Open Access Article. Published on 31 October 2022. Downloaded on 7/24/2025 11:39:06 PM.

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

(cc)

ChemComm

COMMUNICATION

’ '.) Check for updates ‘

Cite this: Chem. Commun., 2022,

trappingy

58, 12839
Received 22nd August 2022, X
Accepted 30th September 2022 Shun Hirota,
Tien Chen,
DOI: 10.1039/d2cc04647d Cheng X|e, a HIrOShI Masuhara

rsc.li/chemcomm

Amyloid fibril formation of cytochrome c is spatially and temporally
controlled with a combined method of disulfide bond cross-linking
of cysteine-introduced variants and optical trapping, identifying
that the structural change in the region containing Ala83 is essential
for the amyloid fibril formation.

Proteins often function by forming specific three-dimensional
structures, but they are structurally denatured and accumulate
as amyloid fibrils in living tissues for the case of several
diseases, including Alzheimer’s disease, spongiform encepha-
lopathies, and type II diabetes." X-ray diffraction analysis
revealed the fibrils to be ordered in the B-pleated sheet con-
formation, with the direction of the polypeptide backbone
perpendicular to the fibril axis (cross-B structure).> Amyloid
fibrils are recognized as long, nonbranched filaments with
diameters of approximately 10 nm according to electron
microscopy.'®> Amyloid fibrils are often formed under high
protein concentrations and preceded the formation of meta-
stable, nonfibrillar species that contain an extensive B-sheet
structure and can bind thioflavin T (ThT)."*“* However, spa-
tially and temporally controlling the formation of amyloid
fibrils is difficult, making it challenging to identify the key
structural regions for amyloid fibril formation.

Cytochrome ¢ (cyt ¢) is a well-known globular heme protein
that transfers electrons from the cytochrome bc; complex to
cytochrome c oxidase in the respiratory chain in mitochondria,
whereas several new functions have been reported, such as a
key role in apoptosis, cytosolic redox sensing and involvement
in the mitochondrial oxidative folding machinery. The heme
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formation in cytochrome c elucidated by optical
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of cyt ¢ forms covalent bonds with two cysteine residues
through their sulfur atoms, and His18 and Met80 are coordi-
nated to the heme iron.” The folding character of cyt ¢ has been
thoroughly studied from the viewpoint of heme coordination®
and protein folding units.” Cyt ¢ is composed of five cooperative
folding units, called foldons, and the reversible equilibrium
unfolding of cyt ¢ steps up through intermediate forms to the
unfolded state in an energy-ordered sequence, one foldon unit
at a time, in the order of the grey, red, yellow, green and blue
structural regions shown in Fig. 1.” Cyt ¢ forms amyloid fibrils
when heated at 75 °C for 12 h under mild alkaline conditions®
or when incubated overnight in the presence of anionic
phospholipids.®

In 1986, optical trapping, also known as optical tweezers,
with a single focused laser beam was first demonstrated by
Ashkin et al.’® The gradient force exerted on the target is given
as a function of the electric field, magnetic flux density, and
polarizability of the target and medium. Under focused laser
irradiation, molecular diffusion in solution is slightly sup-
pressed at the laser focus, where an optical potential well is
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Fig. 1 Schematic view of the experiment. Left: Structure of horse cyt c.
Five foldons are shown in blue, green, yellow, red and grey. The positions
of mutated amino acid residues (Gly45, Thr58, Ala83 and Glul04) are
shown in dark colours. The heme and the side chains of Cysl4, Cysl7,
His18 and Met80 are shown in stick models. Right: Optical trapping
method.
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generated.'" The optical potential efficiently traps the second
molecule, forming a transient aggregate through mutual associa-
tion. With a larger volume of the formed aggregate, the potential
becomes deeper, and by repeating this process, molecules can be
highly concentrated at the laser focus.'” In 2009, Tsuboi et al.
demonstrated optical trapping of some proteins, lysozymes, cyt ¢
and myoglobin to form microparticles."® Previously, we success-
fully obtained amyloid fibrils of cyt ¢ by optical trapping of its
domain-swapped dimers'* despite the low amyloidogenicity of
cyt ¢.'® In fact, the domain swapping mechanism has been
proposed as a mechanism to form amyloid fibrils."® Although
cyt ¢ is not a neurodegenerative disease protein, the well-studied
folding character makes cyt ¢ an affordable protein for investigat-
ing the nature of amyloid fibril formation with this optical
trapping method. In this study, we revealed the structural region
essential for amyloid fibril formation of cyt ¢ by optical trapping
of disulfide-linked dimers (Fig. 1).

To elucidate the structural region important for the amyloid
fibril formation of cyt ¢, dimers with an intermolecular dis-
ulfide bond at various positions (Gly45, Thr58, Alag83 and
Glu104) in different foldons were used to restrict the structural
flexibility of different regions during optical trapping (Fig. 1).
According to circular dichroism measurements, the monomers
and disulfide-linked dimers of cyt ¢ variants showed secondary
structures similar to those of the wild-type monomer; the
spectra exhibited two negative bands at 208 and 222 nm, which
represent the o-helical structure (Fig. S1, ESIt). These results
indicate that the disulfide bond did not significantly alter the
secondary structures of cyt ¢, whereas domain swapping slightly
perturbed the secondary structures of cyt c.

A linearly polarized continuous-wave laser (300 mW) with a
wavelength of 1064 nm was focused with an objective lens in a
D,O solution for optical trapping experiments (Fig. S2, ESIT).
The laser power density (18 MW cm™2; laser power: 0.3 W;
irradiation area: 1.6 x 10~ % cm?) was too low to cleave disulfide
bonds via three-photon absorption. When optical trapping was
applied to the solutions containing disulfide cross-linked
dimers of the G45C, T58C and E104C cyt ¢ variants, aggregates
with a diameter of 4 + 0.2 um, which were estimated from the
transmission images, were initially formed at the focal point
according to microscopic observation (Fig. 2b and Fig. S3b and
S4b, ESIT). The aggregate size of 4 um was slightly larger than
the spot size of 1 um. Such a phenomenon has been frequently
observed in the optical trapping of large molecules such as
polymers and proteins, which is ascribed to intermolecular
interactions, heat transfer and solvent flow."? This is phenom-
enologically similar to that of optical trapping of domain-
swapped wild-type cyt ¢ dimers."* When the aggregates of the
G45C, T58C and E104C variants were continuously irradiated
with a laser beam, the transmittance of the aggregate center in
the CCD image gradually decreased, while the size was almost
constant (Fig. 2c and Fig. S3c and S4c, ESIY). This indicates that
the density of the variants within the aggregates increased
through their optical trapping. Indeed, the density increase
enhances the gradient force exerted on the aggregate, which
brings the CCD image into sharp focus, as shown in Fig. 2c-e, as
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Fig. 2 Time-lapse transmission (top and bottom) and fluorescence (mid-
dle) images observed during the optical trapping of the G45C cyt ¢ dimer
at a laser power of 300 mW: (a) before optical trapping and after optical
trapping for (b) 24 min, (c) 43 min, (d) 48 min and (e) 58 min. The
aggregation dynamics can also be seen in Movie S1 (ESIf). The fluores-
cence images were captured at the same place where the movie in black
was recorded. The upper left figure in the third row of Fig. 2c represents a
schematic diagram of the generated aggregate of the CCD image, in
which the black and red dotted lines are the standards for estimating the
sizes of the aggregate and center core, respectively.

the laser focus coincides with the center of a sphere of the
aggregate. Upon further irradiation with the laser beam, the
transmittance of the aggregate center in the CCD image remark-
ably decreased in a relatively short time, and its size reduced by
apparently 0.2 pm in diameter (Fig. 2d and Fig. S3d and S4d,
ESIY). The slight decrease in the aggregate size suggests that the
variants within the aggregates were densely packed by optical
trapping. Along with the size decrease, the fluorescence inten-
sity of ThT coexisting in the solution significantly increased,
suggesting the formation of amyloid fibrils (Fig. 2d and Fig. S3d
and S4d, ESIt). Subsequently, with continuous laser irradiation,
the aggregate exhibited strong fluorescence from ThT and
rapidly became larger, indicating that elongation of amyloid
fibrils occurred at high speed (Fig. 2e and Fig. S3e and S4e,
ESIt). The aggregate continuously grew with the laser irradia-
tion and was suddenly expelled from the focal point. This
occurred because the scattering force proportional to the sixth
power of the target size overcame the gradient force propor-
tional to its third power. The formation of an aggregate with a
diameter of several pum was also observed when the 1064-nm
laser beam was focused on the disulfide-linked dimer of the
A83C variant, but no significant nonlinear increase in the ThT
fluorescence intensity was detected (Fig. S5, ESIT).

After aggregates of the G45C, T58C and E104C cyt ¢ variants
were prepared on glass substrates, each aggregate was unwound
by sonication and subjected to transmission electron micro-
scopy (TEM) observation (Fig. 3). The features of the fibrils were
all similar to those produced by optical trapping of the wild-type
cyt c domain-swapped dimer: widths of 5-10 nm."* These results
show that the G45C, T58C and E104C variants form amyloid
fibrils by optical trapping of disulfide-linked dimers similar to
the wild-type cyt ¢ domain-swapped dimer, supporting the
hypothesis that the structural flexibility around Gly45, Thr58
and Glu104 is not essential for amyloid fibril formation in cyt c.

The temporal changes in the size of the aggregate and the
fluorescence intensity at 493 nm of the coexisting ThT at the

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Transmission electron microscopy images of amyloid fibrils
obtained by optical trapping of the dimers of cyt ¢ variants: G45C, T58C
and E104C.

focal point showed three phases during optical trapping of
disulfide-linked dimers of the G45C, T58C and E104C cyt ¢
variants, leading to the formation of amyloid fibrils (Fig. 4
shows a typical case). In the initial phase A, the concentration
of cyt ¢ dimers increased in the focal volume, forming an
aggregate approximately 4 um in diameter. With further irra-
diation, the transmission at the center of the aggregate gradu-
ally decreased with the increase in the local concentration at
the center due to the optical trapping of the cyt ¢ dimer
molecules. In the second phase B, decreases in the transmis-
sion and apparent aggregate size at the center and an increase
in the fluorescence intensity were observed in a relatively short
period, indicating a change in the aggregate state. This phase
may correspond to a structural change from the native struc-
ture to a protofibril, which can bind ThT.*”"” Subsequently, the
size of the aggregate and the ThT fluorescence intensity rapidly
increased (phase C), indicating rapid amyloid fibril elongation.
Concerning the heme structure of cyt ¢ during optical trapping,
the resonance Raman spectra before and after amyloid fibril
formation were similar to the spectrum of ferric cyt ¢ (Fig. S6,
ESIT)."® The v, Raman band was observed at 1373 cm ™', a
typical frequency for the ferric state.'® The intensity of the
1586 c¢cm ' v, band corresponding to the low-spin six-
coordinate ferric state slightly decreased due to amyloid fibril
formation, whereas that of the 1566 cm ™' band corresponding
to the high-spin ferric state slightly increased. These results
indicate that the heme in cyt ¢ was in the ferric state during the
amyloid fibril transition, although the heme coordination
structure may have slightly changed.
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Fig. 4 Typical diagram of three phases (A-C) in terms of the aggregate

size (black), center core size (red) and ThT fluorescence intensity at

493 nm (blue) induced by optical trapping of the disulfide-linked G45C

cyt ¢ dimer coexisting with ThT in solution.
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The average times for phases A and B observed in optical
trapping of the domain-swapped dimer of wild-type cyt ¢ and
disulfide-linked dimers of the G45C, T58C and E104C variants
(Fig. 4 and Fig. S3f and S4f, ESIT) are listed in Table 1. The sizes
of the cyt ¢ dimers would not significantly differ judging from
the structures of the monomer and domain-swapped dimer,*>?°
leading to similar trapping efficiency and aggregation beha-
viours for the dimers in phase A. High concentrations of
proteins are reported to be necessary for amyloid fibril
formation.'”* The concentration of the cyt ¢ dimers gradually
increased at the laser focus in phase A, the period of which may
correspond to the time to reach the high protein concentration
necessary for the structural change. In phase B, the size of the
aggregate decreased and the ThT fluorescence intensity was
nonlinearly enhanced. The period of phase B may correspond
to the time necessary for the protein to accomplish the struc-
tural change from the native structure to a protofibril. Thus, the
periods of phases A and B correlate, both corresponding to the
ability and flexibility of the region essential for amyloid fibril
formation. In phase C, the fluorescence intensity of the coex-
isting ThT rapidly increased, strongly indicating elongation of
the amyloid fibril from the protofibril.

Cyt ¢ unfolds in the order of an Q loop (residues 40-57), an Q
loop (residues 71-87), the neck of an Q loop (residues 37-39
and 58-60), the 20’s-30’s Q loop and 60’s helix (residues 20-36
and 61-70), and N- and C-terminal helices (residues 1-19 and
88-104) (Fig. 1).” Cyt ¢ formed amyloid fibrils for the variants
linked with a disulfide bond through Cys residues introduced
into various regions, except for the A83C variant. The time
required to form aggregates (phase A) increased in the order of
T58C < G45C < E104C (Table 1), whereas the time necessary
for the apparent protein structural change (phase B) increased
in the same order. Even though Gly45 is located in the foldon
that unfolds first during cyt ¢ unfolding,” amyloid fibrils
formed faster in the optical trapping of the G45C cyt ¢ dimer
compared to the E104C cyt ¢ dimer. These results show that the
restriction of amyloid fibril formation for a disulfide-linked cyt
¢ variant dimer is not related to the unfolding order of the
foldon that contains the introduced Cys. Additionally, the times
for phases A and B of the wild-type cyt c domain-swapped dimer
were shorter than the corresponding times of other disulfide-
linked dimers, indicating that the domain-swapped structure
accelerates the amyloid fibril formation.

ThT coexisting in the solution did not show a substantial
fluorescence enhancement for the optical trapping of the A83C

Table 1 Average times for phases A and B observed in optical trapping of
the dimers of cyt c variants

Type of dimer Phase A (min) Phase B (min)

wild type Domain-swapped 11+3 1.0 £ 0.4
G45C Disulfide-linked 34 + 10 7.6 +2
T58C Disulfide-linked 24+ 5 2.4 +1
A83C Disulfide-linked — —
E104C Disulfide-linked 45+ 7 15+ 6

“ No apparent fluorescence increase was observed.
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cyt ¢ dimer (Fig. S5, ESIT). The V83G mutation in human cyt ¢
does not significantly alter the peroxidase activity, indicating
little effect on the coordination structure of the mutation at the
83rd amino acid.*' The loop structure in the Ile75-Lys87 region
in a yeast iso-1 cyt ¢ variant has been shown to change to a
B-hairpin structure.”® This region includes the hinge region
(Lys79-Ala83) of domain swapping.®® In our present study, the
A83C variant forms a disulfide bond between Cys83 in the
dimer, thereby limiting the structural flexibility around Cys83,
which is located in the Pro71-Lys87 Q loop, and inhibiting
amyloid fibril formation. The Pro71-Lys87 Q loop has been
shown to change its conformation by cleavage of the heme-
Met80 coordination bond.”® Thr58 is on the edge of the protein
and relatively far from Ala83 (25.4 A between the o-carbons);
thus, the structural change in the Ile75-Lys87 region may be
less affected by disulfide bond formation at Thr58, resulting in
the periods for phases A and B of the T58C cyt ¢ dimer being the
shortest among the cyt ¢ variant dimers studied. These results
strongly suggest that the structural change of the Ile75-Lys87
region from a loop to a B-hairpin is essential for amyloid fibril
formation in cyt c.

In conclusion, we investigated the amyloid fibril formation
of cyt ¢ by spatially and temporarily controlling the aggregation
via optical trapping of disulfide-linked dimers of various Cys-
introduced variants, where the time required to form aggregates
increased in the order of T58C < G45C < E104C. Additionally,
no apparent amyloid fibril formation was detected in optical
trapping of the disulfide dimer of the A83C cyt ¢ variant under the
same conditions. The differences in the ability of the variants to
form amyloid fibrils did not depend on the folding region
(foldon) to which the introduced Cys belonged; instead, they
are attributed to the flexibility of the protein region around the
introduced Cys. Three-dimensional amyloid fibril structures for
peptides have been elucidated by X-ray crystallography,* but the
amyloid structures are usually unobtainable for proteins, pre-
sumably due to the fluctuation of the nonamyloid fibrillation
region. Our study elucidates that the region containing Ala83,
presumably the Ile75-Lys87 Q loop, is essential for amyloid fibril
formation in cyt ¢. These findings not only elucidate the region
essential for the structural change in the amyloid fibril formation
of cyt ¢ but also provide a new way to use optical trapping for
studying biological events related to protein structural changes.
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