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Confinement of molecules in a synthetic host can physically isolate even their unstable temporary
structures, which has potential for application to protein transient structure analysis. Here we report the
NMR snapshot observation of protein unfolding and refolding processes by confining a target protein in
a self-assembled coordination cage. With increasing acetonitrile content in CD3zCN/H,O media (50 to
90 vol%), the folding structure of a protein sharply denatured at 83 vol%, clearly revealing the regions of

initial unfolding. Unfavorable aggregation of the protein leading to irreversible precipitation is completely
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acetonitrile content reversed (84 to 70 vol%), the once-denatured protein started to regain its original

DOI: 10.1039/d25c05879k folded structure at 80 vol%, showing that the protein folding/unfolding process can be referred to as
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Introduction

Protein folding is a fundamental process of life, in which
proteins gain a specific structure and function.' Unfolding and
refolding of proteins are highly associated with homeostasis in
cells, and the aggregation of unfolded proteins can cause
serious disorders such as Alzheimer's disease.> Although
protein unfolding and refolding have been structurally studied,?
the transient structures of proteins are difficult to analyze. This
is often because they are temporary structures that irreversibly
result in insoluble aggregates.*

The confined space in a synthetic host can isolate guest
molecules that are reactive or unstable in bulk solution.* We
expect this spatial isolation of molecules to be applied to the
analysis of unstable transient structures of proteins. Proteins
have previously been encapsulated in various synthetic hosts,
such as micelles,® vesicles,” polymers,® coacervates,” DNA
nanostructures,'® protein cages," and porous solid materials,"

“Department of Applied Chemistry, Graduate School of Engineering, The University of
Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan. E-mail: mfujita@appchem.t.
u-tokyo.ac.jp

*Institute for Molecular Science (IMS), 5-1 Higashiyama, Myodaiji, Okazaki, Aichi 444-
8787, Japan

Exploratory Research Center on Life and Living Systems (ExCELLS), 5-1 Higashiyama,
Myodaiji, Okazaki, Aichi 444-8787, Japan

‘Graduate School of Pharmaceutical Sciences, Nagoya City University, 3-1 Tanabe-
dori, Mizuho-ku, Nagoya 467-8603, Japan

“Institute for Integrated Cell-Material Sciences (iCeMS), Institute for Advanced Study,
Kyoto University, Yoshida, Sakyo-ku, Kyoto 606-8501, Japan

T Electronic supplementary information (ESI) available: Experimental methods,
full "H-"’N NMR spectra and their analysis, CD spectra, and synthetic details of
ligand 4. See DOI: https://doi.org/10.1039/d2sc05879k

2910 | Chem. Sci, 2023, 14, 2910-2914

a phase transition with hysteresis behavior.

and reverse micelles have been utilized for NMR analysis of
protein folding.*®* None of them, however, have a cavity suitable
for detailed structural analysis of protein unfolding/refolding
processes induced by environmental changes. The host
should provide a well-defined space that isolates a single
protein but allows for the free diffusion of denaturants through
its large openings. NMR study of a protein confined in such
a host would enable the unfolding and refolding analysis at
higher resolution than existing single-molecule techniques.™
We report here the detailed analysis of protein unfolding and
refolding processes by confining a protein in a self-assembled
coordination cage (Fig. 1). 'H-">N HSQC NMR was used for
analyzing the transient structures of the caged protein. An
M;,L,, self-assembled spherical complex 1 with a 6 nm diam-
eter'>'® was used as the synthetic host. Because its large aper-
tures offer free access of denaturants to the protein in the well-
defined cavity,'® the complex allows us to investigate transiently
unfolded protein structures in bulk solution. We have already
reported the one-pot preparation of a caged protein complex,
CLE@1, where CLE is a cutinase-like enzyme.'*'” We show that,
with increasing content of an organic solvent in aqueous media,
the protein is denatured not gradually but sharply into a molten
globule state at a certain organic content. Interestingly, the
once-denatured CLE shows hysteresis behavior when regaining
its original folded structure upon adjusting back to more
aqueous conditions.

Results and discussion

In our previous study, the caged CLE was shown to retain its
native folded structure even in organic media (up to ~80%

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of analysis of protein unfolding/
refolding by confinement in a metallo-cage. (a) Molecular modeling of
CLE in an My,L,4 coordination cage 1 (CLE@1). (b) The aggregation of
an unfolded protein hampers the observation of the intermediate
structures. (c) The spatial isolation in the cage suppresses protein
aggregation and precipitation, thus allowing NMR study of the
unfolding and refolding of a caged protein.

acetonitrile/water (v/v) contents).'* Under more forcing condi-
tions (i.e., at 90% acetonitrile content), the caged CLE dena-
tured to a molten globule state. For a detailed analysis, we first
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prepared CLE@1 in 80% acetonitrile/water by dialysis and then
changed the acetonitrile content in 1% increments (Fig. 2).*®
The 'H-">N HSQC NMR spectra indicated that in up to 82%
acetonitrile, the caged CLE almost completely retained its
native structure with some minor structure changes (Fig. 2b and
S1t). However, upon raising the ratio to 83%, many signals
became faint or disappeared. Furthermore, more signals were
lost at 84%, giving an HSQC NMR profile almost identical to
that at 90%.

These results clearly indicated that there is a critical transi-
tion point at 83%, at which CLE is sharply denatured into
a partially unfolded structure. The NMR snapshot observation
for the transient process cannot be applied to uncaged CLE at
any acetonitrile ratio because, once partially denatured, unc-
aged CLE immediately precipitates. In fact, similar dialysis
experiments with uncaged CLE showed complete disappear-
ance of all the signals at high acetonitrile content due to the
heavy precipitation of CLE (Fig. S21). Dynamic light scattering
(DLS) and 'H diffusion-ordered NMR spectroscopy (DOSY) also
demonstrated that caged CLE is prevented from aggregating
and remains as a monomer while the uncaged protein forms
aggregates (Fig. S3 and S47).

The HSQC NMR spectrum at 83% reveals the CLE structure
at the moment it starts unfolding. We thus carefully analyzed
the spectrum to study which regions trigger the denaturation of
the CLE tertiary structure. From 80 to 82% acetonitrile ratio, the
cross-peak intensities remained almost unchanged. At 83%,
however, we observed a sharp decrease in the cross-peak
intensities (Fig. 3a and S5t). The large intensity reduction and
peak loss were observed in some helices (a1, a5, «7, and a9),
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Fig. 2 Hysteretic unfolding and refolding of CLE@1. (a) The caged CLE structure was monitored by NMR with varying acetonitrile/water (v/v)
ratio. The acetonitrile content was increased stepwise from 80% to 84% and then decreased back to 70%. (b and ¢) *H-'*N HSQC spectra of (b)
the unfolding and (c) refolding of caged CLE 1 (800 MHz, 300 K). See also Fig. S1 and S9.7 (d) Hysteresis in the unfolding/refolding of caged CLE 1.
Each point represents the average relative cross-peak intensities for all the assigned residues. The acetonitrile—water ratio are apparent values
without taking into account density changes in the titrant solutions. The corrected actual values for both the unfolding and refolding processes
are given in Table S1,1 by which the systematic errors are shown to be negligible.
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Fig. 3 Unfolding and refolding CLE structures estimated from cross-
peak intensity change. (a) Resonance intensities for each residue of
caged CLE 1 in the unfolding at 83% acetonitrile content, relative to
80%. Error bars represent standard deviation (n = 3). Peaks that dis-
appeared at 83% are indicated by gray bars. The unassigned residues
are denoted with asterisks. (b and c) Mapping of the intensity change
onto the CLE structure (PDB: 2CZQ) in (b) the unfolding and (c)
refolding. The catalytic triad (S85, D165, and H180) is highlighted in
green. The residues assigned to the disappeared peaks and unassigned
residues are shown in red and gray, respectively. See also Fig. S4 and
S11.¥

sheets (B5 and B6), and a loop (residues 161-170) around the
catalytic center (Fig. 3a,b, and S67). Chemical shift perturba-
tions (CSP) were also found in the C-terminal regions (residues
171-181) (Fig. S7-S9t). These results suggested that the CLE
unfolding starts at the flexible domains close to the catalytic site
(Fig. 3b, green) along with the adjacent helices and sheets in
a cooperative manner. The structure further denatured at 84%
acetonitrile content, where most of the regions, except for the
o2 helix, lost the native structure (Fig. S5-S9f). Thus, the
intermediate structure in the unfolding process, which is not
accessible by conventional NMR studies, can be analyzed in
detail by spatially isolating individual protein molecules in the
cage.

CD measurements showed that most of the secondary
structure remained unchanged during the transition (80 to 84%
acetonitrile content), indicative of the formation of a molten
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globular structure,' where only the tight packing of the protein
domains is loosened, rather than the formation of a largely
unfolded random structure (Fig. S101). It is therefore note-
worthy that the domain structures of caged CLE are tolerant
even of 90% acetonitrile.

When the acetonitrile content was changed back to more
aqueous conditions in 1% increments, we observed the refold-
ing of CLE into its native structure with hysteresis behavior
(Fig. 2¢,d and S117). The HSQC NMR showed that the structure
of caged CLE 1 remained denatured when the acetonitrile
content was decreased from 84% to 82%, at which CLE existed
in a native form during the forward unfolding process (Fig. 2b
and c). Presumably, the partially unfolded structure is kineti-
cally trapped because of interactions between exposed hydro-
phobic residues and the organic solvent. The protein began
refolding at 80%, and the native structure was fully restored at
70%, as indicated by the peak intensity recovery (Fig. 2¢,d, and
S117). The intensity change at each residue showed the refold-
ing pathway in which some C-terminal domains recovered
sooner than other unfolded regions (Fig. 3¢, S12, and S13t). The
result suggests that the refolding pathway might be different
from that of the unfolding. Hysteretic folding has often been
discussed in single-molecule analysis under non-equilibrium
conditions.****" In contrast, the observation of a hysteresis in
protein refolding in bulk solution has been limited to complex
protein structures such as multidomain and knotted proteins
and has rarely been observed in simple small ones.?***

The unfolding and refolding processes of CLE in a larger
cavity were investigated with metallo-cage 2 to clarify the spatial
isolation effect of the cage (Fig. 4, S14-17, and Schemes S1, S2).
The CLE@2 encapsulation complex was prepared similarly to
CLE@1. As confirmed by "H DOSY NMR, caged CLE 2 showed
a smaller diffusion coefficient D than CLE@1 and free CLE
(Fig. S187t)."'® Even though CLE can fluctuate more freely in the
larger cavity of 2 (Fig. 4 and S19%), we observed nearly identical

Fig. 4 CLE in metallo-cages with different sizes. (a and b) Molecular
modeling of CLE in Pd(i)-complexes (a) 1 and (b) 2, self-assembled
from ligands 3 and 4, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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hysteresis behavior for the unfolding/refolding processes of
CLE (Fig. S20-S221). Namely, the native structure of caged CLE 2
was retained in up to 82% acetonitrile content and partially
denatured at 83% in the larger inner space as confirmed by
"H-">N HSQC. The hysteretic refolding occurred in cage 2 when
the acetonitrile content was lowered to 80% and further. CD
spectra and the enzymatic activity assay also supported that CLE
structures in cages 1 and 2 are identical at all acetonitrile
contents (Fig. S23-5S25%). These observations clearly reveal that
the CLE stabilization and its hysteresis behavior are ascribed
not to the tight packing effect but to the spatial isolation effect
of the cage framework that completely suppresses the unfa-
vorable protein aggregation and isolates transient unfolding
structures.

Conclusions

In conclusion, we succeeded in the snapshot observation of
protein unfolding and refolding processes in a gigantic metallo-
cage by NMR studies, where unprecedented hysteresis behavior
was monitored stepwise by precise solvent exchange experi-
ments. The encapsulation in the cage protected the protein
from aggregation while maintaining its interactions with
denaturants and visualized the cooperative unfolding and
hysteretic refolding. This study demonstrated that the spatial
isolation in our coordination cage is a powerful strategy for the
analysis of unstable protein structures that temporarily exist in
solution. We envision that our method can reveal transient
protein structures such as weak protein-ligand complexes,
intermediates of large protein assemblies, and oligomeric
structures in amyloid fibrillation.
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