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Conformational and functional changes of the
native neuropeptide somatostatin occur in the
presence of copper and amyloid-β
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The progression of neurodegenerative disorders can lead to impaired neurotransmission; however, the role of pathogenic factors associated with these diseases and their impact on the structures and functions of neurotransmitters have not been clearly
established. Here we report the discovery that conformational and functional changes of a native neuropeptide, somatostatin
(SST), occur in the presence of copper ions, metal-free amyloid-β (Aβ) and metal-bound Aβ (metal–Aβ) found as pathological
factors in the brains of patients with Alzheimer’s disease. These pathological elements induce the self-assembly of SST and,
consequently, prevent it from binding to the receptor. In the reverse direction, SST notably modifies the aggregation profiles of
Aβ species in the presence of metal ions, attenuating their cytotoxicity and interactions with cell membranes. Our work demonstrates a loss of normal function of SST as a neurotransmitter and a gain of its modulative function against metal–Aβ under
pathological conditions.

N

eurotransmitters are essential for signal transduction
throughout entire nervous systems1–6. Neuronal communications accompanied by a variety of neurotransmitters,
including amino acids, small molecules, metal ions, and neuropeptides, maintain the balance between excitatory and inhibitory
synaptic transmission2–4. Neuropeptides as one of the key neurotransmitters are released from the activated neurons and bind to
receptors at cellular membranes of nearby neurons, subsequently
initiating intracellular signalling pathways1,4,5. Given that dysfunction in neurotransmission is closely related to the pathologies of
neurodegenerative disorders such as Alzheimer’s disease (AD)1,6–11,
the activities of neuropeptides can be disrupted by pathogenic factors in diseased states.
In the AD-affected brain, senile plaques, primarily composed of
amyloid-β (Aβ) aggregates and metal ions, are found7,8,12. Aβ as an
intrinsically disordered peptide tends to form aggregates, including
oligomers and fibrils13, as shown in Fig. 1a, and soluble and structured oligomers have been shown to be toxic11,13–15. The accumulation of highly concentrated metal ions into senile plaques causes
metal ion dyshomeostasis and miscompartmentation, lowering the
efficiency of neurotransmission and the activities of metalloenzymes10,12,16,17. Metal ions such as Cu(II) and Zn(II) are coordinated
to Aβ producing metal-bound Aβ (metal–Aβ; Fig. 1a) that can generate and stabilize toxic structured Aβ oligomers18–22. Furthermore,
recent studies revealed the spatial overlap of senile plaques in the
frontal cortex and hippocampus with somatostatin (SST; Fig. 1b), a
neuropeptide that binds to SST receptors (SSTRs) at cellular membranes23–25. SST regulates the endocrine system and neurotransmission through G-protein-coupled receptor (GPCR)-mediated
signalling pathways23,26,27. SST was also reported to interact with Aβ
and metal ions, suggesting its link to the amyloid cascade and metal

ion hypotheses towards the pathology of AD28–31. Despite these
observations, the conformational and functional changes of SST
in the presence of pathological elements in the AD-affected brain
remain unkown.
We questioned whether SST is structurally and functionally
changed under pathological conditions associated with AD and if
such variations can modify the aggregation and cytotoxicity profiles of Aβ. Thus, we determined the molecular-level interactions of
SST with metal ions, metal-free Aβ and metal–Aβ and their influence on the conformational transition and GPCR binding of SST.
Moreover, we evaluated the effects of SST on the aggregation and
toxicity of metal-free and metal-bound Aβ 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 pathological components found in AD, which illuminates distinct activities of the neuropeptide in the development of
the disease.

Results and discussion

Conformational and functional changes of SST by metal ions.
The conformational alteration of SST in the presence of metal ions
was investigated by tricine-containing polyacrylamide gel electrophoresis (tricine–PAGE) and circular dichroism (CD) spectroscopy.
SST was incubated with or without metal ions for multiple incubation time points (Fig. 2a). The size distribution of the resultant
SST species was first monitored by tricine–PAGE with Western
blotting using an anti-SST antibody. As presented in Fig. 2b, 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(II)-present conditions. Thus, metal-free and Zn(II)-added SST
did not undergo the aggregation, which is consistent with previously
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Fig. 1 | Pathogenic factors of AD and SST studied in this work. a, Metal ions, metal-free Aβ and metal–Aβ co-localized with SST in senile plaques.
A partially folded Aβ40 (PDB 2LFM46) was presented as a representative structure in an aqueous environment. The amino acid residues in a 310 helix are in
bold. Aβ tends to aggregate into oligomers and fibrils. Cu(II) and Zn(II) can generate and stabilize toxic Aβ oligomers. b, Structure of SST determined by
NMR spectroscopy (PDB 2MI132). The amino acid residues in a β-hairpin structure are underlined. The disulfide bond between Cys3 and Cys14 is indicated
as a dashed line. The amino acid residues highlighted in magenta are critical for SST binding to GPCRs.

reported observations regarding SST32,33. Interestingly, the smearing
in the gel was noticeably exhibited (<∼15 kDa) upon treatment of
SST with Cu(II) for 8 and 24 h, indicative of the oligomerization of
SST induced by Cu(II).
The impact of metal ions on the secondary structure of SST was
monitored by CD spectroscopy. As illustrated in Fig. 2c, our CD
measurements demonstrated that the random coil conformation
in SST was mainly observed with a local minimum at ∼200 nm in
both the absence and presence of metal ions at an early incubation
time point (for example, 5 min). In addition, a broad minimum at
∼235 nm appeared notably only in the sample of Cu(II)-added SST,
which implies that Cu(II) binding of SST may contribute to the
alignment of the disulfide bond between Cys3 and Cys14 in aqueous media32,34,35. After 24 h incubation, the random coil structure
was maintained under metal-free and Zn(II)-present conditions.
Interestingly, all the CD signals of SST were decreased upon treatment of Cu(II) with SST for 24 h, indicating that Cu(II) aggravates
SST aggregation32. As displayed in Supplementary Fig. 3a, the addition of a hexadentate ligand, EDTA (ethylenediaminetetraacetic
acid), did not recover the CD signals shown in Cu(II)-added SST.
These observations imply the irreversible structural variation of
SST incubated with Cu(II).
To identify whether metal ions affect the receptor-binding
property of SST that initiates cellular signalling pathways23,26,27, we
employed the genetically encoded GPCR-activation-based sensor
(GRABSST). GRABSST mimicks the binding profiles of SST to its receptor type 5 (SSTR5), as illustrated in Fig. 2d36. The circularly permuted
green fluorescent protein (cpEGFP) is inserted at the third intracellular loop in a scaffold of SSTR5 to enhance the fluorescence signal
upon its conformational change mediated by SST binding. Note that
the exogenously expressed GRABSST sensor recruits negligible downstream signalling molecules36; thus, it only detects SST binding to
SSTR5, indicating a change in fluorescence without any physiological variations through intracellular signalling cascades. The effective
concentration (EC50) value of the GRABSST sensor against SST was
measured to be 0.74 ± 0.02 μM under our experimental settings, as
shown in Extended Data Fig. 1a, which is in a reliable range according
to previously reported studies36–38. Moving forwards, we treated SST
incubated with or without metal ions to HEK293T cells expressing
the GRABSST sensor. As summarized in Fig. 2e and Extended Data
Fig. 1b,c, the receptor binding of SST was inhibited by ∼22% by incubation with Cu(II) compared with that of metal-free SST. In the case
of Zn(II), the ability of SST to bind to SSTR5 was maintained. The
control samples without SST did not exhibit notable fluorescence
changes upon treatment onto the cells (Fig. 2e).

Given that the Phe7, Trp8, Lys9, and Thr10 residues in the
β-hairpin are essential for the interaction between SST and SSTR23,39,
the microenvironment of this motif was further probed by measuring the Trp fluorescence of SST with and without metal ions. As
indicated in Fig. 2f, the maximum fluorescence (Fmax) of metal-free
SST was lowered by ∼25% after 24 h incubation. In the presence of
Cu(II), the Fmax value was reduced even at 5 min incubation, exhibiting an additional decrease in fluorescence by ∼75% at 24 h incubation. Furthermore, Cu(II)-treated SST presented a slight blue shift
of the maximum wavelength (λmax) by ∼5 nm upon incubation from
5 min to 24 h, indicating the increase in hydrophobicity around the
motif responsible for GPCR binding40. Notably, the changes in the
Fmax and λmax values of Cu(II)-treated SST were not restored by the
addition of EDTA (Supplementary Fig. 3b). These observations suggest that Cu(II) may change the conformation of SST in an irreversible manner, possibly due to its aggregation upon binding to Cu(II).
As expected from the studies using the GRABSST sensor, Zn(II) did
not alter the fluorescence of SST. Collectively, Cu(II) can induce
the aggregation of SST and interfere with its receptor binding.
These results substantiate a loss of normal function of SST towards
GPCR-driven signalling pathways.
Metal binding of SST. Given that the conformation and function
of SST are altered in the presence of Cu(II), we probed its coordination to SST. The dissociation constant (Kd) of Cu(II)(SST) was
first determined by fluorescence-quenching experiments41. The
paramagnetic Cu(II) can quench the emission of a fluorophore
(for example, Trp8) through photoinduced electron transfer41,42. As
depicted in Supplementary Fig. 2a,b, the intrinsic fluorescence of
SST was decreased by titrating various concentrations of CuCl2 and
Cu(NO3)2. The Kd value for Cu(II)(SST) was determined to be in a
micromolar range.
Electronic absorption (Abs) and electron paramagnetic resonance
(EPR) spectroscopies were employed to probe the Cu(II)-binding
properties of SST under the same conditions used to obtain the Kd
value of Cu(II)(SST). As illustrated in Fig. 3a, in the absence of SST,
aqueous cupric ions displayed minor Abs intensities in the visible
region, as their d–d transitions are strictly forbidden due to their
centrosymmetric nature. Upon treatment with 1 equiv. of SST, however, a new Abs band appeared at ∼590 nm (17,000 cm−1), indicative of Cu(II) coordination to SST. The addition of EDTA to the
solution containing Cu(II) and SST down-shifted the Abs band to
∼720 nm (14,000 cm−1). These alterations in ligand field were also
observed in EPR spectra, as presented in Fig. 3b. Compared to
the aqueous Cu(II) solution, the Cu(II)-incubated SST solution
Nature Chemistry | www.nature.com/naturechemistry
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Fig. 2 | Conformational and functional changes of SST upon incubation with metal ions. a, Scheme of the experiments. b, Size distribution of the
resultant SST species with or without metal ions probed by tricine–PAGE with Western blotting using an anti-SST antibody. Conditions: [SST] = 100 μM;
[MCl2] = 100 μM; 20 mM HEPES, pH 7.4, 150 mM NaCl; 37 °C; constant agitation (250 r.p.m.). All measurements were performed in triplicate.
c, Change in the secondary structure of SST in the absence and presence of metal ions monitored by CD spectroscopy. Conditions: [SST] = 100 μM;
[M(NO3)2] = 100 μM; 20 mM HEPES, pH 7.4, 150 mM NaF; 37 °C; constant agitation (250 r.p.m.). Metal coordination depending on anions is negligible
under our experimental conditions (Supplementary Figs. 1 and 2). d, Schematic descriptions of the GRABSST sensor and live-cell imaging experiments. The
GRABSST sensor developed based on human SSTR5 was used. Scale bars, 20 μm. e, Binding of SST species produced upon 24 h treatment with and without
metal ions to SSTR5 monitored by confocal microscopy. ΔF/F0 values were quantitatively analysed 3 min after addition of the samples. Data are presented
as mean ± s.e.m.; n = 4–20 cells; the precise n can be found in Extended Data Fig. 1. P values are derived from a two-sided unpaired Kruskal–Wallis test
with Bonferroni correction in comparison to the cells treated with metal-free SST: P = 0.009 for cells treated with SST and Cu(II); P = 0.045 for cells
treated with SST and Zn(II). *P < 0.05, **P < 0.01. Conditions: [SST] = 0.5 μM; [MCl2] = 0.5 μM; HEK293T cells. f, Change in the intrinsic Trp8 fluorescence
upon incubation of metal-free and metal-added SST species. Conditions: [SST] = 100 μM; [MCl2] = 100 μM; 20 mM HEPES, pH 7.4, 150 mM NaCl; 37 °C;
constant agitation (250 r.p.m.); λex = 280 nm; λem = 300–500 nm. The measurements were performed in triplicate.

displayed distinctive gz and Az hyperfine features at 2,600–3,200 G
(Fig. 3b and Supplementary Fig. 4). Notably, while the aqueous
Cu(II) solution featured two different species with gzs of 2.262 and
2.295, the Cu(II)-incubated SST solution exhibited a more homogeneous Cu(II) hyperfine splitting pattern with a more reduced gz
value of 2.233, indicative of a rather specific binding site. Upon
introduction of EDTA to the Cu(II)-incubated SST solution, two gz
features grew at 2.289 and 2.330 that match the previously reported
Nature Chemistry | www.nature.com/naturechemistry

EPR signals of [Cu(EDTA)]2– and [Cu(HEDTA)]–, respectively43.
The reduced gz value and up-shifted Abs band of the SST-bound
Cu(II) species relative to those of the (H)EDTA-bound Cu(II) complexes reveal that SST provides stronger σ donation to the Cu(II)
centre than the EDTA ligand as an elevated energy level of the
Cu(II) 3dx²–y²-based molecular orbital can decrease the EPR gz value
and increase the d–d transition energies. These spectral data were
utilized to search for the SST-bound Cu(II) structure.
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Fig. 3 | Cu(II) coordination to SST and proposed mechanisms for the nucleation of Cu(II)(SST). a, Top: Abs spectra of Cu(II) with or without SST followed
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given on the right. Three other different models with variations in hydrogen bonding are shown, with their relative potential energies, in Extended Data
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bonded to carbon atoms are omitted for clarity. d, Comparison between the DFT-optimized structures of metal-free SST and Cu(II)(SST). e, Proposed
mechanisms for how the aggregation of SST upon binding to Cu(II) can be initiated. Left to right: hydrophobic interactions, antiparallel β-sheet formation
and the complexation of Cu(II)(SST) with an additional SST.

To determine the Cu(II)(SST) structure that can reproduce
the Abs and EPR spectral data, DFT models were constructed by
introducing Cu(II) to plausible coordination sites, including the
N-terminal primary amine (Ala1), the ε-amino group of Lys4
and Lys9, and the C-terminal carboxylate group (Cys14). Total 11
structures were geometry-optimized with their relative potential
energies spanning from 0 to 34 kcal mol−1 (Extended Data Fig. 2
and Supplementary Figs. 5–7). These DFT models illustrate that
the binding of two amino acid residues, such as the combinations
of Ala1/Lys4, Ala1/Cys14 and Lys9/Cys14, can greatly modify the
conformation of SST, while the coordination of Cu(II) to either
Ala1 or Cys14 alone barely affects its configuration. Although the

Ala1/Lys4 coordination costs excessive energy, the Ala1/Cys14 or
Lys9/Cys14 binding appears to be accessible given the DFT energy
error of ∼5 kcal mol−1 (Supplementary Table 1). To distinguish the
structural candidates, their Abs spectra and EPR parameters were
predicted on the Cu(II) sites, which were prepared by truncating the
structures due to computational costs. To validate DFT methods,
structurally better-established [Cu(EDTA)]2– and [Cu(HEDTA)]–
complexes were used43 (Supplementary Fig. 8). Our TDDFT computations tend to overestimate the energies of the Abs bands associated
with d–d transitions, and EPR calculations underestimate the gz
values and their differences (Supplementary Fig. 9). Among the
11 models, only Ala1Cys14-1 reproduces the decreases in the Abs
Nature Chemistry | www.nature.com/naturechemistry
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wavelength and the EPR gz value, compared to the (H)EDTA-bound
Cu(II) models, suggesting that Cu(II) can bind to the N-terminal
primary amine, the backbone carbonyl group from Ala1, and water
molecules that are hydrogen bonded to Cys14, as depicted in Fig. 3c.
The ligated water molecule can form a strong hydrogen bond to the
C-terminal carboxylate group and become deprotonated. Notably,
this Cu(II) coordination to SST folds its N-terminus and, consequently, produces a compact structure, relative to that of Cu(II)-free
SST, as shown in Fig. 3d and Supplementary Fig. 10.
Following the conformational change of SST upon binding to
Cu(II), potential mechanisms for the aggregation of Cu(II)(SST)
at the early stage are proposed (Fig. 3e): (1) hydrophobic interactions, (2) antiparallel β-sheet formation and (3) the complexation
of Cu(II)(SST) with an additional SST. First, Cu(II) coordination to SST results in its compact and more folded conformation;
thus, it could increase the probability of hydrophobic interactions
between SST monomers. The aromatic amino acid residues in SST
(that is, Phe6, Phe7, Trp8 and Phe11) could be involved in hydrophobic interactions, including π–π or C–H–π interactions. As the
second mechanism, Cu(II)(SST) could form β-sheets through
intermolecular interactions. Cu(II) binding to SST could trigger its
N-terminal folding, affording a compact structure to overcome the
critical assembly concentration44 under our experimental conditions. Lastly, Cu(II)(SST) could recruit an additional SST to produce
Cu(II)(SST)2. Based on the DFT model, the Cu(II)-binding site is
exposed to the solvent and, thus, an additional SST can be accessible to the Cu(II) centre. Note that copper–O2 chemistry may not
be involved in the aggregation of SST (Supplementary Fig. 11).
In the case of Zn(II)(SST) exhibiting limited spectral changes,
compared to Zn(II)-free SST, its Kd value was estimated by
competitive binding studies employing Zincon (2-carboxy2′-hydroxy-5′-sulfoformazyl-benzene monosodium salt), which
is a colorimetric metal chelator with 1:1 Zn(II)-to-ligand stoichiometry45. As shown in Supplementary Fig. 2c,d, upon titration of
SST into Zn(II)(Zincon), the absorbance at 618 nm was reduced,
supporting the complexation of Zn(II) with SST over Zincon. A
micromolar Kd value for Zn(II)(SST) was measured using ZnCl2
and Zn(NO3)2.
Effects of Aβ on the aggregation and receptor binding of SST. To
verify the effects of Aβ on the conformation and function of SST,
we first analysed the samples of SST (1,638 Da) incubated with
Aβ40 (4,328 Da) or Aβ42 (4,515 Da) in the absence and presence of
metal ions by electrospray ionization–mass spectrometry (ESI–MS)
(Fig. 4a,b and Supplementary Figs. 12 and 13). As displayed in
Fig. 4b, in the presence of Cu(II), new peaks appeared at 1,194 m/z
and 1,206 m/z that originate from +5-charged species, in addition
to 820 m/z and 1,443 m/z corresponding to monomeric SST2+ and
Aβ403+, respectively. Under Zn(II)-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–MS2) by
applying the collision-induced dissociation (CID) energy against the
peak of interest, as presented in Fig. 4b and Supplementary Fig. 13.
Our tandem MS studies revealed that the peak at 1,194 m/z is composed of +2-charged SST and +3-charged Aβ, thus representing the
formation of a heterodimer. More interestingly, the CID-associated
fragmentation of the peak at 1,206 m/z indicated multiply charged
SST and Aβ40, both of which are bound to Cu(II). This implies the
generation of a ternary complex comprised of SST, Cu(II) and Aβ40.
In the case of Aβ42, the interactions of SST towards metal-free and
metal-added Aβ42 were similar to those observed from Aβ40 with
and without metal ions (Supplementary Fig. 12).
To visualize the potential interactions between SST and Aβ, we
performed docking studies employing their structures that were
obtained by NMR spectroscopy in an aqueous solution (for SST,
PDB 2MI132; for Aβ40, PDB 2LFM46). As illustrated in Fig. 4c, when
Nature Chemistry | www.nature.com/naturechemistry
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SST was bound to Aβ40, multiple intermolecular interactions were
indicated (ΔG = −11.6 kcal mol−1). Hydrogen bonds between SST
and Aβ40 were indicated: (i, ii) the backbone carbonyl group of Cys3
in SST and the backbone amide moiety of His6 or Asp7 in Aβ40;
(iii) the backbone amide group of Asn5 in SST and the side chain
of Ser8 in Aβ40; (iv) the side chain amide moiety of Asn5 in SST
and the backbone carbonyl group of Ser8 in Aβ40. In addition, π–π
stacking of Phe6 in SST and Tyr10 in Aβ40 was observed. Note that
other conformers with the ΔG values lower than −11.0 kcal mol−1
were also analysed and are summarized in Supplementary Fig. 14.
We further probed the impact of metal–Aβ and metal-free Aβ
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(II)–Aβ40 for 8 and 24 h. Thus, Cu(II)–
Aβ40 could induce the production of SST oligomers. In the case of
Zn(II)–Aβ40 and metal-free Aβ40, SST aggregates in a range from 5
to 15 kDa were formed after 8 and 24 h treatment. To evaluate the
stability of the resultant SST aggregates, we additionally conducted
sodium dodecyl sulfate (SDS)–PAGE of the samples pretreated
with urea. The size of the SST aggregates produced with Cu(II)–
Aβ40 and Zn(II)–Aβ40 was mainly between 10 and 15 kDa, and
these aggregates were relatively resistant to SDS. Distinctly, in the
case of SST aggregates formed with metal-free Aβ40, 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 Aβ40, SST was
observed to aggregate in the presence of metal–Aβ42 and metal-free
Aβ42, as illustrated in Supplementary Fig. 15. The SST aggregates
showed smearing bands larger than ∼10 kDa in SDS–PAGE, indicating relatively stable oligomers against SDS. Together, metal–Aβ
and metal-free Aβ can trigger the aggregation of SST to different
degrees. Previous studies described that glycosaminoglycan heparin containing sulfate groups could accelerate the self-assembly of
SST (pI ≈ 8.6) by hindering the electrostatic repulsion between SST
monomers32,33. Considering the pI value of Aβ (∼5.5)20, electrostatic
interactions of SST with metal–Aβ and metal-free Aβ may induce
the aggregation of SST as heparin does.
Finally, we verified the ability of the SST aggregates generated
with Aβ species to bind to the receptor through live-cell imaging
employing the GRABSST sensor. We incubated SST with Aβ40 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. 4e and Extended Data Fig. 3, SST treated with metal–Aβ40 or
metal-free Aβ40 could not bind to the receptor by 40–55%, relative to
SST only. Note that Aβ40 with and without metal ions did not affect
the fluorescence of the GRABSST sensor, consistent with the previous study reporting no uptake of Aβ species into HEK293T cells47.
This observation can exclude the possibility of Aβ to sterically block
the SST-binding site in SSTR5. Collectively, our studies demonstrate
that both metal–Aβ and metal-free Aβ provoke the aggregation of
SST to different extents and disrupt its SSTR binding.
Impact of SST on Aβ aggregation. We examined the influence
of SST on the aggregation of metal–Aβ and metal-free Aβ, as
described in Fig. 5 and Supplementary Figs. 16 and 17. The aggregation kinetics of Aβ was traced with and without metal ions by the
thioflavin-T (ThT) assay, which is used for quantifying the amount
of β-sheet-rich peptide species48. As displayed in Fig. 5b, in the
absence of SST, Cu(II)–Aβ42 and Zn(II)–Aβ42 reached the plateau
at 1 and 4 h, respectively. In particular, the fluorescence intensity
of Cu(II)–Aβ42 was decreased by ∼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–Aβ42, the ThT
fluorescence was indicated to be greater than that of metal–Aβ42
without SST. Furthermore, the aggregation kinetics of metal–Aβ42
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was identified in the presence of sub- and supra-equimolar concentrations of SST, as presented in Supplementary Fig. 16a. The
ThT emission intensity of metal–Aβ42 with SST was increased in a
concentration-dependent manner, manifesting the effect of SST on
the generation of β-sheet-rich metal–Aβ42 aggregates. For metal-free
Aβ42, the fluorescence was slightly changed even with 5 equiv. of
SST compared with that incubated with 0.5 and 1 equiv. of SST. As
shown in Supplementary Fig. 16b, the t1/2 values for the aggregation
of metal–Aβ42 and metal-free Aβ42 were analysed, where t1/2 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–Aβ42 was delayed by SST. Note that SST
could not significantly affect the aggregation kinetics of metal-free
Aβ42. This observation is distinct from previously reported studies
exhibiting the inhibition of metal-free Aβ42 by SST29,30, which possibly results from different experimental conditions (for example,
concentrations of Aβ and SST, pH, ionic strength and the presence
Nature Chemistry | www.nature.com/naturechemistry

of organic solvents). In the case of Cu(II)–Aβ40 and Zn(II)–Aβ40,
SST could reduce the amount of the ThT-reactive species through
the elongation phase and the plateau, respectively, as described in
Supplementary Fig. 17b. The influence of SST on the aggregation of
metal–Aβ40 was also dependent on its stoichiometry to metal–Aβ40
(Supplementary Fig. 16c). No notable fluorescence was observed
from the samples containing SST with or without metal ions under
our experimental conditions. Therefore, SST can vary the aggregation kinetics of Aβ species, more noticeably in the presence
of metal ions.
Next, the molecular weight distribution of Aβ species
(4–240 kDa) upon incubation with SST was determined by tricine–PAGE with Western blotting using an anti-Aβ antibody
(6E10) that can detect the N-terminal region of Aβ49. As shown in
Fig. 5c, Aβ42 oligomers below 15 kDa, including trimers and tetramers, were observed in the absence of SST at early incubation time
points under metal-present conditions. In contrast, the amount of
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such oligomeric species was reduced after 8 h incubation without
SST and metal ions. Upon treatment of SST with metal–Aβ42 and
metal-free Aβ42 for 8 and 24 h, the smearing in the gels between 4
and 15 kDa was monitored, indicative of the formation of multiple
oligomers composed of either Aβ42, SST or both, with and without
metal ions. These observations regarding the intermolecular interactions between SST and Aβ42 oligomers in the absence and presence
of metal ions were supported by the ESI–MS studies, as depicted in
Supplementary Fig. 18. The morphology of the resultant large-sized
peptide aggregates (>240 kDa) was detected by transmission electron microscopy (TEM). As displayed in Fig. 5d, the morphology
of the Aβ42 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 SST-free metal–Aβ42 aggregates. No morphological change of metal-free Aβ42 incubated with
SST was indicated, relative to that without SST, exhibiting large and
branched fibrils. The effect of SST on the molecular weight distribution of metal–Aβ40 upon aggregation was less noticeable, but
smaller fibrils of metal–Aβ40 were produced in the presence of SST,

probed by tricine–PAGE with Western blotting and TEM, respectively (Supplementary Fig. 17c,d). Compared to metal–Aβ40, the
smearing band of metal-free Aβ40 vanished with treatment of SST,
showing amorphous Aβ40 aggregates that were monitored by TEM.
Moreover, the effect of SST on the aggregation of Aβ species
under metal-present conditions was further analysed. As shown
in Supplementary Fig. 19a, SST was preincubated with Cu(II) or
Zn(II) for 1, 8, and 24 h and then treated with metal-free Aβ42.
Metal-treated SST could noticeably reduce the amount of the
ThT-reactive species of Aβ42, indicative of forming amorphous
aggregates (Supplementary Fig. 19b). This observation is similar to
that from the aggregation kinetics of metal-added Aβ42, which suggests that metal ions bound to SST could be sequestrated by Aβ,
as expected from their metal-binding affinities (Kds for Cu(II)(Aβ)
and Zn(II)(Aβ), 10−10 M and 10−6 M, respectively8; Kds for Cu(II)
(SST) and Zn(II)(SST), ∼10−5 M; Supplementary Fig. 2). The size
distribution of the resultant Aβ species was also monitored by tricine–PAGE with Western blotting (6E10) (Supplementary Fig. 19c).
When SST was preincubated with metal ions for 1, 8, and 24 h and
Nature Chemistry | www.nature.com/naturechemistry
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then treated with Aβ42 for an additional 24 h, various-sized Aβ species were produced with an increase in the formation of oligomers
of ∼15 kDa, which was also observed from the sample of metal–Aβ42
incubated with SST, relative to SST-free metal–Aβ42. Such effects
were more notable as preincubation time increased. Therefore,
metal ions bound to SST could be chelated out by Aβ and the resultant SST species subsequently affect the aggregation of metal–Aβ
species. Taken together, the aggregation of both Aβ42 and Aβ40 can
be altered by treatment of SST, to different degrees, noticeably in the
presence of metal ions. The different reactivity of SST with metal–
Aβ42 over metal–Aβ40 may result from their distinct aggregation
properties generating different conformational distributions of Aβ
aggregates (particularly, oligomers) upon aggregation50,51.
Cytotoxicity of metal–Aβ and metal-free Aβ treated with SST.
Aβ species can interact with cell membranes and, consequently,
cause cytotoxicity through multiple pathways such as blocking cellular receptors and forming ion channels11,13–15,52. Thus, we investigated the effects of SST on the cytotoxicity induced by metal–Aβ
and metal-free Aβ, and the interactions between Aβ species and
cell membranes. As displayed in Fig. 6a, Aβ species preincubated
with SST for 1, 8 and 24 h in the absence and presence of metal
ions were introduced to human neuroblastoma SH-SY5Y cells for
24 h. Cu(II)–Aβ42 and Zn(II)–Aβ42 pretreated with SST for 8 and
24 h improved cell survival by ∼20% and ∼10%, respectively; however, the 1 h preincubation was not enough to recover their toxicity
(Fig. 6b). As expected from the aggregation results, SST could not
significantly affect the cytotoxicity triggered by metal-free Aβ42. The
cytotoxicity of both metal–Aβ40 and metal-free Aβ40 was not altered
even with addition of SST, as presented in Supplementary Fig. 20.
Note that SST is relatively stable for 24 h under our experimental
conditions that were used in Abs and CD spectroscopic studies
(Fig. 2c and Supplementary Fig. 20d).
To identify a relationship between the decrease in the cytotoxicity of Cu(II)–Aβ42 and Zn(II)–Aβ42 by SST and their interactions
with cell membranes, we carried out immunocytochemistry studies
in SH-SY5Y cells that can uptake Aβ species47. After treating cells
with SST-free and SST-added metal–Aβ and metal-free Aβ, cellular membranes were stained with a fluorescent membrane dye
followed by labelling Aβ species using a fluorophore-conjugated
antibody, as illustrated in Fig. 6c and Supplementary Figs. 21–23.
The co-localization of two probes for detecting cellular membranes
and Aβ, respectively, was then quantified by the Manders’ coefficient53. This parameter can provide the fraction of one probe (for
Aβ species) coincident with the second probe (for cellular membranes); therefore, the co-localization of the quantity of interest can
be verified. The Manders’ coefficients for the species Cu(II)–Aβ42
and Zn(II)–Aβ42 were calculated to be 0.45 ± 0.02 and 0.55 ± 0.04,
respectively, as shown in Fig. 6c. Upon incubation of SST, these
values were noticeably decreased by ∼40% and ∼50%, respectively, implying the reduced interaction between cell membranes
and metal–Aβ42 species incubated with SST. The localization of
metal-free Aβ42 species was not modified even with SST, as expected
from the cell viability studies. The Manders’ coefficients for the
metal–Aβ40 and metal-free Aβ40 with or without SST were almost
identical (Supplementary Fig. 22). In summary, these observations
suggest that the interactions between metal–Aβ42 species and cellular membranes were notably influenced by SST, which may be
correlated to the results obtained from the in vitro aggregation and
cell-viability investigations.

Conclusion

Impaired neurotransmission is associated with cognitive decline
upon the progression of AD1,6–9. Misfolded Aβ aggregates found in
the AD-affected brain can cause synaptic dysfunction: (1) blocking the receptors; (2) aberrantly releasing neurotransmitters; and
Nature Chemistry | www.nature.com/naturechemistry

(3) trapping neurotransmitters into senile plaques at the synaptic
cleft10,13,15,47. The mechanisms by which direct interactions with
pathogenic factors can alter the structures and functions of neurotransmitters remain unknown. Our studies demonstrate that the
interactions of SST with Cu(II), Cu(II)–/Zn(II)–Aβ and metal-free
Aβ can direct the self-assembly of SST. Cu(II) binding to SST contributes to the alignment of the disulfide bond and compacts the
N-terminal region to induce its aggregation. In the case of Aβ, it can
form a heterodimer and a ternary complex with SST in the absence
and presence of metal ions, respectively, and induce the aggregation of SST possibly through electrostatic interactions. The ability
of SST aggregates produced by Cu(II), metal–Aβ and metal-free Aβ
to bind to the GPCR is lower than monomeric SST in living cells.
Thus, SST is conformationally changed and, consequently, loses
its normal function as a neurotransmitter in the presence of these
pathogenic elements. In a reverse direction, SST noticeably modifies the aggregation of metal–Aβ and the morphology of the resultant aggregates. The interactions between metal–Aβ42 aggregates
incubated with SST and cellular membranes are reduced, leading
to their decreased cytotoxicity. These observations support a gain
of modulative function of SST against metal–Aβ. Moreover, we
probed the aforementioned effects employing a SST isoform and an
Aβ fragment. As depicted in Supplementary Fig. 24, SST28, another
biologically active SST isoform produced by proteolytically cleaving
preprosomatostatin23, could alter the aggregation of metal-treated
Aβ40 and Aβ42. Furthermore, Aβ25–35, found in senile plaques as the
shortest Aβ-derived fragment that aggregates exhibiting β-sheet
fibrils and triggers the cytotoxicity observed with full-length Aβ54,
was able to induce the aggregation of SST, but its cytotoxicity could
not be recovered by treatment with SST (Supplementary Fig. 25).
The mechanisms of such effects will be further identified in the
near future.
As additional future plans, the structures of metal(SST) complexes and their impact on Aβ aggregation and toxicity through
their contacts in vivo can be continuously analysed based on observations from our solution and cell studies. The in vivo investigations
would be challenging due to the heterogeneous nature (for example, conformation, distribution) of SST, metal ions and Aβ in the
brain; thus, we will carefully design and conduct experiments with
the proper selection of animal models. Overall, this work describes
a loss of normal function and a gain of modulative function of a
native neuropeptide, SST, through intermolecular interactions with
pathogenic elements found in AD. Our studies illuminate that the
structure and activity of SST are variable under pathological conditions, which provides broader insight into the roles of neuropeptides in the pathologies of neurodegenerative diseases.
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Methods

Materials. All chemical reagents were purchased from commercial
suppliers and used as received unless otherwise stated. Synthetic SST
(AGCKNFFWKTFTSC), SST28 (SANSNPAMAPRERKAGCKNFFWKTFTSC)
and Aβ25-35 (GSNKGAIIGLM) were purchased from Sigma-Aldrich. Synthetic
Aβ40 (DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV) and
Aβ42 (DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA)
were obtained from Peptide Institute and were purified by HPLC using YMC
Pack ODS-A (YMC) and Agilent ZORBAX 300SB-C18 columns (Agilent),
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 (ddH2O; Milli-Q Direct 16 system (18.2 MΩ·cm; Merck). Trace
metal contamination was removed from all solutions used for experiments by
treating with Chelex (Sigma-Aldrich) overnight. The Abs spectra were recorded
on an Agilent 8453 ultraviolet−visible spectrophotometer (Agilent). Images
obtained by gel/Western blot were visualized by a ChemiDoc MP imaging system
(Bio-Rad). The secondary structures of SST were analysed by a JASCO-815
150-L CD spectropolarimeter (Jasco; KAIST Analysis Center for Research
Advancement (KARA)). The absorbance and fluorescence values were determined
by a SpectraMax M5 microplate reader (Molecular Devices) and a HORIBA
QuantaMaster QM 400 spectrophotometer (HORIBA; KARA). Live-cell imaging
experiments were conducted with a Zeiss ApoTome2.0 (Carl Zeiss). X-band
continuous-wave (CW)-EPR spectra were obtained with a Bruker EMXplus EPR
spectrometer (Bruker BioSpin) equipped with an ER 4141VT digital temperature
control system (Bruker BioSpin) and an ER 4119HS cavity (Bruker BioSpin). A
JASCO J-1500 CD spectrometer was used for collecting MCD spectra (Jasco). The
MCD spectra were measured in the solenoid core bore of a Cryomagnetics 5 T
cryogen-free superconducting magnet, providing a longitudinal magnetic field
up to ± 5 T parallel to the light propagation direction. 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 Aβ aggregates
produced from aggregation experiments were taken on a Tecnai F20 transmission
electron microscope (FEI; KARA). Confocal microscopic images were taken with a
Zeiss LSM 880 (Carl Zeiss; KARA).
Preparation of SST and Aβ. SST and Aβ were dissolved in ddH2O and NH4OH
(1% w/w, aq.; Sigma-Aldrich), respectively. The resultant solutions were aliquoted,
lyophilized overnight and stored at −80 °C. A stock solution of SST was prepared
by dissolving the lyophilized peptide with ddH2O. A stock solution of Aβ was
prepared by dissolving the lyophilized peptide with NH4OH (1% w/w, aq.)
followed by addition of ddH2O, as previously reported55. The concentration of
the peptide solution was determined by measuring the absorbance at 280 nm (for
SST, ε = 5,690 M−1 cm−1; for SST28, ε = 5,625 M−1 cm−1; for Aβ40, ε = 1,450 M−1 cm−1;
for Aβ42, ε = 1,490 M−1 cm−1). The concentration of Aβ25–35 that lacks aromatic
amino acid residues was assessed by measuring the absorbance at 214 nm
(ε = 10,651 M−1 cm−1).
Gel/Western blot. SST or SST28 (100 μM) was incubated with metal ions (CuCl2
or ZnCl2; 100 μM) for 5 min, 1 h, 8 h and 24 h at 37 °C with constant agitation
(250 r.p.m.) in 20 mM HEPES, pH 7.4, 150 mM NaCl. In a similar manner, SST
(100 μM) and Aβ (100 μM) were coincubated with or without metal ions (100 μM)
in the buffered solution for 5 min, 1 h, 8 h and 24 h at 37 °C with constant agitation
(250 r.p.m.). To analyse the aggregation of SST in the presence of Cu(II) under
anaerobic conditions, SST (100 μM) was incubated with CuCl2 (100 μM) for 24 h
in 20 mM HEPES, pH 7.4, 150 mM NaCl under nitrogen gas at room temperature
with no agitation. The samples were prepared using Eppendorf tubes. The resultant
peptide species were analysed by gel/Western blot using an anti-SST antibody
(Enzo Life Science) or an anti-Aβ antibody (6E10; Biolegend)55. Each sample
(10 μL) was separated onto a tricine gel (10–20% w/v acrylamide; Invitrogen).
For the SDS–PAGE, each sample (10 μL) was denatured with urea (8 M, 4 μL;
TCI Chemicals) for 15 min and resolved through the homemade gel (6% w/v
acrylamide for stacking gels; 18% w/v acrylamide for resolving gels; 0.1% w/v SDS;
non-reducing conditions)56.
Following separation, the peptides were transferred onto nitrocellulose
membranes and blocked with bovine serum albumin (BSA, 3% w/v;
Sigma-Aldrich) in Tris-buffered saline (TBS) containing 0.1% v/v Tween-20
(Sigma-Aldrich) (TBS-T) for 3 h at room temperature or overnight at 4 °C. The
membranes were incubated with anti-SST (1:8,000) or 6E10 (1:2,000) in a solution
of BSA (2% w/v in TBS-T) overnight at room temperature. After washing with
TBS-T three times (10 min), a horseradish-peroxidase-conjugated goat anti-rabbit
secondary antibody (1:2,500 for anti-SST; Promega) or the goat anti-mouse
secondary antibody (1:5,000 for 6E10; Cayman) in a solution of BSA (2% w/v in
TBS-T) was added for 2 h at room temperature. A homemade ECL kit57 was used
to visualize the images gained by gel/Western blot on a ChemiDoc MP Imaging
System (Bio-Rad). The measurements were conducted in triplicate.
CD spectroscopy. The secondary structures of SST were analysed by CD
spectroscopy58,59. SST (100 μM) was incubated in the absence and presence of
Cu(NO3)2·nH2O or Zn(NO3)2·nH2O (100 μM) in 20 mM HEPES, pH 7.4, 150 mM
Nature Chemistry | www.nature.com/naturechemistry

NaF. The samples were incubated at 37 °C with constant agitation (250 r.p.m.). The
samples were prepared using Eppendorf tubes. CD spectra of the samples were
collected in the range from 200 to 260 nm with a cell path length of 0.5 mm. The
digital integration time, the bandwidth and the scanning speed were 4 s, 2 nm and
20 nm min−1, respectively. Each spectrum was smoothed by Fourier transforms.
The measurements were conducted in triplicate.
Receptor-binding studies. The human embryonic kidney (HEK293T) cells
were purchased from the American Type Culture Collection (ATCC). Cells
were maintained in Dulbecco’s modified Eagle’s medium (DMEM; HyClone)
supplemented with 10% v/v fetal bovine serum (FBS; HyClone) and 1% v/v
penicillin/streptomycin (HyClone). The cells were grown and maintained at 37 °C
in a humidified atmosphere with 5% CO2. The GRABSST sensor has been developed
based on human SST receptor type 5 (SSTR5) following previously reported
methods36. For the GRABSST sensor (GRAB-SST1.0) expression, HEK293T cells were
plated on a glass-bottomed dish (SPL) precoated with poly-d-lysine hydrobromide
(Sigma-Aldrich) at a density of approximately 500,000 cells mL−1 in DMEM
supplemented with 10% v/v FBS (without the antibiotics) and grown for 24 h. When
cells were grown to 80% confluency, they were transfected with the GRABSST sensor
plasmid (pAAV-hsyn-GRAB-SST1.0) using Lipofectamine 2000 (Invitrogen) and
incubated for 24 h. The culture medium was replaced with Tyrode’s solution (10 mM
HEPES, pH 7.3–7.4, 150 mM NaCl, 4 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 10 mM
glucose) before the imaging experiments. Various concentrations of samples were
applied manually into the culture dish while imaging the cells at a rate of 0.1 Hz.
GFP fluorescence emitted from the GRABSST sensor-expressing cells (GRAB-SST1.0
expression for 24 h) upon binding to SST were imaged by the fluorescent microscope
equipped with a 40× oil-immersion objective, 488 nm laser and 500–550 nm
emission filter (Zeiss Apotome 2.0; Carl Zeiss). To obtain the effective concentration
(EC50) value of the GRABSST sensor against SST, various concentrations of SST
(0.003, 0.01, 0.03, 0.05, 0.1, 0.3, 0.5, 1, 3 and 7 μM; 20 mM HEPES, pH 7.4; 150 mM
NaCl) were sequentially titrated with the cells at 1 min intervals. The change in
fluorescence (ΔF/F0) was plotted as a function of log[SST]. The EC50 value was
determined to be ∼0.74 μM by a dose–response curve-fitting using equation (1).
Fi and Ff indicate the fluorescence intensity of initial and final points at plateaus,
respectively, while p refers to the slope factor.
ΔF
Ff − Fi
= Fi +
Fmax
1 + 10log(EC50 −x)p

(1)

SST (100 μM) was incubated with or without metal chlorides (100 μM) in the
absence and presence of Aβ40 (100 μM) for 24 h at 37 °C with constant agitation
(250 rpm) in 20 mM HEPES, pH 7.4, 150 mM NaCl. The samples were prepared
using Eppendorf tubes. On the assumption that the EC50 value of the GRABSST
sensor is <1 μM, the preincubated samples were further diluted to 38 μM with
the buffered solution and mixed with the cell medium (1.3% v/v) at the final
concentration of 0.5 μM. For the quantitative analysis of the green fluorescence
changes, the mean grey values in the imaged cells were calculated by ImageJ v.1.53k
software. The baseline fluorescence value (F0) was computed by averaging the
difference in the fluorescence intensity between the region of interest (ROI) (FROI)
and the background (FBG) before treatment of the samples in the cells. We calculated
the fluorescence changes with treatment of the samples in the cells that showed F0
in the range of 50–200. The difference in the GRABSST fluorescence levels (ΔF/F0,
where ΔF = (FROI − FBG) − F0) at the time point 3 min after treatment of the samples
was averaged and presented with the s.e.m. (n = 10–21). Statistical evaluation of the
difference in receptor binding among test groups was performed by Kruskal–Wallis
test with Bonferroni correction with significance set at P = 0.05 (IBM SPSS).
Trp fluorescence quenching studies. SST (100 μM) was treated with or without
metal ions (CuCl2 and ZnCl2; 100 μM) in 20 mM HEPES, pH 7.4, 150 mM NaCl.
The samples were incubated for 5 min and 24 h at 37 °C with constant agitation
(250 r.p.m.). The samples were prepared using Eppendorf tubes. Fluorescence
spectra of the samples were recorded by a microplate reader (Molecular Devices;
λex = 280 nm; λem = 300–500 nm). The measurements were performed in triplicate.
Measurements of the Kds. The Kd values for the M(II)(SST) complexes were
measured by fluorescence and ultraviolet–visible spectroscopy, respectively.
Various concentrations of CuCl2 or Cu(NO3)2·nH2O were titrated into a solution of
SST (100 μM) in 20 mM HEPES, pH 7.4. Upon treatment with Cu(II), the intrinsic
fluorescence of SST was quenched (λex = 280 nm; λem = 300–500 nm). The change
in the fluorescence was plotted as a function of [Cu(II)]. The plot was then fitted
using equation (2) to obtain the Kd value of SST for Cu(II)41. It should be noted that
ΔF and ΔF0 represent the difference in the integrated emission intensity from 300
to 500 nm and its maximum value, respectively. The measurements were conducted
in triplicate. Thereafter, the Kd value for Cu(II)(SST) was calculated using a
nonlinear curve fitting in OriginPro 9.0 software.
ΔF
F0

=

Kd +[SST]total +[Cu(II)]−

√

(Kd +[SST]total +[Cu(II)])2 −4×[SST]total ×[Cu(II)]
2×[SST]total

(2)
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The Kd value for Zn(II)(SST) was determined by competition experiments
employing Zincon (2-carboxy-2′-hydroxy-5′-sulfoformazyl-benzene monosodium
salt; Alfa Aesar). The solutions of Zincon (10 μM; 0.4% v/v DMSO) and ZnCl2 or
Zn(NO3)2·nH2O (5 μM) were prepared in 20 mM HEPES, pH 7.4. The resultant
solution was titrated with SST (5–450 μM). The concentration of Zn(II)(Zincon)
was estimated by measuring the absorbance at 618 nm (ε = 26,200 M−1 cm−1 at
pH 7.4)45. The concentration of the Zn(II)-bound SST complex was calculated
from mass-balance equations (3)–(6). Thereafter, the Kd value for Zn(II)(SST) was
calculated using equation (7), a nonlinear regression on the basis of the Langmuir
binding isotherm, in OriginPro 9.0 software. The measurements were conducted
in triplicate.
Zn(II)(Zincon) + SST ⇋ Zincon + Zn(II)(SST)

(3)

[Zincon] = [Zincon]total − [Zn(II)(Zincon)]

(4)

[Zn(II)(SST)] = [Zn(II)]total − [Zn(II)(Zincon)]

(5)

[SST] = [SST]total − [Zn(II)(SST)]

(6)

[SST] × [Zn(II)]
Kd + [SST]

(7)

[Zn(II)(SST)] =

Abs spectroscopy. The Abs spectra of CuCl2 (100 μM) with or without treatment
of EDTA (100 μM) were obtained in 20 mM HEPES, pH 7.4. To further assess
the ligand field of SST towards Cu(II), the solution of CuCl2 (100 μM) and SST
(100 μM) was prepared in 20 mM HEPES, pH 7.4 and subsequently mixed with
EDTA (100 μM).
EPR spectroscopy. The solution of CuCl2 (100 μM) was prepared with either
EDTA (100 μM), SST (100 μM) or both in 20 mM HEPES, pH 7.4 and transferred
to EPR tubes. The EPR spectra of all frozen samples were recorded with the
following experimental parameters: microwave frequency, 9.4 GHz; microwave
power, 25 mW; modulation frequency, 100 kHz; modulation amplitude, 5 G; time
constant, 0.01 ms; conversion time, 35 ms; sweep time, 120 s; number of scans, 4;
temperature, 100 K. All the EPR spectra were simulated with the W95EPR program
developed by F. Neese.
Computational details. The Gaussian 09-d.01 package60 was used for geometry
optimizations and time-dependent density functional theory (TDDFT)61
calculations, while EPR parameters62 were calculated with ORCA 4.2.0 software63,64.
The initial geometries of [Cu(EDTA)]2– and [Cu(HEDTA)]– complexes were
obtained from X-ray crystal structures and water molecules were introduced in
consideration of hydrogen bonds43. The NMR-predicted structure of SST (PDB
2MI132) was utilized to construct the Cu(II)-bound SST models. The N-terminal
primary amine (Ala1), the C-terminal carboxylate group (Cys14), and the
ε-amino group of Lys4 and Lys9 were chosen for possible Cu(II)-binding sites, and
water molecules were added to complete the coordination sphere of the Cu(II)
site. Geometry optimizations were performed with the BP86 functional65,66, the
6-31g(d) basis set67–71, and the PCM (water) solvation model72. For the TDDFT and
EPR parameter calculations, the optimized structures were truncated to include
the Cu(II) centre and the ligands up to the second coordination sphere, and
capped with hydrogen atoms that were placed at a distance of 1.1 Å from
neighbouring carbon atoms and then geometry-optimized. The B3LYP functional73
and the 6-31g(d) basis set were used for the TDDFT and EPR parameter
calculations, while for the latter, the Cu(II) centre and the coordinated nitrogen
and oxygen donor atoms were treated with the CP(PPP)74 and EPR-III75 basis
sets, respectively.
ESI–MS. SST (100 μM) was incubated with Aβ (100 μM) in the absence and
presence of CuCl2 or ZnCl2 (100 μM) for 3 h at 37 °C with constant agitation
(250 r.p.m.) in 20 mM ammonium acetate. The samples were prepared using
Eppendorf tubes. Before injection into the mass spectrometer, the resultant samples
were diluted 10-fold with LC-grade H2O. The capillary voltage, the drying gas flow
and the gas temperature were set to 5.8 kV, 12 L min−1 and 300 °C, respectively. The
ESI parameters and experimental conditions for ESI–MS2 were the same as above.
The collision-induced dissociation was conducted by applying the collision energy
at 55 eV. The measurements were conducted in triplicate.
Docking studies. Docking studies of SST (PDB 2MI132) against Aβ40 monomer
(PDB 2LFM46) were conducted with AutoDock Vina v.1.2.076. The structures of SST
and Aβ40 were prepared through AutoDock Tools and imported into PyRx, which
was used to run AutoDock Vina76. The exhaustiveness for the docking runs was set
at 1,024. The docked models of SST with Aβ40 were visualized using Pymol 2.0.7.
The conformers (ΔG <−11.0 kcal mol−1) in the two models of SST docked to Aβ40
were analysed.

ThT assay. Aβ (20 μM), metal ions (18 μM for CuCl2; 20 μM for ZnCl2) and SST
(10, 20, and 100 μM) were incubated with ThT (20 μM) at 37 °C with constant
agitation in 20 mM HEPES, pH 7.4, 150 mM NaCl. The samples were prepared
using Eppendorf tubes. The fluorescence intensity was measured with a microplate
reader (Molecular Devices; λex = 440 nm; λem = 490 nm). The kinetic parameters
of Aβ aggregation in the absence and presence of Cu(II) were acquired by fitting
the emission curves using a modified Boltzmann-sigmoidal equation (8) in
OriginPro 9.0 software77. In the case of Zn(II)-added Aβ, the emission curves
were fitted by a hyperbolic function using equation (9)78. Fi and Ff indicate the
fluorescence intensity of initial and final time points, respectively, while k refers
the rate constant for the elongation of Aβ aggregation. The t1/2 value represents
the half-time when the ThT emission intensity reaches 50% of its maximum value.
Data are presented as mean ± s.e.m. of three independent experiments and the
measurements were carried out using Costar 96-well black polystyrene plates
(Sigma-Aldrich).
F( t ) = F i +

F( t ) =

Ff
1 + ek(t−t1/2 )

(8)

At
t + t1/2

(9)

TEM. Samples for TEM were prepared following previously reported methods55.
Glow-discharged grids (Formvar/Carbon 300-mesh; Electron Microscopy
Sciences) were treated with peptide samples (100 μM; 7.5 μL) for 2 min at room
temperature. Excess sample was removed using filter paper followed by washing
with ddH2O three times. Each grid incubated with uranyl acetate (1% w/v ddH2O;
7.5 μL) for 2 min was blotted off and dried overnight at room temperature.
Locations of the samples on the grids were randomly picked, taking more than 20
images per grid.
Cell viability studies. The human neuroblastoma SH-SY5Y cell line was purchased
from the ATCC. SH-SY5Y cells were maintained in media containing 50%
v/v minimum essential medium (MEM; GIBCO) and 50% v/v F-12 (GIBCO)
supplemented with 10% v/v FBS (Sigma-Aldrich) and 100 U mL−1 penicillin with
100 mg mL−1 streptomycin (GIBCO). The cells were grown and maintained at
37 °C in a humidified atmosphere with 5% CO2. Cell viability was determined
by the MTT assay (MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; Biosesang). Aβ40, Aβ42 or Aβ25–35 (100 μM) and SST (100 μM) were
preincubated for 1, 8, or 24 h with or without metal chlorides (100 μM) at 37 °C
with constant agitation (250 r.p.m.). The samples were prepared using Eppendorf
tubes. Cells were seeded in a 96-well plate (10,000 cells per 100 μL) and treated
with the samples to make the final concentrations of 10 μM for Aβ, metal ions and
SST. After 24 h incubation, MTT (5 mg mL−1 in PBS, pH 7.4, GIBCO; 25 μL] was
added to each well and the plate was incubated for 4 h at 37 °C. Formazan produced
by cells was solubilized using an acidic solution of N,N-dimethylformamide (DMF;
pH 4.5, 50% v/v, aq.) and SDS (20% w/v; Wako Chemicals) overnight at room
temperature in the dark. Absorbance was measured at 600 nm with a microplate
reader (Molecular Devices). Cell viability was calculated, compared to that of the
cells treated with an equivalent amount of the buffered solution (20 mM HEPES,
pH 7.4, 150 mM NaCl). Data are presented as mean ± s.e.m. of three independent
experiments. For statistical analysis, Student’s t-test was used.
Immunocytochemistry studies. SH-SY5Y cells were plated on an imaging dish
(35 mm; 45,000 cells per 1.5 mL) and incubated for 48 h. Aβ (100 μM) and SST
(100 μM) were preincubated in the absence and presence of metal ions (CuCl2 or
ZnCl2; 100 μM) for 24 h at 37 °C with constant agitation (250 r.p.m.). The samples
were prepared using Eppendorf tubes. Cells were treated with the samples to make
the final concentrations of 10 μM for Aβ, metal ions and SST. After 24 h incubation,
cellular membranes were stained with the CellBrite green cytoplasmic membrane
dye (1:2,000 in growth medium; Biotium) for 30 min. After washing with fresh
growth medium two times (5 min), the cells were fixed with 4% w/v formaldehyde
(Sigma-Aldrich) in PBS (GIBCO) for 15 min. Following the fixation, cells were
blocked with BSA (3% w/v in TBS; Sigma-Aldrich) for 1.5 h at room temperature.
The cells were incubated with 6E10 (1:2,000; Biolegend) in the solution of BSA
(2% w/v in TBS) for 2 h. After washing with TBS (4×, 5 min), Alexa Fluor 647-goat
anti-mouse secondary antibody (1:1,000; Invitrogen) in a solution of BSA (2%
w/v in TBS) was added for 1 h at room temperature. The cells were then washed
with TBS (4×, 5 min) and stored at 4 °C. At least four randomly selected fields per
condition were captured with a Zeiss LSM 880 confocal microscope (KARA). To
avoid crosstalk interference between multiple fluorescent channels, fluorescent
images were sequentially scanned (λex = 488 nm for a cellular membrane dye;
λex = 647 nm for an anti-mouse secondary antibody). A series of the z-stack images
was acquired with a 1 μm step size and projected on two-dimensional images
by selecting the highest fluorescent intensity from each slice using ZEN blue 3.2
software. The Manders’ correlation coefficient was calculated using the Coloc2
plugin in Fiji 2.1.1 software, and is indicative of the co-localization of the quantity
of interest, which is completely independent on the signal proportionality53.
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Data availability

All experimental details and data supporting the findings of this study are available
within the paper and its Supplementary Information. The data are also available
from the corresponding authors upon reasonable request. Source data are provided
with this paper.
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Extended Data Fig. 1 | Receptor-binding studies of SST treated with and without metal ions. a, Titration experiments to determine the EC50 value of the
GRABSST sensor against SST. Various concentrations of SST were sequentially added to the GRABSST sensor-expressing HEK293T cells at a 1 min interval.
The ΔF/F0 values were plotted as a function of log[SST] and fitted to obtain the EC50 value. Data are presented as mean ± s.e.m. (standard error of the
mean); n = 9. Conditions: [SST] = 0.003, 0.01, 0.03, 0.05, 0.1, 0.3, 0.5, 1, 3, and 7 μM; 20 mM HEPES, pH 7.4, 150 mM NaCl. b, Change in the fluorescence
intensity of the GRABSST sensor upon addition of SST incubated with or without metal ions. Data are presented as mean ± s.e.m. (standard error of the
mean); n = 20 (without metal ions), n = 10 (with metal ions). c, Fluorescence measurements of the GRABSST sensor after administration of metal ions and
vehicle (buffered solution). Data are presented as mean ± s.e.m. (standard error of the mean); n = 4–10 per group. Conditions: [SST] = 0.5 μM; [MCl2]
= 0.5 μM; 20 mM HEPES, pH 7.4, 150 mM NaCl; 24 h incubation; constant agitation. The vertical lines indicate time points when the ΔF/F0 values were
quantitatively analyzed and compared between groups.
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Extended Data Fig. 2 | DFT models of Cu(II)(SST). a, Energy-minimized geometry of SST. The amino acid residues that can coordinate to Cu(II)
are circled. Yellow, gray, blue, red, and white balls indicate S, C, N, O, and H atoms, respectively. H atoms bonded to carbon atoms are omitted for
clarity. b, Comparison of the DFT models of Cu(II)(SST). Total 11 models were constructed and their relative potential energies (ΔE in kcal/mol), the
TDDFT-calculated Abs band energies ( v̄max in cm-1), and EPR gz parameters are summarized. The model Ala1Cys14-I exhibits the highest v̄max and
the smallest gz value that reproduce the experimental results, with a reasonable stability given the DFT energy error (ca. 5 kcal/mol). c, DFT models
(Ala1Cys14-II–IV) of Cu(II)(SST). The Cu(II) center is coordinated to the N-terminal primary amine (Ala1) and water molecules that are hydrogen bonded
to Cys14. Three different structures obtained with variations in hydrogen bonding are given, with their relative potential energies at the bottom. The
truncated Cu(II) sites used for spectroscopic calculations are depicted at the bottom. Compared to the Cu(II)-free SST structure (coloured lines), major
configurational changes were observed and highlighted in dashed circles. Orange, yellow, gray, blue, red, and white balls indicate Cu, S, C, N, O, and
H atoms, respectively, and H atoms bonded to carbon atoms are omitted for clarity.
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Extended Data Fig. 3 | Receptor-binding studies of SST incubated with Aβ40. a, Change in the fluorescence of the GRABSST sensor upon addition of SST
treated with Aβ40 in the absence and presence of metal ions. Data are presented as mean ± s.e.m. (standard error of the mean); n = 19–21 per group.
b, Fluorescence measurements of the GRABSST sensor after administration of metal-added and metal-free Aβ40 without SST. Data are presented as mean
± s.e.m. (standard error of the mean); n = 10 per group. Conditions: [SST] = 0.5 μM; [MCl2] = 0.5 μM; [Aβ40] = 0.5 μM; 20 mM HEPES, pH 7.4, 150 mM
NaCl; 24 h incubation; constant agitation. The vertical lines indicate time points when the ΔF/F0 values were quantitatively analyzed and compared
between groups.
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n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one- or two-sided
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
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Software and code
Policy information about availability of computer code
Data collection

Agilent 6530 Accurate Mass Quadrupole Time-of-Flight (Q-TOF) mass spectrometer with an ESI source (Agilent, Santa Clara, CA, USA)
Agilent 8453 UV−Vis spectrophotometer (Agilent, Santa Clara, CA, USA)
ChemiDoc MP imaging system (Bio-Rad, Hercules, CA, USA)
JASCO-815 150-L CD spectropolarimeter (for CD; Jasco Inc., Tokyo, Japan)
SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale, CA, USA)
HORIBA QuantaMaster QM 400 spectrophotometer (HORIBA, Kyoto, Japan)
ZEISS ApoTome2.0 (Carl ZEISS, Oberkochen, Germany)
Zeiss LSM 880 (Carl ZEISS, Oberkochen, Germany)
Bruker EMXplus EPR spectrometer (Bruker BioSpin, Silberstreifen, Rheinstetten, Germany) equipped with an ER 4141VT digital temperature
control system (Bruker BioSpin) and an ER 4119HS cavity (Bruker BioSpin)
JASCO J-1500 CD spectrometer (for MCD; Jasco Inc., Tokyo, Japan)
Tecnai F20 transmission electron microscope (FEI Company, Eindhoven, Netherlands)
Zeiss LSM 880 (Carl ZEISS; KARA)
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OriginPro 9.0
ImageJ v1.53k
IBM SPSS®
W95EPR program
Gaussian 09-d.01 package
ORCA 4.2.0
AutoDock Vina v.1.2.0
Pymol 2.0.7
Coloc2 plugin in Fiji 2.1.1 software
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Data analysis

All experimental details and data supporting the findings of this study are available within the paper and its Supplementary Information. Source data are provided
with this paper. The data are also available from the corresponding authors upon reasonable request.
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Sample size

No statistical methods were used to predetermine the sample size for in vitro experiments. The sample size chosen for each experiment was
sufficient to support the conclusions. For receptor-binding studies using the GRAB sensor, the sample sizes varied between 9 and 23 to verify
experimental reproducibility and to obtain mean +/- s.e.m. Sample sizes are indicated in the figure legends wherever applicable.

Data exclusions

All data sets are included and analyzed.

Replication

Three independent experiments were performed to ensure reproducibility, and all the replicas were significantly correlated.

Randomization

No formal randomization was done because this was not applicable in our study.

Blinding

No formal blinding was done because this was not applicable in our study.
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Antibodies used

Anti-Aβ antibody (6E10) (catalog #: SIG-3920; Covance, Princeton, NJ, USA)
Anti-SST antibody (catalog #: BML-SA1267-0025; Enzo Life Science, Ann Arbor, MI, USA)
Goat anti-rabbit secondary antibody conjugated with horseradish peroxidase (catalog #: W4011; Promega, Madison, WI, USA)
Goat anti-mouse secondary antibody conjugated with horseradish peroxidase (catalog #: 10004302; Cayman, Ann Arbor, MI, USA)
Alexa Fluor 647-goat anti-mouse secondary antibody (catalog #: A-21235; Invitrogen, Carlsbad, CA, USA)

Validation

All commercial antibodies have been validated and published, with relevant information existing in the pertaining website.
For anti-Aβ antibody (6E10), it is reactive to amino acid residue 1-16 of human beta amyloid. The epitope lies within amino acids 3-8
of beta amyloid (EFRHDS). Application: WB (Quality tested), Direct ELISA, IHC-P (Verified), IHC-F, EM, ICC (Reported in the literature,
not verified in house). For anti-SST antibody, it recognizes the C-terminus of somatostatin-14 in a wide range of mammalian and nonmammalian species, including mouse and human. It does not cross-react with the N-terminus of somatostatin-28. Applications: IHC,
Immunoelectron microscopy.

Eukaryotic cell lines
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Policy information about cell lines
Cell line source(s)

HEK293T and SH-SY5Y cells were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA).

Authentication

Cells were authenticated by the ATCC. No further authentication of cell lines was performed by the authors.

Mycoplasma contamination

Cells were routinely tested for mycoplasma every 1 year, and the cell lines used tested negative for mycoplasma
contamination.

Commonly misidentified lines

No commonly misidentified cell lines were used.

(See ICLAC register)

April 2020

3

