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Abstract: Oxidative protein folding is a biological process to obtain a native conformation of a protein
through disulfide-bond formation between cysteine residues. In a cell, disulfide-catalysts such as
protein disulfide isomerase promote the oxidative protein folding. Inspired by the active sites of
the disulfide-catalysts, synthetic redox-active thiol compounds have been developed, which have
shown significant promotion of the folding processes. In our previous study, coupling effects of a
thiol group and guanidyl unit on the folding promotion were reported. Herein, we investigated the
influences of a spacer between the thiol group and guanidyl unit. A conjugate between thiol and
guanidyl units with a diethylene glycol spacer (GAnDEG-SH) showed lower folding promotion effect
compared to the thiol-guanidyl conjugate without the spacer (GAnSH). Lower acidity and a more
reductive property of the thiol group of GAnNDEG-SH compared to those of GAnSH likely resulted in
the reduced efficiency of the folding promotion. Thus, the spacer between the thiol and guanidyl
groups is critical for the promotion of oxidative protein folding.

Keywords: oxidative protein folding; disulfide bond; thiol group; oligoethylene glycol

1. Introduction

Folding is an essential process of proteins to perform biological functions by form-
ing the native conformation [1]. Defects in the folding cause formation of nonnative or
misfolded proteins that are inactive or even pathogenic in connection to diseases such as
Alzheimer disease, Parkinson disease, and diabetes [2—4]. In a cell, endoplasmic reticulum,
responsible for the membrane and secretory protein folding, contains a number of chap-
erones and disulfide-isomerases that promote the disulfide-coupled protein folding, i.e.,
oxidative protein folding, to prevent protein aggregation [5]. Recent studies reported a
link between the oxidative protein folding and the pathogenesis of misfolding diseases,
including Alzheimer’s and amyotrophic lateral sclerosis [6,7]. Notably, protein disulfide
isomerase (PDI) is a pathology-related enzyme involving in the oxidative folding of pro-
teins, where the redox-active thiol groups in PDI play key roles for the effective protein
folding promotion by cleavage, isomerization, and formation of the disulfide bonds during
all folding stages of clients [7,8]. Inspired by the mechanisms by which PDI functions as a
reductase or oxidase, PDI-mimetic synthetic molecules bearing thiol and selenol groups
have been developed [9-17]. Recently, our group reported coupling effects of thiol and
urea-type groups on the promotion of the oxidative protein folding [18]. Particularly;,
coupling of a thiol group and an iminourea (i.e., guanidyl) unit allows for increase in
acidity and elevation of redox potential of the thiol group, which leads to a highly efficient
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folding promotion effect. Compared to glutathione (GSH), addition of GdnSH to reduced
unfolded bovine pancreatic trypsin inhibitor (BPTI) accelerated the folding reaction to
afford 2.1-times higher yield of the native form after 60 min incubation. Oxidative folding
of ribonuclease A (RNase A) also proceeded promptly with an increased efficiency in the
presence of GAnSH. In the presence of GSH, 34% enzymatic activity of reduced /denatured
RNase A recovered after 180 min incubation. The recovery of native RNase A enhanced
in the presence of GAnSH to afford 63% activity. In the present study, we developed
GdnDEG-SH (Figure 1), a derivative of GAnSH bearing a diethylene glycol (DEG) spacer
between the thiol and guanidyl groups, to investigate the effect of the spacer between the
two functional units on the oxidative protein folding.

H
O O S H 0]
NH, o
Glutathione (GSH)

H H
SH
NH NH
GdnSH GdnDEG-SH

Figure 1. Molecular structures of glutathione (GSH), thiol-guanidyl conjugate without the spacer (GdnSH),
and conjugate between thiol and guanidyl units with a diethylene glycol spacer (GdAnDEG-SH).

2. Results
2.1. Synthesis of GdinDEG-SH

To study the spacer effect between the thiol and guanidyl groups, DEG was chosen as
the spacer due to the water solubility with a neutral structure. To synthesize GAnDEG-SH,
the amino group of 2-(2-aminoethoxy)ethanol was protected with tert-butoxycarbonyl
(Boc) group by the reaction with (Boc),O in EtOH to afford compound 1 in 94% yield
(Figure 2). The hydroxy group of 1 was tosylated with TsCl in the presence of NaOH to
afford compound 2 in 86% yield. The tosyl group in 2 was converted into a thioacetyl
group to provide compound 3 in 92% yield by the reaction with AcSK in DMF. Hydrolysis
of the acetyl group of 3 with K,COj3 afforded compound 4 in 42% yield, which was then
converted into its disulfide form 5 in 80% yield by the oxidation with H,O, and Nal in
AcOEt. Deprotection of the Boc groups of compound 5 with trifluoroacetic acid (TFA)
in CH,Cl, afforded compound 6 in 99% yield. In order to introduce the guanidyl units,
compound 6 was reacted with N,N’-bis(tert-butoxycarbonyl)-1H-pyrazole-1-carboxamidine
in DMF in the presence of triethylamine to provide compound 7 in 66% yield. Deprotection
of the Boc groups of 7 by HCl in MeOH and water afforded compound GdnDEG-5S
in 76% yield. By reduction with dithiothreitol in water, GANDEG-SH was successfully
synthesized in 82% yield. Detailed synthetic procedures and characterization data of all
the synthesized compounds by 'H and '3C nuclear magnetic resonance (NMR) and ESI-
TOF or MALDI-TOF MS spectroscopic measurements are described in the Materials and
Methods section.
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Figure 2. Synthetic scheme of GAnDEG-SH.

2.2. Disulfide Bond Formation of RNase A

To study the effects of GAnNDEG-SH on the progress of oxidative protein folding, we
monitored the disulfide-bond formation of reduced and denatured ribonuclease (RNase)
A.RNase A, that forms four disulfide bonds, i.e., C26—C84, C40-C95, C58-110, and C65-
C72, is a representative protein for the oxidative folding studies [19]. During the folding
process of RNase A, the reaction was quenched by addition of maleimide PEG (Mw 2000).
Maleimide PEG couples with the thiol groups in RNase A to increase its mass, which results
in decrease in the electrophoretic mobility in sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) to separate bands of the fully reduced form (R), folding inter-
mediates, and fully oxidized form (namely, a mixture of the native form and a nonnative
form with four disulfide bonds, represented as N and 4S, respectively) of RNase A. In short,
the SDS-PAGE assays monitor the progress of the disulfide bond formation as the mobility
of bands. The disulfide bond formation of RNase A was triggered by addition of an oxidant
such as oxidized glutathione (GSSG). In the SDS-PAGE assay of RNase A in the presence of
GSSG, the band intensity of R decreased over the incubation time (Figure 3A). After 30 min
incubation, the R band almost disappeared, while the N/4S band emerged. The intensity
of the N/4S band increased over time, indicating progression of oxidation reaction. In the
mixture of GSH and GSSG, the rate of the oxidation reaction decreased. Namely, the R
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band was visible even after 30 min incubation, and the color density of 35 band was higher
than that of N/4S band after 90 min incubation (Figure 3B). A similar progression profile of
the oxidation reaction was observed in the mixture of GAnDEG-SH and GSSG (Figure 3C).
Quantitative analysis of N/4S formation of RNase A shows significant reduction in the
oxidation rate in the GSH/GSSG and GAnDEG-SH/GSSG systems compared to that in
the presence of GSSG only. As reported previously, GAnSH/GSSG system enhanced the
oxidation reaction rate of reduced RNase A compared to GSH/GSSG system, indicating

contrastive effects between GdnSH and GdAnDEG-SH.

A) GSSG Incubation Time (min) D) 70 1 —ainoEc.swassa
(k)M | 0 1 5 10 30 60 9 , N ~ 60 |-+ concsse " S
50 [ - — ! R g messe, —F 4
il I 1S < 50
30 s | o .
2s [ ] -
— | g 40 é"
20 |— : 3s T 4
15 [ | NS §
; | 5 201 3
! : S 10 * )
B) GSH/GSSG i 0 [oaa:rm
50 (S D - — i RS 0 30 60 90
30 : : 25 Incubation Time (min)
1 I
20 (S I 3s E) 70 T Ganpraswassa
' ' e o
15 » :g N/as ; --A-- GSSG
I
£ _50
C) GdAnDEG-SH/GSSG : < E 40 \
| R 28301
[ 1S - =
i€ 5p |
: s 82 {
] i
: 3s c 10
' N/4S of

30 60 90 120 150 180
Incubation Time (min)

) 0

Figure 3. Time course analyses of RNase A oxidation by SDS-PAGE. SDS-PAGE gel images monitoring the oxidation of
RNase A (8.0 uM) in the presence of (A) oxidized glutathione (GSSG), (B) GSH and GSSG, and (C) GAnDEG-SH and GSSG
(thiol compounds: 1.0 mM; GSSG: 0.20 mM) in a buffer (50 mM Tris-HCI, 300 mM NaCl, pH 7.5). The oxidation reactions
were quenched with maleimide PEG (Mw 2000) after 1, 5, 10, 30, 60, and 90 min incubation. The leftmost and rightmost lanes
show the bands corresponding to the markers (M) and native RNase A (N), respectively. R and N/4S represent fully reduced
and fully oxidized (a mixture of the native form and a folding intermediate with four disulfide bonds) RNase A, respectively.
(D) Quantification of the relative band intensities of fully oxidized RNase A (8.0 uM) to the control (N) in the presence of
mixtures of thiol (1.0 mM) and disulfide compounds (0.20 mM; blue filled circles: GANDEG-SH/GSSG, red filled squares:
GdnSH/GSSG [17], black filled diamonds: GSH/GSSG, and black filled triangles: GSSG only) quantified from SDS-PAGE
analyses. (E) Recovered enzymatic activity of RNase A (8.0 uM) during incubation in the GAnDEG-SH/GSSG (blue filled
circles), GAnSH/GSSG (black filled diamonds) [17], GSH/GSSG (black filled diamonds), and GSSG only (black filled
triangles) systems (thiol compounds: 1.0 mM; disulfide compounds: 0.20 mM) in a buffer (50 mM Tris-HCl, 300 mM NaCl,
pH 7.5). The activity was evaluated by spectroscopic monitoring of the hydrolysis of cytidine 2':3'-cyclic monophosphate
(cCMP) to 3'-CMP at 30 °C. Error bars indicate the means & SEM of three independent experiments.

2.3. Enzymatic Activity Recovery of RNase A

To study the effect of GANDEG-SH on the oxidative folding of RNase A to the native
form, recovery of its enzymatic activity was monitored (Figure 3E). In the presence of
GSSG as an oxidant, the enzymatic activity increased over time to reach 15% after 180 min
incubation [18]. The recovered enzymatic activity of RNase A increased by addition of
GSH and GdnSH in the presence of GSSG (34% and 63%, respectively) [18]. Here, addition
of GAnDEG-SH did not prompt the folding reaction of RNase A to form the native form,
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and the profile of the enzymatic activity recovery in the GAnDEG-SH/GSSG system was
analogous to that in the system of GSSG only.

2.4. Oxidative Folding of BPTI

Oxidative folding of bovine pancreatic trypsin inhibitor (BPTI) was investigated in the
presence of the thiol compounds. BPTI contains three disulfide bonds, i.e., C5-C55, C14—
C38, and C30-C51. In the folding pathway, it is known that BPTI forms some quasi-native
intermediates such as N, N*, and N2H that can be separated by reverse-phase HPLC (RP-
HPLC) for quantitative analysis [20]. These species act as a kinetical trap with native-like
structures as evidenced by NMR [20]. Thus, oxidative folding assay by RP-HPLC provides
structural insights into their folding intermediates. In a buffer containing Tris-HCl (50 mM,
pH 7.5) and NaCl (300 mM), reduced and denatured BPTI (30 uM) was incubated in the
presence of a thiol compound (1.0 mM) as a reductant and GSSG as an oxidant (0.20 mM) to
allow for the folding to its native form. In the presence of GSH as the reductant, formation
of the folding intermediates was observed within the initial 5 min incubation (Figure 4A).
The fraction corresponding to the native form appeared after 10 min incubation and the
yield of the native form was 24% after 60 min incubation. In the presence of GAnDEG-SH,
an essentially similar change was observed, where the yield of the native form after 60 min
was 19% along its on-path folding pathway. As we reported previously, the folding of BPTI
was promoted in the presence of GdnSH to afford 51% yield of the native form after 60 min
incubation [18]. Therefore, insertion of a diethylene glycol chain between the thiol and
guanidyl groups significantly lowers the folding promotion function. RP-HPLC analyses
also indicate different profiles of N” and N* intermediates fractions in the presence of
GdnDEG-SH and GdnSH, suggesting different influences of the reagents on the folding
intermediates.

A) GSH/GSSG

Retention Time R

Retention Time R

Figure 4. Time course reverse-phase HPLC analyses of oxidative folding of bovine pancreatic trypsin
inhibitor (BPTI) (30 uM) in the presence of (A) GAnDEG-SH and GSSG and (B) GSH and GSSG
(thiol compounds: 1.0 mM; GSSG: 0.20 mM). N and R represent native and reduced forms of BPTI,
respectively. N’, N*, and Ngg represent folding intermediates of BPTI. Column: Tosoh Bioscience
TSKgel Protein C4-300 (¢4.6 x 150 mm); eluent buffers: water (containing 0.05% trifluoroacetic acid
(TFA)) and CH3CN (containing 0.05% TFA) with a linear gradient; flow rate: 1.0 mL min~!; detection
wavelength: 229 nm; temperature: 25 °C.
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2.5. Characterization of GAnDEG-SH

By UV absorption spectroscopic measurements in buffers with variable pH values,
pKa of GANDEG-SH was evaluated to be 9.28 £ 0.08. HPLC analyses monitoring the
redox reactions with dithiothreitol indicated the redox potential E” of GdnDEG-SH to be
—276 4 0.4 mV. EY of GAnDEG-SH was lower than those of GAnSH (—237 4+ 4 mV) [18]
and GSH (—256 mV) [21], indicating that GANDEG-SH is most reductive among these
thiols. Meanwhile, pK, of GAnDEG-SH was higher than that of GAnSH (8.86 + 0.02) and
GSH (9.15 + 0.04). Therefore, the acidity of the thiol group of GAnDEG-SH is lower than
GdnSH and GSH.

2.6. Aggregation Inhibition

The aggregation inhibition effect of GAnDEG-SH was studied using lysozyme. Namely,
a mixture of lysozyme (20 uM) and GdnDEG-SH (1.0 mM) in Tris-HCI buffer (50 mM,
pH 7.5) containing NaCl (300 mM) was heated. After incubation at 96 °C for 20 min,
white precipitates were observed (Figure 5A). In the presence of guanidine hydrochloride
(GdnHCJ, 0.50 M), lysozyme was solubilized even after the heat treatment (Figure 5B). Thus,
GdnDEG-SH hardly showed aggregation suppression effect in the thermal denaturation
condition of lysozyme.

A) GdnDEG-SH B) GdnHCL

Figure 5. A photograph of a glass bottle containing lysozyme (20 uM) in the presence of (A) GAnDEG-
SH (1.0 mM) and (B) guanidine hydrochloride (GdnHCl, 0.50 M) in a buffer (50 mM Tris-HCl, 300 mM
NaCl, pH 7.5) after cooling from 96 to 25 °C. In (A), white precipitates are observed at the bottom of
the glass bottle.

3. Discussion

In an oxidative protein folding process, disulfide bond formation is one of the major
factors to drive the reaction and control the pathway. Conversion of the disulfide bonds
from nonnative to native pairs allows for enhancement of the yield of native form. Addition
of thiol compounds with high nucleophilicity and oxidizability can facilitate shuffling of the
disulfide bonds, which is effective for promotion of the oxidative protein folding [22,23].

In the folding processes of RNase A and BPTI, promotion effect of GAnNDEG-SH was
lower than that of GAnSH and rather similar to that of GSH. Coupling of a basic group
such as guanidyl unit in the proximity of a thiol unit allows for increasing the acidity
of the thiol, which is, therefore, advantageous to the folding promotion. In a previous
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study [24], it is reported that pK; of the thiol group and solvent-accessible surface area
of the positively charged amino moiety influence acceleration effects of thiol reagents
possessing amino groups on disulfide-coupled protein folding. As demonstrated above,
the acidity of GAnDEG-SH was lower than GdnSH and even than GSH. Thus, separation
between the guanidyl and thiol units by insertion of a diethylene glycol chain significantly
reduced the coupling effect to increase the thiol acidity likely due to extended distance,
increased conformational flexibility, and/or altered polarity. Insertion of the diethylene
glycol chain also lowered the redox potential of the thiol compound. Since GAnDEG-
SH and GdnSH possess an identical basic unit (guanidyl unit), the reductive nature of
GdnDEG-SH with lowered acidity likely resulted in the limited activity for the oxidative
protein folding promotion.

PDI prevents proteins from aggregating and misfolding [25], indicating that an ag-
gregation inhibition effect is an additional important property required for the folding
promoting agents. Indeed, GAnSH and other thiol compounds with high folding promo-
tion capabilities are functional to inhibit aggregation of denatured proteins [18,26-28]. In
contrast, as shown in Figure 5A, GAnDEG-SH hardly showed aggregation suppression
effect in the thermal denaturation condition of lysozyme, while GAnSH shows aggregation
inhibition even at 1.0 mM [18]. This increased efficiency of the aggregation suppression is
likely due to the high nucleophilicity of the thiol group in GAnSH, which allows for efficient
localization of GAnSH onto the unfolded and folding-intermediate proteins to enhance
the solubility. Thus, the lowered nucleophilicity of GAnDEG-SH likely resulted in reduced
localization efficiency, which caused the insufficient aggregation inhibition property.

4. Materials and Methods
4.1. General

Nuclear magnetic resonance (NMR) spectra were recorded on a JNM-ECX 400 spec-
trometer (\H/400 MHz, 13C /100 MHz) of JEOL (Tokyo, Japan), where the chemical shifts
were determined with respect to a 'H signal corresponding to the nondeuterated solvent
and a !3C signal corresponding to the solvent as an internal standard (‘H-NMR: 7.24 ppm
for CDCl3, 4.67 ppm for DO, 3.29 ppm for CD3;0D; I3C-NMR: 77.16 ppm for CDCls,
47.68 ppm for CD30D). Matrix-assisted laser desorption/ionization time-of-flight (MALDI-
TOF MS) was performed on autoflex speed spectrometer of Bruker (Bremen, Germany).
Electrospray ionization (HR ESI) TOF MS spectra were recorded on micrOTOF-Q II-S1 of
Bruker with MeOH as a solvent. Analytical thin layer chromatography (TLC) was per-
formed on precoated, glass-backed silica gel Merck 60 F254. Visualization of the developed
chromatogram was performed by UV absorbance, Hanessian’s stain or iodine. UV ab-
sorption spectra and temperature-dependent transmittance changes were recorded on
V-650 UV-VIS spectrophotometer of JASCO (Tokyo, Japan) or U-3310 spectrophotometer
of Hitachi High-Technologies (Tokyo, Japan). Reversed-phase high-performance liquid
chromatography (RP-HPLC) for BPTI assay was conducted with GL7400 HPLC system
of GL Sciences (Tokyo, Japan) using TSKgel Protein C4-300 column of Tosoh Bioscience
(¢4.6 x 150 mm, Tokyo, Japan). RP-HPLC for redox potential measurement was conducted
with HPLC system of JASCO (Tokyo, Japan) using YMC Triart C18 column (4.6 x 250 mm,
Tokyo, Japan).

4.2. Materials

Deuterated solvents and di-terf-butyl decarbonate were purchased from Kanto Chem-
icals (Tokyo, Japan). maleimide-PEG (Mw 2000) was purchased from NOF America
Corporation (White Plains, NY, USA). Acetonitrile, 35% hydrochloric acid, sodium hydrox-
ide, tosyl chloride, sodium sulfate, potassium carbonate, ammonium chloride, sodium
iodide, 30% hydrogen peroxide, sodium hydrogen carbonate, trifluoroacetic acid, and
2-propanol were purchased from Kishida Chemical (Tokyo, Japan). Coomassie brilliant
blue, 5,5'-dithiobis(2-nitrobenzoic Acid) (DTNB), 1,4-dithiothreitol (DTT), L-glutathione
oxidized (GSSG), L-glutathione reduced (GSH), and guanidine hydrochloride (GdAnHCI)
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were purchased from Nacalai Tesque (Kyoto, Japan). a-Cyano-4-hydroxycinnamic acid,
cytidine 2':3'-cyclic monophosphate (cCMP) monosodium salt, triethylamine (EtzN), and
ribonuclease A (RNase A) from bovine pancreas were purchased from Sigma-Aldrich
(St. Louis, MO, USA). N,N'-Bis(tert-butoxycarbonyl)-1H-pyrazole-1-carboxamidine, 1,1’
carbonyldiimidazole, 2-(2-aminoethoxy)ethanol, potassium thioacetate, and gentisic acid
were purchased from Tokyo Chemical Industry (Tokyo, Japan). Bovine pancreatic trypsin in-
hibitor (BPTI) was purchased from Takara Bio (Shiga, Japan). Hen egg white lysozyme was
purchased from Fujifilm Wako Pure Chemical (Osaka, Japan). Dry N,N-dimethylformamide
(DME), dry CH,Cly, and dry tetrahydrofuran (THF) were purchased from Kanto Chemicals.
Column chromatography was carried out with Silica Gel 60 (spherical, neutral, particle size:
63-210 um) purchased from Kanto Chemicals. Deionized water (filtered through a 0.22 um
membrane filter, >18.2 M() cm) was purified in Purelab DV35 of ELGA (Buckinghamshire,
UK) and a Milli-Q system of Merck Millipore (Burlington, MA, USA).

4.3. Determination of Thiol Concentration for Oxidative Protein Folding Assay

To a solution of thiol (40 mM) in 10 mM HCI aqueous solution, Ellman’s reagent
[5,5-dithio-bis-(2-nitrobenzoic acid), 0.50 mM] [29] was added. Concentration of the thiol
group was determined by measuring the absorbance at 412 nm at 30 °C with U-3310 spec-
trophotometer prior to its use for the oxidative protein folding assay. Amounts of free thiol
groups were determined by Ellman’s reagent. Each amount includes both the free thiol of
1.0 mM reducing agent (GdnDEG-SH) and 8.0 uM reduced substrate, RNase A.

4.4. Preparation of Reduced and Denatured RNase A

RNase A was dissolved in a buffer (200 mM Tris-HCl, pH 8.7) containing 6.0 M
GdnHCI and 100 mM DTT and incubated for 2 h at 25 °C. The resulting sample was
dialyzed by 10 mM HCl ag. to remove the denaturing and reducing reagents.

4.5. RNase A Refolding Assay

Fully reduced and denatured RNase A (8.0 uM) was incubated for 3 h at 30 °C in
the presence of 200 uM GSSG and 1.0 mM reducing agent in a buffer (50 mM Tris-HCl,
300 mM NaCl, pH 7.5) [30]. At selected time points during this incubation, aliquots (50 nL
each) were taken from the reaction solution, which were immediately added to a buffer
(150 uL, 50 mM Tris-HCl, 300 mM NaCl, pH 7.5) containing cCMP (final concentration of
cCMP = 0.60 mM), followed by the measurement of the linear increase in absorbance at
284 nm at 30 °C with U-3310 spectrophotometer [18,31]. Values represent means + SEM
from three independent experiments.

4.6. Gel Shift Assay of RNase A Disulfide Bond Formation

Oxidative folding of RNase A (8.0 uM) was carried out in a buffer (50 mM Tris-HCl,
300 mM NaCl, pH 7.5) containing 200 pM GSSG with/without 1.0 mM reducing agent. At
selected time points, free thiols were blocked by the addition of Laemmli’s 4 x SDS-loading
buffer [32] containing 10 mM maleimide-PEG (Mw 2000). Redox states of RNase A were
separated by nonreducing 14% SDS-PAGE using WIDE RANGE gel (Nacalai Tesque).
Proteins were detected by Coomassie brilliant blue G250 staining. The band intensities
were analyzed by a ChemiDoc Touch imaging system and Image Lab (Bio-Rad).

4.7. BPTI Folding Assay

Reduction and denaturation of BPTI was carried out as described previously [25].
Fully reduced and denatured BPTI (30 uM) was incubated at 30 °C in the presence of
200 uM GSSG and 1.0 mM reducing agent in a buffer (50 mM Tris-HCI, 300 mM NaCl, pH
7.5), where the buffer was degassed by flushing N, prior to use. At selected time points, the
reaction was quenched by adding an equal volume of 1 M HCl aq., which was then analyzed
by RP-HPLC at a flow rate of 1.0 mL min~! monitoring at 229 nm with a linear gradient
elution (solvent A: 0.05% trifluoroacetic acid in water and solvent B: 0.05% trifluoroacetic
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acid in acetonitrile; percentages of solvent A: 95% at 0 min, 80% at 15 min, and 30% at
115 min). The molecular mass values of the folding intermediates were determined by
MALDI-TOF MS in a linear positive-ion mode using «-cyano-4-hydroxycinnamic acid
(Sigma-Aldrich) as the matrix. The molecular mass was calculated using Protein-Prospector
web server [33].

4.8. Determination of Thiol pK, Values

Stock solutions of citric buffer (sodium citrate and HCI for pH 2.0—4.0), phosphate
buffer (NayHPO, and KH,PO4 for pH 5.0-8.0), and borate buffers (NayB4O7 and HCI for
pH 8.5-9.0 and NayB4O7 and NaOH for pH 10.0-12.0) were prepared, and these buffers
were degassed with N, for 1 h immediately prior to use. A stock solution of a thiol
compound in degassed water (5.0 mM) were then prepared. Immediately after the aqueous
solution of the thiol compound (20 uL) and a buffer (1.98 mL) were combined in a 1-cm
thick quartz cuvette, the UV absorption spectrum of the sample was measured. The pH
value of the sample was measured by a HORIBA pH meter (96185-10D), which had been
calibrated prior to use with pH 4.01, 6.86, and 9.18 standard solutions (HORIBA 101-S).
Absorbance at 240 nm was plotted in the function of the pH values, and the pK, value of
the thiol compound was calculated with KaleidaGraph software (version 4.5.0) by a curve
fitting analysis using the following equation:

y=a+(ml)/(m2 x 107 + 1); m1 = b; m2 = 1000, 1)

where a is the absorbance below the pH 3 and b is the difference of absorbances above
the pH 11 and below the pH 3, and curve fitting calculation provides m2 = pK,. For all
analyses, > values were higher than 0.99.

4.9. Redox Potential EV' Measurements

EY value of a thiol compound was determined by following the protocol described
in a previous paper [6]. Buffer (100 mM Tris-HCI, 1.0 mM EDTA, pH 7.0) was treated by
bubbling high purity N for longer than 1 h prior to use. DTT™4 (60 uM, 4.5 mL) in the
buffer was added to a disulfide (GdnSS or UreaSS, 60 uM, 4.5 mL) in the buffer under Nj,
which was stirred at 25 &+ 0.1 °C for 24 h. To quench the reaction, an aliquot of the reaction
mixture (1 mL) was added to 1 M HCl aq. (200 uL), and the obtained sample solution was
immediately analyzed by RP-HPLC (YMC Triart C18 column, ¢4.6 x 250 mm). The column
was equilibrated with water containing 0.1% TFA at a flow rate of 1.0 mL min~!. The
RP-HPLC analysis was conducted with water containing 0.1% TFA (eluent A) and CH3CN
containing 0.1% TFA (eluent B) with a linear gradient (percentage of eluent B: 0% in 0-8 min,
0-6% in 8-15 min, 6-10% in 15-30 min). The concentrations of the species at equilibrium
were calculated from the observed peak areas and corresponding calibration curves.

The equilibrium constant Keq for the reaction (Equation (2)), described as Equation (3),
was determined by averaging three times of individual experiments following the above
procedure.

Disulfide + DTT™ = 2Thiol + DTT* 2
[Thiol]?[DTT¥]
Keq = ®G)
[Disulfide] [DTTred}

The redox potential EY was calculated by the Nernst’s equation (Equation (4))
RT
0 _ 70
EY = EYprr + F In Keq, 4)

where 1 is the number of transferred electrons (1 = 2), F is Faraday’s constant (96,500 C mol 1),
R is the universal gas constant (8.314 ] K~ mol~1), T is the temperature (298 K), and E% prt
is the redox potential of DTT (—327 mV).
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4.10. Aggregation Inhibition Assay

Lysozyme (20 pM) was dissolved in Tris-HCI buffer (50 mM, pH 7.5) containing NaCl
(300 mM) and an additive, and the mixture was incubated at 96 °C for 20 min followed by
air cooling to room temperature.

4.11. Synthesis of 1

To a dry EtOH solution (31 mL) of 2-(2-aminoethoxy)ethanol (1.52 g, 14.5 mmol),
di-tert-butyl decarbonate (3.28 g, 15.0 mmol) was added at 0 °C under N,. After being
stirred for 4 h at 25 °C, CH,Cl, (100 mL) was added to the reaction mixture, and the
mixture was washed with water (100 mL, twice) and brine (50 mL, once). The organic
extract was dried over anhydrous Na;SO4 and filtered off from insoluble substances. The
filtrate was evaporated to dryness under reduced pressure at 30 °C, and the residue was
chromatographed on silica gel (Silica Gel 60) with CH,Cl, /MeOH (100/0 to 90/10 v/v) to
allow isolation of 1 (2.81 g, 13.7 mmol) in 94% yield.

TLC Ry (Merck 60 F254, CH,Cl,/MeOH = 90/10 v/v): 0.56; 'H-NMR (400 MHz,
CDCl3, 25 °C): 6 = 5.18 (brs, 1H), 3.73 (brs, 2H), 3.59-3.54 (m, 4H), 3.33 (q, ] = 5.0 Hz,
2H), 2.84 (brs, 1H), 1.45 (s, 9H) ppm; 3C-NMR (100 MHz, CDCl3, 25 °C): § = 156.24,
79.41,72.33,70.37, 61.70, 40.44, 28.46 ppm; MALDI-TOF MS (gentisic acid, positive mode):
m/z = 228.132 (calculated m/z on the basis of the monoisotopic mass of CoH19gNNaO,
[M + Na]* = 228.121).

4.12. Synthesis of 2

To a dry THF solution (31 mL) of 1 (2.68 g, 13.1 mmol), 15% NaOH aq. (10 mL) and a
THE solution (10 mL) of TsCl (2.94 g, 15.4 mmol) were added dropwise at 0 °C under Nj.
After being stirred for 12 h at 25 °C, water (100 mL) was added to the reaction mixture. The
resulting mixture was extracted with CH,Cl, (50 mL, three times). The collected organic
extract was washed with brine (50 mL, once), dried over anhydrous Na;SO4, and filtered off
from insoluble substances. The filtrate was evaporated to dryness under reduced pressure
at 30 °C to allow isolation of 2 (4.06 g, 11.3 mmol) in 86% yield.

TLC Ry (Merck 60 F254, CH,Clp): 0.25; TH-NMR (400 MHz, CDCl3, 25 °C): § = 7.80
(d, ] =8.7 Hz, 2H), 7.36 (d, | = 8.7 Hz, 2H), 4.86 (brs, 1H), 4.18-4.15 (m, 2H), 3.63 (t, ] =
4.6 Hz, 2H), 3.45 (t, ] = 5.0 Hz, 2H), 3.24 (q, ] = 5.0 Hz, 2H), 2.45 (s, 3H), 1.45 (s, 9H) ppm;
I3C-NMR (100 MHz, CDCl3, 25 °C): § = 156.24, 144.98, 133.09, 129.91, 128.01, 79.36, 70.40,
69.18, 68.41, 40.29, 28.46, 21.68 ppm; MALDI-TOF MS (gentisic acid, positive mode): m/z
= 382.114 (calculated m/z on the basis of the monoisotopic mass of C14HsNNaOgS [M +
Na]* = 382.130).

4.13. Synthesis of 3

To a dry DMF solution (35 mL) of 2 (3.98 g, 11.1 mmol), AcSK (4.03 g, 35.3 mmol) was
added at 25 °C under N,. After being stirred for 13 h at 90 °C, the reaction mixture was
cooled to 25 °C. To the resulting mixture, water (300 mL) was added, and the mixture was
extracted with CH,Cl, (100 mL, four times). The collected organic extract was washed with
brine (100 mL, four times), dried over anhydrous Na,;SOy, and filtered off from insoluble
substances. The filtrate was evaporated to dryness under reduced pressure at 30 °C, and
the residue was chromatographed on silica gel (Silica Gel 60) with AcOEt/hexane (20/80
v/7v) to allow isolation of 3 (2.69 g, 10.2 mmol) in 92% yield.

TLC Ry (Merck 60 F254, EtOAc/hexane = 50/50 v/v): 0.54; 'H-NMR (400 MHz, CDCl;,
25°C): 6 =4.87 (brs, 1H), 3.57 (t, ] = 6.4 Hz, 2H), 3.51 (t, ] = 5.0 Hz, 2H), 3.30 (q, ] = 5.0 Hz,
2H), 3.08 (t, ] = 6.4 Hz, 2H), 2.35 (s, 3H), 1.45 (s, 9H) ppm; 3C-NMR (100 MHz, CDCl3,
25°C): 6 =195.46, 155.99, 79.36, 69.99, 69.53, 40.42, 30.62, 28.95, 28.48 ppm; MALDI-TOF
MS (gentisic acid, positive mode): m/z = 286.113 (calculated m/z on the basis of the
monoisotopic mass of C11H1NNaO4S [M + Na]* = 286.109).
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4.14. Synthesis of 4

To a dry EtOH solution (19 mL) of 3 (2.69 g, 10.2 mmol), K,CO5 (3.54 g, 25.6 mmol)
was added at 25 °C under N;. After being stirred for 22 h at 25 °C, the reaction mixture
was neutralized with saturated NH4Cl aq. To the mixture, water (100 mL) was added,
and the mixture was extracted with AcOEt (50 mL, three times). The collected organic
extract was dried over anhydrous NaySOy, and filtered off from insoluble substances. The
filtrate was evaporated to dryness under reduced pressure at 30 °C, and the residue was
chromatographed on silica gel (Silica Gel 60) with AcOEt/MeOH (20/80 v/v) to allow
isolation of 4 (948 mg, 4.28 mmol) in 42% yield.

TLC Ry (Merck 60 F254, EtOAc/hexane = 20/80 v/v): 0.28; 'H-NMR (400 MHz, CDCl;,
25°C): 6 =4.90 (brs, 1H), 3.59 (t, ] = 6.4 Hz, 2H), 3.52 (t, ] = 5.0 Hz, 2H), 3.32 (q, ] = 5.0 Hz,
2H), 2.69 (dt, ] = 7.8, 8.2 Hz, 2H), 1.55 (t, ] = 8.2 Hz, 2H), 1.45 (s, 9H) ppm; 3C-NMR
(100 MHz, CDCl3, 25 °C): 6 = 155.91, 78.98, 72.42, 69.73, 40.26, 28.34, 24.11 ppm; MALDI-
TOF MS (gentisic acid, positive mode): m/z = 244.098 (calculated m/z on the basis of the
monoisotopic mass of CoHj;9NNaO3S [M + Na]* = 244.099).

4.15. Synthesis of 5

To an EtOAc solution (11 mL) of 4 (942 mg, 4.26 mmol), Nal (6.0 mg, 40 pmol) and
30% H,O, aq. (480 puL) were added at 25 °C under air. After being stirred for 1 h at 25 °C,
to the reaction mixture, saturated NaHCOj3 aq. (100 mL) was added, and the mixture
was extracted with EtOAc (50 mL, three times). The collected organic extract was washed
with brine (50 mL, once), dried over anhydrous Na,;SO;, and filtered off from insoluble
substances. The filtrate was evaporated to dryness under reduced pressure at 25 °C to
allow isolation of 5 (753 mg, 1.71 mmol) in 80% yield.

TLC Ry (Merck 60 F254, EtOAc/hexane = 20/80 v/v): 0.32; H-NMR (400 MHz, CDCl3,
25 °C): 6 = 5.13 (brs, 1H), 3.71 (t, ] = 6.4 Hz, 2H), 3.53 (t, ] = 5.0 Hz, 2H), 330 (q, ] =
5.0 Hz, 2H), 2.88 (t, | = 6.4 Hz, 2H), 1.44 (s, 18H) ppm; '*C-NMR (100 MHz, CDCl3, 25 °C):
0 =155.94, 79.14, 69.98, 69.14, 40.36, 38.57, 28.42 ppm; MALDI-TOF MS (gentisic acid,
positive mode): m/z = 463.192 (calculated m/z on the basis of the monoisotopic mass of
C18H36N2Na0282 [M + Na]+ = 463.191).

4.16. Synthesis of 6

To a CH,Cl; solution (11 mL) of 5 (752 mg, 1.71 mmol), TFA (2.5 mL) was added at
0 °C under Nj. After being stirred for 2 h at 0 °C, the reaction mixture was evaporated
to dryness under reduced pressure at 25 °C. To the residue, water (50 mL) was added,
and the mixture was washed with CH,Cl, (50 mL, three times). The aqueous extract was
evaporated to dryness under reduced pressure to allow isolation of 6 (738 mg, 1.69 mmol)
in 99% yield.

TLC Ry (Merck 60 F254, EtOAc): 0.05; 'H-NMR (400 MHz, CD30D, 25 °C): § = 3.79
(t, ] = 6.4 Hz, 4H), 3.71 (t, ] = 5.0 Hz, 4H), 3.13 (t, ] = 5.0 Hz, 4H), 2.94 (t, ] = 6.4 Hz, 4H)
ppm; *C-NMR (100 MHz, CD;0D, 25 °C): § = 69.10, 66.24, 39.25, 37.55 ppm; MALDI-
TOF MS (gentisic acid, positive mode): m/z = 241.111 (calculated m/z on the basis of the
monoisotopic mass of CgHp1N»O,S; [M + Na]* = 241.104).

4.17. Synthesis of 7

To a dry DMF solution (15 mL) of 6 (770 mg, 1.77 mmol), N,N’-bis(tert-butoxycarbonyl)-
1H-pyrazole-1-carboxamidine (1.209 g, 3.898 mmol) and triethylamine (990 pL, 7.09 mmol)
were added at 25 °C under Ny. After being stirred for 16 h at 25 °C, to the reaction mixture,
CH,Cl, (30 mL) was added, and the mixture was washed with water (100 mL, three
times) and brine (50 mL, once). The organic extract was dried over anhydrous Na;SO4
and filtered off from insoluble substances. The filtrate was evaporated to dryness under
reduced pressure at 30 °C, and the residue was chromatographed on silica gel (Silica Gel
60) with AcOEt/hexane (20/80 to 50/50 v/v) to allow isolation of 7 (846 mg, 1.16 mmol) in
66% yield.
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TLCR¢ (Merck 60 F254, EtOAc/hexane = 20/80 v/v): 0.15; 'H-NMR (400 MHz, CDCl;,
25 °QC): 6 = 11.47 (brs, 2H), 8.62 (brs, 2H), 3.74 (t, ] = 6.4 Hz, 4H), 3.61 (m, 8H), 2.90 (t,
J = 6.4 Hz, 4H), 1.50 (s, 36H) ppm; 13C-NMR (100 MHz, CDCl3, 25 °C): 6 = 163.61, 156.37,
153.08, 83.10, 79.35, 69.40, 69.16, 40.66, 38.45, 28.37, 28.16 ppm; ESI-TOF MS (MeOH,
positive mode): m/z = 725.3609 (calculated m/z on the basis of the monoisotopic mass of
C30H57N601082 [M + Na]* = 725.3578).

4.18. Synthesis of GdnDEGSS

To a MeOH solution (3 mL) of 7 (198 mg, 0.272 mmol), 1 M HCl aq. (10 mL) was added
at 25 °C under air. After being stirred for 2 h at 25 °C, the reaction mixture was evaporated
to dryness under reduced pressure at 25 °C. To the residue, water (10 mL) was added,
and the mixture was washed with CH,Cl, (30 mL, three times). The aqueous extract was
evaporated to dryness under reduced pressure to allow isolation of GAnDEGSS (86 mg,
0.22 mmol) in 76% yield.

TLC Rf (Merck 60 F254, MeOH): 0.01; 'H-NMR (400 MHz, D,0, 25 °C): § = 3.73 (t,
J=6.0 Hz, 4H), 3.60 (t, ] = 5.0 Hz, 4H), 3.31 (t, ] = 5.0 Hz, 4H), 2.85 (t, ] = 6.0 Hz, 4H) ppm;
13C-NMR (100 MHz, D,0, 25 °C): 6 = 157.37, 68.77, 68.34, 41.30, 37.43 ppm; ESI-TOF MS
(MeOH, positive mode): m/z = 325.1487 (calculated m/z on the basis of the monoisotopic
mass of C10H25N60252 [M + H]+ = 325.1480).

4.19. Synthesis of GdinDEG-SH

To a degassed aqueous solution (10 mL) of GAnDEGSS (86 mg, 0.22 mmol), dithiothre-
itol (249 mg, 1.61 mmol) was added at 25 °C under N,. After being stirred for 6 h at 25 °C,
to the reaction mixture, water (10 mL) was added, and the mixture was washed with a
mixture of 2-propanol and CHCl3 (10/50 v/v, 20 mL, four times). The aqueous extract was
evaporated to dryness under reduced pressure to allow isolation of GANDEGSH (71 mg,
0.35 mmol) in 82% yield.

'H-NMR (400 MHz, D,0, 25 °C): 6 = 3.58-3.55 (m, 4H), 3.29 (t, ] = 5.0 Hz, 2H), 2.61
(t, ] = 6.0 Hz, 2H) ppm; 3C-NMR (100 MHz, D,0, 25 °C): § = 72.22, 68.54, 68.34, 41.21,
23.24 ppm; ESI-TOF MS (MeOH, positive mode): m/z = 164.0859 (calculated m/z on the
basis of the monoisotopic mass of CsH14N3OS [M + H]* =164.0858.

5. Conclusions

In this study, we investigated the effects to insert a diethylene glycol linkage between
thiol and guanidyl units on oxidative protein folding reactions. Compared to a conjugate
between thiol and guanidyl units with close proximity, the separated conjugate by the
linkage showed lower promotion effects on the oxidative folding reactions of RNase A and
BPTI. A reductive nature with weaker acidity of the thiol group in the separated conjugate
and its insufficient aggregation inhibition effect likely resulted in the limited promotion
effects of the oxidative protein folding processes. Hence, the distance between the thiol and
basic units such as guanidyl group is an important factor to develop functional oxidative
protein folding promotors.

Author Contributions: Conceptualization, M.O. and T.M.; methodology, M.O. and T.M.; validation,
5.0, MM., M.O., and T.M,; formal analysis, M.O. and T.M.; investigation, S.0. and M.M.; writing—
original draft preparation, S.0.; writing—review and editing, M.O. and T.M.; supervision, M.O. and
T.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Sasakawa Scientific Research Grant from The Japan
Science Society (to S.0.), JST CREST (JPMJCR1954 to T.M.), JST COI (R02W12 to T.M.), JSPS Grants-
in-Aid for Scientific Research B (JP19H02828 to T.M.), JSPS Grant-in-Aid for Scientific Research
C (JP19K06520 to M.0O.), JSPS Grant-in-Aid for JSPS Fellows (JP19J00893 to M.M.), JSPS Grant-in-
Aid for Early-Career Scientists (JP20K15969 to M.M.), Ensemble Grant for Young Researchers in
Tohoku University Research Institutes (to M.M.), JSPS Fund for the Promotion of Joint International
Research (Fostering Joint International Research (B)) (JP20KK0156 to M.O.), Lotte Foundation (to
T.M.), MEXT Leading Initiative for Excellent Young Researchers (to T.M.), MEXT Grant-in-Aid for



Molecules 2021, 26, 879 13 of 14

Scientific Research on Innovative Areas (JP19H04799 and JP20H04688 to M.O.), Takeda Science
Foundation (to M.O.), Mochida Memorial Foundation for Medical and Pharmaceutical Research (to
M.0O.), and Japan Foundation of Applied Enzymology (to M.O.). This work was performed under
the Cooperative Research Program of “Network Joint Research Center for Materials and Devices.”

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The authors declare that the data that support the findings of this study
are available within the paper. All other information is available from the corresponding authors
upon reasonable request. Samples of the compounds are not available from the authors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dobson, C.M. Protein folding and misfolding. Nature 2003, 426, 884-890. [CrossRef]

2. Ross, C.A; Poirier, M.A. Protein aggregation and neurodegenerative disease. Nat. Med. 2004, 10, S10-S17. [CrossRef]

3. Hartl, EU. Protein misfolding diseases. Annu. Rev. Biochem. 2017, 86, 21-26. [CrossRef] [PubMed]

4 Hipp, M.S.; Kasturi, P.; Hartl, U. The proteostasis network and its decline in ageing. Nat. Rev. Mol. Cell Biol. 2019, 20, 421-435.
[CrossRef] [PubMed]

5. Matsusaki, M.; Kanemura, S.; Kinoshita, M.; Lee, Y.-H.; Inaba, K.; Okumura, M. The protein disulfide isomerase family: From
proteostasis to pathogenesis. Biochim. Biophys. Acta Gen. Subj. 2020, 1864, 129338. [CrossRef] [PubMed]

6.  Uehara, T.; Nakamura, T.; Yao, D.; Shi, Z.-Q.; Gu, Z.; Ma, Y.; Masliah, E.; Nomura, Y.; Lipton, S.A. S-nitrosylated protein-disulphide
isomerase links protein misfolding to neurodegeneration. Nature 2006, 441, 513-517. [CrossRef] [PubMed]

7. Wilkinson, B.; Gilbert, H.F. Protein disulfide isomerase. Biochim. Biophys. Acta Proteins Proteom. 2004, 1699, 35—44. [CrossRef]

8. Okumura, M.; Noi, K.; Kanemura, S.; Kinoshita, M.; Saio, T.; Inoue, Y.; Hikima, T.; Akiyama, S.; Ogura, T.; Inaba, K. Dynamic
assembly of protein disulfide isomerase in catalysis of oxidative folding. Nat. Chem. Biol. 2019, 15, 499-509. [CrossRef]

9.  Welker, E.; Narayan, M.; Wedemeyer, W.J.; Scheraga, H.A. Structural determinants of oxidative folding in proteins. Proc. Natl.
Acad. Sci. USA 2001, 98, 2312-2316. [CrossRef]

10. Gough, J.D.; Williams, R.H.; Donofrio, A.E.; Lees, W.J. Folding disulfide-containing proteins faster with an aromatic thiol. J. Am.
Chem. Soc. 2002, 124, 3885-3892. [CrossRef]

11.  Beld, J.; Woycechowsky, K.J.; Hilvert, D. Selenoglutathione: efficient oxidative protein folding by a diselenide. Biochemistry 2007,
46, 5382-5390. [CrossRef] [PubMed]

12.  Lukesh, J.C., III; Palte, M.].; Raines, R.T. A potent, versatile disulfide-reducing agent from aspartic acid. . Am. Chem. Soc. 2012,
134, 4057-4059. [CrossRef]

13. Patel, AS.; Lees, WJ]. Oxidative folding of lysozyme with aromatic dithiols, and aliphatic and aromatic monothiols.
Bioorg. Med. Chem. 2012, 20, 1020-1028. [CrossRef]

14. Lukesh, J.C., IIl; Andersen, K.A.; Wallinc, K.K.; Raines, R.T. Organocatalysts of oxidative protein folding inspired by protein
disulfide isomerase. Org. Biomol. Chem. 2014, 12, 8598-8602. [CrossRef] [PubMed]

15. Reddy, PS.; Metanis, N. Small molecule diselenide additives for in vitro oxidative protein folding. Chem. Commun. 2016, 52,
3336-3339. [CrossRef]

16. Arai, K;; Ueno, H.; Asano, Y.; Chakrabarty, G.; Shimodaira, S.; Mugesh, G.; Iwaoka, M. Protein folding in the presence of
water-soluble cyclic diselenides with novel oxidoreductase and isomerase activities. ChemBioChem 2018, 19, 207-211. [CrossRef]

17.  Tsukagoshi, S.; Mikami, R.; Arai, K. Basic amino acid conjugates of 1,2-diselenan-4-amine with protein disulfide isomerase-like
functions as a manipulator of protein quality control. Chem. Eur. J. 2020, 15, 2646-2652. [CrossRef] [PubMed]

18. Okada, S.; Matsusaki, M.; Arai, K.; Hidaka, Y.; Inaba, K.; Okumura, M.; Muraoka, T. Coupling effects of thiol and urea-type
groups for promotion of oxidative protein folding. Chem. Commun. 2019, 55, 759-762. [CrossRef] [PubMed]

19. Narayan, M.; Welker, E.; Wedemeyer, W.].; Scheraga, H.A. Oxidative folding of proteins. Acc. Chem. Res. 2000, 33, 805-812.
[CrossRef] [PubMed]

20. Weissman, ].S.; Kim, P.S. Reexamination of the folding of BPTI: Predominance of native intermediates. Science 1991, 253, 1386-1393.
[CrossRef]

21. Tang, S.-S.; Chang, G.-G. Nucleophilic aromatic substitution of glutathione and 1-chloro-2,4-dinitrobenzene in reverse micelles. A
model system to assess the transition-state stabilization in glutathione transferase catalyzed conjugation. J. Org. Chem. 1995, 60,
6183-6185. [CrossRef]

22. Lees, W.]J. Small-molecule catalysts of oxidative protein folding. Curr. Opin. Chem. Biol. 2008, 12, 740-745. [CrossRef] [PubMed]

23.  Okumura, M.; Shimamoto, S.; Hidaka, Y. A chemical method for investigating disulfide-coupled peptide and protein folding.
FEBS J. 2012, 279, 2283-2295. [CrossRef] [PubMed]

24. Okumura, M.; Shimamoto, S.; Nakanishi, T.; Yoshida, Y.; Konogami, T.; Maeda, S.; Hidaka, Y. Effects of positively charged redox

molecules on disulfide-coupled protein folding. FEBS Lett. 2012, 586, 3926-3930. [CrossRef]


http://doi.org/10.1038/nature02261
http://doi.org/10.1038/nm1066
http://doi.org/10.1146/annurev-biochem-061516-044518
http://www.ncbi.nlm.nih.gov/pubmed/28441058
http://doi.org/10.1038/s41580-019-0101-y
http://www.ncbi.nlm.nih.gov/pubmed/30733602
http://doi.org/10.1016/j.bbagen.2019.04.003
http://www.ncbi.nlm.nih.gov/pubmed/30986509
http://doi.org/10.1038/nature04782
http://www.ncbi.nlm.nih.gov/pubmed/16724068
http://doi.org/10.1016/S1570-9639(04)00063-9
http://doi.org/10.1038/s41589-019-0268-8
http://doi.org/10.1073/pnas.041615798
http://doi.org/10.1021/ja016938p
http://doi.org/10.1021/bi700124p
http://www.ncbi.nlm.nih.gov/pubmed/17419591
http://doi.org/10.1021/ja211931f
http://doi.org/10.1016/j.bmc.2011.11.049
http://doi.org/10.1039/C4OB01738B
http://www.ncbi.nlm.nih.gov/pubmed/25266373
http://doi.org/10.1039/C5CC10451C
http://doi.org/10.1002/cbic.201700624
http://doi.org/10.1002/asia.202000682
http://www.ncbi.nlm.nih.gov/pubmed/32662226
http://doi.org/10.1039/C8CC08657E
http://www.ncbi.nlm.nih.gov/pubmed/30506074
http://doi.org/10.1021/ar000063m
http://www.ncbi.nlm.nih.gov/pubmed/11087317
http://doi.org/10.1126/science.1716783
http://doi.org/10.1021/jo00124a037
http://doi.org/10.1016/j.cbpa.2008.08.032
http://www.ncbi.nlm.nih.gov/pubmed/18824127
http://doi.org/10.1111/j.1742-4658.2012.08596.x
http://www.ncbi.nlm.nih.gov/pubmed/22487262
http://doi.org/10.1016/j.febslet.2012.09.031

Molecules 2021, 26, 879 14 of 14

25.

26.

27.

28.

29.
30.

31.

32.

33.

Okumura, M.; Kadokura, H.; Hashimoto, S.; Yutani, K.; Kanemura, S.; Hikima, T.; Hidaka, Y.; Ito, L.; Shiba, K.; Masui, S.;
et al. Inhibition of the functional interplay between endoplasmic reticulum (ER) oxidoreduclin-1« (Erole) and protein-disulfide
isomerase (PDI) by the endocrine disruptor bisphenol A. J. Biol. Chem. 2014, 289, 27004-27018. [CrossRef]

Madar, D.J.; Patel, A.S.; Lees, W.J. Comparison of the oxidative folding of lysozyme at a high protein concentration using aromatic
thiols versus glutathione. J. Biotechnol. 2009, 142, 214-219. [CrossRef] [PubMed]

Okumura, M.; Saiki, M.; Yamaguchi, H.; Hidaka, Y. Acceleration of disulfide-coupled protein folding using glutathione derivatives.
FEBS J. 2011, 278, 1137-1144. [CrossRef]

Potempa, M.; Hafner, M.; Frech, C. Mechanism of gemini disulfide detergent mediated oxidative refolding of lysozyme in a new
artificial chaperone system. Protein J. 2010, 29, 457—-465. [CrossRef]

Ellman, G.L. Tissue sulfhydryl groups. Arch. Biochem. Biophys. 1959, 82, 70-77. [CrossRef]

Lyles, M.M.; Gilbert, H.F. Catalysis of the oxidative folding of ribonuclease A by protein disulfide isomerase: Dependence of the
rate on the composition of the redox buffer. Biochemistry 1991, 30, 613-619. [CrossRef]

Matsusaki, M.; Okuda, A.; Masuda, T.; Koishihara, K.; Mita, R.; Iwasaki, K.; Hara, K.; Naruo, Y.; Hirose, A.; Tsuchi, Y.; et al.
Cooperative protein folding by two protein thiol disulfide oxidoreductases and ERO1 in soybean. Plant Physiol. 2016, 170, 774-789.
[CrossRef] [PubMed]

Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 1970, 227, 680-685.
[CrossRef] [PubMed]

Available online: http:/ /prospector.ucsf.edu/prospector/mshome.htm (accessed on 30 January 2020).


http://doi.org/10.1074/jbc.M114.564104
http://doi.org/10.1016/j.jbiotec.2009.05.003
http://www.ncbi.nlm.nih.gov/pubmed/19477205
http://doi.org/10.1111/j.1742-4658.2011.08039.x
http://doi.org/10.1007/s10930-010-9279-8
http://doi.org/10.1016/0003-9861(59)90090-6
http://doi.org/10.1021/bi00217a004
http://doi.org/10.1104/pp.15.01781
http://www.ncbi.nlm.nih.gov/pubmed/26645455
http://doi.org/10.1038/227680a0
http://www.ncbi.nlm.nih.gov/pubmed/5432063
http://prospector.ucsf.edu/prospector/mshome.htm

	Introduction 
	Results 
	Synthesis of GdnDEG-SH 
	Disulfide Bond Formation of RNase A 
	Enzymatic Activity Recovery of RNase A 
	Oxidative Folding of BPTI 
	Characterization of GdnDEG-SH 
	Aggregation Inhibition 

	Discussion 
	Materials and Methods 
	General 
	Materials 
	Determination of Thiol Concentration for Oxidative Protein Folding Assay 
	Preparation of Reduced and Denatured RNase A 
	RNase A Refolding Assay 
	Gel Shift Assay of RNase A Disulfide Bond Formation 
	BPTI Folding Assay 
	Determination of Thiol pKa Values 
	Redox Potential E0' Measurements 
	Aggregation Inhibition Assay 
	Synthesis of 1 
	Synthesis of 2 
	Synthesis of 3 
	Synthesis of 4 
	Synthesis of 5 
	Synthesis of 6 
	Synthesis of 7 
	Synthesis of GdnDEGSS 
	Synthesis of GdnDEG-SH 

	Conclusions 
	References

