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Copper ions can promote amyloid diseases that are associated with amyloid peptides, such as type 2 diabetes (T2D),
Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS). However, the underlying
molecular mechanism remains obscure. Here we present that Cu?" is able to specifically bind to the backbone of T2D-
related human islet amyloid polypeptide (hIAPP) by forming a ring structure, which causes the reduction of Cu>* to Cu™
to produce reactive oxygen species (ROS) and the modulation of hIAPP aggregation. Nuclear magnetic resonance spec-
troscopy showed that Cu>* bound to the backbone of a turn region, His18-Ser21, which is critical for hIAPP aggregation.
Ab initio calculations and x-ray absorption fine structure analyses revealed that Cu?* simultaneously bound with both the
amide nitrogen and carbonyl oxygen on the peptide backbone, resulting in a ring structure, and causing the reduction of
Cu?* to Cut to form a hIAPP-Cu™ complex. 2/,7'-dichlorodihydrofluorescin diacetate fluorescence measurements further
indicated that this complex led to enhanced ROS levels in rat insulinoma cells. Additionally, thioflavin T fluorescence and
atomic force microscopy measurements denoted that the backbone-Cu ring structure largely modulated hIAPP aggregation,
including the inhibition of hIAPP fibrillation and the promotion of peptide oligomerization. These findings shed new light
on the molecular mechanism of Cu* -induced amyloid toxicity involving both the enhancement of ROS and the modulation
of hIAPP aggregation.

Keywords: interactions between metal ion and protein, quantum chemistry calculation, protein aggregation,

amyloid diseases
PACS: 87.15.—v, 87.15.kp, 31.15.ae, 68.37.Ps

1. Introduction

Copper ions are closely associated with amyloid diseases,
such as type 2 diabetes (T2D), Alzheimer’s disease (AD),
Parkinson’s disease (PD), and amyotrophic lateral sclerosis
(ALS).1'=7! Clinical findings showed that the Cu concentra-
tions of T2D and AD patients were significantly higher than
that of healthy people.!®°! However, the mechanism of Cu?*-
mediated amyloid toxicity remains obscure.!”-!%1 There are
two prevailing views, the oxidative stress hypothesis and the
oligomer hypothesis, for amyloid toxicity. In the first hy-
pothesis, oxidative stress was suggested as a major player
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The binding of
redox-active Cu’" to the amyloid peptide can induce the

in the pathogenesis of amyloid diseases.

donation of electrons from amyloid peptide to Cu®* ion to
form a peptide-Cu™ complex, which can stimulate oxidative
stress in a toxicity manner.!''=13] In the second hypothesis,
oligomers or oligomer-like structures, rather than fibrils, were
proposed to be the major cause of amyloid diseases./'*!]
Cu** can promote the oligomerization of T2D-related human
islet amyloid polypeptide (hIAPP) and inhibit the fibrillation
of these peptides.!!®!71 Under certain conditions, Cu>* and

small molecules can also promote the oligomerization of AD-
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related amyloid-f3 peptides (Af) in a concentration-dependent
manner.['8-2! These different views highlight the importance
of elucidating the interaction mode of Cu®** with amyloid pep-
tides at the atomic level, which can largely promote the under-
standing of copper-induced amyloid toxicity.

Here, based on various biophysical approaches and theo-
retical analyses, we investigated the interaction of Cu®>* with
hIAPP (Protein Data Bank (PDB) code 2KBS), which is a typ-
ical amyloid peptide that is implicated in T2D.[*?! We revealed
that Cu®* can specifically bind to the backbone of hIAPP by
forming a ring structure, causing the reduction of Cu>* to Cu*
to produce reactive oxygen species, the inhibition of hIAPP
fibrillation and the promotion of peptide oligomerization.

2. Results and discussion
2.1. Backbone-Cu ring structure of hIAPP peptide

We first performed nuclear magnetic resonance (NMR)
spectroscopy to explore the specific binding sites of Cu?* in

the hIAPP(11-28) peptide, which is a fragment involved in
amyloid aggregation.!??! Titrating with Cu®* caused specific
signal reduction of the cross peaks between Hf} and the back-
bone amide protons of His18, Ser19, Ser20 and Ser28, as well
as the cross peak between Ho and the backbone amide pro-
ton of Ser28 (Fig. 1). In contrast, Zn’>* did not induce reduc-
tions in specific signals of the hIAPP peptide (Fig. 1). These
results strongly suggest that Cu?*, but not Zn>*, is able to
specifically bind to the backbones of His18, Ser19 and Ser20.
In addition to the backbones of His18—Ser20, peak intensity
changes of sidechains were also detected. The intensities of
the cross peak between the imidazole HO2 and Hf of His18
and the cross peak between the carboxamide NH21 and NH22
of Asn21 were specifically reduced upon Cu®* titration (sup-
plementary Figs. 1 and 2, Table 1). In contrast, the intensities
of these cross peaks remained nearly unchanged with Zn>*
addition.
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Fig. 1. Specific binding of Cu?* to the backbone of hIAPP. (a) Superimposed 'H-'H TOCSY spectra of the hIAPP(11-28) peptide in the region of
the backbone amide groups. Left: with (red) and without (black) the addition of Cu?t, Right: with (red) and without (black) Zn**. The orange
labels indicate the cross peaks exhibiting a substantial change caused by the addition of metal ions. (b) Cross peak intensity changes in hIAPP(11-28)
caused by Cu>* and Zn>*. The intensity ratio between with and without the addition of Cu®* (left) or Zn** (right) based on 'H-'"H TOCSY spectra
in the region of the hIAPP backbone amide groups. The orange denotes the cross peaks with an intensity ratio of less than 0.32.

Based on the NMR observations and considering the po-
tential match between the size of the Cu>* ion and the space
between the neighboring amide nitrogen and carbonyl oxy-
gen atoms of the peptide backbone, we proposed that Cu*
may bind to the hIAPP backbone by forming a ring structure
(Fig. 2(a)). A model peptide, HCO-Ser-NH;, was used to-
gether with a hydrated Cu®* ion ([Cu(H,0)5]>+)?* (denoted

as Cu(aq)**) to simulate the interaction of Cu’** with the
Ser19 or Ser20 backbone in hIAPP. As shown by ab initio sim-
ulations, Cu(aq)>* can strongly interact simultaneously with a
carbonyl oxygen (—O-) and its neighboring amide nitrogen (—
N-) in the backbone, thereby resulting in a ring structure com-
posed of Cu, —-N—, —O- and the neighboring carbonyl carbon
C1 and a-carbon C2 in the peptide backbone (Fig. 2(a) right),
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which is denoted as —O—Cu(aq)-N—. The binding energy of
this state was calculated to be —27.65 kcal/mol (Fig. 2(c),
Eq. (1)), which was much stronger than the thermal fluctua-
tion (approximately 0.6 kcal/mol at 7 = 300 K) and the hydro-
gen bond strength (approximately 5.0 kcal/mol) of water. This
result strongly suggests that Cu(aq)>* is stably bound to the
backbone —O— and —-N—, whereas the two water molecules ini-
tially coordinated to Cu®* are released, and the amide hydro-
gen H initially bound to -N— is substituted by Cu** (Fig. 2(a),
right). In the structure —-O—-Cu(aq)-N-, the distances of Cu to
the nearest neighboring atoms —N— and —O- and to the next
nearest neighboring atoms C1 and C2 were 1.87 A, 1.96 A,

2.70 A and 2.81 A, respectively. The Cu-O distance (1.96 A)
in —O—Cu(aq)-N- was less than the averaged distance (2.03 A)
of Cu—O in [Cu(H,0)s]*". Subsequent occupied orbital anal-
yses of -O—Cu(aq)-N-showed that few electrons were present
that simultaneously belonged to the Cu, -N- and —O-, sug-
gesting weak covalent bonds of the Cu with the -N— and —O—
atoms. Moreover, the Cu ion bound to the peptide backbone
exhibited a Mullikan charge of only +0.94e, indicating that
Cu®* is reduced to Cu™ to form a peptide-Cu™t complex. Ad-
ditionally, the backbone-Cu ring structure —O—Cu(aq)-N- was
also found in the simulations of Cu(aq)>* binding to the back-
bone of peptide model HCO-His-NH; for His18.
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Fig. 2. Formation of backbone-Cu ring structure upon the binding of Cu®>* to hIAPP. (a)—(c) A theoretical model of Cu>* binding to the
hIAPP backbone by forming a ring structure. (a) Upon Cu?* binding to the Ser backbone, the amide hydrogen H (in the upper panel, right) is
substituted by Cu®* (in the lower panel, right), and Cu®" is reduced to Cu™. Left: The yellow ribbon, light green sticks and brown sphere stand
for hIAPP backbone, Ser19 and Cu ion, respectively. Right: The model peptide HCO-Ser-NH,. The cyan, blue, red, white and brown spheres
represent carbon, nitrogen, oxygen, hydrogen and copper, respectively. The labels, N, H, O, C1 and C2, indicate the amide nitrogen, amide
hydrogen, carbonyl oxygen, carbonyl carbon and a-carbon of the peptide backbone, respectively. The black and green dashed lines indicate
the distances of Cu to the nearest neighboring and the next nearest neighboring atoms, respectively. (b) The assistance of His sidechain to the
backbone-Cu?* binding. (c) Binding energies of the hydrated ions Cu(aq)?*, Zn(aq)**, Mg(aq)>" and Ca(aq)>* with the peptide backbone,
calculated by ab initio approaches. In the absence of the His sidechain, the binding strength of Cu(aq)>* (orange column) is much stronger
than that of Zn(aq)>* (blue column). Green columns present that Mg(aq)>* and Ca(aq)?>* cannot bind to the peptide backbone. The His
sidechain can further stabilize the backbone-Cu?* binding by providing additional binding energy (light orange column). (d)—(e) The Fourier-
transformed EXAFS spectra (FT (k) of the M?** jons (M = Cu or Zn) in the hIAPP(11-28) (violet) and hIAPP(1-37) (red) solutions to study
the distance of the M ions to their neighboring atoms upon their binding to hIAPP. The two black and two green vertical dashed lines indicate
the theoretical distances of the M to the nearest neighboring atoms N and O and to the next nearest neighboring atoms C1 and C2, respectively,
in the backbone-M ring structure with a shift of § = —0.23 A for M = Cu, and § = —0.22 A for M = Zn. The shift § is estimated by taking
the difference between EXAFS spectra and the theoretical results of the M—O distance in the hydrated M>* ion (supplementary Fig. 4).

For comparison, we also simulated the interaction of the
peptide backbone with other physiological divalent cations
such as Zn>*, Mg?* and Ca>*. We calculated the binding en-
ergies of [Zn(H,0)¢]>",[>! [Mg(H,0)6]*>* and [Ca(H,0)6]*"
with the Ser backbone using the conditions identical to those
applied for [Cu(H,0)s]**. The binding energy of Zn(aq)>*

in this state was —12.27 kcal/mol, which was much weaker

than the binding energy (—27.65 kcal/mol) of Cu(aq)>* in the
ring structure (Fig. 2(c)), indicating that a potential backbone
ring structure of Zn>" is substantially less stable than that of
the Cu ion. The binding energies of Mg(aq)>" and Ca(aq)**
were +1.78 kcal/mol and +14.00 kcal/mol (Fig. 2(c), green
columns), respectively. The positive values indicate that Mg+

and Ca®* cannot bind to the peptide backbone to form a ring
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structure. The specific backbone-Cu?* binding behavior may
be attributed to the ability of Cu>*, but not Zn>*, Mg?* and
Ca%t, to accept an electron and be reduced to a monova-
lent cation. Additional simulations suggested that the His18
sidechain can enhance the stability of the backbone-Cu bind-
ing. Ab initio calculations showed that the Cu™ ion in the ring
structure —O—Cu(aq)-N- can further bind to a nitrogen in the
His sidechain (Fig. 2(b)), whereas one water molecule initially
coordinated to Cu™ was displaced. The calculated binding en-
ergy of the —O—Cu(aq)-N- structure with the His sidechain
(Eq. (2)) reached —21.85 kcal/mol (Fig. 2(c), light orange col-
umn), which enhanced the peptide binding strength of Cu®* to
—49.50 kcal/mol. The stability of the backbone-Cu ring struc-
ture thus can be further enforced by the assistance of the His
sidechain. Notably, the Mullikan charge of Cu coordinated
with only the His sidechain was calculated to be 41.39¢, indi-
cating that, in the absence of binding to the peptide backbone,
His sidechain binding alone is insufficient to reduce Cu’* to
Cut.

We then used x-ray absorption fine structure (XAFS)
spectroscopy to confirm the presence of the backbone-Cu
ring structure. The extended x-ray absorption fine struc-
ture (EXAFS) spectrum in real space (Fig. 2(d)) of Cu’*
in the hIAPP(11-28) solution was highly similar to that in
the hIAPP(1-37) solution, indicating that hTAPP(11-28) rep-
resents the major region of hIAPP(1-37) that binds Cu”* ions
(more details in supplementary Fig. 3). In both spectra, the
first peak was observed at 1.80 A, which may be related to the
calculated Cu-N (1.87 A) and Cu-O (1.96 A) distances in the
backbone-Cu ring structure and the Cu—O distance (2.03 A)
in Cu(aq)”*, via a shift of § = —0.23 A. The shift § was es-
timated by taking the difference between EXAFS spectra and
theoretical results of the Cu—O distance in the first solvation
shell of the hydrated Cu®>* ion (supplementary Fig. 4). Impor-
tantly, the second peak at 2.58 A was consistent well with the
calculated Cu—C1 (2.70 A) and Cu—C2 (2.81 A) distances in
the ring structure via this shift . Moreover, our previous x-ray
absorption near edge structure (XANES) analysis (Fig. 3(a))
further confirmed that Cu?* could be reduced to Cu® upon
binding hIAPP, resulting in an hIAPP-Cu*t complex.!?®! The
major peak of the spectrum for Cu in the hIAPP(1-37) solution
was clearly observed at the same location as the peak of Cu’*
in the CuCl; solution (8995.7 V), suggesting that most of the
copper ions in the hIAPP solution stay in solution. Interest-
ingly, a shoulder peak appeared in the left region of the major
peak. To present the location of this minor peak clearly and
exactly, the derivative was performed over the spectrum, and
a zero value corresponding to the shoulder peak was clearly
observed at 8983.0 eV, which was very close to the location
8982.1 eV of Cu™ in the Cu,O solution, indicating the pres-
ence of cuprous ions in the sample, following by the formation

of the hJAPP-Cu complex. This result agreed well with the
theoretical observation that Cu?>* was reduced to Cu® upon
binding the peptide backbone. Therefore, these XAFS anal-
yses strongly support the notion of the backbone-Cu™ ring
structure of hIAPP. A ring structure was also observed upon
Al ions binding to phosphoglycerate kinase protein.?’! In con-
trast, the XAFS spectra (EXAFS in Fig. 2(e) and XANES in
supplementary Fig. 5) of Zn>* suggest that Zn>* cannot bind
to the backbone of hIAPP, and then cannot be reduced in hl-
APP solution (seeing the detailed discussion in supplementary
information).

3. Peptide backbone-Cu ring structure and the
enhancement of reactive oxygen species

Given that the reduction of Cu?* to Cu™ can lead to the
generation of reactive oxygen species (ROS),!" =13 we studied
the potential effect of Cu?" binding to the peptide backbone
on intracellular redox homeostasis. We used a molecular
probe 2’,7'-dichlorodihydrofluorescin diacetate (DCFH-DA)
to detect oxidative stress in rat insulinoma cells (INS-1).
The fluorescence intensity of the probe was proportional to
the ROS amount.!?®! When INS-1 cells were incubated with

— CUQO
2 1.0 : v
0.5 y ; N
R e .
1 L L 1 L L
8980 8990 9000 9010
E (eV)
(b)

Intensity

0
N
¢ oo O\)O\‘?— Wb Pyzw‘& P,??

Fig. 3. Reduction of Cu?>t to Cut upon binding to hIAPP peptide
and the enhancement of ROS level in rat insulinoma cells (INS-1) in-
duced by the hIAPP-Cu™ complex. (a) XANES spectra of the Cu ion
in hIAPP(1-37) solution. The red, violet and green curves represent
the spectra of the Cu ion in the hIAPP solution, Cu** and Cu* ions in
aqueous solution, respectively. The blue dashed lines indicate the lo-
cation of the major and shoulder peaks of the red curve. The orange
curve represents the derivative of the Cu-hIAPP spectrum, and a de-
tailed view of the Cu-hIAPP derivative spectrum is presented in the in-
set. (b) The blue, violet, green and red columns indicate the DCFH-DA
fluorescence intensities of the control, the INS-1 cells incubated with
CuCly, hIAPP(1-37) and hIAPP(1-37)-Cu™ complex, respectively. The
fluorescence intensity is proportional to the intracellular ROS level.[?8]
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20 uM hIAPP(1-37) or 100 uM Cu®** alone, the fluorescence
intensities (Fig. 3(b)) were comparable to that of control (un-
treated) cells, indicating that hIAPP or Cu?*t alone cannot in-
duce the increase of ROS in the cells. Interestingly, when
INS-1 cells were incubated with both hIAPP(1-37) and Cu?*,
the fluorescence intensity was significantly stronger than that
of the control, denoting that the presence of both hIAPP and
Cu?* induced a significant increase in the intracellular ROS
level. These results indicate that Cu>* binding to hIAPP can
promote ROS generation, which is likely caused by the re-
duction of Cu>* to Cu™ following the formation of the —O—
Cu(aq)-N- ring structure.

3.1. Peptide backbone-Cu ring structure and the modula-
tion of hIAPP aggregation

We explored the effects of the backbone-Cu®* binding
on hIAPP aggregation using thioflavin T (ThT) fluorescence
and atomic force microscopy (AFM) measurements. An in-
crease in ThT fluorescence signal (Fig. 4(a)) was observed
upon incubation of hIAPP alone (as a control) for approxi-
mately 200 min, meaning the formation of fibrils. In the pres-
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ence of Zn’>* (hIAPP + Zn?"), the hIAPP fluorescence in-
tensity, lag time and elongation rate (Fig. 4) were compara-
ble to those of hIAPP alone. These results indicate that Zn>*
plays a modest role in hIAPP aggregation. In contrast, incu-
bation of hIAPP with CuCl, (hIAPP + Cu?") caused an ob-
vious decrease in ThT fluorescence intensity compared with
that of hIAPP alone. Moreover, the lag time significantly in-
creased to 535 min (2.5-fold of the control, Fig. 4(b)), and the
elongation rate was reduced to 0.0035 min~! (only 60% of
the control, Fig. 4(c)). A larger number of the oligomer-like
structures were clearly observed in the hIAPP + Cu?* sample
compared with the hIAPP alone and hIAPP + Zn>* samples
(Figs. 4(d)—4(f)). We attribute the remarkable difference of hl-
APP aggregations between incubated with Cu?* and Zn’* to
the significantly different manners of these ions binding to the
peptide backbone. Namely, Cu?*, but not Zn>*, can bind to
the peptide backbone by forming a ring structure. Therefore,
the results above strongly indicate that the backbone-Cu ring
structure plays an important role in the Cu’>" modulation of
hIAPP aggregation via inhibiting peptide fibrillation and pro-
moting oligomerization.

Elongation rate (1072 min=1)

Fig. 4. Cu?"-induced modulation of hIAPP aggregation. (a)—(c) ThT fluorescence intensity (a), lag time (b) and elongation rate (c) of hIAPP(1-
37) in the absence and presence of CuCl,, and ZnCl,. (d)-(f) AFM images of hIAPP(1-37) in the presence of CuCl; (d), ZnCl; (e) and pure
hIAPP(1-37) (f), following incubation for 3 days. A larger number of the oligomer-like structures clearly appear in the hIAPP 4 Cu®* sample

compared with the hIAPP alone and hIAPP + Zn>* samples.

To further verify the relevance of the backbone-Cu bind-
ing model with the Cu?*-induced modulation of IAPP aggre-
gation, we also employed Li™ as a control, which has been
used as a drug in clinic to slow the progress of amyloid-linked
diseases.?31 The ThT fluorescence data (Figs. 5(a)-5(c))
showed that, compared with the case of only adding Cu’*,

the lag time of aggregation much significantly shortened in the
case of pre-adding Li* with five minutes in advance of adding
Cu2t (hIAPP + LiT + Cu?*, the ratio 1:5:5 of hIAPP, Li*
and Cu”*), but the final intensity of fluorescence only weakly
increased. These results indicate that the pre-addition of Li*

can remarkably decrease the effect of Cu>* on the lag time

108702-5



Chin. Phys. B 31,

108702 (2022)

of aggregation, but play a weak role in the effect of Cu>* on
the final fluorescence intensity. Interestingly, in the case of
only adding Lit (hIAPP + Li"), the fluorescence intensity,
lag time and elongation rate were comparable to those of hl-
APP alone, denoting that Li™ itself has negligible influence
on the peptide aggregation. To explain these complicated and
surprising phenomena, we calculated the binding energies of
Cu[(H,0)5]*>* and [Li(H,0)4]" 3?1 with the carbonyl oxygen
(—O-) on the Ser backbone (denoted as -O-M, M = Cu(aq)>*
or Li(aq) ") (Fig. 5(d)), respectively, as well as the binding en-
ergy of Li(aq)™ upon forming a backbone ring structure (-O—
Li(aq)-N-). The binding energies of —O—Cu(aq)2+ and —-O-
Li(aq)™ were —10.08 kcal/mol and —3.66 kcal/mol, respec-
tively (Fig. 5(e)). Their difference was only 6.42 kcal/mol,
very close to the hydrogen bond strength (~ 5 kcal/mol) of
water, indicating that Li* and Cu®>* can compete each other
upon binding to the —O- in aqueous solution. The binding en-
ergy of Li(aq)™ in the state —O—Li(aq)-N— was greater than
+60 kcal/mol, strongly suggesting that Li* cannot form a

backbone ring structure like Cu?t does. Therefore, we can
understand the above experimental observations as the fol-
lowing. The pre-added Li™ can bind to the backbone —O-.
The post-added Cu®t will compete with the pre-added Lit
to bind to the —O—. Due to the comparable binding strength
between —O-Li(aq)* and —-O—Cu(aq)>*, this competition will
take a long time, which results in the much significant differ-
ence of lag time between hIAPP + Li* + Cu* and hIAPP +
Cu**. Additionally, Cu®>*, but not Li*, can further replace the
amide hydrogen H initially bound to -N- (Fig. 2(a)) to form a
backbone ring structure —-O—Cu(aq)-N-, reaching a more sta-
ble state (—27.65 kcal/mol). Thus the difference in the final
intensity of ThT fluorescence between hIAPP + Lit + Cu?*
and hIAPP + Cu?" is not so significant as the difference in lag
time, while Li™ itself cannot obviously affect the aggregation
of hIAPP like Cu?* does. Collectively, all of these results fur-
ther strongly support that it is mainly through the backbone-Cu
ring structure for Cu>* to modulate the hIAPP aggregation.

T T T T b = (C)
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Fig. 5. Inhibitory effect of Li* on the Cu** modulation of hIAPP aggregation. (a)—(c) ThT fluorescence intensity (a), lag time (b) and
elongation rate (c) of hIAPP(1-37) in the absence and presence of CuCl,, LiCl, or both LiCl and CuCl,. The concentration ratio of 1:1 is
applied for CuCl, and LiCl. The label over the double-arrow line in the (b) and (c) panels indicates the two-tailed P value for statistically
significant difference between the two groups of data: NS, *, ** and *** represent P < 0.05 (no significant difference), P < 0.05, P < 0.01,
and P < 0.001, respectively. N = 5. (d)—(e) A theoretical model of Li™ inhibiting the backbone-Cu ring formation. (d) A model peptide
HCO-Ser-NH; for the state that a hydrated ion M (M = Li(aq)* or Cu(aq)**) binds to the carbonyl oxygen —O— of the peptide backbone,
denoted as —O—M. The cyan, blue, red, white and brown spheres represent carbon, nitrogen, oxygen, hydrogen and copper, respectively. The
dashed line indicates electrostatic attraction between the —O— and M. (e) Comparison of binding energies between the hydrated ions Cu(aq)2+
and Li(aq)™ in the states -O—M (left) and -O—-M-N— (back-M ring structure, right), respectively. In the state -O—M, the difference of binding
strength between Cu(aq)®>* and Li(aq)* is only 6.42 kcal/mol, similar to the hydrogen bond strength (~ 5 kcal/mol) of water, indicating that
Li* can compete with Cu** upon binding to the —O— of backbone in aqueous solution. In the state —-O—M-N—, the largely positive large
value of binding energy for Li(aq)*t strongly suggests that the Li* cannot form a backbone ring structure like Cu>* does. Therefore, through
the competition of the state -O—M, Li* can inhibit/delay the formation of backbone-Cu ring structure (the state -O—Cu(aq)-N—, Fig. 2(a)),
although Li™ itself is unable to form a backbone ring structure like Cu®>* does.
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(a)
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His18 L/ =
(b) = 2+hIAPP Fibrillation
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Cut— H202, Cell Oligomers
RSN RO T damage

Inhibiting
fibrillation —
o

Fig. 6. A schematic representation for the molecular mechanism of Cu?*-induced amyloid toxicity simultaneously involving both the en-
hancement of ROS level and the modulation of hIAPP aggregation. (a) Without the addition of Cu?* or Zn**, the hIAPP peptide forms a
B-sheet (middle, light blue block), as a molecular intermediate, stacking to cause hIAPP fibril formation (right, light blue column).ml The
silver ribbons represent the  strands, while the blue tube in between represents the turn region of His18—Ser20. (b) Due to the sidechain
binding (supplementary Fig. 6), both Cu?* (brown sphere) and Zn>* (red sphere) ions can be enriched in the area close to the His18-Ser20
turn (blue sticks representing side chains). Cu?* can bind to the backbones of His18, Ser19 (and/or Ser20) by forming a ring structure (orange
sticks), which can be further stabilized by the His18 sidechain (Figs. 2(b) and 2(c)). This backbone binding reduces Cu?t to Cut (yellow
sphere), causing the formation of a hIJAPP-Cu™ complex, which can largely enhance the ROS level in cells to damage the cells (oxidative
stress hypothesis).!!!"?l Additionally, the backbone-Cu* ring structure substantially disrupts the B-sheet structure of peptides, dramatically
inhibiting hIAPP fibrillation and promoting oligomerization. The oligomers will contribute more to cell damage than the fibrils (oligomer
hypothesis).!!*!3) In contrast to Cu?*, Zn** cannot bind to the hIAPP backbone and is thus unable to induce the following effects on the ions

and peptides as well as the consequent amyloid toxicity.

Finally, we explored the possible molecular mechanism
of the Cu** modulation on hIAPP aggregation from the as-
pects of the backbone-Cu ring structure and the specific Cu**
binding to the segment of His18, Ser19 and Ser20. We calcu-
lated the binding energies of [Cu(H,0)s]>* and [Zn(H,0)s]**
for the sidechains of His (through the coordination bond)
and Ser (through the polar group). The binding strengths
(supplementary Fig. 6) of Cu’>" and Zn>* were compara-
ble. The negative values of the binding energies indicate that
these sidechains are able to bind/attract those cations. There-
fore, the sidechains of His18—Ser20, particularly the His18
sidechain, can enrich both Cu?™ and Zn2* in the local area
(Fig. 6(b), left), which should largely promote the probability
of ion backbone binding. However, as demonstrated above,
only Cu”* can stably form a ring structure with the peptide
backbone. The stability of the backbone-Cu ring structure
can be further enhanced by the His18 sidechain (Figs. 2(b)
and 2(c)). This ring structure in the backbone will fix the
dihedral angles between the two neighboring amide planes.
Notably, Vall7—Ser19 can form a turn structure that is criti-
cal for hIAPP fibrillation. 33! The backbone-Cu®* binding in
the His18—Ser20 segment should prevent or destroy this turn
structure, thus inhibiting the formation of an intramolecular
B-sheet structure (an intermediate molecular form for hIAPP
assembly[?3). Additionally, the displacement of backbone
amide protons (Figs. 1(b) and 2(a)) due to the backbone-Cu
ring structure and the positive charge brought by Cu* ion in
the ring structure can further reduce the number of hydrogen
bonds and the hydrophobicity of hIAPP peptides, respectively,
which are the driving forces of fibril formation. All of these
features will result in the inhibition of hIAPP fibrillation and

the promotion of peptide oligomerization (Fig. 4(d)). Intrigu-
ingly, the binding energies of Zn>* with the His18—Ser20
sidechains were comparable to those of Cu?t. Thus, the
lack of backbone binding is likely the primary reason for the
modest effect of Zn>* on the inhibition of hIAPP fibrillation

(Fig. 4(e)).

4. Conclusion and perspectives

In summary, based on various biophysical approaches and
theoretical analyses, we proposed a backbone-Cu?* binding
model at atomic resolution for the interaction between Cu’*
and amyloid peptide as well as the consequent effects (Fig. 6).
Redox-active Cu”>* can bind to the hIAPP backbone by form-
ing a ring structure, which caused the reduction of Cu>* to
Cu™ to enhance ROS levels in cells. Moreover, the backbone-
Cu’* binding also dramatically inhibited peptide fibrillation
and promoted oligomerization. In contrast to Cu>*, additional
biologically important cations, such as Zn>*, cannot bind to
the backbone and thus do not induce the subsequent effects.
Furthermore, we also found that Li* considerably weakened
the effects of Cu>* on hIAPP, which suggests a clue for in-
hibiting copper-mediated amyloid toxicity through blocking
or destroying the backbone-Cu ring structure. These findings
thus provide a new molecular mechanism simultaneously for
Cu’*-induced ROS generation and hIAPP aggregation which
are significantly involved in amyloid toxicity, potentially pro-
moting the understanding of Cu-mediated amyloid toxicity at
atomic resolution, and even the development of drug design
and therapy for type-2 diabetes and other diseases.
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5. Methods

Nuclear magnetic resonance spectroscopy  The
hIAPP(11-28) peptide was dissolved in ice-cold water to get a
stock solution with the peptide concentration of 0.15 mM. This
stock solution was stored at —80 °C. To prepare the NMR sam-
ple, the stock peptide solution was dissolved in 10 mM sodium
phosphate buffer (pH 4.3) to make the peptide concentration to
be 0.12 mM.

All NMR experiments were performed at 283 K on a
Bruker AVANCE spectrometer operating at 600 MHz (pro-
ton frequency) and equipped with a 5 mm, pulsed-field gradi-
ent triple-resonance probe. Two-dimensional (2D) 'H-'H to-
tal correlation spectroscopy (TOCSY) spectra were acquired
with a mixing time of 80 ms using the MLEV-17 spin-lock
sequence to drive the coherence transfer. 2D 'H-'H nuclear
Overhauser effect spectroscopy (NOESY) spectra were ob-
tained using the mixing time of 400 ms. All 2D spectra were
acquired in the phase-sensitive mode. To reduce the water
peak in 2D spectra, WATERGATE suppression was used. The
'H resonance spin systems were assigned from the analysis
of TOCSY spectra. Sequential assignments were made from
the sequential connectivity information of dyy and dgyy in the
NOESY spectra.

NMR titration experiments were carried out by adding
CuCl; or ZnCl; to 0.12 mM hIAPP(11-28) peptide dissolved
in 10 mM sodium phosphate buffer (pH 4.3C). TOCSY spec-
tra were measured at the Cu>* or Zn?>* concentration of 0 mM
and 0.60 mM, respectively. Peak intensities were compared
for the two TOCSY spectra at the Cu>* or Zn>* concentration
of 0 mM and 0.60 mM, respectively.

X-ray absorption fine structure spectra XAFS mea-
surements (including EXAFS and XANES) were collected
at Shanghai Synchrotron Radiation Facility (SSRF) beamline
BL14W. A Si[111] double crystal monochromator and a set
of focusing mirrors with a cut-off energy of 22.5 keV were
used throughout the study. The XAFS spectra were recorded
in fluorescence mode using a 32-element Ge solid-state de-
tector. Data collected in each run were first averaged and af-
ter background subtraction, the resulting spectra were normal-
ized. To prepare a sample for XAFS measurement, 1500 ml
20 uM hIAPP (hIAPP(1-37), hIAPP(1-11), hIAPP(11-28) and
hIAPP(28-37), respectively) peptide with and without 200 uM
ZnCl; or 200 uM CuCl; at pH 4.5 was incubated at 37 °C for
three days, respectively. In order to increase the signal/noise
ratio in XAFS data, each of these samples were further con-
centrated to 300 ml by freeze drying.

DCFH-DA fluorescence Intracellular ROS amount was
measured by ROS-sensitive probe DCFH-DA. INS-1 cells
seeded in 6-well microplates at a concentration of 5 x
10* cells/ml were cultured at 37 °C in a humidified atmosphere
for 48 h. Then the cell was incubated with hTAPP(1-37) (as

a control, 20 uM), 100 uM CuCl,, or co-incubated with both
20 uM hIAPP and 100 uM CuCl; for 48 h. After that, the cells
were loaded with DCFH-DA at a final concentration of 10 uM
at 37 °C for 60 min. The cells were washed with 10 mM
PBS and then transferred to a 96-well plate. ROS generation
was assessed by measuring the fluorescence intensity with a
microplate reader (Thermo Scientific Fluoroskan Ascent FL)
at the excitation and emission wavelengthes of 485 nm and
525 nm, respectively.

ThT fluorescence The kinetics of hIAPP(1-37) fibril for-
mation was detected by fluorescence intensity increase upon
binding of the fluorescent dye ThT to fibrils. To prepare a
sample for fluorescence, the hIAPP(1-37) peptide was diluted
to a final concentration of 20 uM using sodium phosphate
buffer containing 20 pM ThT and 200 uM ZnCl,, CuCly,
or LiCl at pH 4.5. The pH of each sample was individually
adjusted. Fluorescence was measured using a luminescence
spectrometer (Thermo Scientific Fluoroskan Ascent FL) in a
sealed Corning 96 well at 37 °C. The excitation and emission
wavelength was 440 nm and 485 nm, respectively. A common
sigmoidal growth model was used to fit the time-dependent
ThT fluorescence curves to extract lag time and elongation rate
constants. 4]

AFM measurement 20 uM hIAPP(1-37) peptide with
and without 200 pM ZnCl, or 200 uM CuCl; at pH 4.5 was
incubated at 37 °C for three days, respectively. Then a 5 ul
incubated solution was deposited onto a freshly cleaved mica,
waited for 5 min, gently rinsed with Milli-Q water and dried
in air. Images were collected using a Multimode 8 with Con-
troller V scanning force microscope (Bruker) operated in tap-
ping mode in air. Images were simply flattened using the
NanoScope analysis software.

Simulations and calculations All of simulations and
calculations were performed using an ab initio method
based on the second order Mgller—Plesset perturbation theory
(MP2),13] as implemented in the Gaussian09 package with
the 6-314-G(d,p) basis set and including diffuse functions was
applied on all atoms.

To calculate the backbone binding energy of hydrated M
ion [M(H,0),]2+ (M = Cu, Zn, Mg, Ca) on the backbone of
model peptide HCO-Ser-NH; (C4N,03Hg) in Fig. 2(a), we
applied the following formula:

Ebinding = E (C4N203H7' (M (HzO)H]*) +E (H20)
~E(CN2OHy) — £ ([ (H:0), 7). (1)

where the first, second, third and fourth terms in the right side
of equation indicate the energy of the backbone ring structure,
molecules H,O and H30™, peptide HCO-Ser-NH», and hy-
drated M ion [M(H,0),]**, respectively. The index n =5 for
M = Cu, and n = 6 for M = Zn, Mg and Ca.
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To calculate the binding energy of the backbone-Cu ring
structure and His sidechain in Fig. 2(b), we applied the follow-
ing formula:

Epindging = E (Sidechain- [BackboneRing] ") + E (H,0)
— E ([BackboneRing] ") — E (Sidechain),  (2)

where the first, second, third, and fourth terms in the right
side of equation stand for the energies of the complex of
His sidechain and backbone-Cu ring, water molecule H;O,
backbone-Cu ring, and His sidechain, respectively.
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