer,® which is consistent with the fact that the peroxidase
activity of cyt ¢ increases when Met80 dissociates from the haem
iron, which may be relevant to apoptosis.***>** 3D-DS induces
other changes in the protein properties of cyt c. The cyt ¢ 3D-DS
oligomers bound more strongly than the monomer to anionic
phospholipid-containing vesicles and to the outer membrane of
HelLa cells, where the damage to HeLa cells by the cyt ¢ oligomer
was proportional to the membrane binding.®® The decreased
stability of the cyt ¢ 3D-DS dimer compared to the monomer
has been utilized to construct amyloid fibrils; amyloid fibrils were
obtained by laser trapping the cyt ¢ 3D-DS dimer, whereas it was
relatively difficult to obtain amyloid fibrils from the monomer.®®

3D-DS cyt ¢ oligomers dissociate to monomers through
exothermic processes.”” The enthalpy change AH of oligomer
dissociation is decreased by ~ 20 kcal mol~* when the oligomer
is elongated by one functional (monomer structure) unit.*” The
AH of Met coordination to the haem in cyt ¢ has been estimated
to be —18 kcal mol',*” indicating that Met coordination
contributes greatly to the AH (—20 kcal mol™" per monomer)
of cyt ¢ oligomer dissociation. According to theoretical
calculations,®® the stability of the horse cyt ¢ 3D-DS dimer
decreases slightly compared to that of its monomer with a total

closed monomer

i@/‘e

open monomer

" 4

cyclic oligomer
(cytc)

polymer (cyt ¢)
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free energy increase of 25 kcal mol~'. The dimer-to-monomer
dissociation temperature (61.0 °C) was similar between wild-
type (WT) and M80A human cyt ¢, although Met80 coordination
to the haem iron contributed to the stabilization of the
monomer (AH = —16 kcal mol™' in human cyt ¢).*® The
activation enthalpy values for the dissociation of 3D-DS dimers
to monomers in WT and M80A cyt ¢ were similar and relatively
large (WT, 120 + 10 kcal mol *; M80A, 110 + 10 kcal mol ).
Similarly, the activation heat capacity change for the dissocia-
tion of yeast iso-1-cyt ¢ 3D-DS dimers to monomers was large.”
These results reveal that a large protein structural change takes
place in cyt ¢ upon the dissociation of 3D-DS dimers to
monomers regardless of the Met80-haem iron bond, whereas
Met80 coordination stabilizes the monomer.

Various metalloproteins can also form oligomers by 3D-DS
(Fig. 4). For example, negatively charged Pseudomonas aeruginosa
(PA) cyt ¢s51 and positively charged Hydrogenobacter thermophilus
(HT) cyt css, both belong to the c-type cyt protein family, exhibit
similar monomer structures (three long o-helices),”””> and can
form 3D-DS dimers by a similar treatment to cyt ¢ 3D-DS using
ethanol,”®”* although the N-terminal region containing the
N-terminal o-helix and haem is exchanged between protomers
in the dimers (PA cyt cs51, PDB ID: 3X39; HT cyt ¢s5,, PDB ID:
3VYM; Fig. 4), whereas the C-terminal a-helix is exchanged in the
cyt ¢ 3D-DS dimer.”” In PA cyt c55; and HT cyt cssy, a relatively
strong hydrogen bond network is formed at the loop containing
the haem-coordinating Met, whereas an omega loop is formed at

dimer (Mb)

small oligomer
(Cyt Cs54, CYt Cs5p, @ZUrIN)

Fig. 4 Schematic view of 3D-DS of metalloproteins. Puzzles (cyclic oligomers, polymers, small oligomers, and compact dimers) are constructed using a

glue (swapping domain) to connect pieces (proteins).
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Fig. 5 Schematic view of the introduction of three Gly residues into the
hinge loop of HT cyt cs5, and the formation of 3D-DS dimers: major (PDB
ID: 5AUR, red and green) and minor dimers (PDB ID: 5AUS, red and blue).
The pink arrow in the WT monomer structure represents the insertion
position. The hinge loop is shown in orange, and the inserted residues
(Gly19Gly20Gly21) are shown in pink. Adapted with permission from ref. 75.
Copyright 2015 Royal Society of Chemistry.

the corresponding region in cyt ¢. Thus, in PA cyt ¢s5; and HT cyt
Css2, the C-terminal o-helix following this loop may be relatively
rigid and interact relatively strongly with the rest of the protein
during 3D-DS, resulting in formation of the 3D-DS dimer
exchanging the N-terminal region.”> When we inserted three
Gly residues into the hinge loop of WT HT cyt css,, high-order
oligomers were obtained by the 3D-DS treatment, presumably
due to the decreased steric hindrance between the HT cyt css;
structural (functional) units in 3D-DS (Fig. 5).”° For PA cyt ¢ss;
and WT HT cyt ¢s55, the hinge loop of 3D-DS is short, only
3 residues; thus, it is difficult for the WT of both proteins to form
high-order oligomers.”*”* In addition, two 3D-DS dimers (major
and minor) were obtained for the HT cyt c55, mutant with three
Gly inserted (Fig. 5).”> We were able to separate the two dimers
by ion exchange chromatography owing to the elongation of the
structural units in the major dimer. The N-terminal region was
exchanged in the major dimer (PDB ID: 5AUR), similar to the WT
HT cyt ¢s5, dimer, whereas the C-terminal region was exchanged
in the minor dimer (PDB ID: 5AUS), similar to the horse cyt ¢
dimer, demonstrating that HT cyt c¢55, and presumably other
c-type cyts can undergo both N- and C-terminal 3D-DS. Similar
dual 3D-DS has been reported for RNase A.”7® These results
show that 3D-DS may occur at various protein sites, where the
swapping region depends on the stability and/or strength of
the interaction between the swapping region and the rest of the
protein.

Similar to cyt ¢, cyt css5 from the hyperthermophilic bacterium
Aquifex aeolicus (AA) converts into a ligand-binding protein by
3D-DS.”* AA cyt css5 is a hyperstable c-type cyt that possesses a
six-coordinate haem and a unique additional long 3,5-0-310
helix containing the haem-coordinating Met61.”° It forms a
3D-DS dimer by exchanging the region containing the 3,5-0-31¢
and C-terminal helices between molecules (PDB ID: 3X15).”*
The overall protein structure of the AA cyt css5 3D-DS dimer
corresponds well to that of the monomer, except for the hinge

This journal is © The Royal Society of Chemistry 2021
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region (Val53-Lys57). The coordination of Met61 in the extra
3,0-%-310 helix to the haem iron is also observed in the dimer as
in the monomer, but Met61 originates from the other protomer to
which the haem belongs, similar to 3D-DS dimers of other
bacterial c-type cyts.”>””> The 3D-DS dimer maintains thermo-
stability (dissociation temperature to monomers, 92 °C) and pH
stability (pH 2.2-11.0), apparently owing to the conservation of the
overall secondary and tertiary structures of the monomer in the
3D-DS dimer. Similar to the cyt ¢ 3D-DS dimer,°*®" external
ligands bound to the haem iron of the AA cyt c555 3D-DS dimer
in solution, such as CN™ and CO in the ferric and ferrous states,
respectively, whereas these ligands do not bind to the monomer
under the same conditions,”® although Met61 was coordinated
to the haem iron in the crystal structure of the 3D-DS dimer.”*
The hinge region is located close to Met61 in AA cyt ¢s55. Thus, the
haem coordination structure may be perturbed by 3D-DS in AA cyt
¢sss, allowing external ligands to bind to the haem iron in
the dimer.

The property of c-type cyt may change by 3D-DS, depending
on the distance between the active site and hinge loop. In horse
cyt ¢ and AA cyt css5, the C-terminal region is exchanged
between molecules by 3D-DS, and the active site structure
and properties are changed.””””> On the other hand, PA cyt
¢ss1 and HT cyt css, mainly exchange the N-terminal region by
3D-DS, and the active site structure and properties are not
changed significantly,”*’* although these proteins exhibit
tertiary structures similar to those of horse cyt ¢ and AA cyt
Csss, all belonging to the same protein family. The hinge loop is
located relatively close to the active site haem in horse cyt ¢ and
AA cyt c555, and external ligands may bind to the haem iron of
the 3D-DS dimer but may not bind (or may bind weakly) to the
47:60.74 On the other hand, the hinge loop is located
relatively far from the haem in PA cyt ¢s5; and HT cyt ¢s5,, and
the redox potential is not changed significantly by 3D-DS.”*>”*
Additionally, cyt cbse,, Shewanella violacea (SV) cyt cs, and
Aquifex aeolicus cyt ¢’ exhibit 3D-DS, in which the hinge loop
is located relatively far from the haem.®*"®* In these proteins,
the properties of the monomer and dimer are similar. These
results indicate that the active site structure and properties of a
haem protein may be changed by 3D-DS when the hinge loop is
located close to the haem active site, but not when the hinge
loop is located far from it.

Other haem proteins may also undergo 3D-DS. Myoglobin
(Mb) was reported to form dimers but not polymers more than
half a century ago.*® The nature of the Mb dimer remained
unknown until our study,®* which revealed that the Mb dimer
exhibits a 3D-DS structure in which the loop located between
the E- and F-helices that sandwiches the haem converts to a
helical structure connecting the E- and F-helices, forming one
long ao-helix (PDB ID: 3VMOY; Fig. 6A). Although the active site
structures of the monomer and 3D-DS dimer of cyt ¢ were
different,”” the active site structure of the Mb dimer was similar
to that of the monomer.?* The Mb 3D-DS dimer dissociated to
monomers upon heating at 70 °C for 5 min, indicating that the
dimer was less stable than the monomer,® similar to cyt ¢ and
other c-type cyts.*”””*’* The EF-loop in the monomer converted

monomer.
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Fig. 6 Schematic view of the design and three-dimensional structures of Mb 3D-DS$ dimers. (A) WT homodimer (PDB ID: 3VM9).8* (B) Stabilized dimer
with Ala mutation in the hinge region (PDB ID: 6L.TM).8® (C) Dimer with metal binding sites in the hinge region (PDB ID: 7DGK).°® Adapted with permission
from ref. 98. Copyright 2021 Elsevier. (D) Heterodimer with different active sites (PDB ID: 3WYO).°° Adapted with permission from ref. 99. Copyright 2015

Wiley-VCH Verlag Gmbh & Co.

to a part of a long a-helix, structurally showing the difficulty of
Mb polymerization by 3D-DS, which has been observed in horse
cyt ¢ with a relatively long hinge loop.*” Since the loop at the
hinge region in the Mb monomer converts to a helix in the
3D-DS dimer, we mutated Gly80 in the hinge region to Ala
(a high helix propensity residue)®” to stabilize the helical structure
in the hinge region, thereby stabilizing the 3D-DS dimer.®®
Additional Ala mutations at positions 81 and 82 (G80A/G81A/
G82A MDb) in the hinge loop stabilized the 3D-DS dimer more
(PDB ID: 6LTM; Fig. 6B).%° As the helical propensity of the
residue at position 80 in the hinge region was increased in a
series of Mb mutants, the 3D-DS tendency correspondingly
increased.®® These results demonstrate that a few mutations
in the hinge loop can control 3D-DS and dimer formation
in Mb, providing new ideas to create protein oligomers using
3D-DS.

In addition to haem proteins, we found that a f-sheet copper
protein azurin from Alcaligenes xylosoxidans may undergo
3D-DS by treating Cu(1)-azurin with 2,2,2-trifluoroethanol at pH
5.0, subsequently freeze-drying the solution, and redissolving the
protein residue at pH 7.0.*” The N-terminal region containing
three B-strands was exchanged between protomers in the 3D-DS
dimer (PDB ID: 6L1V; Fig. 4). The copper coordination structure
was tetrahedrally distorted in the dimer, similar to that in the
monomer; however, the Cu-O(Gly45) bond length was longer in
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the dimer (monomer, 2.46-2.59 A; dimer, 2.98-3.25 A). The ratio
of the absorbance of the dimer at 460 nm to that at ~620 nm
(Absyeo/Absgg = 0.113) was higher than that of the monomer
(Absyeo/Absey, = 0.067) and the EPR Aj value of the dimer
(5.85 mT) was slightly smaller than that of the monomer
(5.95 mT), indicating slightly more rhombic copper coordination
for the dimer in solution. The redox potential of the azurin 3D-DS
dimer was 342 £+ 5 mV vs. NHE, which was 50 mV higher than that
of the monomer. These results show that 3D-DS slightly perturbed
the active site structure and properties of azurin.

The aforementioned examples demonstrate that the native
sequences of various types of metalloproteins can undergo
3D-DS upon treatment with alcohol. The swapping domain
could be the N-terminal domain, the C-terminal domain, or
both domains, depending on the protein and the flexibility of
the loop connecting the swapping region. In the next section,
we show that 3D-DS of metalloproteins occurs during folding
in vitro and in vivo.

3.2. Mechanism of 3D-DS

3D-DS oligomers were obtained when cyt ¢ was refolded from
the denatured state.’® The structure of the 3D-DS dimer
obtained by refolding was similar to that of the dimer obtained
by the ethanol treatment. The number of the 3D-DS oligomers
increased when the concentration of cyt ¢ during refolding was

This journal is © The Royal Society of Chemistry 2021
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increased, indicating that intermolecular interactions between
cyt ¢ molecules during folding lead to 3D-DS (Fig. 7A).%® At the
early stage of cyt ¢ folding, the N- and C-terminal regions form
a-helices, and the two a-helices interact hydrophobically to fold
into a monomer.*>°® Almost no oligomer was obtained by
refolding a cyt ¢ mutant in which a hydrophobic residue in
the N- or C-terminal o-helix was replaced with Gly.*® 3D-DS
dimers were also obtained by refolding cyt ¢ from the molten
globule state.”’ More oligomers were obtained by refolding
from the molten globule state in the presence of chaotropic
anions than in the presence of kosmotropic anions.
Approximately 11% of cyt ¢ was obtained as oligomers when
refolding from the molten globule state containing 125 mM
ClO,, whereas approximately 25% of cyt ¢ was dimerized in
the molten globule state containing the same amount of ClO, ",
according to SAXS measurements.” These results indicate that
cyt ¢ molecules already interacted intermolecularly in the
molten globule state and that a certain amount of oligomers
in the molten globule state converted to 3D-DS oligomers upon
folding; thus the intermolecular interaction necessary for
3D-DS may already exist in the molten globule state. It has also
been shown that 3D-DS of RNase A occurs during refolding
from the urea- or guanidinium ion-denatured state.”> These
results indicate that 3D-DS oligomers can form during protein
folding, especially at high protein concentrations and in the
presence of chaotropic anions.

A slow phase (time constant of ~3 s) for cyt ¢ folding has
been reported at high protein concentrations,”® whereas a
transient cyt ¢ dimer has been detected in its refolding kinetics
by SAXS measurements.”® In addition to the formation of
3D-DS oligomers during the folding of cyt ¢ at relatively
high protein concentrations, a slow 4-5 s phase in the haem
coordination structural change was observed in addition to a
400-500 ms fast phase during folding in the presence of 1.17 M
guanidine hydrochloride.®® The ratio of the amplitude of the
slow phase to that of the fast phase increased when the protein
concentration was increased, indicating that the slow phase

secretory \
proteins

Ccm
proteins

Fig. 7 Schematic view of cyt ¢ 3D-DS dimerization by protein folding
in vitro and in vivo. (A) Formation of 3D-DS dimer by intermolecular
interactions during the folding process. Adapted with permission
from ref. 88. Copyright 2013 American Chemical Society. (B) Formation
of 3D-DS dimer by interaction with intracellular membrane. Adapted with
permission from ref. 82. Copyright 2019 Elsevier.
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was an intermolecular process. We attributed the slow phase to
the intermolecular ligand exchange process specific to 3D-DS
during cyt ¢ folding,®® whereas the fast phase has been
attributed to the intramolecular ligand exchange process.”>®
These results show the importance of considering the
formation of 3D-DS oligomers when folding a protein at high
protein concentrations.

3D-DS oligomers of a c-type cyt may form during folding in
cells depending on the surface charge of the c-type cyt.®> Horse
cyt ¢ and HT cyt css5, are positively charged, whereas PA cyt css,
and SV cyt ¢s are negatively charged. 3D-DS oligomers of horse
cyt ¢ and HT cyt cs5, were found to form in E. coli cells that
expressed the corresponding proteins,®*°” and the HT cyt css,
dimer obtained directly from the E. coli cell exhibited a 3D-DS
structure similar to that obtained by the ethanol treatment.
In contrast, no oligomer was detected from the E. coli cells that
expressed PA cyt ¢s5; or SV cyt cs, although these proteins can
undergo 3D-DS.”*7%% Additionally, the amount of oligomers of
positively charged horse cyt ¢ and HT cyt css, obtained from its
folding in vitro increased upon the addition of negatively
charged liposomes, whereas the amount of oligomers of
negatively charged PA cyt ¢s5; or SV cyt ¢s obtained from the
folding did not change significantly upon liposome addition.**
These results indicate that the protein surface charge affects
the oligomerization of c-type cyts in cells; thus, we propose the
following mechanism for the 3D-DS of a c-type cyt in cells
(Fig. 7B).*> A c-type cyt polypeptide (with a signal peptide) is
transported from the cytoplasm to the periplasm by secretory
proteins (Fig. 7B-a). Subsequently, the signal peptide is cleaved
from the polypeptide, and another c-type cyt peptide is trans-
ported to the periplasm (Fig. 7B-b). When the unfolded apo
c-type cyt molecule is positively charged, it may assemble on the
surface of a negatively charged membrane before haem incor-
poration in the periplasm of bacteria, allowing unfolded c-type cyt
molecules to concentrate at the membrane surface (Fig. 7B-b),
whereas the unfolded apo c¢-type cyt molecule will not concentrate
at the membrane when it is negatively charged. When a haem is
inserted into an apo protein by cyt ¢ maturation (Ccm) proteins,
the produced holo protein may interact intermolecularly with
another apo protein and form a transient holo-apo complex
(Fig. 7B-c). According to mass measurements,”” the apo protein
in the holo-apo complex obtained from the E. coli cell did not
contain the signal peptide, supporting the hypothesis that the
holo-apo complex forms at the periplasm. At the final stage,
another haem is inserted into the apo protein of the holo-apo
complex, resulting in the formation of a 3D-DS dimer (Fig. 7B-d).
Instead, the holo-holo complex may interact with another apo
protein before folding into a 3D-DS dimer, resulting in the
formation of a higher-order oligomer when the holo-holo
complex interacts with the negatively charged membrane.

The amount of HT cyt css5, oligomers formed in E. coli cells
decreased by decreasing the protein stability with amino acid
mutation, indicating that 3D-DS of HT cyt css, decreases in cells
when the protein stability decreases. Additionally, the HT cyt
Cssp, oligomers of the destabilized ASF/M11V/Y32F/Y41E/176V
mutant formed in E. coli cells did not contain an apo protein,
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while the oligomers of WT HT cyt c¢55, formed in E. coli cells
contained apo proteins.”” These results support the hypothesis
that 3D-DS oligomers of HT cyt css5, are formed by stabilization
of the transient oligomer containing the apo protein
before haem attachment in the cells. If the transient oligomer
is not highly stable, it may dissociate into monomers
before becoming a 3D-DS oligomer, and exceedingly stable
proteins may be disadvantaged in forming 3D-DS oligomers in
cells.”

3.3. Construction of unique metalloprotein dimers

We constructed various Mb and c-type cyt dimers utilizing
3D-DS. For example, stable Mb dimers with metal binding sites
were obtained by shifting the His position and introducing two
Ala residues to the hinge region (K78H/G80A/H82A and K79H/
GB80A/H81A Mbs) (Fig. 6C).°® The Ala residues were inserted to
stabilize the dimer structures, and no negative peak related
to the dimer-to-monomer dissociation was observed in the
differential scanning calorimetry thermograms of K78H/G80A/
H82A and K79H/G80A/H81A Mbs below the denaturation
temperature, indicating that the two mutants were stable
in the dimer state. Metal ions bound to the sites containing
the introduced His in the dimers. Co®"-Bound and Ni**-bound
K78H/G80A/H82A Mb exhibited octahedral metal-coordination
structures, where His78, His81, Glu85, and three H,O/OH™
molecules coordinated to the metal ion. On the other hand,
Co**-bound and Zn**-bound K79H/G80A/H81A Mb exhibited
tetrahedral metal-coordination structures, where His79, His82,
Asp141, and a H,O/OH™ molecule coordinated to the metal ion.
The Co>*-bound site exists deep inside the protein in the K79H/
G80A/H81A Mb dimer, which may allow unique tetrahedral
coordination of the Co*" ion, whereas the Co**-bound site is
on the surface of the K78H/G80A/H82A Mb dimer. These
results show that we can utilize 3D-DS to construct artificial
metalloproteins.

We also constructed a Mb heterodimer with different active
site coordination. In the WT Mb 3D-DS dimer,® four salt
bridges are identified at the interface of the protomers. These
bridges resulted from electrostatic interactions between
positively and negatively charged residues, which held the Mb
protomers together. Two Mb surface mutants were constructed
by modifying the charges of the residues at the salt bridge of
the 3D-DS dimer; two positively charged residues were replaced
with two negatively charged residues in one mutant, whereas
two negatively charged residues were replaced with two
positively charged residues in the other mutant (Fig. 6D).
Additionally, the haem site of one of the two Mb mutants was
modified so that it underwent 3D-DS with the other active-site
unmodified mutant through the introduced salt bridges, resulting
in the formation of a stable heterodimer with bis-His and His/H,O
active sites (PDB ID: 3WYO) (Fig. 6D).>® The two sites in the 3D-DS
heterodimer exhibited different reactivities upon reduction with
the mild agent ascorbic acid; the His/H,O coordinate haem was
reduced, while the bis-His site remained oxidized. Reduction
of the Mb heterodimer with dithionite or ascorbic acid and
subsequent exposure to air resulted in the formation of a
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heterodimer that contained both an oxy haem and a ferric
bis-His-coordinated haem.

We also constructed a heterodimer of c-type cyt utilizing
3D-DS.'° As noted above, PA cyt cs5; and HT cyt cs5, both
belong to the c-type cyt protein family and exhibit similar
monomer structures.”"”> We designed two chimeric proteins
(PA cyt ¢55:—-HT cyt ¢ 55, comprising 21 N-terminal residues
of PA cyt ¢s5; and 61 C-terminal residues of HT cyt ¢s55,; HT
cyt ¢55,-PA cyt c55; comprising 19 N-terminal residues of HT cyt
Cs5» and 61 C-terminal residues of PA cyt ¢s5;) in which the
N-terminal regions genetically exchanged between
proteins.'® By treating these chimeric proteins together with a
similar method using ethanol for 3D-DS of horse cyt ¢, a hetero-
dimer with the N-terminal domains exchanged between the
chimeric proteins was obtained owing to the favourable inter-
action between the natural domains.'® By further mutating the
haem coordination structure of one of the two chimeric proteins,
a 3D-DS heterodimer with different haem active sites (His/Met
and His/H,0) was formed (Fig. 8),"°° similar to the case of the Mb
3D-DS heterodimer. These results demonstrate that 3D-DS can be
used to construct supramolecular proteins, and dimers with differ-
ent or additional metal coordination and function can be designed.

were

3.4. Construction of unique protein assemblies

Supramolecular haem proteins were constructed utilizing
3D-DS. For example, cyt cbse, formed a 3D-DS dimer in which
the two helices in the N-terminal region of one protomer
interacted with the other two helices in the C-terminal region
of the other protomer in the dimer (PDB ID: 5AWI; Fig. 9).%° The
haem coordination structure in the dimer was similar to that in
the monomer. In addition, three cyt cbse, 3D-DS dimers formed

O &

PA cyt cs51 HT cyt Css,

mutation

O &

chimeric proteins
Met—Ala l

chimeric l

mutation

3D-DS l

heterodimer

Fig. 8 Schematic view of the design of a c-type cyt heterodimer (left) and
three-dimensional structures of PA cyt css; (PDB ID: 351C; green, middle
top), HT cyt cssp (PDB ID: 1YNR; brown, right top), and the c-type cyt
heterodimer (PDB ID: 5XED; green and brown, right bottom). Adapted with
permission from ref. 100. Copyright 2017 Wiley-VCH Verlag Gmbh & Co.
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Fig. 9 Cage structure constructed of three cyt cbse, domain-swapped
dimers (PDB ID: 5AWI): (A and B) The overall structure of the cage,
(C and D) enlarged views of the Zn?* and SO42~ ions in the internal cavity.
B and D are 90°-rotated views of A and C, respectively. The three
dimers forming the cage are shown in combinations of green and light-
green, blue-green and cyan, and red and pink, respectively. The coordination
bonds between Zn?* and SO42’ ions are shown as black dashed lines.
The Zn?* ions are shown as spheres, and the SO42’ ions are shown as
stick models. Adapted with permission from ref. 80. Copyright 2015 Royal
Society of Chemistry.

a unique nanocage with a Zn-SO, cluster inside the cavity in the
crystal, where the Zn-SO, cluster consisted of fifteen Zn>* and
seven SO,>” ions. The cage structure was stabilized by the
coordination of the amino acid side chains of the dimers to
the Zn>" ions and connection of the two four-helix bundle units
through a conformation-adjustable hinge loop.

A building block protein (BBP) was constructed based on
hyperthermostable AA cyt csss5 to force intermolecular interactions;
circular permutation that cleaved the protein at the 3D-DS hinge

circular linker c-helix
permutation insertion
i
® o o 8-
Building block protein
(BBP)

tetrahedron

Fig. 10 Schematic view of the BBP design and its trimer and tetrahedron
formations (PDB ID: 5Z25). N- and C-terminal regions of AA cyt csss are
depicted in magenta and green, respectively. The a-helical linker is
depicted in orange.

triangles
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loop’* and orhelical linker insertion at the connection of the
original N- and C-terminal o-helices were performed.'” BBP
was expressed as a monomer in E. coli, whereas it formed oligomers
as large as ~40 mers with a relatively large amount of trimers
when refolded at high protein concentrations. BBP molecules
formed a 3D-DS trimer, with the N-terminal region of a BBP
molecule interacting intermolecularly with the C-terminal
region of another BBP molecule, resulting in a triangle-shaped
structure with an edge length of 68 A (PDB ID: 5725) (Fig. 10)."""
Additionally, four trimers assembled into a unique tetrahedron
in the crystal (Fig. 10). These results demonstrate that the
circular permutation connecting the original N- and C-terminal
a-helices with an o-helical linker considerably enhances 3D-DS,
and this method is useful for the construction of protein
assemblies.

Protein oligomer formation has also been controlled by
utilizing 3D-DS for a dimer-monomer transition protein, Allo-
chromatium vinosum (AV) cyt ¢’.®" AV cyt ¢’ is a homodimeric
protein in its native form, in which its protomer exhibits a four-
helix bundle structure containing a covalently bound five-
coordinate haem as a gas binding site.’®> AV cyt ¢’ exhibits a
unique reversible dimer-monomer transition according to the
absence and presence of CO. In the oxidized form, the sixth
coordination site of AV cyt ¢’ is occupied by the side chain of
Tyr16, which has been suggested to be a trigger for the dimer-
to-monomer transition upon CO binding to the haem.'®* AV cyt
¢’ formed a tetramer comprising one 3D-DS dimer subunit and
two monomer subunits (PDB ID: 5GYR).?' Similar to the cyt
chse, 3D-DS dimer, two helices in the N-terminal region of one
protomer interacted with the other two helices in the C-
terminal region of the other protomer in the AV cyt ¢’ dimer
(Fig. 11).%! The haem environments of the 3D-DS dimer were
similar to that of the native dimer. Interestingly, high-order
oligomers formed in the solution mainly containing 3D-DS
dimers of AV cyt ¢’ and then dissociated to 3D-DS dimers upon
the addition of CO (Fig. 11). These results demonstrate that 3D-
DS can be used to construct and control supramolecular
metalloprotein formation.

+CO

Fig. 11 Schematic view of the oligomer association and dissociation of AV
cyt ¢’ 3D-DS dimers controlled by binding of CO to the haem of AV cyt ¢’.
The protomers in the dimer are depicted in red and blue. Adapted with
permission from ref. 81. Copyright 2017 Wiley-Blackwell.
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4. Conclusions and future prospects

Various methods have been applied to construct protein
oligomers; some utilize a single bond, whereas some utilize a
protein surface. Owing to the development of computational
science, successful examples of de novo protein oligomer
design are accumulating. Since the first 3D-DS structure on
diphtheria toxin was reported in 1994, the number of reports
on 3D-DS has increased rapidly. Almost any protein has the
potential to form a 3D-DS structure, but few proteins exhibit
3D-DS in its native structure. As mentioned above, the
moderate protein stability may prevent proteins from forming
oligomers.

Several attempts have been made to control the orientation
of 3D-DS. For example, 3D-DS formation by loop deletion and
insertion of a polyproline rod to the outer-surface protein A
(OspA) from Borrelia, which is composed of sequential 21
antiparallel B-strands, has been reported.'® The rigid nature
of the polyproline rod enabled precise control of the interdo-
main distance and orientation. It was shown that 3D-DS
propensity may depend on the amino acid composition of the
hinge loop by investigating the 3D-DS of loop-deletion mutants
of a non-3D-DS B-sheet protein monellin.'®> Additionally, a
hydrophobic five-residue cystatin motif has been reported to
drive 3D-DS in B-hairpin proteins.'®® Although further studies
are necessary, precise control of 3D-DS will allow construction
of functional supramolecular metalloproteins.

Protein structures are complex, but this very complexity
enables us to construct unique structures. In 3D-DS, some
intramolecular interactions are replaced with intermolecular
interactions, but most of the intramolecular interactions are
retained. Thus, 3D-DS is suitable for constructing unique
supramolecular metalloproteins since the constructed
oligomers may maintain the function of the metalloprotein
monomer. We have shown that 3D-DS may be used to construct
unique metalloprotein dimers and assemblies; for example,
3D-DS heterodimers with different active sites by designing the
subunit interface or using chimeric proteins, a triangle-shaped
structure and a tetrahedron by designing a building block
protein, and oligomers of which formation was regulated by
carbon monoxide addition by utilizing the 3D-DS dimer of a
dimer-monomer transition protein. If we could control the
3D-DS orientations of metalloproteins that build up these
supramolecular proteins, it may lead to the development of
functional supramolecular metalloproteins. However, the
difficulty in controlling the orientation between proteins in
3D-DS is an obstacle to its use for supramolecular protein
design, especially for new enzymes, functional biomaterials,
and drug delivery systems. One way to solve this problem may
be the use of computer design. We believe that 3D-DS would be
a powerful method to design various unique protein oligomers
in the future.
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