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ABSTRACT

Amyloid formation of human islet amyloid polypeptide (hIAPP) is one of the most common pathological features
of type 2 diabetes (T2D). Increasing evidences have shown that the overproduction of reactive oxygen species
(ROS) and reactive nitrogen species (RNS) play an important role in the development of the T2D. Interestingly,
our previous studies indicated that heme could bind to hIAPP, and the complex might induce the nitration of
tyrosine residue (Y37) of hIAPP in the presence of hydrogen peroxide and nitrite. However, it remains unclear
about effect of the nitration on the implicated function of hIAPP in the development of T2D. In this study,
fluorescent assays, transmission electron microscopy (TEM), atomic force microscope (AFM) were used to de-
monstrate that nitration of hIAPP significantly decreased its fibril formation. But the decreased fibril formation
was not through the diminished aggregation of hIAPP monomer as suggested by the results of circular dichroism
spectroscopy (CD) and gel electrophoresis assay. Surface-enhanced raman spectroscopy (SERS) indicated that
nitration of hIAPP impaired the intermolecular hydrogen bonding. On the basis of these results, we hypothesize
that nitration of hJAPP may block the intermolecular hydrogen bonding, leading to the inhibition of its fibril
formation. In addition, cytotoxicity study of native and modified hIAPP was also performed on INS-1 cells, which
revealed exacerbated toxicity of hIAPP by its nitration. The findings in this study that nitration of hIAPP pro-
motes its oligomer formation and thus exacerbates its cytotoxicity suggests a possible link between the nitrite (or
the sum of nitrite and nitrate) levels and T2D, and ameliorated nitration of hIAPP by diminishing nitrative stress
might be a promising therapeutic strategy for T2D.

1. Introduction

noted that body iron stores strongly relate to the risk of T2D, and the
prevalence of T2D in patients with thalassemia, a disease with high

Type 2 diabetes mellitus (T2D) is the most common chronic meta-
bolic disorder characterized by pancreatic B-cell death that causes re-
duced insulin secretion [1]. Human islet amyloid polypeptide (hIAPP),
also known as amylin, is a 37-amino acid peptide that is co-produced
and co-secreted with insulin by the pancreatic B-cells. It has the pro-
pensity to aggregate and form amyloid fibril deposits, which are found
in islet beta cells of up to 90% of patients with T2D [2]. As one of the
most amyloidogenic proteins, the process of amyloid fibril formation is
associated with reduced [-cell mass [3]. Interestingly, oligomeric in-
termediates produced during the initial process of fibril formation are
believed to be the most toxic species, which may involve in oxidative
stress and membrane destabilization [4-7]. Meanwhile, it has been
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plasma heme contents, is 6-14% [8,9]. Hence, it is interesting to know
the implication of heme and hIAPP in the development of T2D.

Heme is a strong pro-oxidant, and free heme participates in the
generation of reactive oxygen species such as hydroxyl radicals and
thus leads to increased oxidative stress [10]. Interestingly, Mukherjee
et al. reported that heme could bind to hIAPP; Argll and His18 re-
sidues of hIAPP played important roles in the binding of hIAPP to heme
[11]. Our recent studies also showed that the binding of heme inhibited
the aggregation of hIAPP [12]. These findings suggested an implicated
role of the binding of hIAPP to heme in the development of T2D.

Protein tyrosine nitration (PTN) is a stable post-translational mod-
ification occurring under the action of a nitrating agent by adding a
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nitro group on the 3-position of the phenolic ring of the tyrosine re-
sidues [13]. PTN alters the physicochemical properties of the modified
tyrosine residue and confers the change to the local chemical en-
vironment of the protein, resulting in alteration of protein function and
protein-protein interactions [14-16]. Increasing evidences have shown
that reactive oxygen species (ROS) and reactive nitrogen species (RNS)
play central roles in B-cell death in the development of T2D [17,18].
Several studies indicated that levels of the circulating metabolites of
nitric oxide were associated with T2D. Studies by Binh et al. and Zahedi
et al. demonstrated that nitrite concentrations were significantly ele-
vated in serum of T2D patients compared with controls [19,20].
Moreover, it has been reported that nitrotyrosine was found in the
plasma of all diabetic patients, whereas it was not detectable in the
plasma of healthy control subjects [21]. It also suggested the possible
role of tyrosine nitration in the development of T2D [21,22]. It is
known that heme is capable to catalyze tyrosine nitration in the pre-
sence of hydrogen peroxide and nitrite. Previous researches have de-
monstrated that heme could easily bind to hIAPP [11,12]. Given the
presence of tyrosine residue, Y37, in hIAPP, we speculated that the
binding of heme to hIAPP might subject the Y37 to the heme-induced
nitration in the presence of hydrogen peroxide and nitrite. Interestingly,
we previously found that nitration of Af, a peptide which is associated
with Alzheimer's disease (AD), could inhibit its aggregation and reduce
its toxicity [23,24]. It also revealed that nitration of A} might be an
important protective mechanism for its physiological function. Worth
noting is that AD and T2D have similar etiology and pathogenic features
[18,25]. With these findings it suggested the implication of tyrosine
nitration to the functional alteration of hIAPP.

In this study, we investigated effects of hIAPP tyrosine nitration on
its structure and function by comparing synthetic hIAPP and nitrated
hIAPP (3NT-hIAPP), in which the tyrosine 37 was replaced with 3-
nitrtotyrosine. Multiple biochemical assays including UV-Vis absorp-
tion, thioflavin-T(ThT), Bis-ANS fluorescence assays, transmission
electron microscopy (TEM), atomic force microscope (AFM), circular
dichroism spectroscopy (CD), gel electrophoresis assay and surface-
enhanced raman spectroscopy (SERS) were employed to detect the in-
fluence of nitration of hIAPP on its aggregation. MTT assay was em-
ployed to detect the impact of nitration of hIAPP on its toxicity toward
INS-1 cells.

2. Materials and methods
2.1. Materials

hIAPP peptide (hIAPP,3;) and the mutated peptide 3NT-hIAPP
(3NT-hIAPP ;.3;) were synthesized by Chinese Peptide Company
(Hangzhou, China). Peptides were RP-HPLC purified to > 95%.
Ferriprotoporphyrin IX chloride (hemin, which is referred to as “heme”
here), 3,3’,5,5-Tetramethylbenzidine (TMB), thioflavin T (ThT), 4,4’-
dianilino-1,1’-binaphthyl-5,5’-disulfonic =~ acid  (Bis-ANS), hexa-
fluoroisopropanol (HFIP) and rabbit polyclonal antibody against 3-ni-
trotyrosine (3-NT) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). The cell culture medium (RPMI-1640) and fetal bovine serum
(FBS) were obtained from Gibco (Carlsbad, CA, USA).

All solvents and other reagents were commercially available with
the highest purity. Deionized water from a Milli-Q system (Millipore,
Billerica, MA, USA) was used for solution preparation.

2.2. Preparation of monomer hIAPP and heme stock solution

hIAPP and 3NT-hIAPP were dissolved in HFIP at the concentration
of 1 mg/ml. Lyophilized powder was obtained after sonication for 3 min
and stored at —20°C until further use. Before each experiment, the
peptides were re-dissolved in Milli-Q water and immediately diluted to
the desired concentration with 5mM phosphate buffer (PB) of pH 7.4
prior to use. The heme stock solution was made by dissolving 10 mM
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heme in DMSO and then aliquoted and stored in the dark at —20°C
until further use.

2.3. Dot blot immunoassay

To determine whether the tyrosine residue of hIAPP could be ni-
trated after binding with heme in the presence of hydrogen peroxide
and nitrite, 40 uM hIAPP was incubated with 10 yM heme, 500 uM
hydrogen peroxide and various concentrations of nitrite in 5mM PB at
37°C for 1h. Then, 3uL of reaction mixture was transferred to ni-
trocellulose membrane. The nitrated hIAPP was detected using a rabbit
polyclonal antibody against 3-nitrotyrosine in this assay.

2.4. UV-Vis absorption spectroscopy

The interaction between heme and hIAPP was detected by UV-Vis
absorption spectroscopy. Before the experiment, 10 yM heme was
mixed with 20 pM hIAPP or 3NT-hIAPP in 5mM PB of pH 7.4 at 37 °C
for 5min. The spectra were recorded on a UV 2550 spectrophotometer
(Shimadzu Co., Japan) at room temperature with a 0.5 cm cuvette.

2.5. Peroxidase activity assay

For this experiment, TMB was employed to measure the peroxidase
activity of heme-hIAPP and heme-3NT-hIAPP complexes. The reaction
mixtures contained 3mM hydrogen peroxide, 0.42mM TMB, 1uM
heme and 2puM peptide in 100 mM citric acid buffer of pH 5.0. The
reaction was initiated by adding heme or the complex. The peroxidase
activity was determined by measuring the increase in the absorbance of
the resultant at 652 nm (¢652 = 3.9108 x 10*M~‘em™1).

2.6. ThT and Bis-ANS fluorescence assay

The fibril formation of hIAPP and 3NT-hIAPP was evaluated by ThT
and Bis-ANS fluorescence assay on a fluorescence spectrophotometer
RF-5301(Shimadzu Co., Japan). The hIAPP and 3NT-hIAPP solutions
were diluted to 16 uyM in 5mM PB (pH 7.4) and incubated at 37 °C. For
fluorescence measurements, 175 pl of incubated sample was mixed with
175ul, 32 uM ThT or Bis-ANS and shaken for 1 min prior to test. ThT
fluorescence was measured with excitation wavelength at 440 nm and
emission wavelength at 480 nm. Bis-ANS fluorescence was measured
with excitation wavelength at 385nm and emission wavelength at
496 nm. Excitation and emission slit widths were set at 5 nm and 5 nm,
respectively.

2.7. Transmission electron microscopy

Briefly, after incubation of hIAPP (15uM) and 3NT-hIAPP (15 um)
at 37 °C for 24h, 30l of each sample was dripped on a 200-mesh
Formvar-carbon coated copper grid and allowed to absorb for 10 min.
The excessive solution was then removed and the grids were washed
with water and air dried. Finally, the grids were stained with 5% uranyl
acetate for 5min and air dried again. Images were taken using a
transmission electron microscope (HITACHI H-7000FA) with an accel-
erating voltage of 30 kV.

2.8. Atomic force microscopy

AFM measurements were performed under ambient conditions on a
SPM 9700 instrument (Shimadzu Co., Japan) using tapping mode. The
hIAPP or 3NT-hIAPP was incubated in 5mM PB (PH 7.4) at 37 °C for
24 h. A 30l solution with a peptide concentration of 15uM was de-
posited on freshly cleaved mica. After 10 min, the excess solution was
removed and the mica was washed with deionized water and air-dried.
The scanning frequency was 1 Hz. At least four regions of the mica
surface were examined to ensure that similar structures existed
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throughout the sample.
2.9. Surface-enhanced Raman spectroscopy

80 uM hIAPP or 3NT-hIAPP was incubated in 5 mM PB of pH 7.4 at
37 °C for 48 h. The colloidal AgNPs solution was mixed with 5 uL pep-
tide. Then 5 pL mixture was deposited onto a quartz slide and dried at
room temperature. The raman spectrum of the solid was obtained after
evaporation of the solution. The SERS spectrum was obtained under the
same experimental procedure and conditions used to obtain the SERS
spectrum of the peptide. The excitation of the laser line was 780 nm.

2.10. Circular dichroism spectroscopy

CD spectra were recorded on a JASCO-810 (Tokyo, Japan) spec-
tropolarimeter under a constant flow of N, at room temperature. A
quartz cuvette with a path length of 1 mm was used. CD measurements
were performed between 260 and 190 nm in a quartz cuvette with a
path length of 1 mm, using a bandwidth of 1 nm, 1 s response time and
scan speed of 100 nm/min. The CD samples were prepared by in-
cubating hIAPP and 3NT-hIAPP (15uM) in 5mMPB of pH 7.4. Each
spectrum represents an average of three accumulated scans. The re-
levant baseline was subtracted by running PB alone as a blank.

2.11. Gel electrophoresis analysis

hIAPP or 3NT-hIAPP (50 uM) were incubated in 5mM PB (pH 7.4)
at 37 for 0, 3, 6 and 24 h. Then they were mixed with loading buffer and
separated by 4%-12% NuPAGE using MES running buffer and visua-
lized by silver staining.

2.12. Cell culture

INS-1 rat insulinoma cells were cultured in RPMI-1640 medium
supplemented with 10% FBS, 50 uM mercaptoethanol, 4 mM 1-gluta-
mine, 100 U/ml penicillin and 100 pg/ml streptomycin at 37 °C in a
humidified atmosphere with 5% CO,. And cells were grown to reach
confluence of 75% prior to further experiments.

2.13. MTT assay

Cell viability was determined by MTT assay, which measured the
ability of metabolically active cells to form a formazan through clea-
vage of the tetrazolium ring of MTT. The cells were seeded in 24-well
plate at a density of 2.5 x 10° and cultured for 24 h in a humidified
atmosphere at 37 °C. Then, the cells were incubated with 15 uM hIAPP
or mutant for 24 h. After incubation, cells were treated with MTT so-
lution for 4 h. The medium was aspirated and replaced with 200 pl/well
of DMSO to dissolve the formazan salt. Absorbance values of formazan
were determined at 570 nm with a microplate reader. Results were
normalized with the control.

2.14. Data analysis

All experiments were carried out at least in triplicate. Results were
expressed as mean *+ SEM. The student's t-test was used for statistical
analyses, and comparison with p < 0.05 was considered significant
difference.
3. Results
3.1. Nitration of hIAPP

Nitration of hIAPP was examined in the heme catalytic system with

hydrogen peroxide and nitrite. As shown in Fig. 1, nitration of hIAPP
was observed when heme, hydrogen peroxide and nitrite were all
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Heme (10 M) + + + + +
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NaNO: 0 M 50 M 100 pM 250 M 500 uM

Fig. 1. Nitration of hIAPP in the heme-catalyzed nitration environment.
Samples were incubated in different systems at 37 °C for 1h. Then 3L of
sample was transferred to nitrocellulose membranes. A rabbit polyclonal anti-
body against 3-nitrotyrosine was employed to detect the nitrated peptide.

present. And the degree of nitration was positively correlated with the
concentration of nitrite. It confirms the speculation that nitration of
hIAPP could be induced in the heme-associated nitration environment.

3.2. Effect of nitration of hIAPP on its binding to heme and the peroxidase
activity of heme-hIAPP complex

It has been reported that hIAPP could bind to heme and change the
UV-Vis absorption of heme [11,12]. Thus, UV-Vis spectrometry was
applied to investigate the effect of nitration of hIAPP on the interactions
between heme and hIAPP. As shown in Fig. 2A, a moderate increase in
the Soret band along with red shift of the peak from 385 nm to 398 nm
was observed in the heme-hIAPP complex as compared to heme. Similar
change was also visualized in the spectrum of heme-3NT-hIAPP. It in-
dicates that tyrosine nitration does not alter the interaction of hIAPP
with heme.

For the peroxidase activity assay, TMB was used as catalytic oxi-
dation substrate. As shown in Fig. 2B and C, the binding of hIAPP in-
creased the peroxidase activity of the heme, which is consistent with
previous reports. Similarly, the increase was also observed in the heme-
3NT-hIAPP complex. It suggests no effect of hIAPP nitration on per-
oxidase activity of the heme-hIAPP complex.

3.3. Fluorescent study of effect of hIAPP tyrosine nitration on its
aggregation

To explore the effect of hIAPP nitration on its aggregation, ThT and
Bis-ANS were used for quantitative detection of the amyloid fibrils.
They are two widely used probes for the visualization and quantifica-
tion of amyloid fibrillation induced by protein misfolding and ag-
gregation [26,27]. As shown in Fig. 3A, ThT fluorescence was sig-
nificantly increased after 2 h incubation with hIAPP, and the increase
reached to plateau after 4 h. As a comparison, the increased fluorescent
of the 3NT-hIAPP group was much lower that of hIAPP, which indicated
lower degree of aggregation in 3NT-hIAPP. As a further confirmation,
similar results were also found in the Bis-ANS assay that significant
increased fluorescence intensity was observed upon incubating Bis-ANS
with hIAPP (Fig. 3B), while the increased intensity was less potent in
the group of 3NT-hIAPP. The consistent results of ThT and Bis-ANS
assays suggest that aggregation of hJAPP was ameliorated by its nitra-
tion.

3.4. Morphological study of the effect of hIAPP tyrosine nitration on its
aggregation

Furthermore, TEM and AFM were used to investigate the morpho-
logical change of hIAPP upon its tyrosine nitration. Fig. 4A showed a
representative TEM image of native hIAPP with numerous long and
cross-linked mature amyloid fibrils (Fig. 4A). On the contrary, less long
and cross-linked mature amyloid fibrils were observed in the image of
3NT-hIAPP (Fig. 4B). This result indicates that nitration of hIAPP can
inhibit its amyloid fibril formation.

Similarly, long and cross-linked mature amyloid fibrils in hIAPP
group was also observed in the morphological image examined by AFM,
while less degree of aggregates were revealed in the group of 3NT-
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Fig. 2. Effect of nitration of hIAPP on its binding to heme and the peroxidase
activity of heme-hIAPP complex. (A) UV-Vis spectra of heme-peptide com-
plexes. 10 uM heme was mixed with 20 uM hIAPP or 3NT-hIAPP in 5 mM PB
(pH 7.4) at 37 °C for 5min before tested. Absorption spectra were recorded at
equal interval after the peptides had been mixed with heme using PB as a
control. (B) The specific value of the peroxidase activity of heme-peptide
changes over time. The values were the absorption subtracted from that at
Omin and were presented as the mean *+ SEM of three independent experi-
ments. (C) The appearance of samples after incubation of the complex for
20 min.

hIAPP (Fig. 4C and D). The results support the notion of the fluores-
cence assay that nitration of hIAPP reduces its fibril formation.

3.5. CD spectroscopic analysis of effect of hIAPP tyrosine nitration on its
aggregation

It is known that aggregation of proteins into amyloid fibrils is ac-
companied by a conformational change from a-helical to 3-sheet, for
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which far-UV CD is an ideal approach to probe. As shown in Fig. 5A,
The CD spectrum of hIAPP showed a negative peak at about 202 nm,
which corresponded to random coil. After 70 min of incubation, the
peak at 202 nm was decreased, meanwhile, a new peak corresponding
to (-sheet at about 220 nm appeared. The change in the secondary
structure of hIAPP indicates the onset of its aggregation. Similarly, a
conformational change from random coil to B-sheet was also observed
in the CD spectrum of 3NT-hIAPP. But the time of the appearance of the
peak at 220 nm that corresponded to (3-sheet was decayed to 130 min
(Fig. 5B). The observation suggested that nitration of hIAPP only de-
creased the rate of hIAPP aggregates formation, however, the hIAPP
aggregates would still form at a prolonged time of incubation even with
the nitration.

3.6. SERS spectra of hIAPP and 3NT-hIAPP

It is well known that the 3-sheet lamella of two adjacent peptides is
primarily stabilized by the intermolecular hydrogen bonding [28].
Several researches have reported that short peptides derived from
hIAPP could inhibit hIAPP aggregation by blocking the intermolecular
hydrogen bonding [28,29]. We speculated that nitration of tyrosine
residue of hIAPP could block the intermolecular hydrogen bonding
among the peptides, and thus led to the inhibitive effect on its ag-
gregation. In this experiment, SERS was utilized to confirm the hy-
pothesis. Fig. 6 showed the SERS spectra of hIAPP and 3NT-hIAPP, and
the detailed interpretation of the peaks were summarized in Table 1. As
to hIAPP, the bands at 1334cm ™! and 1447 cm ™' were observed,
corresponding to the C—H bending mode vibration of the peptides
[30-35]. As to 3NT-hIAPP, a dramatic increase was observed in the
peaks of C—H bending vibration, which indicated the lack of hydrogen
bonding within the peptides. In addition, a sharp peak of amide III at
~1243 cm ™! was appeared in the 3NT-hIAPP, suggesting the formation
of a hydrated (-sheet [38] or a PPII helical structure on the surface
[37-39]. Moreover, intensity of the amide band exhibited higher of the
3NT-hIAPP than that of the hIAPP, which demonstrated more dis-
ordered surface of 3NT-hIAPP than hIAPP. The increased C—H vibra-
tions of 3NT-hIAPP also indicates the lack of hydrogen bond within the
peptide. It is well known that the f-sheet lamella of two adjacent
peptides is primarily stabilized by the intermolecular hydrogen bond,
thus the result suggests that tyrosine nitration can decrease the stabi-
lization of B-sheet lamella of two adjacent peptides. The result supports
the diminished intermolecular hydrogen bonding by the tyrosine ni-
tration, which leads to the inhibition effect on the hIAPP aggregation.

3.7. Gel electrophoresis analysis of the effect of hIAPP tyrosine nitration on
its aggregation

Furthermore, the effect of hIAPP tyrosine nitration on its aggrega-
tion was also studied by gel electrophoresis analysis. The samples in-
cubated at 37 °C for different times were separated by NuPAGE and
followed by silver staining. As shown in Fig. 7, with the prolonged
incubation time from Oh to 24 h, molecular weight at about 3.4 kDa,
which attributed to monomeric hIAPP, was correspondingly decreased
in both hIAPP and 3NT-hIAPP. It suggests the occurrence of the ag-
gregation of hIAPP and 3NT-hIAPP. At 3h time point, the amount of
unaggregated 3NT-hIAPP is a little more than the native hIAPP. When
incubated for 6 h, the amount of unaggregated peptides are almost no
difference between these two peptides. These results indicated that
nitration of hIAPP can only partially inhibit its aggregation within 3 h,
and the inhibit reaches to equilibrium after 6 h.

3.8. Effect of hIAPP tyrosine nitration on its cytotoxicity
To examine the effect of nitration of hIAPP on its toxicity, we in-

cubated hIAPP and 3NT-hIAPP with INS-1 cells for 24 h. Then the cell
viability was assessed by MTT assay. As shown in Fig. 8A, hIAPP
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Fig. 3. ThT and Bis-ANS monitored kinetic process of aggregation for hIAPP and 3NT-hIAPP. Each sample contained 8 M peptide, 16 pM ThT or Bis-ANS. The system
was incubated at 37 °C in 5 mM PB (pH 7.4) for time intervals at 0, 1, 2, 3, 4, 5 and 6 h. The values are the mean + SEM of triplicate experiments.

revealed strong toxicity to INS-1 cells. With dosage of hIAPP increased
from 7.5uM to 15uM, cell viability was dropped from 54 *+ 3.9% to
34.5 + 2.4%. This result is consistent with previous reports [42]. In-
terestingly, 3NT-hIAPP exhibited stronger toxicity to INS-1 cells than
wild types (30.3 = 4.5% for 15uM and 42.8 * 3% for 7.5 uM). This
result indicates that nitration of hIAPP exacerbated its toxicity toward
INS-1 cells. In addition, cell morphology of each group was also ex-
amined using an inverted phase contrast microscope. As shown in
Fig. 8B, the observations of each group are consistent with the results of
MTT assay. The cells of the control group grew in monolayer on the
culture surface with substantial lamellipodia. In contrast, after in-
cubation with hIAPP or 3NT-hIAPP, remarkable changes in morphology
occurred in INS-1 cells, which had less lamellipodia and tended to ag-
gregate and stack. In addition, we also found that the toxicity of hIAPP
or 3NT-hIAPP was dose dependent toward INS-1 cells. To further detect

the mechanisms of the cytotoxicity induced by 3NT-hIAPP, HEK
293 cells were employed to determine whether the cytotoxicity of 3NT-
hIAPP is specific for beta islet cells. As shown in Fig. S1, we found that
there was no significant difference between the cytotoxicity of hIAPP
and 3NT-hIAPP toward HEK 293 cells. It indicates that the exacerbated
cytotoxicity of 3NT-hIAPP for beta islet cells may be specific.

4. Discussion

Soluble hIAPP is a 37-residue peptide synthesized in the pancreas. It
is co-secreted with insulin [1] and plays an important role in regulating
blood glucose with insulin [2]. Accumulation of hIAPP aggregates has
been attributed to one of the main causes of (-cell failure in T2D [3]. In
amyloid diseases, it is the small early forming oligomers of misfolded
proteins associated with high cytotoxicity rather than the larger mature

Fig. 4. Negative-stained TEM (A-B) and AFM (C-D) images of 15 uM peptide after 24 h incubation in 5mM PB (pH 7.4) at 37 °C. (A, C) hIAPP, (B, D) 3NT-hIAPP.
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Table 1
Vibrational peak positions and corresponding band assignments for the re-
corded SERS spectra.

Raman shift (cm ™) assignment reference
1674 Amide I [40]

1595 Tyr [411

1447 CH2 deformation [30-35]
1334 CH deformation [30-35,40]
1243 Amide IIT [36-39]
1107 C—N strecth [30,41]
1049,1102 Phe [36, 40,41]

amyloid fibers [4-7]. As to hIAPP oligomers in T2D, however, no
consensus has been reached yet. Increasing evidences have shown that
mitochondrial dysfunction and oxidative stress play roles in the de-
velopment of T2D [42,43]. Under oxidative stress condition, heme
peroxidase activity is significantly enhanced, which increases the pos-
sibility of tyrosine nitration in hIAPP. Worth noting is that the increase
of tyrosine nitration in pancreas is a prominent feature of T2D [44],
suggesting that hIAPP nitration may associate with the development of
the T2D.

It is important to note that there is only one tyrosine residue in the
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Fig. 7. Oligomerization studied by gel electrophoresis assay. 50 uM hIAPP or
3NT-hIAPP was incubated 5mM PB (pH 7.4) at different time. Samples were
separated by 4%-12% Nu-PAGE, followed by silver staining.

tail position of hIAPP. Although the region of 20-29 in hIAPP is gen-
erally considered as the core region for (-sheet formation, a growing
number of reports have demonstrated that tyrosine 37 in hIAPP plays
an important role in its aggregation [45-47]. It has been reported that
hIAPP rapidly associated into transient low-order oligomers such as
dimers and trimers through interaction between H18 and Y37, which
suggested that Y37 was crucial for on-pathway oligomer formation
[46]. Our previous study reported that Y10 in A could be nitrated in
vitro in the presence of heme, hydrogen peroxide and nitrite [23,24],
and the nitration of AP significantly reduced its aggregation. Note that
AP and hIAPP exhibit many common structural and physiological fea-
tures, thus, we speculated that the nitration of hIAPP may have similar
impact on its physiological function.

In this work, we firstly validated the nitration of hIAPP by the
heme—H>05,—NO;™ system (Fig. 1). The result indicated that tyrosine
residue in hIAPP was the first target to be nitrated after the binding to
heme in the presence of hydrogen peroxide and nitrite. Moreover, the
nitration degree of tyrosine was exacerbated with the increasing level of
nitrite. The results of UV-Vis spectroscopy revealed that nitration of
hIAPP seemed little influence on the interaction between hIAPP and
heme (Fig. 2A). Similarly, little impact of the nitration was observed on
the peroxidase activity of heme-hIAPP complex (Fig. 2B and C). How-
ever, both ThT and Bis-ANS data indicated that nitration of hIAPP
significantly decreased its aggregation. ThT is believed to bind to the
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Fig. 8. Effect of hIAPP and 3NT-hIAPP on cell viability and cell morphology.
(A) Cytotoxicity of hIAPP and 3NT-hIAPP to INS-1 rat insulinoma cells. The
cells were treated with 15uM and 7.5 pM aggregated hIAPP or 3NT-hIAPP for
48 h before MTT assay. Cell viability was determined using the MTT assay and
was shown as a percentage of the untreated cells. Cell viability represents the
mean * SEM (n = 3). (B) Representative photomicrographs of SH-SY5Y cells
incubated with different peptides for 48h are shown: (i) control; (ii) hIAPP
(7.5 uM); (iii) hIAPP (15 uM); (iv) 3NT-hIAPP (7.5 uM); (v) 3NT-hIAPP (15 uM).

grooves along the surface of the amyloid fiber, created by the repeating
arrangement of side chains on the surface of the cross-f structure
whereas Bis-ANS specifically binds to solvent-exposed hydrophobic
surfaces of the fibrils [48-51]. They are two different mechanisms for
quantifying the fibrils. Nevertheless, lower fluorescent intensity was
observed in both the assays at the group of 3NT-hIAPP, which de-
monstrated the inhibition effect of tyrosine nitration on fibril forma-
tion. TEM and AFM confirmed the notion that the nitration dramati-
cally inhibited the fibril formation of the hIAPP (Fig. 4B and D). On
another hand, observation in the gel electrophoresis showed that 3NT-
hIAPP exhibited similar potent decrease of its monomer as the native
hIAPP. As noted that the fibril formation was suppressed in the nitrated
hIAPP, the decreased monomer of 3NT-hIAPP was possibly attributed to
the intermediate oligomer formation. The proposition was indirectly
supported by the observation in the CD spectroscopic study of the
conformational change of hIAPP upon the nitration. It showed that the
nitration did not completely stopped the conformational change from
random coil to B-sheet structure, but instead, it delayed the change rate.
In a prolonged time of incubation, the conformational change from
monomer to oligomers was still observed. These results suggested that
nitration of hIAPP conferred its fibril formation to more reactive oli-
gomers. It is known that the oligomers were presumed as the main toxic
specie and the causative agent underlying the pathological mechanism
of T2D [4-7]. Correspondingly, a more cytotoxic feature of 3NT-hIAPP
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Fig. 9. Proposed mechanism of the effect of tyrosine nitration on hIAPP ag-
gregation. hIAPP is nitrated by heme in the presence of peroxide and nitrite.
Nitration of hIAPP remarkably decreases its fibril formation by blocking the
intermolecular hydrogen bonding and preventing the st-rt stacking interactions
within the peptides. The nitrated hIAPP promotes toxic hIAPP oligomers for-
mation and ultimately enhances hIAPP cytotoxicity in vitro.

was revealed in the in vitro cell assay as compared to the native hIAPP
(Fig. 8).

Furthermore, mechanism underlying the inhibitive effect of protein
nitration to hIAPP aggregation was also explored. As reported, short
peptide fragments derived from hIAPP were found to inhibit hIAPP fi-
bril formation by blocking the interaction of intermolecular hydrogen
bound [28,29]. Rijkers et al. reported that introduction of N-alkylated
amino acids in hIAPP broke the hydrogen bonding among the peptides
and thus destabilized the B-sheet structures, which consequently in-
hibited hIAPP fibril formation [29]. Taken together, we speculated that
nitration of tyrosine might block the intermolecular hydrogen bound to
inhibit the fibril formation. SERS is a method to give information about
C—H bending mode and signify the structural homogeneity in peptides
[31]. The increased C—H vibrations of 3NT-hIAPP revealed in the SERS
spectrum indicated the lack of hydrogen bonding within the peptides
(Fig. 6). It is well known that the B-sheet lamella of two adjacent
peptides is primarily stabilized by the intermolecular hydrogen
bonding, thus the result suggests that tyrosine nitration can decrease
the stabilization of -sheet lamella of two adjacent peptides. In addi-
tion, the increased amide band III intensities also demonstrated that
3NT-hIAPP was more disordered than hIAPP on the surface. Further-
more, our previous work found that tyrosine nitration of Ap sig-
nificantly inhibited its aggregation, and hypothesized tyrosine nitration
may decrease the interaction of the interaction of AB by preventing the
si-1t stacking interactions[23,24]. Considering the important role of Y37
for regulation of initial oligomer formation via interaction H18 in
hIAPP [46], we speculated that tyrosine nitration may also affect the
self-assembly processes of hIAPP through forming m-mt stacking inter-
action, by which tyrosine nitration inhibited this interaction and de-
creased the fibril formation of hIAPP. This hypothesis was partially
proved by CD results that the time of the appearance of peak at 220 nm
that corresponds to f-sheet was decayed from 70min to 130 min
(Fig. 5). Based on the results, we proposed the mechanism that tyrosine
nitration inhibited hIAPP fibril formation by blocking the hydrogen
bonding and deterring the formation of 5t-it stacking interactions within
the peptides.

In conclusion, this is the first report about the effect of hIAPP ni-
tration on its fibril formation. Our results provide a reasonable ex-
planation to the fact that increased heme and nitrite (or its oxidized
form nitrate) levels will increase the onset of T2D: the tyrosine residue
undergo nitration and forms 3NT-hIAPP in the heme and ROS catalytic
environment; the nitration of hIAPP conferred the formation of fibril
from its monomer to more toxic oligomers (Fig. 9). In addition, the
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study suggests that attention should be drawn on the level of nitrated
hIAPP in the T2D patients, and 3NT-hIAPP might be a hallmark for
clinical management of T2D patients.
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