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High-order oligomers of Hydrogenobacter thermophilus
cytochrome css, increased as inserting more Gly residues
10 between Alal8 and Lys19 at the major hinge loop of the
wild-type protein. N-terminal and C-terminal domain
swapping were elucidated by X-ray crystallography for the
mutant with insertion of three Gly residues at the hinge loop.

Protein self-assemblies have been constructed by various

15 groups utilizing well-established interactions, such as metal
coordination,’ chemical cross-linking,? host—guest interaction,’
hydrophobic interaction,* and electrostatic interaction.’®
Structured protein oligomers may be used as building blocks to
create diverse functional nanomaterials.® For example, well-
20 ordered porphyrin clusters constructed with heme protein
nanorings have been reported.” Proteins also self-assemble by
three-dimensional (3D) domain swapping, which has been
defined by Eisenberg and co-workers.? In domain swapping, a
protein molecule exchanges its structural element or domain
25 With the corresponding region of another molecule.® We have
shown that heme proteins,™ including horse cytochrome (cyt)
¢!% and Hydrogenobacter thermophilus (HT) cyt css,,® domain
swap. HT cyt Css, has three long a-helices, and His14 and Met59
are coordinated to the heme iron.** HT cyt css, exhibits high
3 stability, where the denaturation temperature of the oxidized
protein is higher than 100 °C.'? Different domain swapping
modes (N-terminal and C-terminal regions) and different
oligomerization orders have been observed for proteins in the
same c-type cyt protein family. HT cyt cs5, mainly forms small
35 Size oligomers by swapping the region containing the N-
terminal o-helix and heme,'® whereas horse cyt ¢ forms high-
order oligomers larger than 50mers by swapping the C-terminal
o-helix.'® Since the hinge loop of HT cyt Css
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(Alal8Lys19Lys20) is shorter than that of horse cyt ¢

20 (Thr78-Ala83), high-order oligomer formation may have been
inhibited by the steric hindrance between the protomers in the
HT cyt css, oligomer.1® In this study, the amount of high-order
oligomers increased by elongation of the hinge loop in HT cyt
Cssp. We also obtained two different thermostable domain-

s swapped dimers of the three Gly-inserted HT cyt cs5, mutant,
and elucidated their structures by X-ray crystallography,
showing that domain swapping may occur at both N-terminal
and C-terminal regions in HT cyt Csg,.
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60 Fig. 1. Schematic view of insertion of Gly residues between Alal8 and
Lys19 at the hinge loop of WT cyt css, for formation of high-order
oligomers.

We constructed HT cyt css5, mutants by inserting one (insG1),

es two (insG2) or three (insG3) Gly residues between Alal8 and
Lys19 at the hinge loop of the wild-type (WT) protein to reduce
the steric repulsion in the oligomers, so that the mutants may
form high-order oligomers (Figure 1). Oxidized WT cyt css, and
its Gly-inserted mutants in 50 mM potassium phosphate buffer,
70 pH 7.0, precipitated by an addition of ethanol (90% (v/v)). After
the precipitate was lyophilized and dissolved in the same buffer,
the amount of high-order oligomers (larger than decamers)
eluting earlier than the elution volume of 13.7 mL in the size
exclusion chromatogram obtained using Superdex 200 was ~1%
75 against total protein for the WT protein (Figure 2a). The
corresponding area for the mutants increased to ~5%, ~9% and
~10%, for insG1, insG2 and insG3, respectively, indicating
formation of more high-order oligomers with increase in
insertion of Gly residues at the hinge loop. These results show
g0 that the length and flexibility of the hinge loop affect the size
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and amount of domain-swapped oligomers. In addition, almost
no oligomers dissociated by incubation at 50 °C for 1 h,
indicating relatively high thermostability of the oligomers
(Figure S1).
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Fig. 2. Size exclusion chromatograms of WT and mutant cyt css, after
treatment with ethanol: (a) WT, (b) insG1 mutant, (c) insG2 mutant, and
(d) insG3 mutant. After addition of ethanol up to 90% (v/v) to WT or
mutant cyt css; (500 uM) at 70 °C, the obtained precipitates were
lyophilized, dissolved in buffer at 4 °C, and analysed with a Superdex
200 column.

The dimers exhibiting the peak with the second largest
elution volume in the size exclusion chromatogram obtained
using Superdex 75 (Figure S2) were further purified with cation
exchange chromatography (Figure S3). Two peaks were
observed in the cation exchange chromatograms of the WT and
Gly-inserted mutant dimers, showing that two types of dimers
existed for all the proteins investigated (Figure S3, curves a—d).
However, the two dimers of the WT protein could not be
separated by cation exchange chromatography, since the two
dimer peaks were overlapped. The peaks of the two dimers
separated more in the cation exchange chromatograms for the
Gly-inserted mutants (Figure S3), and the two dimers (major
and minor) were purified successfully for the insG3 mutant
(Figure S3, curves ¢ and d). The peak position of the insG3
major dimer in the cation exchange chromatogram was shifted
from those of the insG3 minor dimer and WT dimers (Figure S3,
curves e and f), presumably due to elongation of the hinge loop
and change in the surface charge density of the insG3 major
dimer compared to the WT dimers by the insertion of Gly
residues. Since significant amount of high-order oligomers were
obtained and the two dimers were purified for the insG3 mutant,
we investigated the dimers and oligomers of the insG3 mutant in
more detail.

Most of the major and minor insG3 dimers did not dissociate
by incubation at 70 °C for 30 min (Figure S4), showing that the
dimers were thermostable. However, the minor dimer
dissociated by incubation at 80 °C for 30 min, whereas the major
dimer did not dissociate by incubation at similar conditions
(Figure S4). The maximum wavelength of the Soret band of
oxidized insG3 major and minor dimers was 410 nm (Figure
S5A), which was similar to that of the oxidized WT monomer.
The absorption coefficient of the Soret band for both major and
minor dimers was obtained as 109,000 + 1000 M* cm™* (heme
unit) by the pyridine hemochrome method.™ This value was also
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similar to the absorption coefficients obtained for the WT
monomer (109,000 + 2000 M™*cm™) and insG3 monomer
(109,000 + 1000 M*em™), and the reported value for the WT
monomer (105,000 Mt cm™ at 409.5 nm).** In the circular
dichroism spectra of oxidized insG3 major and minor dimers,
negative Cotton effects were observed at 208 and 222 nm, where
the intensities were similar to those of the WT and insG3
monomers (Figure S5B). These results indicated that the active
site and secondary structures were similar among the monomers
and dimers.

The structure of the insG3 major dimer at 1.26 A resolution
exhibited a domain-swapped structure, where the N-terminal
region containing the heme (up to Lysl7) was exchanged
between protomers (PDB ID: 5AUR) (Figure 3B). The swapped
region in the insG3 major dimer was similar to that reported for
the WT dimer.2® The structure of the insG3 minor dimer at 1.30
A resolution also exhibited a domain-swapped structure (PDB
ID: 5AUS) (Figure 3C). Interestingly, the swapping region of
the minor dimer was the C-terminal region (from Pro61), which
was different from that of the WT and major dimers. Although
multiple domain swapping modes have been reported for several
non-heme proteins,” ° the present result on cyt css, is the first
example for a heme protein to exhibit different modes of domain
swapping, indicating that multiple mode domain swapping may
also occur in heme proteins.

Fig. 3. Crystal structures of WT cyt Css; and its insG3 major and minor
dimers: (A) WT monomer (PDB ID: 1YNR, red), (B) insG3 major
dimer (PDB ID: 5AUR, red and green) and (C) insG3 minor dimer
(PDB ID: 5AUS, red and blue). The hemes are shown as stick models in
pale colours. Side-chain atoms of His14 and Met62 (Met59 for the WT
monomer) are shown as stick models. The inserted residues
(Gly19Gly20Gly21) are shown in pink. The pink arrow in the WT
monomer structure represents the insertion position. The hinge loops of
the major dimer are shown in orange and pink. The hinge loops of the
minor dimer are shown in cyan. The dotted lines represent the residues
with electron densities not detected.

The protein structures of the insG3 dimers corresponded
well to that of the WT monomer (Figure S6). We calculated the
root-mean-square deviation (rmsd) values for the Co atoms
between the structures of the insG3 major (minor) dimer and the
WT monomer (four molecules in the asymmetric unit) (Table
S1). Residues in the N-terminal region before the hinge loop of
one protomer and residues in the C-terminal region after the
hinge loop in the other protomer in the same insG3 major
(minor) dimer were compared with the corresponding structural
region of the monomer. The rmsd values of the major and minor
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dimers were 0.25-0.35 A and 0.32-0.45 A, respectively. These
results indicate that the structures were similar between the WT
monomer and the protomers of the insG3 major and minor
dimers. For the insG3 minor dimer, Gly19-Lys22 were
undetectable in a protomer structure, due to their flexibility, and
excluded for the calculations.

The heme iron coordination structure (Met—Fe—His) was
similar among the WT monomer and both the insG3 major and
minor dimers (Figure 4). Met62 coordinated to the heme in both
insG3 dimers, but it originated from the other protomer to which
the heme belonged. The Fe—His14 distance of the insG3 major
and minor dimers was 2.04-2.07 A and 2.04-2.05 A,
respectively, whereas the Fe—Met62 distance was 2.25-2.39 A
and 2.34-2.35 A, respectively. These distances were similar to
the corresponding distances in the WT monomer (Fe—Hisl4,
2.05-2.09 A; Fe—Met59, 2.33—2.40 A) (Table S2). These results
were consistent with the absorption spectra (Figure S5A),
indicating that the active site structure was similar among the
monomer and both dimers.
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Fig. 4. Active site structures of WT cyt css, and its insG3 major and
minor dimers: (A) WT monomer (red), (B) insG3 major dimer (PDB ID:
5AUR) and (C) insG3 minor dimer (PDB ID: 5AUS). The hemes are
shown in pink stick models. The red and green (or blue) strands in the
insG3 major (or minor) dimer structure are regions from different
protomers. Side-chain atoms of Hisl4 and Met62 (Met59 for the
monomer) are shown as stick models.
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Negative staining transmission electron microscopy (TEM)
was performed to investigate the morphology of insG3
oligomers from approximately the octamer to pentadecamer,
purified by size exclusion chromatography. Unfortunately, we
could not observe TEM images for isolated insG3 oligomers.
We speculated that the hydrophobic property of the insG3
mutant inhibited the interaction of the protein with the staining
compound, phosphotungstic acid, and thus replaced Trp57 of the
insG3 mutant with Lys (insG3/W57K mutant). The
insG3/W57K mutant formed high-order oligomers similar to the
insG3 mutant by treatment with ethanol (Figure S7). The TEM
image of oligomeric insG3/W57K mutant (from octamer to
pentadecamer) exhibited well-separated protein ring structures at
7-10 nm in diameter (Figure 5). Although the size of the ring
structures was at the resolution limit, observation of the ring
images were reproducible (Figure S8). The region containing the
N-terminal a-helix and heme is hydrophobic and forms a well-
organized structure in cyt cssp, and thus this region would be
unstable in aqua solution and may bind to the rest of the protein,
resulting in formation of a ring-structured oligomer. Linear
structures may also exist in the oligomers, but were undetectable,
since the size of HT cyt cs5, (=2 nm in diameter) was too small.
Many double-ring structures were also observed in the TEM
image. Major N-terminal and minor C-terminal domain
s5 swapping were observed in the insG3 dimer structures (Figure
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3). By the C-terminal domain swapping, it is difficult to form

high-order oligomers, since its hinge loop was constructed with

only three residues, similar to the WT protein (Figure 2).

Therefore, Gly-inserted cyt cs5, molecules may domain swap the
e N-terminal region successively and form a ring structure,
whereas the ring structures may be connected by domain
swapping the C-terminal region. Construction of a protein
nanoring has been reported by introducing specific interactions,
such as metal ion chelation and chemical cross-linking.'® 22 We
constructed protein oligomers with a thermostable protein using
domain swapping. Especially, the protein structure, including
the active site, of the monomer is maintained in the oligomers
produced by domain swapping. These results indicate that
relatively strong interactions are necessary to obtain stable
protein nanostructures, and domain swapping may be useful to
control interaction between protein molecules and construct
functional protein oligomers.
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Fig. 5. Negative staining TEM image of insG3/W57K cyt Css
oligomers: (A) Overall view, expanded views of (B) single- and (C)
double-ring structures.
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In summary, we have succeeded in increasing the amount of
high-order domain-swapped oligomers of thermostable HT cyt
Css2 by inserting Gly residues into the hinge loop. Major and
minor insG3 dimers exhibited different domain-swapped
structures, where the N-terminal region was exchanged between
protomers for the major dimer and the C-terminal region for the
ss minor dimer. Single- and double-ring structures were observed

for the oligomers. These results show that domain swapping can
be applied to construct protein nanostructures, providing a new
design strategy for the construction of protein assemblies.
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