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Deamidated amyloid proteins have been shown to accelerate fibril
formation. Herein, the results show the inhibition performance and
the interaction site between site-specific inhibitor and amyloid
protein are significantly influenced by deamidation; while the
inhibition mechanism of non-site specific inhibitor shows no sig-
nificant disruption caused by amyloid protein deamidation.

Deamidation is a non-enzymatic post-translational modifica-
tion associated with protein ageing." Deamidation at aspara-
gine (Asn) and glutamine (Gln) residues contributes to the
formation of aspartic acid or iso-aspartic acid and glutamic
acid or y-glutamic acid respectively.! Deamidated amyloid
proteins have been shown to accelerate amyloid fibril for-
mation;>™ and iso-aspartic acid, one of the deamidated pro-
ducts, was found to have a greater acceleration effect compared
to the other deamidation isomeric product - aspartic acid.*?
Even though deamidated amyloid proteins have been shown to
have a strong correlation with the rate of fibril formation, the
effect of deamidation on the inhibition of amyloid protein
aggregation has not yet been fully addressed.

Human islet amyloid polypeptide (hIAPP) is a 37 amino acid
hormone with an intramolecular disulfide bond between Cys-2
and Cys-7.° hIAPP is stored in pancreatic B-cell secretory
granules and co-secreted with insulin to regulate blood glucose
levels.” In general, monomeric hIAPP is water soluble and
inherently disordered, conversely hIAPP amyloid fibrils are
water insoluble and are observed in type II diabetes (T2D)
patients.® hIAPP contains 6 Asn and 1 Gln residues; deamida-
tion is observed at Asn-21, Asn-22, and Asn-35 residues after
1 week incubation at 37 °C.? Deamidated hIAPP has been shown
to accelerate amyloid fibril formation via disruption of the
B-sheet structure around the Leu-27 residue.* Many inhibitors
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have been reported to effectively inhibit hIAPP amyloid fibril
formation;® the inhibition performance of these inhibitors
against deamidated hIAPP aggregation, however, has not yet
been studied.

Human insulin (hINS), one of the most common inhibitors
against hIAPP aggregation, contains 51 amino acid residues
over 2 chains linked by an intra-strand disulfide bond and 2
inter-strand disulfide bonds.’ hINS is also an amyloid protein
which aggregates rapidly at low pH (~pH 2-3);'® while hIAPP
aggregates much faster than hINS at neutral pH (~pH 7).
Heterodimers, containing a hINS and a hIAPP molecules, have
been observed in previous studies which are believed to be the
key complex which prevents the formation of amyloid fibrils."?

(—)-Epigallocatechin 3-gallate (EGCG) is an extract from
green tea and has shown to be an effective inhibitor against
various types of amyloid protein aggregation, including amy-
loid B, o-synuclein, and hIAPP.**'* EGCG molecules attach to
amyloid proteins non-specifically which is believed to re-direct
the aggregation pathway into the formation of an off-pathway
oligomer in order to prevent the generation of amyloid fibrils."*

MS provides the high sensitivity and resolution required to
study the interaction between early oligomers and inhibitors."
Early hIAPP and (isoD);hIAPP oligomers, from monomer up to
pentamer, were observed in the MS spectra of the 10 pM
solutions of hIAPP and (isoD);hIAPP (Fig. 1A and B) respec-
tively. These results are similar to the observations obtained in
the previous studies,*® indicating both peptides are amyloido-
genic and aggregate rapidly to form high order oligomers in
solution. When 10 pM hIAPP and (isoD);hIAPP were individu-
ally co-incubated with equimolar hINS solution, only the het-
erodimer complex (one hIAPP/(isoD);hIAPP plus one hINS),
as well as monomers and homodimers of hIAPP/(isoD);hIAPP
and hINS were observed in the MS spectra (Fig. 1C and D),
suggesting the interactions between both the polypeptides and
hINS are site-specific; which agrees with the previous results
demonstrating the interaction between hIAPP and hINS."”
When 10 uM hIAPP and (isoD);hIAPP solutions were instead
mixed with equimolar of EGCG solution (Fig. 1E and F), early
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Fig.1 The MS spectra of the 10 pM solutions hIAPP (A; red circle) and
(isoD)shlIAPP (B; green circle) only, the 10 uM solutions of (C) hIAPP and (D)
(isoD)shlAPP mixed with 10 pM hINS (purple star); the 10 uM solutions of (E)
hIAPP and (F) (isoD)shlAPP mixed with 10 uM EGCG (yellow triangle).

homo-oligomers of hIAPP/(isoD);hIAPP, from monomer to
trimer, as well as complexes composed of hIAPP/(isoD);hIAPP
and EGCG were observed in the MS spectra. The number of
EGCG molecules attaching to the oligomers ranged from 0.5
(one EGCG molecule plus two polypeptides) to 3 (three EGCG
molecules plus one polypeptide), indicating the interaction
between the polypeptides and EGCG molecule is non-specific
which is similar to the results observed by the Young et al
study.”® The results shown in the MS spectra of hIAPP and
(isoD);hIAPP mixed with hINS and EGCG demonstrate there is
no significant difference between the early oligomers of wild-
type and deamidated hIAPP attaching to either site specific
(hINS) or non-site specific (EGCG) inhibitors.

The dissociation energy curve obtained from collisionally
activated dissociation tandem MS (CAD MS/MS) shows the
complexes of the polypeptides with hINS/EGCG involve fragile,
non-covalent interactions (Fig. S1 and S2, ESIT). Electron cap-
ture dissociation tandem MS (ECD MS/MS) is a fast fragmenta-
tion process that can preserve the non-covalent interactions
between molecules whilst fragmenting the protein backbone to
generate sequence information.'® ECD MS/MS has been shown
to successfully determine the aggregation sites between amy-
loid proteins as well as the interaction sites between ligands
and amyloid proteins.'®'®*° The 7+ charge state heterodimer,
[hIAPP + hINS], was isolated and fragmented by ECD MS/MS;
monomer fragments of hIAPP and hINS as well as the hetero-
dimer fragments were observed in the spectrum (Fig. S3, S4 and
Table S1, ESIT). All heterodimer fragments were summarised
(Fig. 2A) and used to determine the interaction regions between
hIAPP and hINS units. Purely monomer fragments of hIAPP or
hINS do no inform the interaction site explicitly,'® therefore,
were not considered during structure elucidation. The ECD
spectrum showed the ¢35 and ¢3¢ hIAPP fragments as well as a
sequential line of hIAPP z-ion fragments (z;_3,4) attaching to an
intact hINS species, indicating the primary interaction site
exists at the residue Asn-35 on hIAPP which is towards the
C-terminus of the polypeptide (Fig. 2F). In a previous study, we
have demonstrated that Ser-28/29 and Asn-35 are two critical
areas for hIAPP aggregation (Fig. 2E);"® the interaction observed
above suggests that hINS interacts with hIAPP at its critical
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Fig. 2 Summarised fragments of hINS attached to (A) hlAPP and (B)
(isoD)shlAPP. Summarised fragments of EGCG attached to (C) hIAPP and
(D) (isoD)shlIAPP. The proposed interaction sites on (E) pure hlIAPP (PDB

2KB8)%! with (F) hINS and (G) EGCG. The proposed interaction sites on (H)
pure (isoD)shIAPP with (I) hINS and (J) EGCG.

aggregation site (Asn-35) preventing the interaction with another
hIAPP unit to form high-order oligomers and thereby inhibits the
formation of amyloid fibrils in a single “capping” process to form
a heterodimer of hIAPP and hINS.

ECD MS/MS was then applied to the heterodimer composed
of an (isoD);hIAPP and a hINS biomolecules (Fig. S5, S6 and
Table S2, ESIt). In the ECD spectrum, (isoD);hIAPP fragments
of ¢34, €35, and ¢3¢ as well as a series of z-ions (z,-33) were shown
to attach to an intact hINS molecule (Fig. 2B), indicating the
interaction site between (isoD);hIAPP and hINS locates between
Asn-31 and Ser-33 residue (Fig. 2I), which is similar to binding
with hIAPP, but shifts further away from the C-terminus of the
polypeptide compared to the [hIAPP + hINS] complex (Fig. 2F).
The ECD results of the two species binding with intact hINS
demonstrates that deamidation influenced the interaction site

This journal is © The Royal Society of Chemistry 2020
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between the polypeptides and the site-specific inhibitor — hINS,
which may result in influencing the performance of the inhibitor.

ECD MS/MS was also used to determine the interaction site
between EGCG and the polypeptides (Fig. S7, S8 and Tables S3,
S4, ESIt). The ¢34 3¢ fragments and z,, 35 fragments of hIAPP/
(isoD);hIAPP were shown to attach to an EGCG molecule in
both ECD spectra (Fig. 2B and D), indicating the interaction
site between hIAPP/(isoD);hIAPP and EGCG are similar to
each other but different from the interactions with hINS. The
interaction region for both species was shown to be between
Arg-11 and Ser-34 residues (Fig. 2G and J]). This suggested that
deamidation in hIAPP resulted in minimal disruption of the
interaction site between the polypeptides and EGCG, suggest-
ing EGCG may still be an effective inhibitor to prevent the
aggregation of deamidated polypeptides. The large binding
region also suggests that EGCG binds at several positions
somewhat stochastically or that it engages in multiple hydro-
gen bonds within this region, distorting the peptide conforma-
tion accordingly.

Fluorescence spectroscopy is useful to quantify amyloid
fibrils in solution because of the formation of mature B-sheet
fibrils which preferentially attach to thioflavin T (ThT) dye and
produce a detectable fluorescence signal.*” In this experiment,
pure hINS also generates amyloid fibrils which produce a
fluorescence emission signal (Fig. S9C, ESIT). In order to focus
on the fluorescence emission signal solely generated by the
hIAPP and (isoD);hIAPP fibrils (Fig. 3A); the fluorescence
emission intensities of the ThT solution, hINS, and EGCG were
baseline subtracted at each experimental time-point (Fig. S9,
ESIT). The lag phases of the 50 pM hIAPP and (isoD);hIAPP
were both 21 hours; while the relative intensity of the amyloid
fibrils formed in the (isoD);hIAPP solution was 20% higher
than that in the hIAPP solution (Fig. 3A), indicating deamidated
hIAPP solution generates amyloid fibrils faster than wild-type
solution, which is similar to previous observations.® The lag
phase of hIAPP and (isoD);hIAPP incubated with equimolar
hINS solutions were at 25 and 29 hours respectively; indicating
hINS can effectively postpone the formation of amyloid fibrils
in the non-deamidated and deamidated polypeptides solutions;
meanwhile, a longer incubation time is required for (isoD);hIAPP
to form mature fibrils in the solution compared to hIAPP. The lag
phase of hIAPP and (isoD);hIAPP incubated with equimolar of
EGCG were both at 26 hour, suggesting EGCG can also potentially
delay the formation of amyloid fibrils for both deamidated and
non-deamidated polypeptides to a similar degree. The relative
intensities of the mature fibrils formed in the solutions of hIAPP
and (isoD);hIAPP incubated with either inhibitors (hINS or EGCG)
were very similar. Both hINS and EGCG were shown to reduce the
amount of hIAPP amyloid fibrils formed in the solutions by
66.5%; while the amount of (isoD);hIAPP amyloid fibrils were
reduced by 72.5%, suggesting both inhibitors are effective in
reducing the formation of mature p-sheet amyloid fibrils consist-
ing of either non-deamidated or deamidated polypeptides.

Transmission electron microscopy (TEM) is commonly used
to observe the overall structures of mature aggregates and
fibrils in solution. hIAPP and (isoD);hIAPP samples, including
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Fig. 3 (A) Normalised fluorescence emission plot of 50 uM hIAPP and
(isoD)shlAPP solutions with equimolar hINS and EGCG, (B) MS quantifica-
tion of 10 uM hIAPP and (isoD)shlIAPP with equimolar inhibitors after 1 week
incubation and (C) TEM images of fibrils found in solutions after 1 week
incubation at 37 °C.

solutions mixed with either insulin or EGCG, were incubated at
37 °C for 1 week and the structures of aggregates were observed
using TEM. Elongated and branched fibrils were observed in
the pure hIAPP incubated sample; while short and dense fibrils
were found in the (isoD);hIAPP incubated sample (Fig. 3C, left
column), in which similar observations were shown in previous
studies.” When equimolar amounts of hINS were mixed with
hIAPP for 1 week incubation, fewer amounts of elongated fibrils
were observed in the TEM image, while dense amorphous
aggregates were found in the mixture of (isoD);hIAPP and hINS
solution (Fig. 3C, middle column). The results imply deamida-
tion did affect the inhibitory mechanism of hINS towards the
polypeptide aggregation which results in the formation of
amorphous aggregates. When equimolar amounts of EGCG
and hIAPP were mixed and incubated for 1 week, globular
vesicles were clearly observed in the TEM image with some
dense amorphous aggregates attaching to them (Fig. 3C, top
right column). Compared to the TEM images of incubated
EGCG solution (Fig. S10, ESIt), the increased in size of the
globular vesicles from 12 nm to 48 nm are believed to be a
mixture of EGCG and hIAPP molecules. When equimolar
amounts of EGCG were incubated with (isoD);hIAPP, globular
vesicles appeared to collapse and only dense amorphous aggre-
gates were observed in the solutions. The TEM results suggest
deamidated hIAPP not only affects the aggregate structures, but
also the inhibitory mechanism of potential inhibitors toward
its aggregation.
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TEM images are used to observe the overall structure of
aggregates, however, it is difficult to provide quantitative infor-
mation of the aggregates or their composition, and thus it is
difficult to quantitatively compare the inhibition performance
between potential inhibitors. Herein, the performances of the
potential inhibitors were justified by quantifying the amount
of remaining soluble hIAPP or (isoD);hIAPP in the fresh and
1 week incubated solutions (Fig. 3B). A 2-tailed #test was
performed to determine whether the differences measured
between the fresh and incubated solutions were significant.
The incubated solutions contained only 50% soluble hIAPP and
46% (isoD);hIAPP quantifiable by MS and the #test p values
were less than 0.05, indicating both polypeptides aggregate
rapidly in a solution and (isoD);hIAPP aggregates faster than
hIAPP in solution which is similar to the previous observation.?
The remaining soluble hIAPP in the [hIAPP + hINS] 1 week
incubated solution was ~100% and the #test p value of the
fresh and incubated solutions was greater than 0.05, suggesting
hINS appears to be a good inhibitor for hIAPP aggregation as
nearly all hIAPP can be recovered after the 1 week incubation
period. In contrast, only 64% of soluble (isoD);hIAPP was
detected after 1 week incubation with a ¢-test value less than
0.05, indicating hINS has much less effect in preventing dea-
midated polypeptide aggregation. Interpretation of the results
obtained in the MS spectrum (Fig. 1C and D), together with
those from fluorescence spectroscopy (Fig. 3A), and TEM
(Fig. 3C) experiments, we hypothesise that hINS can effectively
cap each (isoD);hIAPP monomer producing heterodimers in a
similar manner to [hIAPP + hINS] (supported by MS spectra),
but will eventually form amorphous aggregates (supported by
fluorescence spectroscopy and TEM images) which is not a
reversible process (supported by MS quantification). The levels
of soluble hIAPP and (isoD);hIAPP were significantly reduced
by 55% and 63% in the 1 week EGCG incubated solution
respectively, suggesting aggregates are formed in the incubated
solutions and the rate of aggregate formation in (isoD);hIAPP
solution is higher than hIAPP solution. With the data observed
via fluorescence spectroscopy (Fig. 3A) and TEM (Fig. 3C)
experiments, we understand that EGCG triggers the formation
of amorphous aggregates in a similar manner for both non-
deamidated and deamidated polypeptides.

To conclude, our results demonstrate deamidation does not
affect the binding stoichiometry between the early oligomers of
amyloidogenic polypeptides and potential inhibitors. However,
deamidation can potentially affect the interaction site of a site-
specific inhibitor (hINS) which significantly alters the inhibi-
tory pathway to generate irreversible amorphous aggregates.
In contrast, the interaction site and inhibition performance of non-
site specific inhibitor are not obviously influenced by deamidation.
With the increase in focus of deamidation-induced changes in
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amyloid fibril formation and inhibitor efficacy, the data shown
herein could inform future therapeutic development for some
amyloid diseases In the future, it would be of interest and
importance to compare the cytotoxic effects between wild-type
and deamidated hIAPPs with various potential inhibitors to
evaluate the dependency of these interactions to the cytotoxic
effects.
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