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nthetic regulation of polypeptide
folding

Takahiro Muraoka, *ab Masaki Okumura *c and Tomohide Saio *d

Proper folding is essential for the biological functions of all proteins. The folding process is intrinsically

error-prone, and the misfolding of a polypeptide chain can cause the formation of toxic aggregates

related to pathological outcomes such as neurodegenerative disease and diabetes. Chaperones and

some enzymes are involved in the cellular proteostasis systems that assist polypeptide folding to

diminish the risk of aggregation. Elucidating the molecular mechanisms of chaperones and related

enzymes is important for understanding proteostasis systems and protein misfolding- and aggregation-

related pathophysiology. Furthermore, mechanistic studies of chaperones and related enzymes provide

important clues to designing chemical mimics, or chemical chaperones, that are potentially useful for

recovering proteostasis activities as therapeutic approaches for treating and preventing protein

misfolding-related diseases. In this Perspective, we provide a comprehensive overview of the latest

understanding of the folding-promotion mechanisms by chaperones and oxidoreductases and recent

progress in the development of chemical mimics that possess activities comparable to enzymes,

followed by a discussion of future directions.
akahiro Muraoka gained his
hD in 2007 from The University
f Tokyo under the supervision
f Prof. Takuzo Aida. This was
ollowed up by a postdoctoral
osition in the group of Prof.
amuel I. Stupp (Northwestern
niversity). He commenced his
ndependent career at Tokyo
niversity of Agriculture and
echnology and was promoted
o Professor in 2020. His general
esearch interests lie in the
evelopment of stimuli-
g in biological media, with
ment of membrane-deforming
matrices, and protein folding

e School of Engineering, Tokyo University

o 184-8588, Japan. E-mail: muraoka@go.

d Technology (KISTEC), Kanagawa, 243-

ary Sciences, Tohoku University, Sendai,

tohoku.ac.jp

of Advanced Medical Sciences, Tokushima

ail: saio@tokushima-u.ac.jp

99
Introduction

For all proteins to decide their individual biological functions,
the nascent polypeptide chain must be co- or post-
translationally folded into its unique three-dimensional struc-
ture called a native conformation.1–3 Polypeptide folding is
intrinsically error-prone but must proceed along a dened
folding trajectory within the energy landscape under thermo-
dynamic and kinetic control.4–6 Several stresses, such as Ca2+
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depletion and reactive oxygen species generation, disrupt the
folding pathway, leading to the formation of misfolded or non-
native conformations of the polypeptide chain.7 Misfolded
protein species oen aggregate via intermolecular contact
between exposed hydrophobic amino acid residues.8 Because
aggregated polypeptides are highly toxic to cells and therefore
adversely impact human health,9,10 cells possess sophisticated
protein homeostasis mechanisms, such as proteostasis,
systems that assist protein folding via chaperones11 and related
enzymes, which diminish the risks associated with polypeptide
aggregation.12 Loss-of-function of chaperones and related
enzymes can thus result in serious pathological outcomes, such
as neurodegeneration and diabetes.13–16 Therefore, a more
complete understanding of chaperone-mediated and enzymatic
proteostasis systems could provide important clues to develop
means of preventing protein misfolding-related pathologies
involving biological approaches to reinforce the proteostasis
system17 and chemical regulation to supplement impaired
proteostasis activities.18

Over the last several decades, researchers have gained
substantial insight into proteostasis networks in the cytosol. In
the highly concentrated cellular environment, in which the
protein concentration in the cytosol can reach 300–400 g L−1,19

unfolded or misfolded polypeptides are prone to aggregate.
Several molecular chaperones function to help maintain pro-
teostasis in the crowded intracellular environment.17,20 Repre-
sentative functions of molecular chaperones include anti-
aggregation, foldase, and holdase activities. Anti-aggregation
activity prevents newly synthesized nascent polypeptides from
aggregating with other molecules in the cell. Foldase activity
assists in and promotes the folding of the polypeptide chain to
acquire the proper native conformation.21,22 Holdase activity
keeps the polypeptide chain in an extended conformation
needed for translocation through membrane channels.20,23

Molecular chaperones such as members of the heat-shock
protein (Hsp) family capture client unfolded polypeptides and
provide a protected folding environment that inhibits aggre-
gation.24 Chaperones recognize immature or aggregation-prone
polypeptides by binding to exposed hydrophobic segments that
Tomohide Saio
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are buried in the core of the native conformation. The client
polypeptide binding and releasing cycle is driven by ATP
hydrolysis and the exchange of resultant ADP for ATP.25

In addition to the regulation of protein folding, recent
studies have unveiled the functional importance of molecular
chaperones in regulation of protein assembly, especially bio-
logical liquid–liquid phase separation (LLPS). For instance,
Hsp27 and Hsp40 have been reported to regulate LLPS of fused
in sarcoma (FUS).26,27 Not only these heat shock proteins, but
also a nuclear import receptor Kapb2 has been reported to
regulate FUS LLPS.28 Given the fact that FUS and its LLPS
regulation are related to neurodegenerative diseases especially
amyotrophic lateral sclerosis (ALS), the mechanistic under-
standing of regulation and dysregulation of FUS LLPS has been
anticipated in the life science research eld.29 Some chaperones
are also known to work cooperatively with LLPS proteins. One
important example is seen in the nucleolus, a membrane-less
organelle formed through LLPS of nucleus proteins: it has
been proposed that the nucleolus has chaperone-like properties
and incorporates the misfolded proteins associated with Hsp70
to preserve their reversible assembling properties.30

Nearly one-third of nascent polypeptides enter the endo-
plasmic reticulum (ER), where folding-assisting enzymes such
as molecular chaperones and oxidoreductases promote efficient
folding and facilitate formation of the native conformation by
preventing aggregation and promoting the formation of disul-
de bonds.31 Intramolecular disulde bonds contribute to the
stabilization of local or global conformations by decreasing the
congurational entropy of the polypeptide chain.32–37 As the
formation of erroneous or non-native disulde bonds can cause
misfolding and aggregation of polypeptides, it is important to
accelerate the isomerization of non-native disulde bonds to
facilitate correct oxidative folding.38,39 In the case of intermo-
lecular disulde bonds involved in folding/assembly such as
human chorionic gonadotropin40 and brinogen,41 non-native
disulde bonds must be effectively cleaved and exchanged to
intermolecular native disulde bonds during the folding/
assembly process to avoid forming misfolding and aggre-
gates.42 Protein disulde isomerase (PDI) and over 20 members
of the PDI family are the most abundant oxidoreductases in the
ER and catalyze the formation and isomerization of intra- or
inter-molecular disulde bonds.43–45 PDI plays a central role in
the oxidative protein folding associated with disulde bond
formation by coupling redox-active functions with chaperone
activity.46,47

Inspired by the chaperone-mediated and enzymatic promo-
tion of protein folding in cells, chemists have developed
synthetic mimics of chaperones and oxidoreductases. Small
molecules and polymeric materials that interact with unfolded
polypeptides to enhance their water solubility show chaperone-
like functions by preventing aggregation. Thiol-based redox-
active compounds, as synthetic mimics of the catalytic center
of PDI, promote disulde bond shuffling in polypeptide chains
and facilitate the formation of the native conformation. Such
chemical chaperones could be useful for not only the produc-
tion of functional and pharmaceutical proteins but also the
recovery and reinforcement of collapsed proteostasis activities
Chem. Sci., 2024, 15, 2282–2299 | 2283
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as a therapeutic approach.48 Recent progress afforded
a synthetic oxidoreductase mimic in which the protein folding
activity is comparable to that of enzymes.38

Folding assistance has been studied intensely for almost 50
years, and such studies are important not only for enhancing
fundamental scientic understanding but also understanding
protein misfolding- and aggregation-related pathophysiology.49

In this Perspective, we provide an overview of the latest under-
standing of the biological folding-promotion mechanisms of
chaperones and oxidoreductases. Recent synthetic approaches
inspired by biological folding-promotion processes are also
described, with a discussion of several lines of evidence sup-
porting de novo chemical chaperone strategies potentially
useful for therapeutic applications.
Fig. 1 Structures of TF and SecB chaperones capturing an unfolded
protein. (a) Structure of the TF chaperone in complex with unfolded
client protein PhoA1-150 (PDB ID: 2MLY).55 TF is represented as
a brown surface model. PhoA is represented as a pink chain, with the
amino acids recognized by TF shown as spheres. The inserted image
represents the expanded view of TF site-B, in which TF is represented
as a brown ribbon with the amino acid residues involved in recognition
of the client protein shown as a ball and stick model colored blue. (b)
Structure of SecB in complex with unfolded client protein PhoA (PDB
ID: 5JTL). The SecB tetramer is represented as a surfacemodel colored
gray and pale blue. PhoA is represented as a pink chain, with the amino
acids recognized by SecB shown as spheres. The amino acid residues
involved in the interaction were indicated. (c) Hydrophobicity plot of
PhoAwith the regions recognized by TF and SecB highlighted blue and
green, respectively. A hydrophobicity score (Roseman algorithm,
window = 9) greater than zero denotes increasing hydrophobicity.
Unraveling the mechanism of protein
folding and holding by molecular
chaperones
Structural investigations of chaperone–client complexes

The mechanisms by which molecular chaperones alter the
folding properties of client proteins have been extensively
studied. One approach is to determine the structures of chap-
erones. Structural studies using X-ray crystallography and cryo-
electron microscopy (cryo-EM) have revealed a number of
crystal structures of molecular chaperones.50 The distinct
shapes of molecular chaperones enable researchers to surmise
how the molecular chaperones function. For instance, the
chamber shapes of GroEL/ES51 and TRiC/CCT52 suggest that
these chaperones isolate the immature protein for folding
without interruption via nonspecic interactions with other
proteins. Moreover, structures of Hsp90 dimers in various
conformations that depend on nucleotide binding and hydro-
lysis53,54 suggest that Hsp90 “pinches” the client protein. As
indicated above, the structures of chaperones have provided
insights into their mechanisms of action. However, not many
structures of chaperone–client complexes are available, espe-
cially for those in which the client protein is in an unfolded
state. Structural analyses can be difficult due to the mobility of
the unfolded client protein and weak interactions between the
client protein and molecular chaperones, as these factors
hinder crystallization and cryo-EM analyses.29,55–60

Solution nuclear magnetic resonance (NMR) spectroscopy,
on the other hand, has been extensively used in studies of
chaperone–client complexes because of the advantages of NMR
in structural studies of dynamic and weak protein complexes.
Although the application of conventional NMR analysis to
protein structural studies has been generally limited to rela-
tively small proteins <20–30 kDa, recent advances in NMR
techniques, including hardware, isotope labeling,56,57 and pulse
sequences,58 have signicantly extended the size limit. With
these recently developed NMR techniques, NMR structural
studies of proteins >100 kDa, including molecular chaperones,
are now feasible.29,59,60 One of the rst reported structures of
a molecular chaperone in complex with an unfolded client
protein was that of trigger factor (TF) chaperone in complex
2284 | Chem. Sci., 2024, 15, 2282–2299 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic representation of the kinetics–activity relationship
seen in TF and SecB. SecB has a more rapid kon for the client protein
than TF and thus shows stronger holdase activity. The structures of TF
and SecB are drawn using PDB coordinates of 1W26 (ref. 64) and
1QYN,65 respectively.

Perspective Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 1
0/

30
/2

02
5 

3:
36

:3
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
with unfolded alkaline phosphatase (PhoA) (Fig. 1a).55 TF is
a molecular chaperone in the bacterial cytosol and consists of
three structural domains: a ribosome-binding domain,
substrate-binding domain, and peptidylprolylisomerase
domain.52,53 TF recognizes unfolded client proteins and
prevents their aggregation and promotes their folding or
translocation. The structure of the TF–PhoA complex shows that
TF captures the hydrophobic stretches of the unfolded client
protein at four distinct binding sites (Fig. 1a). Each client-
binding site of TF recognizes 5 to 10 amino acid residues of
the client protein. However, the regions recognized by TF are
sparsely located within the PhoA amino acid sequence, result-
ing in one TF molecule accommodating 100 to 150 residues of
the client protein. Thus, the TF chaperone recognizes multiple
short segments of the client protein.

The structure of SecB in complex with unfolded PhoA was
also determined by solution NMR spectroscopy.61 Analysis of
the structure showed that the SecB tetramer forms a disc-
shaped structure surrounded by unfolded PhoA (Fig. 1b). In
contrast to TF, which accommodates 100 to 150 residues of
unfolded PhoA, the SecB tetramer accommodates all 471 amino
acid residues of PhoA. Interestingly, although the overall shapes
of the complexes are distinct, the two chaperones have several
features in common. First, both chaperones include multiple
distinct binding sites for client proteins. Second, the regions of
PhoA recognized by the chaperones are quite similar in both
cases, as the regions recognized consist of hydrophobic amino
acid residues (Fig. 1c). Furthermore, it should be emphasized
that the client protein is kept unfolded in complex with these
chaperones (Fig. 1a and b). Given that the hydrophobic regions
in the client protein are folded into the hydrophobic core in the
native protein, recognition of the hydrophobic regions of the
client protein by the chaperones suggests that binding to the
molecular chaperones suppresses folding. Indeed, SecB
exhibits strong holdase activity and suppresses folding of the
client protein. In contrast, although TF is known to exhibit
holdase activity, it can also function as a foldase to enhance the
folding rate and yield.
Kinetics–activity relationships in chaperone function

As described in the previous section, structural information
regardingmolecular chaperones in complex with client proteins
has revealed the mechanism of client protein recognition.
However, the mechanism of how the chaperones alter the
folding properties of the client proteins remained reclusive.
More specically, both SecB, which is believed to function
exclusively as a holdase, and TF, which is known to function as
both a foldase and holdase depending on the conditions, share
essentially the same mechanism of client protein recognition,
as revealed by structural analyses. To understand the mecha-
nism underlying the distinct functional characteristics of the
foldase and holdase activities, a view of binding kinetics is
important. The structural and dynamics studies highlighted
that the chaperone–client complex is not static but rather
dynamic, undergoing rapid on–off exchange (Fig. 2).55 In addi-
tion to TF and SecB, it has been reported that Hsp40 recognizes
© 2024 The Author(s). Published by the Royal Society of Chemistry
unfolded client protein in a dynamic manner.62 Thus, further
exploration of this dynamic property could play a key role in
determining the mechanisms underlying the function of
molecular chaperones. Interestingly, kinetic measurements of
the binding of the chaperones and unfolded client proteins
revealed that TF and SecB exhibit distinct binding kinetics for
unfolded maltose-binding protein (MBP) as a client, with SecB
exhibiting a more rapid kon and slower koff for the client than
TF.61 Although koff also contributes to the functional charac-
teristics of molecular chaperones, it was proposed that differ-
ences in kon explain the differences in holdase/foldase activities.
As indicated by the structures of the TF–PhoA and SecB–PhoA
complexes, both chaperones capture hydrophobic stretches of
the client protein to hold it in an unfolded state. In contrast,
given the dynamic nature of the chaperone–client complex, the
complex is not static but undergoes on–off exchange. Here, the
client protein is sometimes released from the molecular chap-
erone for a time to allow for spontaneous folding. However, if
the molecular chaperone has a more rapid kon, the client
protein is recaptured aer a short period, and accordingly, the
client protein is not given enough time for folding. Thus,
chaperones exhibiting more rapid kon values would be expected
to exert stronger holdase activity. It should be noted that the
association rate is determined by the product of kon and
concentration, suggesting that holdase activity is stronger at
higher concentrations of the molecular chaperone. Indeed,
a previous study showed that the holdase activity of SecB
becomes stronger as its concentration increases.61 These
observations and discussion regarding the relationship
between activity and chaperone concentration highlight the
importance of the cellular concentration of a molecular chap-
erone in determining its functional properties. Another point
that must be considered is the intrinsic folding rate of the client
protein. If the client protein folds quickly enough aer being
released from the molecular chaperone, it can “escape” binding
to the molecular chaperone. On the other hand, if the client
protein exhibits a slower spontaneous folding rate, a molecular
chaperone with a moderate kon value would be expected to also
function as a holdase. Indeed, TF, which exhibits a moderate
Chem. Sci., 2024, 15, 2282–2299 | 2285
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kon value, functions as a holdase for an MBP mutant with a low
intrinsic folding rate.61 This trend demonstrates that the effects
of molecular chaperones can differ for each client protein.
Thus, the effects of the molecular chaperones on the folding of
client proteins are determined by the balance between the
binding kinetics and intrinsic folding rate of the client
protein.63

This kinetics–activity relationship is consistent with the
“kinetic partitioning” theory proposed in the 1990s to explain
the mechanism of selection of the client protein of SecB for the
secretary pathway.23 As indicated by the examples described
above, recognition of the sequence of the client protein by
molecular chaperones is promiscuous, whereas the kinetic
properties are variable. Promiscuous recognition is important
for molecular chaperones to support the folding of many types
of client proteins. The kinetics of promiscuous binding enable
molecular chaperones to exhibit functional variety and client
specicity. It is currently difficult to declare the general criteria
to distinguish foldase/holdase because of the limited number of
examples for kinetic parameters. Further kinetic studies for
multiple chaperones and client proteins with varying folding
rates should be anticipated for comprehensive understanding
of the activity–kinetics relationship.
Fig. 3 Structure and activity of the TF dimer. (a) Structure of the TF
dimer (PDB ID: 6D6S).59 (b) Refolding assay of MBP showing foldase
and holdase activities of the TF monomer and dimer. RBD; ribosome-
binding domain, SBD; substrate-binding domain, and PPD; peptidyl-
prolylisomerase domain.
Functional importance of oligomerization of molecular
chaperones

Although the mechanism by which binding kinetics are
modulated is poorly understood, recent studies have high-
lighted the importance of oligomerization of molecular chap-
erones in kinetic modulation. One representative example has
been shown for TF. In solution, TF exists in equilibrium
betweenmonomers and dimers, with a KD of∼2 mM. Here, NMR
analysis showed that TF forms a dimer in an anti-parallel, head-
to-tail manner (Fig. 3a).59 Comparison of the activity between
the TF dimer and TF monomeric mutant showed that the TF
dimer exhibits stronger holdase activity than the monomer
(Fig. 3b). Consistent with this trend in holdase activity, the TF
dimer has a more rapid kon than the monomer. Coupled with
dimerization, this modulation of activity can be important for
TF to exert multiple functions in the cell. For example, TF
functions as (1) a ribosome-associated molecular chaperone as
a monomer to guide newly synthesized nascent protein chains
out of the ribosome,52,57 (2) a cytosolic molecular chaperone as
a dimer to help facilitate folding of the newly synthesized
protein and prevent its aggregation or misfolding, and (3)
a chaperone in the protein translocation machinery consisting
of SecA and SecB to maintain the client protein in an unfolded
state and transfer it to SecB.58 At different locations and under
different situations, the functional properties of TF change. One
hypothesis suggests that this functional modulation is coupled
with kinetic modulation due to the oligomeric states of TF and
binding to other molecular chaperones, although further
studies will be needed. Activity modulation coupled with olig-
omerization is also seen for the TF in Thermus thermophilus
(TtTF), which is activated through zinc-induced oligomeriza-
tion.66,67 The in vitro biochemical study identied that the zinc
2286 | Chem. Sci., 2024, 15, 2282–2299
activates the holdase activity of TtTF, in which the refolding of
green uorescent protein (GFP) was arrested in the presence of
TtTF and zinc ions.67 The subsequent study identied that zinc
binding capacity is specic to TtTF among the tested TF species
from Thermus thermophilus, Thermotoga maritima, and Escher-
ichia coli.66 Although the detailed mechanism remained to be
elucidated, the study unveiled that zinc binding induces
a change in the secondary structures and oligomerization of
TtTF. Activity modulation coupled with oligomerization has
been reported not only for TF but also other molecular chap-
erones, including Skp,68 HSP16.6 from the cyanobacterium
Synechocystis,69 and DNAJB6.70,71 These examples suggest that
oligomerization of molecular chaperones plays a key role in
determining their functional specicity through promiscuous
binding.
ER-resident PDI family members as
disulfide-catalysts to ensure oxidative
protein folding fidelity
PDI family-related diverse misfolding diseases

Most PDIs are multidomain proteins composed of catalytic and
noncatalytic thioredoxin (Trx)-like domains.45,72 The catalytic
domain exhibiting redox activity has a CXXC motif critical for
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Pathogenic variants of PDI (PDB ID: 4EKZ),80 P5, and ERp57 (PDB
ID: 6ENY). (a) S-Nitrosylation of PDI (left) and P5 (right) has been shown
in AD. The Cys of the catalytic sites in each redox active domain are
modified by S-NO. (b) ALS-linked variants of PDI and ERp57. ALS variants
include D292N and R300H substitutions in the b0 domain of PDI (left).
The ERp57 variants D217N and Q481K linked to ALS disrupt neurito-
genesis (right).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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catalyzing thiol–disulde exchange reactions.73 PDIs also exhibit
anti-aggregation activity against a broad range of unfolded client
proteins.74–76 PDIs thus play a key role in maintaining protein
homeostasis by not only mediating protein folding via catalysis of
disulde bond formation, reduction, and rearrangement but also
by chaperoning aggregation-prone clients to decrease the risk of
ER stress. Notably, many studies have reported that PDIs play
important roles in protein misfolding-related pathologies such as
ALS, Alzheimer's disease (AD), Parkinson's disease (PD), and type
II diabetes.15,16,77 Regarding the relationship between PDIs and
diseases related to protein loss-of-function and misfolding, post-
translational S-nitrosylation of the redox active site in the CXXC
motif within PDI and P5 has been shown in AD, indicating
possible dysfunction of catalytic oxidative folding (Fig. 4a).15,78 ALS
risk factor variants include D292N and R300H substitutions in the
b0 domain of PDI and D217N and Q481K located in the b and
a0 domains of ERp57, respectively (Fig. 4b). These variants disrupt
the neurite outgrowth process in zebrash, leading to motor
dysfunction. C57Y, located in the a domain of ERp57, is also
a familial intellectual disability risk mutation that causes neuro-
development defects by disrupting ER proteostasis.79 Taken
together, extensive biochemical and genetic evidence suggests
that PDIs dysfunction lead to pathologies such as neurodegener-
ative disorders. In this section, we examine the biochemical and
structural features of ER-resident PDIs that ensure proper oxida-
tive protein folding delity as it is related to pathologic conditions.
Structural dynamics of PDI engaged in catalysis of oxidative
protein folding

The Trx-like domain organization of PDI is designated as an a–
b–b0–a0 sequence, forming an overall U-shaped structure
(Fig. 4a).80 Domains a and a0 contain a redox-active site, whereas
domains b and b0 are redox-inactive and function as a principal
client binding pocket, especially the b0 domain. An X-linker
connects the b0 and a0 domains, and an additional negatively
charged a-helical c domain is located in the C-terminus.
Regarding the client recognition properties, the redox-
dependent client binding and releasing capability of PDI has
been reported for several clients, including cholera toxin.81 In
line with these data, crystallographic analyses demonstrated
that the reduced form of PDI has a more closed U-shaped
domain arrangement than the oxidized form. A cation–p
interaction between the guanidinium group of Arg300 in the
b0 domain and the indole ring of Trp396 in the a0 domain
contributes to the closed U-shaped structure and is abolished by
oxidation of the redox site CXXC in the a0 domain, resulting in
an open structure in the oxidized PDI. Accordingly, the inner
space within the U-shape in the reduced form is narrower than
that in the oxidized form. One interpretation holds that the
redox-dependent rearrangement of each domain likely deter-
mines the client binding and releasing properties.

Apart from the averaged structure of PDI based on crystal-
lography, single-molecule observations on the time scale of
seconds using high-speed atomic force microscopy visualized
a rapid equilibrium of oxidized PDI between the open and
closed conformations, whereas reduced PDI was maintained in
Chem. Sci., 2024, 15, 2282–2299 | 2287
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the closed conformation.82 Furthermore, sub-millisecond
single-molecule observations using single-molecule uores-
cence resonance energy transfer showed that the open confor-
mation could be divided into two states.83 These two types of
single-molecule analysis provided experimental evidence that
the intrinsic dynamic nature of PDI switches upon redox.82,83

Furthermore, in order to promote the redox-driven cycles of
binding and release of client proteins with different shapes and
sizes, reduced/denatured bovine pancreatic trypsin inhibitor
(BPTI), a model substrate for oxidative folding studies, induced
only oxidized PDI to form a transient face-to-face dimer,
creating a hydrophobic cavity to accommodate the client
protein. Thus, the oxidized form of PDI captures an unstruc-
tured client protein, forms face-to-face homodimers that
contain multiple redox-active sites and hydrophobic surfaces,
and efficiently introduces disulde bonds into the client
protein. Along the folding pathway of the client protein,
partially structured folding intermediates are acted on,
Fig. 5 Structural dynamics of PDI engaged in client binding/release.
(a) Molecular action of PDI against a client for the catalysis of oxidative
folding. The right diagram shows the energy landscape of on-pathway
folding to the native conformation via a folding intermediate. Along the
client folding pathway, oxidized PDI captures an unfolded substrate
and assembles to become a face-to-face dimer with a central cavity,
inside which the disulfide bonds are introduced into the client. (b)
Client binding view based on the complex structures. The left and right
panels indicate the complex between PDI and the MTP a-subunit (PDB
ID: 6I7S)85/CAT (PDB ID: 7ZSC).86 Close-up views show the interaction
sites between the hydrophobic pocket in the b0 domain of PDI and
client-specific residues (Y605 in the MTP a-subunit and I324 in CAT).

2288 | Chem. Sci., 2024, 15, 2282–2299
primarily by monomeric reduced PDI, for proofreading of non-
native disulde bonds of the client protein. Ultimately, correctly
folded client proteins with native disulde bonds are released
from PDI (Fig. 5a).

In line with the above interpretation of PDI-catalyzed client
folding, regarding the interconvertible populations between the
monomeric and dimeric forms, 12%, 26%, and 58% of PDI
molecules were observed in the dimeric form in the presence of
native, partially folded, and reduced/denatured BPTI, respec-
tively. The dimer with four redox-active sites undergoes
repeated expansion and contraction to accelerate the oxidative
folding of the client protein inside the cavity. Therefore, the
dimeric forms of PDI exhibit conformational transformability
and different lifespans that are modulated with respect to the
folding status of the individual clients. Given that the size of the
client is greater than that of the cavity, multiple dimers can be
recruited and function cooperatively to simultaneously promote
oxidative folding at multiple sites. Collectively, PDI displays
striking redox-dependent conformational dynamics and
assembles into dimeric forms to create a transient reaction eld
along the client folding pathway (Fig. 5a).84

In terms of mechanistic insights into client recognition,
structural information regarding the complex formed between
PDI and the client is limited to that obtained from crystallo-
graphic analysis of microsomal triglyceride transfer protein
(MTP)/prolyl-4-hydroxylase (P4-H). The a-subunit of MTP, a lipid-
binding protein, is aggregation prone, but its aggregation is
inhibited by PDI, which recognizes the b-subunit of MTP. Anal-
yses of the MTP complex crystal structure revealed that
a protruding loop around the Arg594 to Arg610 domain in the
MTP a-subunit interacts with the hydrophobic pocket, namely
the principal client-binding site, in the PDI b0 domain (Fig. 5b).85

Importantly, Tyr605 of the MTP a-subunit stabilizes the hydro-
phobic interaction with the PDI b0 domain. In addition to their
involvement in client recognition via the b0 domain, both the
a and a0 domains of PDI contribute to stabilization of the
complex. The structure of the complex involving PDI and the C-
terminal catalytic (CAT) domain of the P4-H a-subunit further
provides important clues for unravelling the client recognition
mechanism of PDI. P4-H consists of an a2b2 tetramer and cata-
lyzes the prolyl 4-hydroxylation of procollagen, enabling forma-
tion of the triple helical collagen structure. Similar to the MTP a-
subunit, the CAT domain interacts with the a, b0, and a0 domains
of PDI, also known as the b-subunit of P4-H (Fig. 5b).86 Regarding
the substrate-binding site in the PDI b0 domain, the side chain of
Ile324 in the CAT domain interacts with the hydrophobic pocket
of the PDI b0 domain.85Consequently, client recognition by PDI is
coordinated in a similar but slightly different fashion depending
on the client protein stored in the b0 domain, which is critical for
holding the target client.42,47
A unique Leu–Val adhesive motif ensures its function of P5 via
dimerization

P5, also known as PDIA6, consists of two redox-active Trx-like
domains (a0 and a) and one redox-inactive Trx-like domain
b0 in this order from the N-terminus and dimerizes via a unique
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Overall structures of the ER-resident disulfide introducers, P5
and ERp46. (a) P5 dimerizes in solution via a unique dimeric motif. The
dimeric motif is comprised of a Leu- and Val-rich region in the a0
domain, indicated in the inset. Of note, uponmutational impairment of
this motif, the protein becomes a monomer in solution that is struc-
turally destabilized around the dimeric interfaces, and monomeric P5
induces ER stress responses in cells. (b) Radically different Trx-like
domain arrangement of ERp46. The solvent-exposed redox active
sites in each ERp46 Trx-like domain in comparison with PDI work
independently. This structural feature is quite different from PDI. The
unique domain arrangement of ERp46 with a highly flexible nature
among Trx-like domains facilitates the function of ERp46 as an effi-
cient but non-specific disulfide introducer during the catalysis of
oxidative folding.
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Leu–Val adhesive motif located in the a0 domain.74 Unlike the
conventional leucine-zipper motif, in which Leu residues are
present every two helical turns of∼30-residue parallel a-helices,
this unique motif consists of a periodic repeat of Leu or Val
residues at the third or fourth position spanning ve helical
turns of the 15-residue anti-parallel a-helices (Fig. 6a). Upon
mutational impairment of this motif, P5 becomes a monomer
in solution that is structurally destabilized around the dimeric
interfaces. When overexpressed in cells, monomeric P5 induces
© 2024 The Author(s). Published by the Royal Society of Chemistry
ER stress responses.74 Furthermore, the P5 mutant is less
capable of inactivating inositol-requiring enzyme 1a, an
unfolded response sensor protein, via the reduction of inter-
molecular disulde bonds. Thus, the unique Leu–Val adhesive
motif is critical for stabilizing the overall structure of P5 and
facilitating its physiological activity.

As mentioned above, while canonical PDI serves as a versa-
tile catalyst for disulde-bond formation that slowly but selec-
tively introduces native disulde bonds into client proteins, P5
and ERp46 catalyze rapid but promiscuous disulde-bond
introduction during the early oxidative folding stages of
clients.87 PDI and P5/ERp46 presumably catalyze oxidative
folding at different stages and function cooperatively to
increase the production of secretory andmembrane proteins. In
line with this mechanism, P5 reportedly interacts with other
PDIs88 and binding immunoglobulin protein (BiP),89 an ER-
resident Hsp70-family chaperone. Additionally, a protein–
protein interaction analysis showed that PDI and ERp72, as
partner proteins of P5, interact non-covalently. P5 then coop-
erates with PDI to synergistically accelerate the oxidative folding
of clients, whereas ERp72-bound P5 up-regulates the chaperone
activity.88 These data thus provide deeper insights into the
protein homeostasis network in the ER, in which the formation
of complexes that assist in productive folding is coordinated by
several enzymes and chaperones to modulate their enzymatic
and chaperone activities.
Opened V-shape structure of ERp46 as an efficient disulde
bond introducer

ERp46, also known as PDI15 and TXNDC5, contains three
redox-active Trx-like domains (Trx1, Trx2, and Trx3) in this
order from the N-terminus. These Trx domains are linked by
unusually long loops to form a highly exible open V-shape
structure (Fig. 6b).113 Studies employing hybrid structural
approaches such as small-angle X-ray scattering and crystallo-
graphic analyses have investigated this novel domain arrange-
ment and revealed that ERp46 has a radically different structure
than PDI. Due to the more solvent-exposed redox-active sites in
each ERp46 Trx-like domain compared to PDI, these Trx-like
domains seem functionally equivalent. Accordingly, three
different ERp46 mutants in which only one Trx-like domain is
available for interaction because the other two lack the redox-
active sites were shown to introduce disulde bonds into
client proteins at almost the same kinetic rate. This result can
be explained by the structural features of ERp46, in which all
redox-active sites are contained in the mobile Trx-like domains,
which allows easy access to clients by all of the Trx-like
domains. Unlike PDI, the unique domain arrangement of
ERp46 that renders the Trx-like domains highly exible is well
suited for efficient but non-specic introduction of disulde
bonds during the catalytic reactions of oxidative folding.113 Such
different domain arrangements among PDIs are common, as
they ensure high delity for the efficient production of a large
quantity of multiple disulde-bonded proteins. Thus, PDI-
catalyzed oxidative folding is a precise but time-consuming
process relative to folding catalyzed by ERp46. Hence, PDI
Chem. Sci., 2024, 15, 2282–2299 | 2289
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and ERp46 synergistically accelerate the overall oxidative
folding process, presumably enabling efficient production of
folded clients. Regarding the efficient folding catalyzed by
ERp46, knockdown of ERp46 in cultured b-cells leads to
a signicant decrease in insulin production.90 Therefore, ERp46
plays a role in b-cell dysfunction and is a therapeutic target in
the treatment of diabetes.
Synthetic regulation of protein folding
Design of chaperone-mimicking polymeric materials

The mechanistic details of chaperones and oxidoreductases
that catalyze protein folding processes have inspired the design
of chaperone- and enzyme-mimetic synthetic aggregation
suppressors and folding promoters. Nanogels made of
cholesterol-modied polysaccharides represent a pioneering
example of chaperone-mimetic synthetic aggregation suppres-
sors (Fig. 7).91–93 Cholesteryl group-bearing pullulan (CHP)
forms nanogels that interact with proteins primarily through
hydrophobic interactions. CHP nanogels can trap denatured
proteins produced by heating or chemicals such as urea and
guanidium hydrochloride, thereby inhibiting aggregation. By
dissociating the nanogels upon complexation with b-cyclodex-
trin, the trapped proteins can be released for renaturation.
Temperature-responsive systems that trap unfolded proteins
have also been developed. Co-assembled amphiphilic block
copolymers, including poly(N-isopropyl acrylamide) (PNIPAM),
form core–shell–corona micelles in which the hydrophobic
PNIPAM domains are exposed on the surface at temperatures
above the lower critical solution temperature (LCST). The
hydrophobic domains capture unfolded proteins, thereby
inhibiting aggregation. Upon cooling to below the LCST, the
PNIPAM domains return to the hydrophilic state, resulting in
release of the bound proteins to enable spontaneous folding.94

In addition to the amphiphilic macromolecules, ionic gra
copolymers show chaperone-like activities. A cationic gra
copolymer assembles with an amphiphilic anionic peptide to
facilitate the formation of an ordered conformation that
inhibits aggregation. The peptide and copolymer assembly
Fig. 7 Schematic illustration of (a) chaperone and (b) synthetic
nanogel functions that commonly show aggregation inhibition and
renaturation of folding intermediates (I). U, Agg, and N denote
unfolded, aggregated, and native proteins, respectively. Adapted from
ref. 93 with permission from John Wiley and Sons.

2290 | Chem. Sci., 2024, 15, 2282–2299
shows enhanced bioactivity, such as a membrane disruption
function, without loss of water solubility.95

Design of PEG-based chaperone-mimicking molecules

Protein aggregation suppressors based on small molecules are
attractive due to the potential advantages of good separation
from proteins of interest and little inuence on the viscosity of
the sample solution. In naturally occurring compounds, argi-
nine and sugars such as cyclodextrins reportedly show
aggregation-suppression activity, enabling efficient recovery of
the activity of denatured proteins.96–99 Using a synthetic
approach, researchers used stimuli-responsive building blocks
to develop functional molecules capable of suppressing protein
aggregation. Poly(ethylene glycol) (PEG) is a water-soluble
thermo-responsive macromolecule. The C–C–O repeating unit
of PEG, which mostly adopts the gauche-form at the C–C bonds,
changes conformation upon temperature elevation to increase
the ratio of the anti-form.100–105 Through this gauche-to-anti
conformational change at the C–C bonds, the hydrophobicity of
PEG increases, resulting in dehydration. Conventional PEGs
dehydrate at quite high temperatures (i.e., >95 °C).100 Interest-
ingly, structural modications resulting in cyclization or
amphiphilicity cause PEG to exhibit dehydration at signicantly
lower temperatures and facilitate functionalities such as
protein aggregation suppression.

Triangle-PEG, developed as a cyclized PEG possessing
hydroxy groups (Fig. 8a),132 consists of three tetraethylene glycol
Fig. 8 (a) Molecular structure of triangle-PEG. (b) Photographs of
lysozyme in PBS at 3.0 mg mL−1 (0.21 mM) and 90 °C in the (left)
absence and (right) presence of triangle-PEG. (c) Enzymatic activity of
lysozyme (3.0 mg mL−1) after incubation at 98 °C for 30 min in the
presence of triangle-PEG (circles and solid line), PEG-1000 (triangles
and solid line), and L-arginine hydrochloride (squares and dashed line).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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chains connected by pentaerythritols to form a cyclic structure
with six hydroxy groups at the corners. 1H-NMR relaxation time
analyses indicated that triangle-PEG exhibits dehydration at
∼60 °C. The signicantly lowered dehydration temperature of
triangle-PEG relative to linear PEGs is likely due to a strained
geometry caused by cyclization. Triangle-PEG was shown to
suppress the aggregation of thermally denatured lysozyme.
Lysozyme dissolved in phosphate-buffered saline (PBS) forms
aggregates upon heating to 90 °C (Fig. 8b le). In the presence
of triangle-PEG, lysozyme in the buffer remained dissolved
upon heating (Fig. 8b right). Aer cooling from 90 °C to 20 °C,
circular dichroism (CD) spectroscopy showed recovery of the
secondary structure. Aggregation suppression and refolding of
thermally denatured lysozyme were evaluated based on enzy-
matic activity recovery. Even aer incubation at 98 °C for
30 min, nearly 80% of the enzymatic activity of lysozyme was
recovered in the presence of triangle-PEG (Fig. 8c). In contrast,
almost no enzymatic activity was recovered in the presence of
linear PEG (PEG-1000). Importantly, triangle-PEG showed more
efficient aggregation suppression and refolding of lysozyme
than L-arginine and its ester derivative, which have been used as
aggregation-suppressing agents in other biological
studies.107–110 Refolding of the ternary structure of lysozyme was
Fig. 9 (a) Molecular structures of OEG, PhOEG, and PhTEG. (b)
Photographs of lysozyme in PBS at 0.037 mM at 90 °C in the presence
of (left) OEG, (center) PhOEG, and (right) PhTEG. CD spectral changes
of lysozyme in PBS (0.037mM) in the presence of (c) OEG (1.5 mM) and
(d) PhOEG (1.6 mM) in the (left) heating and (right) cooling processes.
Arrows indicate the directions of spectral changes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
directly monitored by 1H-NMR spectroscopy, and uorescence
anisotropy measurements indicated interactions between
denatured lysozyme and dehydrated triangle-PEG at high
temperatures, leading to suppression of protein aggregation.
The hydroxy groups at the vertex of triangle-PEG likely function
to afford solubility of the denatured protein by complexation.

Structural modication to impart an amphiphilic nature is
another approach used to functionalize PEG for effective
protein aggregation suppression. It was reported that PEGs with
molecular weights of 2 kDa and 5 kDa with a terminal choles-
teryl group stabilize proteins.111 Interestingly, even shorter
PEGs, such as octaethylene glycol (OEG, 370 Da), acquire the
ability to suppress protein aggregation by substitution with
a phenyl group at the terminus (PhOEG, Fig. 9a).112 Whereas
OEG is hydrated over the temperature range of 30–80 °C, PhOEG
showed dehydration at approximately 50 °C. The amphiphilic
structure is likely responsible for the lowered dehydration
temperature. PhOEG exhibiting a thermal response inhibited
aggregation of lysozyme upon heating (Fig. 9b). As aggregation
suppression was observed above the critical aggregation
concentration of PhOEG, it is likely that the self-assembled
form of PhOEG functions in protein stabilization. CD spectro-
scopic analyses showed recovery of the higher-order structures
of lysozyme in the presence of PhOEG upon cooling from 90 °C,
and the enzymatic activity of lysozyme was recovered at a high
yield (78%, Fig. 9c and d) aer the cooling process. One plau-
sible mechanism of protein stabilization is that interactions
between the hydrophobic surfaces of the denaturing protein
and the phenyl appendage of PhOEG afford sufficient water
solubility to the denatured protein molecules at high tempera-
tures, thereby enabling their spontaneous refolding in the
cooling process. As OEG or PhTEG, a derivative of PhOEG with
a tetraethylene glycol chain, exhibited minimal ability to
suppress protein aggregation, amphiphilicity plays a critical
role in protein stabilization, and OEG is likely the shortest
ethylene glycol chain for this function.
Design of thiol-based oxidoreductase-mimicking molecules

Synthetic mimics of oxidoreductases, such as PDI, constitute an
important class of disulde-coupled protein-folding promoters.
A reduced and unfolded (R) polypeptide chain bearing multiple
cysteine residues would proceed through several folding path-
ways (Fig. 10). One pathway produces the native form (N)
through a straightforward reaction with an oxidant (RS-SR,
route 1 in Fig. 10), whereas other routes proceed through the
formation of a non-native (NonN) form with disulde bonds
between non-native cysteine pairs (route 2). The subsequent
disulde bond isomerization process enables the conversion of
NonN to N, increasing the thermodynamic stability by cleavage
and re-formation of disulde bonds through inter- and intra-
molecular nucleophilic attacks of thiolate anions (steps 2–4 in
route 2). Intracellularly, oxidoreductases assist oxidative protein
folding by facilitating the formation and isomerization of
disulde bonds in substrate proteins.82,84,113 The Trx-like
domains of oxidoreductases such as PDI contain redox-
functional active centers with the sequence CXHC.114 The thiol
Chem. Sci., 2024, 15, 2282–2299 | 2291

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc05781j


Fig. 11 Time-course reverse-phase HPLC analyses of oxidative
folding of BPTI (30 mM) in the presence of GSSG (0.20mM) and (a) GSH
or (b) GdnSH (1.0 mM) using water and CH3CN containing 0.05% TFA
as eluents with a linear gradient at a flow rate of 1.0 mL min−1, with
absorption monitored at 229 nm and 25 °C.

Fig. 10 Scheme of oxidative folding of a polypeptide chain forming
two disulfide bonds. Orange and yellow circles represent cysteine
residues that form disulfide bonds between the same-color pairs, and
white circles represent amino acid residues other than cysteine. Route
1: oxidation reaction directly from a reduced and unfolded form (R) to
the native form (N). Route 2: oxidation reaction (step 1) followed by
disulfide bond isomerization (steps 2–4) fromR to N via the non-native
form (NonN).
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group of the N-terminal cysteine residue in the CXHC motif has
a lower pKa near 7.5,115 and the high acidity of the thiol groups
efficiently produces thiolate (S−) species reactive for disulde-
bond isomerization under physiological conditions via nucleo-
philic attack.

Glutathione (GSH) is a redox-active additive in medium used
to promote the folding of denatured proteins. Chemical tuning
of GSH modulates its protein-folding activity. For instance,
replacement of the glutamic acid residue in GSH with arginine
enhances the folding efficiency of reduced and denatured
proteins.39 In a folding assay of reduced lysozyme, addition of
a glutathione derivative modied with arginine showed up to
1.85-times enhanced recovery of the native-structure formation
compared to the addition of GSH.

Enhanced folding efficiencies were also demonstrated by
GdnSH, which consists of covalently coupled thiol and guanidyl
units.116 In the oxidative folding of BPTI with three disulde
bonds, a 60 min incubation in the presence of oxidized gluta-
thione (GSSG) resulted in formation of the native structure at
21% yield ([BPTI] = 30 mM, [thiol] = 1.0 mM, [GSSG] = 0.20
mM). The addition of GSH under these conditions resulted in
a slight increase in the refolding yield to 24% (Fig. 11a).
Importantly, the GdnSH/GSSG system afforded native BPTI at
51% yield (Fig. 11b). A similar refolding-promotion effect of
GdnSH was also observed with ribonuclease (RNase) A. It is
likely that the chemical properties of GdnSH and its oxidized
form contributed signicantly to the folding-promotion effect.
Namely, GdnSH/GdnSS has a higher E°0 value than GSH/GSSG,
indicating that GdnSS exhibits stronger oxidizing power (E°0

values of GdnSH/GdnSS:−237mV versus the standard hydrogen
electrode, GSH/GSSG: −256 mV, GdnSS: oxidized form of
GdnSH). This property of GdnSS allows for more rapid disulde
bond formation of the client protein. In addition, the thiol
group of GdnSH is more acidic than that of GSH; therefore,
GdnSH should be more nucleophilic (pKa values of GdnSH:
8.86, GSH: 9.15). Due to this property, GdnSH likely encourages
shuffling of the disulde bonds to lead to the formation of
2292 | Chem. Sci., 2024, 15, 2282–2299
a thermodynamically stable structure (i.e., the native
conformation).

Intracellularly, oxidoreductases bind to unfolded client
proteins to catalytically prompt the formation and shuffling of
disulde bonds to induce formation of the native structure. In
contrast to such enzymatic reactions, conventional synthetic
compounds as protein-folding promoters are commonly used at
high concentrations, typically millimolar-order, against
substrate proteins on the order of several micromolar concen-
trations. The development of synthetic protein-folding
promoters with activities as high as oxidoreductases showing
one-to-one reaction is critically important for lab-scale protein
synthesis and industrial production of protein pharmaceuti-
cals. To develop synthetic protein-folding promoters with
enhanced activity, thiol and corresponding disulde
compounds exhibiting high nucleophilicity and oxidizability
are needed to effectively promote the formation and isomeri-
zation of disulde bonds. To satisfy these properties, methyla-
tion of heteroaromatic thiols has been investigated.
Methylation is a commonly observed posttranslational modi-
cation that regulates the functions of biomacromolecules.117,118

Methylation at a heteroatom in the side chain of a protein
amino acid alters the electrical properties due to the added
cationic charge, which allows for changes in the conformational
and functional properties. Chaperones are regulated by meth-
ylation; Hsp90, for example, is methylated by a methyltransfer-
ase to trigger a conformational change that modulates the
interaction with the substrate protein.119–121 Inspired by such
methylation-associated functional regulation of chaperones,
researchers developed heteroaromatic thiols (i.e., ortho-, meta-,
and para-substituted pyridinylmethanethiols [PySHs]) as
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Time-course reversed-phase HPLC analyses of oxidative
folding of BPTI (30 mM) in the presence of GSSG (0.20 mM) and Cys-
Tamp (1.0 mM) using water and CH3CN containing 0.05% TFA as
eluents with a linear gradient at a flow rate of 1.0 mL min−1, with
absorption monitored at 229 nm and 25 °C.

Fig. 12 Time-course reverse-phase HPLC analyses of oxidative
folding of BPTI (30 mM) in the presence of (a) para-MePySS (90 mM) and
(b) GSSG (90 mM) using water and CH3CN containing 0.05% TFA as
eluents with a linear gradient at a flow rate of 1.0 mL min−1, with
absorption monitored at 229 nm and 30 °C. (c) Time course plots of
the yield of N-BPTI in the presence of para-MePySS and GSSG (based
on a and b). (d) Bar graph indicating the yield of N-BPTI after a 180 min
incubation in the presence of GSSG, ortho-MePySS, meta-MePySS, or
para-MePySS. The molecular structure of para-MePySS is shown in (a).
Data are shown as the mean of three independent experiments, with
error bars indicating the SEM.
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synthetic protein-folding promoters responsive to methylation
(Fig. 12a).38 It is expected that the basic property of the pyridinyl
moiety could increase the acidity of the conjugated thiol group.
The pyridinyl moiety is also useful to study the effect of meth-
ylation because of its reactivity with halogenated methane.
Among the constitutional isomers, para-PySHs showed the
highest efficiency in terms of protein refolding from the
reduced and unfolded states to the native form in the presence
of GSSG as an oxidant (yields of native BPTI: 38% by ortho-PySH,
48% by meta-PySH, 51% by para-PySH, [BPTI] = 30 mM, [thiols]
= 1.0 mM, [GSSG] = 0.20 mM). Interestingly, N-methylation of
para-PySH signicantly enhanced the protein-folding activity
(yield of native BPTI: 71% by para-MePySH). The enhanced
activity of para-MePySH is likely due to the stronger oxidizability
of its disulde form and greater nucleophilicity than para-PySH,
as indicated by the elevated redox potential (E°0) and lowered
pKa value of para-MePySH/para-MePySS, respectively (para-
PySH: E°0 =−246mV, pKa= 8.68; para-MePySH: E°0 =−211mV,
pKa = 7.34). Based on the high performance of para-MePySH,
promotion of folding under more biomimetic conditions was
investigated. As a semi-enzymatic assay, one equivalent of para-
MePySS relative to the number of disulde bonds in the
substrate protein was added to the folding medium ([para-
MePySS] = 90 mM, [reduced BPTI] = 30 mM). Interestingly, this
semi-enzymatic reaction condition afforded native BPTI at high
yield (74%, Fig. 12a and c). Under identical conditions, the
addition of GSSG (90 mM) resulted in the formation of native
© 2024 The Author(s). Published by the Royal Society of Chemistry
BPTI at only 38% yield (Fig. 12b), and other constitutional
isomers of MePySS showed inferior folding promotion activity
against para-MePySS (Fig. 12d). The characteristic chemical
effect of N-methylation of heteroaromatic thiols allowed for
marked protein-folding promotion by minimum loading of
para-MePySH. Such enzyme-mimetic agents could potentially
replace dysfunctional enzymes and thereby prevent the forma-
tion of pathogenic protein aggregates that cause neurodegen-
erative diseases and diabetes.

In addition to the chemical tuning of thiol compounds to
enhance protein-folding efficiency, the development of
compounds that trap folding intermediates and misfolded
forms has also attracted scientic attention.122–126 The trapping
of folding intermediates, particularly off-pathway species, and
misfolded forms is important for investigating the folding
mechanisms and disease-related biological properties of mis-
folded proteins.127–131 For this purpose, changing the balance
between the nucleophilicity and redox potential of a thiol group
is effective. Cys-Tamp, a dipeptide composed of cysteine and an
amino acid residue with appended diamino groups (Tamp),
showed rapid oxidation of the free thiols of unfolded BPTI and
RNase A (Fig. 13).132 Interestingly, the folding reactions driven
by a mixture of Cys-Tamp and GSSG afforded non-native forms
of the proteins at signicantly increased yields. Cys-Tamp
showed a pKa of 6.67 and E°0 of −281 mV. The increased
acidity is suggestive of effective nucleophilicity that would
facilitate the cleavage of a protein's disulde bonds formed
between cysteine residues. The lowered redox potential of Cys-
Tamp indicates that the oxidized state is favorable. Therefore,
intermolecular disulde bond formation between a protein and
Cys-Tamp is likely preferential. Existing methodologies for
trapping folding intermediates andmisfolded forms are limited
to essentially irreversible processes, such as genetic mutations
and chemical reactions using iodoacetic acid and maleimide-
appending compounds. Owing to the intrinsic reversibility of
disulde bonds in response to electrochemical stimuli, the
disulde bond-based approach demonstrated by Cys-Tamp
holds great potential for use in novel reversible methodolo-
gies for trapping transient and misfolded forms of proteins by
forming intermolecular disulde bonds and restarting the
oxidative folding of the trapped forms through subsequent
cleavage of the intermolecular disulde bonds.
Chem. Sci., 2024, 15, 2282–2299 | 2293
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Conclusions and future outlook

An extensive number of studies have reported a relationship
between protein homeostasis-related disulde chemistry and
pathologies such as neurodegenerative disorders. Chaperones
and redox-active enzymes are the central players in the proteo-
stasis network, and they may even impact cellular destiny.
Particularly, dysfunction of the redox-active enzymes, such as
PDI, can cause pathological outcomes.16 Therefore, pharmaco-
logical strategies to modulate the activity of chaperones and
enzymes have important translational value, especially for the
promotion of protein folding and inhibition of aggregation.
Future translational efforts will offer proof of concept for the
therapeutic value of manipulating the folding machinery to
treat several protein misfolding-related diseases.

Detailed investigations of the mechanisms of chaperones
and enzymes in folding assistance provide fundamentals for
genetic and synthetic approaches to enhancing, reinforcing,
and emulating the protein activities. For instance, by
combining with computational approaches, chaperones and
enzymes will be remodeled for desirable properties. Tuning the
active center and optimization of the global structure and
oligomerization functionality in silico should create genetically
evolved chaperones and oxidoreductases with enhanced struc-
tural robustness and activities. Designing chemical cofactors
and modulators will also be advantageous to enhance the
activities and reinforce the structural stability. Chemical
mimics could also be useful for promoting protein folding and
refolding to reduce pathological risks caused by misfolding and
aggregation. Currently, the usage of the chaperone and oxido-
reductasemimics is limited in vitro. For therapeutic studies, it is
a critical challenge to expand the environments of the chemical
mimics to in vivo. Delivery of the mimics into cells and specic
organelles should be a primary subject to overcome. Molecular
design with membrane permeability and organelle-targeting
capabilities will be a promising approach to propel the chem-
istry of protein folding promotors forward to biological and
therapeutic applications. Innovative advances in protein folding
chemistry should be achieved by crosscutting research inte-
grating the fundamental mechanistic elucidation of chaperones
and redox-active enzymes, synthetic and computational
approaches to the development of emulators and engineered
proteins, and in-cell applications, enabling the treatment and
prevention of protein misfolding-related diseases by recovering
proteostasis activities.
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