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Abstract

Impaired neurotransmission is linked to the progression of neurodegenerative disorders. The
impact of pathogenic factors found in the diseases on the structures and functions of
neurotransmitters has not been established, however. Here we report the discovery that the
function of a native neuropeptide, somatostatin (SST), is switched through its conformational
transition in the presence of metal ions, metal-free amyloid-g (AB), and metal-bound Ap that are
associated with toxicity observed in the brains of Alzheimer’s disease patients. These pathological
elements induce the self-assembly of SST and, consequently, prevent SST from binding to the
receptor. In the reverse direction, SST modifies the aggregation profiles of Ap species in the
absence and presence of metal ions and affects their cytotoxicity and interactions with cell
membranes. Our work demonstrates both a loss of normal function and a gain of modulative
function of SST under pathological conditions, which illuminates distinct activities of

neurotransmitters towards neurodegenerative diseases.



Neurotransmitters are essential for signal transduction throughout whole nervous systems'”.
Neuronal communications accompanied by a variety of neurotransmitters, e.g., amino acids,
small molecules, and metal ions, maintain the balance between excitatory and inhibitory synaptic
transmission®>>5, Upon being released from presynaptic neurons, neurotransmitters bind to
postsynaptic receptors, including G-protein coupled receptors (GPCRs) or ligand-gated ion
channels, subsequently initiating intracellular signalling pathways'*. Given that synaptic
dysfunction is closely related to the pathologies of neurodegenerative disorders such as
Alzheimer’s disease (AD)"®", the activities of neurotransmitters can be disrupted by pathogenic
factors in diseased states.

In the AD-affected brain, senile plaques primarily composed of amyloid-p (AB) aggregates
and metal ions are found at the synaptic gap®'>'*. Ap is an intrinsically disordered peptide and
tends to form aggregates, including oligomers and fibrils, as shown in Fig. 1a'*. Especially, soluble
and structured oligomers are shown to be toxic''®. The accumulation of highly concentrated
metal ions into senile plaques causes metal ion dyshomeostasis and miscompartmentation
leading to lowering the efficiency of neurotransmission and the activities of metalloenzymes'”'8.
Metal ions such as Cu(ll) and Zn(ll) are coordinated to Ap producing metal-bound AB (metal-Ap;
Fig. 1a) that can generate and stabilize toxic structured AP oligomers'®2. Furthermore, recent
studies revealed the spatial overlap of senile plaques in the frontal cortex and hippocampus with
somatostatin (SST; Fig. 1b), a neuropeptide that regulates the endocrine system and
neurotransmission through GPCR-mediated signalling pathways®*?, SST was also reported to

interact with AR and metal ions, e.g., copper'!2%3

, suggesting a link of SST to the amyloid
cascade hypothesis and the metal ion hypothesis towards the pathology of AD?"2%%2  Despite
these observations, the conformational and functional changes of SST in the presence of the
pathological elements observed in the AD-affected brain, with its consequent impact on their
properties, were unknown thus far.

We questioned whether SST is structurally and functionally changed under pathological
conditions associated with AD and such variations of SST can change the aggregation and
cytotoxicity profiles of AB. Thus, the interactions of SST with metal ions, metal-free Ap, and metal-
Ap and their influence on the conformational transition and GPCR binding of SST were
determined at the molecular level. Moreover, we evaluated the effects of SST on the aggregation
and toxicity of metal-free and metal-bound Ap species following its structural alteration. Overall,
our studies validate a loss of normal function and a gain of modulative function of SST through

direct contacts with the pathological elements found in AD, which illustrates the functional
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Fig. 1 | Pathogenic factors of AD and SST studied in this work. a, Metal ions, metal-free Ap,
and metal-Ap that are co-localized with SST in senile plaques. Ap tends to aggregate into
oligomers and fibrils. Metal ions, e.g., Cu(ll) and Zn(ll), can generate and stabilize toxic Ap
oligomers. b, Structure of SST determined by NMR spectroscopy (PDB 2MI12®). The amino acid
residues in a B-hairpin structure are underlined. The disulfide bond between Cys3 and Cys14 is

indicated as a cyan line. The amino acid residues depicted in magenta are critical for SST binding
to GPCR.

switching of the neurotransmitter upon the development of the disease.

Results

Metal binding of SST and its metal-induced aggregation. The binding of SST to Cu(ll) and
Zn(Il) was first monitored by ultraviolet-visible (UV-Vis) and fluorescence spectroscopy. Upon
incubation of SST with Cu(ll), a new d-d transition band at ca. 590 nm was observed, indicative
of Cu(ll) coordination to SST (Supplementary Fig. 1a). This optical band was notably shifted to

ca. 720 nm in the presence of a hexadentate chelator, EDTA (ethylenediaminetetraacetic acid),

4



which is consistent with that of Cu(ll)(EDTA)*. We further carried out fluorescence-quenching
experiments® to obtain the dissociation constant (Kg) value of Cu(ll)-SST. As depicted in Fig. 2a,
the intrinsic fluorescence of SST was decreased by titrating various concentrations of Cu(ll),
indicating that the Ky value for Cu(l1)-SST was determined to be 5.4 (+ 0.8) uM. It should be noted
that this quenched fluorescence of SST was partially recovered by addition of EDTA
(Supplementary Fig. 1b), which suggests that the change in emission is mainly driven by Cu(ll)
binding to SST. In the case of Zn(ll) binding to SST, competitive binding studies were conducted
employing Zincon (2-carboxy-2'-hydroxy-5'-sulfoformazyl-benzene monosodium salt) that is a
colorimetric metal chelator with a 1:1 Zn(ll)-to-ligand stoichiometry®. Upon titration of SST into
Zn(ll)-Zincon, the absorbance at 618 nm was reduced, as shown in Fig. 2b, supporting the
complexation of Zn(ll) with SST over Zincon with the Ky value of 38.2 (+ 10.0) uM.

Moreover, we investigated a conformational change of SST upon binding to metal ions by
circular dichroism (CD) spectroscopy and tricine-containing polyacrylamide gel electrophoresis
(tricine—PAGE). As illustrated in Fig. 2c, our CD measurements exhibited that the random coil
conformation in SST was mainly observed with a local minimum at ca. 200 nm in both the absence
and presence of metal ions at an early incubation time point (e.g., 5 min). In addition, a broad
minimum at ca. 235 nm appeared notably in the sample of Cu(ll)-added SST, which implies that
Cu(ll) binding of SST may trigger the exposure of the disulfide bond between Cys3 and Cys14 to
aqueous media®**"*8_The random coil structure was still maintained under metal-free and Zn(ll)-
present conditions even after 24 h incubation, but the structural rigidity of SST was enhanced in
the presence of Cu(ll). As displayed in Supplementary Fig. 1c, the addition of EDTA did not
recover the decreased random coil conformation shown in Cu(ll)-added SST. These observations
confirm the irreversible structural variation of SST upon binding to Cu(ll).

In addition to the analysis of secondary structures, the size distribution of the resultant SST
species was monitored by tricine—PAGE with Western blotting using an anti-SST antibody. As
presented in Fig. 2d, a single band below 2 kDa corresponding to monomeric SST (1.6 kDa) was
detected up to 24 h incubation under both metal-free and Zn(ll)-present conditions. Thus, metal-
free and Zn(ll)-added SST did not undergo the aggregation, which is consistent with the previous
reports regarding SST>*3°. Interestingly, the smearing in the gel was noticeably exhibited (< ca.
15 kDa) upon incubation of SST with Cu(ll) for 8 h and 24 h, indicative of the Cu(ll)-induced
oligomerization of SST. Therefore, SST can bind to Cu(ll) and Zn(ll) in a micromolar range and,
particularly, Cu(ll) coordination to SST alters its secondary structure resulting in its

oligomerization.
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Fig. 2 | Metal-binding and conformational studies of SST. a, Fluorescence-based titration
experiments to determine the Ky value of Cu(ll) against SST. Change in the intrinsic Trp
fluorescence of SST was monitored upon titrating various concentrations of Cu(ll). The AF/Fy
values were fitted as a function of [Cu(ll)] to estimate the Ky value for Cu(ll)-SST. Conditions:
[SST] =100 puM; [Cu(l)] =100 uM to 1 mM; 20 mM HEPES, pH 7.4; room temperature; Lex = 280
nm; Aem = 300-500 nm. Data are presented as mean + s.e.m. (standard error of the mean) of
three independent experiments. b, Titration experiments detected by UV-Vis spectroscopy to
obtain the Ky value for Zn(l1)-SST. A solution of SST was added into the solution containing
Zincon and Zn(ll). An orange curve was gained by fitting [Zn(II}-SST] as a function of [SST].
Conditions: [Zincon] = 10 uM; [Zn(Il)] = 5 uM; [SST] = 5 to 450 uM; 20 mM HEPES, pH 7.4; room
temperature. Data are presented as mean + s.e.m. (standard error of the mean) of three
independent experiments. ¢, Change in the secondary structure of SST in the absence and
presence of metal ions monitored by CD spectroscopy. Conditions: [SST] = 100 uM; [M(II)] = 100
uM; 20 mM HEPES, pH 7.4, 150 mM NaF; 37 °C; constant agitation (250 rpm). d, Size distribution
of the resultant SST species with or without metal ions probed by tricine—PAGE with Western
blotting using an anti-SST antibody. The original gel images are depicted in Supplementary Fig.
2a,b (purple marks). Conditions: [SST] = 100 uM; [M(Il)] = 100 uM; 20 mM HEPES, pH 7.4, 150

mM NaCl; 37 °C; constant agitation (250 rpm). All measurements were performed in triplicate.



Receptor binding of SST incubated with metal ions. To identify whether metal binding to SST
affects the interaction between SST and the receptor that initiates cellular signalling pathways?’,
we employed the genetically encoded GPCR-activation-based sensor (GRABssT; Fig. 3) that was
recently developed by mimicking the binding profiles of a ligand to the GPCR***?, The GRABsst
sensor includes the circularly permutated green fluorescence protein (cpGFP) in a framework of
the GPCRssr at the third intracellular loop. Upon activation of the GRABsst sensor, the
fluorescence signal from cpGFP is increased through its conformational change, as illustrated in
Fig. 3b. It should be noted that the effective concentration (ECso) value of the GRABsst sensor
against SST was measured to be 0.74 (+ 0.02) uM under our experimental settings, as shown in
Supplementary Fig. 3a, which is in a reliable range according to previously reported studies*®*2.
Moving forwards, we added SST treated with or without metal ions to HEK293T cells expressing
the GRABsst sensor. As summarized in Fig. 3c and Supplementary Fig. 3b, the receptor binding
of SST was inhibited by ca. 22% with being incubated with Cu(ll), compared to that of metal-free
SST. In the case of Zn(ll), the ability of SST to bind to the receptor was maintained. The control
samples without SST exhibited no significant fluorescence (Supplementary Fig. 3c). These results
substantiate a loss of normal function of SST in GPCR binding potentially through its aggregation
mediated by Cu(ll) binding (vide infra).

Given that the Phe7, Trp8, Lys9, and Thr10 residues in the B-hairpin conserved by the
disulfide linkage between Cys3 and Cys14, as depicted in Fig. 1b, are essential for the interaction
between SST and GPCRsst**?%, the microenvironment of this motif was further probed by
measuring the Trp fluorescence of SST with and without metal ions. As indicated in Fig. 3d, the
maximum fluorescence (Fmax) of metal-free SST was lowered by ca. 25% after 24 h incubation. In
the presence of Cu(ll), the Fmax value was reduced even at 5 min incubation, exhibiting an
additional decrease in fluorescence by ca. 75% at 24 h incubation. Furthermore, Cu(ll)-treated
SST presented a slight blue shift of the maximum wavelength (Amax) by ca. 5 nm upon incubation
from 5 min to 24 h. Notably, changes in the Fmax and Amax values of Cu(ll)-treated SST were not
restored by the addition of EDTA (Supplementary Fig. 1d). These observations suggest that Cu(ll)
binding to SST may modify the structural properties of SST with an increase in hydrophobicity
around the motif responsible for GPCR binding*. As expected from the studies using the
GRABsst sensor, Zn(ll) did not vary the fluorescence of SST. Overall, Cu(ll) coordination to SST
can interfere with the GPCR binding of SST via the conformational transition in its receptor-
interacting region upon aggregation, which possibly leads to a loss of normal function towards

GPCR-driven signalling pathways.
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Fig. 3 | Alteration in the receptor binding of SST upon incubation with metal ions. a, Scheme
of the experiments. b, Live-cell imaging experiments against the GRABsst sensor. Change in the
fluorescence is correlated to the ability of SST species to bind to the receptor. ¢, Receptor binding
of metal-free and metal-treated SST species measured by confocal microscopy. AF/F, values
were quantitatively analyzed after addition of the samples. The data sets are summarized in
Supplementary Fig. 3. n = 10-20; *P < 0.05, **P < 0.01, n.s., not significant; Kruskal-Wallis test
with Bonferroni correction. Conditions: [ABso] = 0.5 uM; [M(Il)] = 0.5 uM; [SST] = 0.5 uM. Scale
bars = 20 um. d, Change in the intrinsic Trp8 fluorescence upon incubation of metal-free and
metal-added SST species. Conditions: [SST] = 100 uM; [M(l1)] = 100 uM; 20 mM HEPES, pH 7.4,
150 mM NaCl; 37 °C; constant agitation (250 rpm); Aex = 280 nm; Aem = 300-500 nm. The

measurements were performed in triplicate.

Effects of metal-Ap and metal-free Ap on the aggregation and receptor binding of SST. To
verify the effects of Af on the conformation and function of SST, we first analyzed the samples of

SST (1,638 Da) incubated with AB4o (4,328 Da) or APz (4,515 Da) in the absence and presence



of metal ions by electrospray ionization—-mass spectrometry (ESI-MS) (Fig. 4a,b and
Supplementary Fig. 4). As displayed in Fig. 4b, in the presence of Cu(ll), the new peaks appeared
at 1,194 m/z and 1,206 m/z that are originated from +5-charged species, in addition to 820 m/z
and 1,443 m/z corresponding to monomeric SST?" and AP4o®", respectively. Under Zn(ll)-present
and metal-free conditions, the +5-charged peak at 1,194 m/z was detected. To assign the
aforementioned ions, we carried out tandem MS (ESI-MS?) by applying the collision-induced
dissociation (CID) energy against the peak of interest, as presented in Fig. 4b and Supplementary
Fig. 5. Our tandem MS studies revealed that the peak at 1,194 m/z is composed of +2-charged
SST and +3-charged Ap, thus representing the formation of a hetero-dimer. More interestingly,
the CID-associated fragmentation of the peak at 1,206 m/z indicated multiply charged SST and
ABao, both of which are bound to Cu(ll). This implies the generation of a ternary complex
comprised of SST, Cu(ll), and ABa4o. In the case of ABaz, the interactions of SST towards ABa2 with
and without metal ions were similar to those observed from AP with and without metal ions
(Supplementary Fig. 4).

To visualize the potential interactions between SST and AB, we performed docking studies
employing the structures of the two peptides that were obtained by nuclear magnetic resonance
(NMR) spectroscopy in an aqueous solution (for SST, PDB 2MI1%3; for Aps, PDB 2LFM*). As
illustrated in Fig. 4c, SST was positioned in the N-terminal region of AP4o, exhibiting multiple
intermolecular interactions (AG = —11.6 kcal/mol). Hydrogen bonds between SST and AB4o were
indicated: (i and ii) the backbone carbonyl group of Cys3 in SST and the backbone amide moiety
of His6 or Asp7 in APao; (iii) the backbone amide group of Asn5 in SST and the side chain of Ser8
in ABao; (iv) the side chain amide moiety of Asn5 in SST and the backbone carbonyl group of Ser8
in ABao. In addition, n—r stacking of Phe6 in SST and Tyr10 in Aps was observed. It should be
noted that other conformers with the AG values less than —11.0 kcal/mol were also analyzed and
summarized in Supplementary Fig. 6.

We further probed the effects of metal-Ap and metal-free Ap on the aggregation of SST by
tricine—PAGE with Western blotting using an anti-SST antibody. As depicted in Fig. 4d, the sample
of SST presented the enhanced smearing larger than 10 kDa in the gel by incubation with Cu(ll)—
ABao for 8 h and 24 h. Thus, Cu(ll)-AP4o could induce the production of SST oligomers. In the
case of Zn(I1)-ABso and metal-free APso, SST aggregates in a range from 5 kDa to 15 kDa were
formed after 8 h and 24 h treatment. To evaluate the stability of the resultant SST aggregates, we
additionally conducted sodium dodecyl sulfate (SDS)-PAGE of the samples pre-treated with urea .
As indicated in Fig. 4e, the size of the SST aggregates produced
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Fig. 4 | Influence of metal-AB and metal-free Ap on the aggregation of SST. a, Scheme of

the experiments. b, SST binding to A4 with and without metal ions monitored by ESI-MS and

ESI-MS?. SST and APs are presented with purple and gray circles, respectively. Cu(ll) is

indicated as a blue rectangle. It should be noted that Zn(ll)-bound ABs monomer was not

observed under our experimental conditions. The peaks corresponding to [SST + AB4o]®" and [SST

+ Cu(ll) + AB4o]®", found in the sample containing SST, Cu(ll), and ABao, were further characterized
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by ESI-MS?. The ESI-MS? analysis of the samples containing SST and Ao with or without Zn(ll)
is summarized in Supplementary Fig. 5. Charge states are marked above the peaks in the MS
spectra. Conditions: [SST] = 100 uM; [M(II)] = 100 uM; [AB4o] = 100 uM; 20 mM ammonium acetate;
37 °C; incubation for 3 h; constant agitation (250 rpm). The measurements were conducted in
triplicate. The samples were diluted by 10 fold before injection to the mass spectrometer. c,
Possible interactions between SST (PDB 2MI1%) with AB4o (PDB 2LFM*) visualized by docking
studies. SST and AP4o are depicted in purple and gray, respectively. The dashed lines indicate
possible hydrogen bonds (within 3.0 A) and n—n interactions (within 4.5 A) between the two
peptides. d,e, Size distribution of the resultant SST species with and without AB probed by
gel/Western blot with an anti-SST antibody. Conditions: [SST] = 100 uM; [M(I1)] = 100 uM; [ABad]
= 100 uM; 20 mM HEPES, pH 7.4, 150 mM NaCl; 37 °C; constant agitation (250 rpm). The
measurements were performed in triplicate. The original gel images are depicted in
Supplementary Fig. 2a. f, Receptor binding of SST species incubated with AR measured by
confocal microscopy. The data sets are summarized in Supplementary Fig. 8. n = 21-23; **P <
0.01, **P < 0.001; n.s., not significant; Kruskal-Wallis test with Bonferroni correction. Conditions:
[ABao] = 0.5 uM; [M(ID] = 0.5 uM; [SST] = 0.5 uM.

with Cu(Il)-ABa4o and Zn(I)-ABso was mainly between 10 kDa and 15 kDa, and these aggregates
were relatively resistant to SDS. Distinctly, in the case of SST aggregates formed with metal-free
ABao, the smearing larger than 5 kDa was weakened with a relatively prominent band below 2
kDa, which presents the different stability of SST oligomers under metal-absent conditions. In a
similar trend to AP4o, SST was observed to aggregate in the presence of metal-Aps. and metal-
free APa2, as illustrated in Supplementary Fig. 7. The SST aggregates generated by metal-Apa42
and metal-free AB42 showed the smearing bands larger than ca. 10 kDa in SDS—-PAGE, indicating
relatively stable oligomers against SDS. Together, metal-Ap and metal-free AB can trigger the
aggregation of SST to different degrees.

Lastly, we verified the ability of the SST aggregates generated with Ap species to bind to
the receptor through live-cell imaging employing the GRABsst sensor. We incubated SST with
AB4o in the absence and presence of metal ions for 24 h followed by addition to HEK293T cells
expressing the GRABsst sensor. As shown in Fig. 4f and Supplementary Fig. 8a, SST treated
with metal-ABso or metal-free Ao could not bind to the receptor by 40-55%, relative to SST
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only. It should be noted that Aps with and without metal ions did not affect the fluorescence of
the GRABsst sensor (Supplementary Fig. 8b), consistent with the previous study reporting no
uptake of Ap species into HEK293T cells*. This observation can exclude the possibility of Ap to
sterically block the SST-binding site in the GRABsst sensor. Collectively, our studies demonstrate
that both metal-AB and metal-free Ap provoke the aggregation of SST to different extents and
disrupt its GPCR binding.

Impact of SST on metal-induced and metal-free A aggregation. We examined the impact of
SST on the aggregation of metal-Ap and metal-free AB, as illustrated in Fig. 5 and Supplementary
Figs. 9 and 10. The aggregation kinetics of Ap was traced with and without metal ions by the
thioflavin-T (ThT) assay that is used for quantifying the amount of B-sheet-rich peptide species*.
As displayed in Fig. 5b, in the absence of SST, Cu(ll)-AB42 and Zn(ll)-AB42 reached the plateau
at 1 h and 4 h, respectively. Particularly, the fluorescence intensity of Cu(ll)-Ap4. was decreased
by ca. 20% after the plateau possibly because of the precipitation or the formation of ThT-
unreactive species. Upon incubation of 1 equiv of SST with metal-AB42, the ThT fluorescence
was indicated to be greater than that of metal-ApBs. without SST. Furthermore, the aggregation
kinetics of metal-AB42 was identified in the presence of sub- and supra-equimolar concentrations
of SST, as presented in Supplementary Fig. 9a. The ThT emission intensity of metal-Ap4> with
SST was increased in a concentration-dependent manner, manifesting the effect of SST on the
generation of B-sheet-rich metal-AB42 aggregates. In the case of metal-free APa2, the fluorescence
was slightly changed even with 5 equiv of SST, compared to that incubated with 0.5 and 1 equiv
of SST (Fig. 5b and Supplementary Fig. 9a). As shown in Supplementary Fig. 9b, the ti» values
for the aggregation of metal-ABs. and metal-free Aps2 were analyzed, where t2 is the half-time
when the fluorescence intensity reaches 50% of its maximum value. Based on the calculated t1,2
values, the overall aggregation kinetics of metal-Aps2 was delayed by SST, while the aggregation
of metal-free AP4> with SST was not significantly affected. In the case of Cu(ll)-ABso and Zn(Il)}-
ABao, SST could reduce the amount of the ThT-reactive species through the elongation phase and
the plateau, respectively, as described in Supplementary Fig. 10b. The influence of SST on the
aggregation of metal-Ap4o was also dependent on its stoichimetry to metal-AB4o (Supplementary
Fig. 9c). The ti» value for Cu(ll)-ABs aggregation upon treatment of SST was shortened, while
that for Zn(I1)-AP4o aggregation was moderately increased (Supplementary Fig. 9d). In addition,

the ThT fluorescence and the ti» values for metal-free AP aggregation were not notably modified
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Fig. 5 | Effects of SST on metal-induced and metal-free Ap aggregation. a, Scheme of the
aggregation studies. b, Aggregation kinetics of metal-ABs> and metal-free ABs> species upon
treatment of SST analyzed by the ThT assay. Conditions: [ABa42] = 20 uM; [Cu(Il)] =18 uM; [Zn(11)]
= 20 uM; [SST] = 20 uM; [ThT] = 20 uM; 20 mM HEPES, pH 7.4, 150 mM NaCl; 37 °C; constant
agitation (250 rpm); Aex = 440 nm; Aem = 490 Nnm. Data are presented as mean + s.e.m. (standard
error of the mean) of three independent experiments. ¢, Size distributions of the resultant metal—
AB42 and metal-free AP42 species monitored by tricine—PAGE with Western blotting using an anti-
Ap antibody (6E10). The original gel images are depicted in Supplementary Fig. 2d. Conditions:
[AB42] = 100 uM; [M(I1)] = 100 uM; [SST] = 100 uM; 20 mM HEPES, pH 7.4, 150 mM NaCl; 37 °C;
constant agitation (250 rpm). d, Morphologies of the resultant peptide aggregates detected by
TEM. Conditions: [ABa2] = 100 uM; [M(I)] = 100 uM; [SST] = 100 uM; 20 mM HEPES, pH 7.4, 150
mM NacCl; 37 °C; constant agitation (250 rpm). Scale bars = 500 nm. All measurements were
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performed in triplicate.

by incubation with sub- and supra-equimolar amounts of SST. It should be noted that no
significant fluorescence was observed from the samples containing SST with or without metal
ions under our experimental conditions. Overall, SST can vary the aggregation kinetics of Af
species, more noticeably in the presence of metal ions.

Next, the molecular weight distributions of A upon incubation with SST were determined
by tricine—PAGE using an anti-AB antibody (6E10) that can detect the N-terminal region of A*’.
As shown in Fig. 5c, in the absence of SST, AP42 oligomers below 15 kDa, including trimers and
tetramers, were observed at early incubation time points under metal-present conditions. In
contrast, such oligomeric species disappeared after 8 h incubation. Upon treatment of SST with
metal-AB42 and metal-free APa4. for 8 h and 24 h, the smearing in the gels between 4 kDa and 15
kDa was monitored, indicative of forming multiple oligomers composed of either ABs2, SST, or
both with and without metal ions. These observations regarding the intermolecular interactions
between SST and A4z oligomers in the absence and presence of metal ions were supported by
the ESI-MS studies, as depicted in Supplementary Fig. 11. The resultant peptide aggregates that
are too large to penetrate the gel matrix were detected by transmission electron microscopy
(TEM). As displayed in Fig. 5d, the morphology of the AB4> aggregates produced with metal ions
and SST was indicated to be a mixture of shorter fibrils and amorphous aggregates, compared to
branched fibrils shown in the SST-free metal-Aps. aggregates. No morphological change of
metal-free ABs2 incubated with SST was indicated, relative to that without SST, exhibiting large
and branched fibrils. The effect of SST on the molecular weight distiribution of metal-Ap4o upon
aggregation was less, but smaller fibrils of metal-Apso were produced in the presence of SST,
probed by tricine—PAGE and TEM, respectively (Supplementary Fig. 10c,d). Compared to metal-
ABao, the smearing band of metal-free Apso was vanished with treatment of SST, exhibiting the
formation of amorphous aggregates. The different reactivity of SST with AB42 over ABso may result
from the distinct distribution and conformations of Ap aggregates (particularly, oligomers) upon
aggregation®®#®. These overall observations corroborate that SST significantly modifies the
aggregation of metal-ApB, which demonstrates a gain of modulative function of SST under

pathogenic conditions.

Cytotoxicity of metal-Ap and metal-free AP treated with SST. Ap species can interact with cell
membranes and, consequently, cause cytotoxicity through multiple pathways such as blocking
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cellular receptors and forming ion channels'*%%'. Thus, we investigated the effects of SST on the
cytotoxicity induced by metal-AB and metal-free Ap as well as the AB—cell membrane interaction.
As displayed in Fig. 6a, SST pre-incubated with AB in the absence and presence of metal ions
was introduced to human neuroblastoma SH-SY5Y cells, reported to uptake Ap species*, and
the cell viability was measured by the MTT assay [MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide]. Cu(ll)-ABs2 and Zn(ll)-AP42 incubated with SST improved cell

a
24 h i
AB + M(ll) £+ SST - Peptide b c
37 °C, agitation species Cell viability Immunocytochemistry
b Fkk *HK c CU( | I)—ABH Zn( l )_ABM ABAZ
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Fig. 6 | Impact of SST on the cytotoxicity mediated by metal-Af and metal-free AB. a,
Scheme of the cell studies. b, Survival of the cells treated with ABs2 and SST with or without metal
ions. Cell viability, determined by the MTT assay, was calculated in comparison to that with an
equivalent amount of the buffered solution (20 mM HEPES, pH 7.4, 150 mM NacCl). Conditions:
[ABa2] = 10 uM; [M(I)] = 10 uM; [SST] = 10 uM. **P < 0.01, ***P < 0.001; Student’s t-test. Data
are presented as mean + s.e.m. (standard error of the mean) of three independent experiments.
¢, Live-cell localization of AP42 incubated with SST. The cell membrane was stained by a green
fluorescence membrane dye followed by immunoblotting AP species using an anti-Ap antibody
(6E10) and the Alexa Fluor 647-goat anti-mouse secondary antibody. PCCs were calculated to
present the degree on overlapping the green and red fluorescence signals. The bright-field
images are presented in Supplementary Fig. 13. Conditions: [AB42] = 10 uM; [M(11)] = 10 uM; [SST]
= 10 uM. Scale bars = 50 um. Data are presented as mean + s.e.m. (standard error of the mean)

of three independent experiments.
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survival by ca. 20% and 10%, respectively (Fig. 6b). As expected from the aggregation studies
(vide supra), SST could not significantly affect the cytotoxicity triggered by metal-free ABs2. The
cytotoxicity of metal-AB4 and metal-free Apso was not altered even with incubation of SST, as
presented in Supplementary Fig. 12.

To identify a relationship between the decrease in the cytotoxicity of Cu(ll)-ABs2 and Zn(ll)-
AB42 by SST and their interactions with cell membranes, we carried out immunocytochemistry
studies. After treatment of metal-Ap and metal-free Ap added with or without SST to living cells,
cytoplasmic membranes were stained by a fluorescent membrane dye, CellBrite green*>®2,
followed by immunoblotting A species using an anti-Ap antibody (6E10) and the Alexa Fluor 647-
goat anti-mouse secondary antibody, as illustrated in Fig. 6¢c and Supplementary Figs. 13 and 14.
When Ap species are positioned on the cellular surface, the green and red fluorescence signals
are overlapped®. To quantitatively analyze the interaction between AP species and cell
membranes, the Pearson’s correlation coefficient (PCC), indicative of the degree of the overlap
between the two fluorophores, was calculated. A PCC value greater than zero represents a
positive linear relationship between the two different variables. The PCC values for the species
of Cu(l)-ABa42 and Zn(l1)-AP42 are 0.15 (x 0.03) and 0.20 (+ 0.03), respectively, as shown in Fig.
6¢. These values were noticeably reduced by ca. 50% upon incubation of SST [0.08 (£ 0.01) and
0.11 (+ 0.02), respectively], implying the decreased interaction between cell membranes and
metal-AP42 species produced with SST. The localization of metal-free ABs> species was not
modified even after addition of SST, exhibiting a similar PCC value to that without SST. As
summarized in Supplementary Fig. 14, the PCC values for the species of metal-ABs and metal-
free APao with or without SST were almost identical. This observation suggests that SST could not
change the strength of the interactions between A4 species and cell membranes in both the
absence and presence of metal ions. Thus, SST diminishes the interaction between ABa2 species
and cell membranes under metal-present conditions. Together, SST can attenuate the cytotoxicity
induced by metal-Aps. through suppressing the AB—cell membrane interaction. This confirms a
gain of modulative function of SST against the cytotoxicity triggered by Ap, notably in the presence

of metal ions.

Discussion

Impaired neurotransmission is associated with cognitive decline upon the progression of AD"*2,

Misfolded Ap aggregates found in the AD-affected brain can cause synaptic dysfunction: (i)

blocking the receptors; (ii) aberrantly releasing neurotransmitters; (iii) trapping neurotransmitters
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into senile plaques at the synaptic cleft'’#*%'®3  To date, the mechanisms of how direct
interactions with pathogenic factors can alter the structures and functions of neurotransmitters
were unknown. This work is the first report to illustrate a loss of normal function and a gain of
modulative function of a native neurotransmitter, SST, through intermolecular interactions with
the pathogenic elements in AD, including metal ions, metal-AB, and metal-free AP, with its
subsequent conformational transition, to the best of our knowledge.

Our studies demonstrate that the interactions of SST with Cu(ll), Cu(ll)-/Zn(Il)-AB, and
metal-free AP can direct its self-assembly. Cu(ll) binding to SST decreases its random coill
structure and exposes the disulfide bond between Cys3 and Cys14 to aqueous media,
accompanied by an increase in hydrophobicity at the region responsible for GPCR binding. In the
case of AB, SST forms a hetero-dimer and a ternary complex in the absence and presence of
metal ions, respectively, with the subsequent induction of SST aggregation. The ability of the SST
aggregates produced by Cu(ll), metal-AB, and metal-free Ap to bind to the GPCR is lower than
monomeric SST in living cells. Thus, SST is conformationally changed and, consequently, loses
its normal function under pathological conditions. In a reverse direction, SST noticeably controls
the aggregation properties of metal-Ap and the morphology of the resultant aggregates. Moreover,
the effects of SST towards metal-AB4> can disrupt the interaction between the resultant metal—
AB42 aggregates and cellular membranes leading to the improvement of their cytotoxicity. These
observations support that a gain of modulative function of SST towards the aggregation and
toxicity profiles of metal-Ap. Clearly, our studies demonstrate that the structures and activities of
SST are variable depending on the conditions, which provides broader insight into how

neurotransmitters are involved in the pathologies of neurodegenerative diseases.

Methods

Materials and methods. All chemical reagents were purchased from commercial suppliers and
used as received unless otherwise stated. Synthetic SST (AGCKNFFWKTFTSC) was purchased
from Sigma-Aldrich (St. Louis, MO, USA). Synthetic ABs« (DAEFRHDSGYEVHHQKLVFFAE-
DVGSNKGAIIGLMVGGVV) and AB4+ (DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVG-
GVVIA) were obtained from Peptide Institute, Inc. (Osaka, Japan) that were purified by high-
performance liquid chromatography (HPLC) using YMC Pack ODS-A (YMC CO., LTD., Kyoto,
Japan) and Agilent ZORBAX 300SB-C18 columns (Agilent, Santa Clara, CA, USA), respectively.
HEPES [2-(4-(2-hydroxyethyl)piperazin-1-yl)ethanesulfonic acid] was purchased from Sigma-
Aldrich. The buffered solution was prepared in doubly distilled water [ddH-O; a Milli-Q Direct 16
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system (18.2 MQ-cm; Merck KGaA, Darmstadt, Germany)]. Trace metal contamination was
removed from all solutions used for experiments by treating with Chelex (Sigma-Aldrich) overnight.
The concentrations of peptides were determined by an Agilent 8453 UV-Vis spectrophotometer.
The secondary structures of SST were analyzed by a JASCO-815 150-L CD spectropolarimeter
[Jasco Inc., Tokyo, Japan; KAIST Analysis Center for Research Advancement (KARA), Daejeon,
Republic of Korea]. The absorbance and fluorescence values were determined by a SpectraMax
M5 microplate reader (Molecular Devices, Sunnyvale, CA, USA) and a HORIBA QuantaMaster
QM 400 spectrophotometer (HORIBA, Kyoto, Japan; KARA). Images gained through gel/Western
blot were visualized by a ChemiDoc MP imaging system (Bio-Rad, Hercules, CA, USA). Live-cell
imaging experiments were conducted by a ZEISS ApoTome2.0 (Carl ZEISS, Oberkochen,
Germany). ESI-MS experiments were performed by an Agilent 6530 Accurate Mass Quadrupole
Time-of-Flight (Q-TOF) mass spectrometer with an ESI source (Agilent). Morphologies of AB
aggregates produced from aggregation experiments were taken on a Tecnai F20 transmission
electron microscope (FEI Company, Eindhoven, Netherlands; KARA). Confocal microscopic
images were taken by a Zeiss LSM 880 (Carl ZEISS; KARA). Detailed experimental procedures

are described in the Supplementary Information.
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