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levels as well as associated enzymes responsible for its
production were found to be severely decreased in the brain
samples of AD patients, leading to the decline of cognitive

functions.15 Thus, plasma H2S levels could serve as a
biomarker for diagnosis and intervention of AD.16 Notably,
several studies have also suggested a crucial role of H2S in

Figure 1. Chemical structure of peptides and their H2S-releasing counterparts.

Figure 2. (a) H2S releasing kinetics of peptide conjugates (100 μM) on coincubation with TCEP (1 mM) at 37 °C; (b) ThT assay showing Aβ1−42
(10 μM) aggregation and their inhibition by peptide conjugates (10 μM) on 24 h incubation at 37 °C. Each bar represents ± SD of three
independent experiments; (c) AFM images of incubated Aβ1−42 alone and in the presence of peptide conjugates at 37 °C after 0 and 24 h time
intervals. Scale bar = 500 nm.
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slowing down AD progression and in manifesting therapeutic
potential for its treatment.17−21

As discussed, the optimum level of hydrogen sulfide can
reverse the pathophysiological consequences of AD. Also, the
peptides that inhibit the aggregation of Aβ1−42 or dissolve
amyloid plaques could prevent the neurotoxicity associated
with Aβ oligomers/fibrils and are considered potential tools in
AD therapeutics.22 Herein, we have designed and synthesized
conjugates in which we amalgamated anti-amyloidogenic
peptides with a H2S-releasing moiety. For the present study,
we have selected two peptide fragments, pentapeptide iAβ5
(Leu−Pro−Phe−Phe−Asp) and dipeptide DTrp-−Aib, which
are known for their β-sheet breaking and antiaggregating
properties,23,24 whereas 2-(2-methoxy-4-(5-thioxo-5H-1,2-di-
thiol-3-yl)phenoxy)acetic acid (aryldithiolethione, ADT) were
selected as the H2S-releasing moiety, which can also inhibit
dopamine-metabolizing enzyme monoamine oxidase-B (MAO-
B) to offer neuroprotective properties.25 By combining the
hydrogen sulfide-releasing moiety with the peptides iAβ5 and
DTrp−Aib, conjugates 1 and 2 were prepared, respectively
(Figure 1). Furthermore, their effects were studied on the
multiple factors associated with the progression of AD.

2. RESULTS AND DISCUSSION
2.1. Synthesis of Peptide Conjugates. The H2S-

releasing aryldithiolethione (ADT) was prepared from eugenol
by following the reported protocol (Scheme S1a).26 Initially,
phenyl ether and methyl-2-(4-allyl-2-methoxyphenoxy) acetate
were synthesized by the reaction of eugenol with methyl
bromoacetate under alkaline conditions. The allyl group of
phenyl ether on reacting with elemental sulfur at 220 °C
resulted in the formation of a dithiolethione ring, which, on the
subsequent acid hydrolysis of methyl ester, gave the desired
aryldithiolethione. The peptides (iAβ5 and DTrp−Aib) and
their H2S-releasing conjugates (conjugate 1 and 2) were
prepared by following the standard solid-phase method of
peptide synthesis using 2-chlorotrityl chloride (CTC) resin as
a solid support (Scheme S1b).

2.2. Self-Assembly of Peptide Conjugates. The
synthesized peptides were studied for their self-assembling
tendency in aqueous solution by scanning electron microscopy
(SEM), atomic force microscopy (AFM), and dynamic light
scattering (DLS) measurement. The peptides iAβ5 and
DTrp−Aib are unable to form any self-assembled structures
in aqueous medium (Figure S4). N-Terminal capping of
peptides with hydrophobic moieties is known to enhance their
self-assembling tendency in aqueous environments and further
directs their formation into distinct nanostructures.27−29 The
controlled release of therapeutic gaseous molecules has also
been manifested through such self-assembled nanostruc-
tures.26,30 Thus, peptide conjugates 1 and 2 were synthesized
by conjugating the H2S-releasing moiety at the N-terminal of
the iAβ5 and DTrp−Aib peptides, respectively. The self-
assembling properties of these conjugates were studied by
SEM, AFM, and dynamic light scattering measurement data,
and it was observed that these conjugates self-assembled as
uniform nanospheres in aqueous medium (Figures S4−S7).

2.3. In Vitro H2S Release Kinetics and Inhibition of
Aβ1−42 Aggregation by Peptide Conjugates. We
evaluated the hydrogen sulfide release kinetics of these
conjugates by coincubating them with tris(2-carboxyethyl)
phosphine (TCEP). Although the exact mechanism by which
TCEP releases H2S is not fully elucidated, it is suggested that

being the strong reducing agent, TCEP initiates the H2S
release by reducing the disulfide bond of the dithiolethione
group in aqueous solution.31 The concentration of released
H2S was measured using the methylene blue assay by following
the reported protocols.32 ADT released hydrogen sulfide
almost instantaneously on coincubating with TCEP and
reached the maximum release in ∼100 min. Conjugate 1
released H2S slowly and achieved the maximum concentration
at ∼250 min, whereas conjugate 2 also released H2S in a slower
manner to achieve the maximum release at ∼350 min (Figure
2a). Such slow-releasing phenomena of these peptide
conjugates could be attributed to the self-assembled structures
adopted by these conjugates.

These peptide conjugates were then evaluated for their
ability to inhibit aggregation of the Aβ1−42 peptide by the well-
established thioflavin T (ThT) assay.33 Both iAβ5 and DTrp−
Aib are known β-sheet breaker peptides involved in disrupting
amyloidogenic driving forces, either hindering the early
association of toxic amyloid intermediates or disassembling
the preformed fibrils. We assessed whether these peptides
retain their antiaggregating properties on conjugation with the
aryldithiolethione moiety. We observed that the newly
synthesized aryldithiolethione-conjugated peptides 1 and 2
significantly inhibit the fibrillation of the Aβ1−42 peptide
(Figure 2b). To further confirm the antiaggregating properties
of synthesized peptide conjugates, morphological changes in
the Aβ1−42 peptide during incubation were studied by AFM
imaging (Figure 2c). AFM images demonstrate that Aβ1−42
alone will form fibrillating structures after 24 h of incubation,
whereas no significant fibrillar or higher order aggregating
structures were observed when Aβ1−42 was coincubated with
conjugates 1 and 2. With this, we have achieved the synthesis
of the peptide conjugates, which release hydrogen sulfide in a
controlled manner as well as inhibit the aggregation of the
Aβ1−42 peptide.

2.4. H2S Release by Peptide Conjugates Inside
Caenorhabditis elegans. H2S is produced endogenously in
mammalian cells and its optimum physiological concentration
is crucial for performing various biological processes.34 The
physiological importance of H2S is very well studied in a
nematode worm, C. elegans. For example, H2S proved to be
valuable for C. elegans longevity by restricting aging through
controlling cellular stress pathways.35−37 Moreover, targeted
H2S delivery to mitochondria has also been found to improve
the neuromuscular health of C. elegans.38 The beneficial role of
peptide-mediated H2S delivery in transgenic C. elegans was also
recently reported.26

Herein, we have used a wild-type N2 strain of C. elegans as
an in vivo system to evaluate the efficient delivery of H2S by
designed peptide conjugates within a whole organismal
environment. Under physiological conditions, H2S release
from aryldithiolethiones is mainly catalyzed by cytochrome
P450-dependent monooxygenase in the presence of NADPH
and dioxygen.39 Mechanistic studies revealed that aryldithio-
lethione finally converted to H2S and para-methoxy-acetophe-
none through the formation of aryldithiolone and dithiolium
cation intermediates. C. elegans has cytochrome P450 genes as
well as NADPH/NADP+ machinery, thus providing suitable
conditions required for H2S release from these conjugates.40,41

The H2S-sensing fluorescent probe 7-azido-4-methylcoumarin
(AzMC) was used for studying the ability of these conjugates
to deliver H2S inside the worm body.35,42 An increase in the
fluorescence intensity of AzMC can directly be correlated with
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the amount of H2S released inside the worm. The transparent
body of C. elegans makes it an ideal tool for live cell imaging in
such experimental settings (Figure 3). The delivery of a relative
amount of hydrogen sulfide inside C. elegans was quantified by
normalizing the fluorescence intensity of AzMC. A significant
increase in fluorescence intensity was observed in C. elegans
worms treated with peptide conjugates 1 and 2 compared to
control and sodium sulfide (Na2S)-treated worms, suggesting
the importance of such peptide frameworks in H2S delivery
(Figure 3).

2.5. Peptide Conjugates Reduce Oxidative Distress in
C. elegans. Oxidative distress is considered to be one of the
major driving forces behind almost all neurodegenerative
disorders including AD.43 A high level of reactive oxygen
species (ROS) creates an imbalance in redox signaling and
further imparts irreversible damage to diverse cellular
biomolecules. Protein carbonylation, lipid peroxidation,
nucleobase hydroxylation, DNA double-stranded breaks
(DSBs), etc., are considered to be some of the deleterious
effects associated with such oxidative damages due to the
increased level of ROS production.44−48 Ultimately, ROS
upregulation leads to cellular necrosis or apoptosis and further
impairment of different body parts including the central
nervous system.49 Thus, quenching oxidative burden is
extremely desirable for treating such neurodegenerative
ailments. For studying the effect of these conjugates on the
ROS level, we employed the wild-type N2 strain of C. elegans,
as it enables quantification of ROS levels within the in vivo
system.50 Hydrogen peroxide was used to increase the ROS
levels in C. elegans, and the 2′,7′-dichlorodihydrofluorescein
diacetate (H2DCFDA) assay was used for estimating the ROS
level as per the earlier reported protocol.51 Among all
compounds, peptide conjugate 2 was found to be the most
effective one, which significantly lowered ROS levels in wild-
type C. elegans (Figure 4), whereas peptide conjugate 1
reduced the ROS load to a moderate extent but not as effective
as conjugate 2.

We have also measured the lipofuscin accumulation and
reduced glutathione (GSH) levels in the wild-type N2 strain of
C. elegans for further evaluating the antioxidant potential of
peptide conjugates 1 and 2. Lipofuscin is an autofluorescent
pigment formed when lipid peroxidation products (like

reactive aldehydes, lipid radicals, etc.) react with proteins,
lipids, and other vulnerable groups. Accumulation of lipofuscin
serves as an important marker of oxidative damage.52 Similarly,
the level of GSH also serves as an important marker of
oxidative distress, and an increase in GSH levels upon
treatment of the molecules can directly be correlated to its
antioxidant properties.53 The lipofuscin accumulation is
measured by observing its autofluorescence, and GSH levels
are estimated through HPLC analysis in wild-type C. elegans.
We observed a significant reduction in the accumulation of
lipofuscin pigment and increased GSH levels in C. elegans
treated with peptide conjugates compared to untreated ones
(Figures S8 and S9). These results indicate that these peptide
conjugates significantly reduce oxidative distress in C. elegans
and possess convincing antioxidant properties.

2.6. Peptide Conjugates Reduce Aβ1−42 Amyloid
Deposit in Transgenic C. elegans. Deposition of soluble
neurotoxic Aβ oligomers was considered the main culprit

Figure 3. Fluorescent micrographs of the C. elegans N2 strain (wild type) showing the delivery of H2S inside the worm as detected via the AzMC
dye by the peptide conjugates (1 mM) and H2S quantification by normalizing fluorescence intensity. The number of worms in each set is 30, and
observations were measured in triplicate (***P < 0.05).

Figure 4. ROS estimation using the DCFDA assay in the N2 strain of
C. elegans (wild type) upon the treatment of peptide conjugates (1
mM) in the presence of H2O2 (positive control at 20 mM). The
number of worms in each set is 100, and observations were measured
in triplicate (***P < 0.05).

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://doi.org/10.1021/acschemneuro.2c00402
ACS Chem. Neurosci. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acschemneuro.2c00402/suppl_file/cn2c00402_si_001.pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.2c00402?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.2c00402?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.2c00402?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.2c00402?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.2c00402?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.2c00402?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.2c00402?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.2c00402?fig=fig4&ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.2c00402?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


responsible for the initiation of AD pathogenesis. These Aβ
oligomers further polymerize and accumulate as senile amyloid
plaques in the brain, which worsen the conditions of AD
patients.54 Preventing the formation of fatal Aβ aggregates or
dissolution of already generated amyloid plaques is considered
one of the most effective strategies applied for the develop-
ment of AD therapies.55−57 Thereafter, we assessed the role of
the test peptides in preventing the formation of Aβ aggregates
in the CL2006 strain of C. elegans. CL2006 is a transgenic
strain that expresses human Aβ1−42 in its muscle. This strain
enables screening of potential compounds, as it exhibits a
paralysis phenotype when there are increased aggregation
conditions, and the reversal of paralysis is observed when a
potential antiaggregating intervention reduces such aggrega-
tion.58,59 The extent of amyloid β expression can also be
visualized and quantified by employing the fluorescent dye
thioflavin S.60 Thioflavin S binds specifically to amyloid fibrils
and not with Aβ monomers, resulting in precise staining of
amyloid aggregates in vivo. The quantification of Aβ fibrils was
carried out by employing transgenic C. elegans strain CL2006
after staining with thioflavin S, making it amenable to visualize
and quantify Aβ deposits in C. elegans. All of the peptides
except iAβ5 were found to be effective in reducing the
accumulation of Aβ1−42 aggregate loads in transgenic C. elegans
compared to the untreated population (Figure 5). These
results indicate that the synthesized peptide conjugates
significantly inhibit the aggregation of Aβ1−42, thus resulting
in reduced amyloid deposits in C. elegans.

2.7. Peptide Conjugates Significantly Increase the
ACh Levels of Transgenic C. elegans. Another most
important factor responsible for AD progression is degener-
ation of cholinergic neurons, resulting in a low level of
acetylcholine (ACh) production in AD patients.61 Acetylcho-
line is an important neurotransmitter involved in both central
and peripheral nervous systems and plays a pivotal role in
cognitive functions. To study the effect of our compounds on
ACh levels, we employed the transgenic CL2006 strain of C.
elegans. This transgenic strain expresses human Aβ1−42, is
reported to have significantly lower levels of ACh compared to
wild-type C. elegans, and therefore serves as a perfect in vivo
model system for studying AD pathogenesis.62

The transgenic CL2006 strain of C. elegans was treated with
the synthesized compounds, and after 48 h of treatment, the

neurotransmitter acetylcholine was quantified using LC/MS-
MS. Our synthesized H2S-releasing peptide conjugates
significantly increased the ACh levels in transgenic worms
(Figure 6). Moreover, the treatment of these peptide

conjugates lowered the activity of acetylcholinesterase
(AChE), an enzyme responsible mainly for the degradation
of ACh (Figure S11). An increase in ROS and the formation of
toxic Aβ oligomers/fibrils are mainly considered to be
responsible for low levels of ACh in AD. Oxidative distress
initiates the degeneration of the cholinergic system, particularly
by inducing lipid peroxidation of the neuronal membrane,63

whereas Aβ amyloid impairs the cholinergic system by

Figure 5. Fluorescent microscopic images of the transgenic C. elegans CL2006 strain (expressing human Aβ1−42 protein), showing the deposition of
Aβ aggregates upon treatment of peptide conjugates (1 mM) and their quantification. The number of worms in each set is 30, and observations
were measured in triplicate (***P < 0.05).

Figure 6. Estimation of acetylcholine (ACh) levels in the transgenic
CL2006 strain of C. elegans (expressing human Aβ1−42 peptide) upon
the treatment of peptide conjugates (1 mM) via LC/MS-MS. The
number of worms in each set is 3000, and observations were
measured in triplicate (***P < 0.05).
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modulating muscarinic receptor signaling, choline acetyltrans-
ferase (ChAT) activity, reduction of choline uptake, which
eventually result in the depleted level of ACh.64−66 Among all,
peptide conjugate 2 proved to be the most effective one in
increasing the ACh levels of worms (Figure 6). Peptide
conjugate 2 has better hydrogen sulfide-releasing kinetics,
improved ROS scavenging property, and significant Aβ1−42
aggregation inhibitory profile and displays good inhibition of
AChE activity. The synergistic effect of all these properties is
responsible for the considerable increase of the ACh level by
conjugate 2 in transgenic worms.

3. CONCLUSIONS
In summary, we present data on the design and synthesis of a
new class of hydrogen sulfide-releasing antiaggregating
peptides whose self-assembling tendency in the solution results
in slow H2S release. The peptide conjugates exhibit significant
antioxidant properties and are also able to reduce Aβ aggregate
burden in C. elegans. Moreover, H2S-donating peptide
conjugate 2 significantly increases the ACh level, which is an
important neurotransmitter playing a crucial role in memory,
as well as the learning process, in the transgenic C. elegans
model expressing human amyloid β. This newly developed
class of peptide conjugates ameliorates the multiple factors
associated with AD and may play a beneficial role in the
development of new therapeutics for this debilitating ailment.

4. MATERIALS AND METHODS
4.1. General Information. TLC (thin-layer chromatography)

silica gel 60F254 plates (Merck, Darmstadt, Germany) were used to
monitor the progress of the reaction by visualizing it with UV light at
254 nm. The peptide Aβ1−42 was obtained from Invitrogen (cat. no.
03-111). For chromatographic separation, 100−200 mesh silica gel
was used. 1H NMR spectra were acquired on a JEOL-JNM
spectrometer operating at either 400 or 500 MHz frequency at 25
°C with 2−10 mM compound concentrations in suitable solvents
using tetramethyl silane (TMS) as the internal standard or the solvent
signals as secondary standards. The chemical shifts (δ) were displayed
in ppm scales. The multiplicities of NMR signals were assigned as s
(singlet), d (doublet), t (triplet), q (quadruplet), br (broad), dd
(doublet of doublet), and m (multiplet or unresolved lines). Spectra
of 13C NMR were recorded at either 100 or 125 MHz frequency. On
an Agilent mass spectrometer, HRMS spectra were acquired. At 25
°C, UV−vis absorption spectra were obtained with a Varian CARY
100 Bio UV−vis spectrophotometer equipped with a 10 mm quartz
cell. The fluorescence of ThT was determined by a SpectraMax iD3
Multi-Mode Microplate Reader.

4.2. Procedure for Fmoc Protection of D-Tryptophan and 2-
Aminoisobutyric Acid. D-Tryptophan or aminoisobutyric acid (Aib,
19.39 mmol) was dissolved in a 10% Na2CO3 (aq)/dioxane (60 mL,
1:1) mixture at 0 °C. After 10 min of stirring, the solution of Fmoc−
OSu (19.39 mmol) in dioxane (20 mL) was added dropwise to the
reaction mixture by maintaining the reaction temperature at 0 °C.
The reaction mixture was then allowed to stir overnight at room
temperature. After that, dioxane was evaporated, and the aqueous
layer was acidified to pH 3 using 6 N HCl. The aqueous layer was
washed with ethyl acetate (two times), and after that, combined
organic layers were washed with brine and dried over sodium sulfate.
Ethyl acetate was evaporated under reduced pressure to give the
desired Fmoc-protected amino acids as solid powders, which were
used directly for the next reaction without purification. Yield (for
Fmoc−DTrp−OH, 8.2 g, 19.23 mmol, 99%; for Fmoc−Aib−OH, 5.3
g, 16.29 mmol, 84%).

4.3. Synthesis of 2-(2-Methoxy-4-(5-thioxo-5H-1,2-dithiol-3-
yl)phenoxy)acetic Acid. This was prepared by following the
reported procedure.26 A brown-colored solid; 1H NMR (400 MHz,
DMSO-d6): δ/ppm = 7.87 (s, 1H), 7.68−7.29 (m, 2H), 6.98 (d, J =

8.4 Hz, 1H), 4.80 (s, 2H), 3.88 (s, 3H); 13C NMR (100 MHz,
DMSO-d6): δ/ppm = 215.37, 174.47, 170.22, 151.37, 149.70, 135.17,
124.83, 120.84, 113.62, 111.13, 65.27, 56.47; FTIR (KBr) 3557, 3471,
3073, 2932, 1752, 1524, 1477, 1274, 1152, 1019, 950, 769, 632; ESI-
HRMS: [M − H]−, calculated for C12H9O4S3

− = 312.9668, observed
= 312.9669.

4.4. Synthesis of (R)-2-(2-Amino-3-(1H-indol-3-yl)-
propanamido)-2-methylpropanoic Acid (DTrp−Aib).
4.4.1. Preparation of (R)-2-(2-Amino-3-(1H-indol-3-yl)-
propanamido)-2-methylpropanoic Acid−Resin. The reaction vessel
was charged with 152 mg (0.2 mmol) of 2-chlorotrityl chloride
(CTC) resin containing 1.32 mmol/g of substitution. The resin was
swollen in dichloromethane (DCM, 3 mL) for 30 min. After swelling,
the resin was washed with dry DCM. A solution of Fmoc−Aib−OH
(195 mg, 0.6 mmol) and N,N-diisopropylethylamine (DIPEA, 209
μL, 1.2 mmol) in dry DCM/DMF (1:1 ratio, 6 mL) was then added
to the reaction vessel. The reaction mixture was allowed to agitate for
3 h by nitrogen gas purging. After that, HPLC-grade methanol (1 mL)
was added to the reaction mixture to mask any reactive group on the
resin. After 15 min, solvents were filtered, and the resin was washed
subsequently with DMF and DCM. The resin was then treated with a
20% piperidine/DMF solution (3 mL), agitated for 5 min, and
filtered. The resin was treated once more with the 20% piperidine/
DMF solution (5 mL), purged with nitrogen gas for 25 min, and then
filtered. The resin was then rinsed with DMF. To this resin, a solution
of Fmoc−DTrp−OH (256 mg, 0.6 mmol) and hydroxybenzotriazole
(HOBt, 81 mg, 0.6 mmol) in DMF (4 mL) was added, and the
reaction mixture was agitated by nitrogen gas purging. This was
followed by the addition of N,N′-diisopropylcarbodiimide (DIC, 94
μL, 0.6 mmol), and the reaction mixture allowed further 3 h agitation
under nitrogen gas purging. The Kaiser test was used to check the
coupling of amino acids. If the test was positive, the stirring process
would continue until the Kaiser test was negative. Following
completion of the coupling, the resin was filtered and washed with
DMF. After thorough washing, the resin was treated with the 20%
piperidine/DMF solution (3 mL), agitated for 5 min, and filtered.
The resin was treated once more with the 20% piperidine/DMF (5
mL) solution, agitated for additional 25 min by nitrogen gas purging,
and then filtered. The resin was rinsed with DMF and finally with
DCM. After proper washing, the resin was then vacuum-dried.

4.4.2. Preparation of (R)-2-(2-Amino-3-(1H-indol-3-yl)-
propanamido)-2-methylpropanoic Acid. The aforementioned resin
was then treated with 10 mL of a mixture of trifluoroethanol/acetic
acid/DCM (10:10:80%) and stirred for 1 h. The resin was removed
by filtration followed by solvent evaporation below 45 °C under
decreased pressure. Diethyl ether was used to precipitate the
dipeptide. The precipitate was then filtered and rinsed with diethyl
ether. The precipitate was finally dried under vacuum to yield the
crude peptide (70 mg). The crude peptide was purified by reversed-
phase HPLC (RP-HPLC) using 0.1% trifluoroacetic acid (TFA) in a
water/acetonitrile solvent system with a C-18 column, and then the
pure sample was lyophilized to yield DTrp−Aib as a white powder.
Yield (52 mg, 0.18 mmol, 89.8%). ESI-HRMS (M + H)+ calculated
for C15H20N3O3

+ = 290.1499; observed = 290.1498.
4.5. Synthesis of iAβ5. 4.5.1. Preparation of Leu−Pro−Phe−

Phe−Asp(OtBu)−Resin. It was prepared by following the same
procedure used for the synthesis of DTrp−Aib using 2-chlorotrityl
chloride resin (0.2 mmol) as a solid support with Fmoc−
Asp(OtBu)−OH, Fmoc−Phe−OH, Fmoc−Pro−OH, and Fmoc−
Leu−OH as Fmoc-protected amino acids.

4.5.2. Preparation of Leu−Pro−Phe−Phe−Asp (iAβ5). The Leu−
Pro−Phe−Phe−Asp(OtBu)−resin was treated with 10 mL of a
mixture of trifluoroacetic acid/triisopropylsilane/H2O/DCM
(30:2.5:2.5:65%), and the reaction mixture was allowed to be stirred
for 2 h. The resin was filtered, and the solvents of the filtrate were
evaporated under low pressure below 45 °C. Diethyl ether was used
to precipitate the peptide. The crude peptide (115 mg) was obtained
by drying the precipitate under vacuum. The crude peptide was
purified using RP-HPLC with 0.1% TFA in a water/acetonitrile
solvent system and a C-18 column. The purified sample was then
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lyophilized to obtain the peptide in the form of a white powder. Yield
(90 mg, 0.14 mmol, 70.5%). ESI-HRMS (M + H)+ calculated for
C33H44N5O8

+ = 638.3184; observed = 638.3200.
4.6. Synthesis of Conjugate 1. The solution of 2-(2-Methoxy-4-

(5-thioxo-5H-1,2-dithiol-3-yl)phenoxy)acetic acid (188.6 mg, 0.6
mmol) and HOBt (81 mg, 0.6 mmol) in DMF (4 mL) was added
to the Leu−Pro−Phe−Phe−Asp(OtBu)−resin (0.2 mmol). To this
solution, DIC (94 μL, 0.6 mmol) was added and the reaction mixture
was allowed to be stirred for 4 h by nitrogen gas purging. The Kaiser
test was used to check the coupling of a compound to the resin. After
the reaction was done, the resin was washed with DMF and finally
with DCM. The properly washed resin was kept in vacuum for further
drying. The dried resin was added to 10 mL of a solution of TFA/
triisopropylsilane/H2O/DCM (30:2.5:2.5:65%) and allowed to be
stirred for 2 h. The resin was filtered, and then the solvents of the
filtrate were evaporated under low pressure below 45°C. Diethyl ether
was used to precipitate the peptides. The precipitate was further dried
under vacuum to give the crude peptide (150 mg). The crude peptide
was purified using RP-HPLC with 0.1% TFA in water/acetonitrile and
a C-18 column. The purified sample was then lyophilized to obtain
the orange-yellow powder of conjugate 1. Yield (117 mg, 0.12 mmol,
63%) 1H NMR (500 MHz, DMSO-d6) δ (ppm) = 8.29 (d, J = 7.5 Hz,
1H), 8.14 (d, J = 8.2 Hz, 1H), 8.00 (d, J = 8.3 Hz, 1H), 7.84 (s, 1H),
7.75 (d, J = 8.0 Hz, 1H), 7.44−7.38 (m, 2H), 7.26−7.08 (m, 10H),
6.97 (d, J = 9.1 Hz, 1H), 4.62 (s, 2H), 4.69−4.41 (m, 3H), 4.42−4.32
(m, 1H), 4.32−4.22 (m, 1H), 3.84 (s, 3H), 3.59−3.51 (m, 1H),
3.42−3.34 (m, 1H), 3.00−2.85 (m, 2H), 2.81−2.72 (m,2H), 2.70−
2.49 (m, 2H), 1.95−1.65 (m, 4H), 1.65−1.46 (m, 1H), 1.47−1.29
(m, 2H), 0.83 (d, J = 6.5 Hz, 6H); 13C NMR (125 MHz, DMSO-d6)
δ (ppm) = 220.16, 179.10, 177.45, 176.91, 176.36, 176.01, 175.80,
175.43, 172.18, 156.25, 154.71, 142.82, 140.03, 134.53, 133.28,
133.24, 131.52, 131.43, 129.97, 125.58, 119.24, 115.93, 72.55, 64.53,
61.33, 59.07, 58.76, 53.92, 53.66, 51.95, 45.60, 42.92, 42.51, 41.26,
34.00, 29.57, 29.35, 28.50, 26.65. ESI-HRMS (M − H)− calculated for
C45H50N5O11S3

− = 932.2674; observed = 932.2657.
4.7. Synthesis of Conjugate 2. The solution of 2-(2-methoxy-4-

(5-thioxo-5H-1,2-dithiol-3-yl)phenoxy)acetic acid (188.6 mg, 0.6
mmol) and HOBt (81 mg, 0.6 mmol) in DMF (4 mL) was added
to the DTrp−Aib−resin (0.2 mmol). To this solution, DIC (94 μL,
0.6 mmol) was added and the reaction mixture was agitated for 4 h by
nitrogen gas purging. The Kaiser test was used to evaluate a sample of
resin to monitor the coupling. After completion of coupling, the resin
was rinsed with DMF and finally with DCM. After drying the resin
under vacuum, the resin was then treated with 10 mL of
trifluoroethanol/acetic acid/DCM (10:10:80%), which was agitated
for 1 h. The resin was filtered, and the solvents of the filtrate were
evaporated at reduced pressure and below 45 °C temperature. Diethyl
ether was used to precipitate the peptide. The resulting precipitate
was filtered and vacuum-dried to produce the crude peptide (117
mg). The crude peptide was purified using RP-HPLC with 0.1% TFA
in water/acetonitrile and a C-18 column. The purified sample was
then lyophilized to obtain the orange-yellow powder of conjugate 2.
Yield (95 mg, 0.16 mmol, 81%). 1H NMR (400 MHz, DMSO-d6) δ
12.20 (s, 1H), 10.82 (s, 1H), 8.28 (s, 1H), 8.03 (d, J = 8.5 Hz, 1H),
7.81 (s, 1H), 7.58 (d, J = 7.9 Hz, 1H), 7.34-7.29 (m, 2H), 7.16 (dd, J
= 8.4, 2.1 Hz, 1H), 7.10 (d, J = 2.1 Hz, 1H), 7.02 (t, J = 7.6 Hz, 1H),
6.91 (t, J = 7.3 Hz, 1H), 4.76−4.57 (m, 1H), 4.54−4.45 (m, 2H),
3.80 (s, 3H), 3.12−3.06 (m, 1H), 2.97−2.79 (m, 1H), 1.32 (s, 3H),
1.29 (s, 3H). 13C NMR (125 MHz, DMSO-d6) δ 215.36, 175.91,
174.39, 170.89, 167.08, 151.37, 149.78, 136.55, 135.20, 127.95,
125.01, 124.37, 121.36, 120.74, 119.04, 118.71, 114.10, 111.74,
111.04, 110.12, 67.79, 56.49, 55.50, 53.07, 28.75, 25.46, 25.25. ESI-
HRMS (M − H)− calculated for C27H26N3O6S3

− = 584.0989,
observed = 584.0983.

4.8. Synthesis of 7-Azido-4-methylcoumarin (AzMC). It was
prepared from 7-amino-4-methylcoumarin by following the procedure
reported in the literature.67

4.9. High-Performance Liquid Chromatography (HPLC)
Analysis. HPLC analysis was done with an Agilent technologies
1260 infinity system equipped with a quaternary pump (G1311B), an

auto liquid sampler (G1329B), a diode array detector (G1315D), and
an analytical scale-fraction collector (G1364C). A ZORBAX Eclipse
plus C-18 (250 × 4.6 mm2) column with a particle size of 5 μm was
used for peptide purification. The solvent flow rate was 1.0 mL/min,
and the mobile phase was made up of solvent A (0.1% TFA in Milli-Q
water) and solvent B (0.1% TFA in acetonitrile).

4.10. Scanning Electron Microscopy (SEM). Field emission
scanning electron microscopy (FESEM) images were taken with an
FEI QUANTA 200 microscope operated at 10 kV. From freshly made
1 mM solutions of peptides in water (for iAβ5 and DTrp−Aib), 10%
methanol/water (for conjugate 2), or 50% methanol/water (for
conjugate 1), 15 μL were drop-casted on copper stubs and left to dry
at room temperature overnight. The samples were then dried under
high vacuum for additional 15 min. After gold coating for 45 s,
FESEM images were taken.

4.11. Atomic Force Microscopy (AFM). From the stock solution
of peptides (0.1 mM in 10% MeOH/water for conjugate 1 and 0.1
mM in 1% MeOH/water for conjugate 2), 15 μL was drop-casted
onto the surface of a silicon wafer at room temperature. The samples
were left to dry at room temperature overnight, and then they were
dried under high vacuum for additional 30 min before they were
scanned. An atomic force microscope (Asylum Research, Oxford
Instruments, MFP-3D Origin) was used to scan the samples at room
temperature. The tapping mode and a constant force of 21 N/m were
used to do the scanning. A cantilever from NANOSENSORS with the
following features was used: material: n+-silicon, resistivity: 0.01−0.02
Ω cm, resonance frequency: 146−236 kHz, thickness: 7.1 μm, length:
225 μm, width: 38 μm, and force constant: 21−98 N/m.

4.12. Dynamic Light Scattering (DLS). The DLS measurement
of a 0.1 mM peptide solution (for conjugate 1: 10% methanol/water
and for conjugate 2: 1% methanol/water were used) was carried out
using a NanoBrook 90Plus PALS particle sizer and a ζ-potential
analyzer from Brookhaven Instrument. HPLC-grade methanol and
Milli-Q water were used for sample preparation. The diameter of the
particle was computed using a standard equation incorporating the
dynamic viscosity of the appropriate solvent, which is integrated into
Brookhaven Instrument software.

4.13. H2S Release Kinetics. Tetrahydrofuran was used to make
40 mM stock solutions of peptide conjugates 1 and 2. To start the
reactions, 75 μL from the 40 mM stock solutions of peptide
conjugates was added to 30 mL of phosphate buffer (pH 7.4)
containing 1.0 mM TCEP (an accelerator for H2S release). In this
way, the final working concentration of 100 μM for conjugates was
achieved. This reaction mixture was incubated at 37 °C. Aliquots of
1.0 mL from the reaction mixture were taken at regular time intervals
and mixed into a methylene blue cocktail: 30 mM FeCl3 in 1.2 M HCl
(200 μL), 20 mM N,N-dimethyl-1,4-phenylenediamine sulfate in 7.2
M HCl (200 μL), and 1% w/v Zn(OAc)2 in water (100 μL). After 15
min, a UV−vis spectrophotometer was used to measure the solution’s
absorbance at 670 nm. Following the reported protocol, the H2S
concentration was calculated by converting absorbance readings to
H2S concentrations using the standard Na2S concentration−
absorbance calibration curve.32 All experiments were repeated thrice.

4.14. Thioflavin T Assay. Lyophilized Aβ1−42 were dissolved in
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) to maintain the monomer
state of Aβ1−42 and then aliquoted to different vials according to the
desired concentration. HFIP of the aliquoted samples was removed
under gentle nitrogen flow and was then kept for additional 30 min in
a vacuum desiccator for the complete removal of HFIP traces. The
residual Aβ1−42 peptide was then dissolved in a minimum amount of 2
mM NaOH (aq). The Aβ1−42 peptide solution was sonicated for 30 s
(three times) in cold water. The Aβ1−42 peptide was diluted with 1×
PBS buffer of pH 7.4 to the final concentration of 40 μM; 50 μL from
this Aβ1−42 solution (40 μM) was taken and immediately added to the
50 μM ThT solution in 1× PBS buffer with and without an inhibitor
in a 96-well plate in such a way that the final concentration of Aβ1−42
and peptide conjugates in the solution was 10 μM. The plate was then
incubated for 24 h at 37 °C and ThT fluorescence was then measured
by setting the excitation wavelength at 435 nm and the emission
wavelength at 485 nm.
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4.15. Atomic Force Microscopy (AFM) Imaging for Studying
Aβ1−42 Aggregation. The Aβ1−42 solution was prepared in 1× PBS
with or without peptide conjugates in such a way that the final
concentration of Aβ1−42 and peptide conjugates in the solution was 10
μM. The samples were then allowed for incubation at 37 °C. From
these solutions, 50 μL of samples were taken at 0 and 24 h time
intervals and diluted four times with Milli-Q water. From the diluted
samples, 5 μL was drop-casted on a glass slide. After drying at room
temperature for 3−4 h, the samples were washed with Milli-Q water
(three times). Before AFM scanning, the samples were dried at room
temperature for 12 h, followed by 30 min of final drying under high
vacuum. The samples were scanned with AFM (Asylum Research,
Oxford Instruments, MFP-3D Origin) under tapping mode. A
cantilever with the following features was used: (1) supplier:
NANOSENSORS, material: n+-silicon, resistivity: 0.01−0.02 Ω cm,
resonance frequency: 146−236 kHz, thickness: 7.1 μm, length: 225
μm, width: 38 μm, force constant: 21−98 N/m, and (2) supplier:
Asylum Research probe, OXFORD instrument, material: silicon,
resonance frequency: 50−90 kHz, force constant: 0.6−3.5 N/m.

4.16. H2S Measurement in C. elegans. The measurement of
H2S was carried out as per the standard method.35 The nematodes
were raised on standard NGM medium streaked with bacteria E. coli
(OP50). Prior to the experiment, respective adult nematodes were
incubated at 20 °C for 2 h with a fluorescent H2S sensor, 7-azido-4-
methylcoumarin (AzMC, 50 μM). C. elegans were treated with
respective compounds (1 mM) from the L1 stage to the young adult
stage. Images of adult nematodes were obtained at the young adult
stage with a Carl Zeiss fluorescence microscope at 10× using an FITC
filter. The semiquantitative measurement of fluorescence intensity in
the unit area was then obtained using ImageJ software as described
previously.68

4.17. Estimation of Reactive Oxygen Species (ROS) in C.
elegans. The estimation of reactive oxygen species (ROS) levels
upon the treatment of compounds was carried out in the N2 strain
(wild type) by the 2′,7′-dichlorodihydrofluorescein diacetate (H2-
DCFDA) assay.26 In brief, the H2-DCFDA dye diffused inside the
worm body cells, and host cell esterase cleaved diacetate by which H2-
DCFDA was converted into 2′,7′-dichlorodihydrofluorescein (H2-
DCF) and was finally oxidized into 2′,7′-dichlorofluorescein (DCF)
by host cell ROS. The emitted fluorescence was measured at λex of
495 nm and λem at 512−527 nm. As a positive control for the
experiment, we treated the young adult worms of respective groups
with H2O2 (20 mM, Sigma cat: 32 338-1) and incubated them for 1 h
at 22 °C followed by washing thrice with 1× PBS. For analysis, 100
worms were transferred into a 96-well plate. 100 μL of the H2-
DCFDA dye (100 μM) was added to each well, and fluorescence was
measured at λex of 495 nm and λem at 512−527 nm. The respective
compounds were treated to worms from the L1 stage to the young
adult stage. The fluorescence was measured immediately before and
after the addition of dye and after incubation of 1 h. The data analysis
was done by subtracting the initial to 0 h fluorescence and then to the
final fluorescence reading, which was then divided by 100 to calculate
the fluorescence intensity per worm.

4.18. Quantification of Aβ1−42 Aggregates in C. elegans. The
quantification of Aβ fibrils was carried out employing the transgenic
C. elegans strain CL2006 (dvIs2 [pCL12(unc-54/human Abeta
peptide 1−42 minigene) + rol-6(su1006)]) expressing amyloid β,
which, when stained by thioflavin S, makes it amenable to visualize
and quantify the aggregation pattern.62 The worms were treated from
the L1 stage to the young adult stage with respective compounds (1
mM). The young adult worms of the CL2006 strain were washed
thrice with M9 buffer, followed by fixation with 4% paraformaldehyde
incubated at 4 °C overnight. The fixed worms were freeze-fractured
using liquid nitrogen to disrupt the tough worm cuticle, thus making
worm bodies permeable for the thioflavin S dye. The freeze-fractured
C. elegans were treated with permeabilization solution (300 μL; 125
mM Tris, pH 7.4, 5% fresh β-mercaptoethanol, and 1% Triton X-100)
and incubated at 37 °C for 48 h. Finally, worms were washed with
PBST (0.1%) followed by thioflavin S staining solution (Sigma,
0.125% concentration) treatment for 2 min prepared in 50% ethanol.

The stained worms were washed with 50% ethanol and mounted on
glass slides in 50% glycerol. The images were acquired by a Carl Zeiss
fluorescence microscope at 40× objective and analyzed by ImageJ.

4.19. Quantification of the Acetylcholine Level of C. elegans
Using LC-MS/MS. 4.19.1. Instrument Conditions. Acetylcholine in
C. elegans was analyzed by an LC-MS/MS (ABSciex 4000, Toronto,
Canada) equipped with an API electrospray ionization (ESI) source
by following the reported protocol.69 The curtain gas, auxiliary gas,
and collision gas parameters of the instrument were set, respectively,
to 30, 35, and 30. The voltage for the ion spray was set to 5500 V.
The parameters for the compounds: entrance potential (EP),
declustering potential (DP), collision energy (CE), and collision
exit potential (CXP), each of which, respectively, was 10, 135, 12, and
30 V. Zero air was used as the source gas, and nitrogen was used as
both collision and curtain gas. The mass spectrometer was set to the
ESI positive ion mode, and the ions were found by the multiple
reaction monitoring (MRM) mode for monitoring the transition of
m/z 146.20 precursor ion [M + H]+ to m/z 87.10 for acetylcholine.
The separation was done with a Phenomenex Luna HILIC (3 μm,
150 × 4.6 mm2) column and a mobile phase of acidified acetonitrile
(0.1% formic acid): Milli-Q water (0.1% formic acid) in the ratio of
90:10 (v/v) at a flow rate of 0.5 mL/min. Analyst software version
1.4.1 was used for data acquisition and analyses (Applied Biosystems,
MDS Sciex Toronto, Canada).

4.19.2. Sample Preparation. Acetylcholine was taken out of lysate
from 3000 worms using a simple protein-precipitation method, like
what was described before with a few small changes. In short, 150 μL
of cold acetonitrile was added to 50 μL of cell lysate as an extracting
solvent. The mixture was then vortexed for another 10 min and
centrifuged at 10 000 rpm for another 10 min. The supernatant was
separated and injected into a column to be analyzed with LC-MS/MS.
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