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Introduction

Cytotoxic Staphylococcus aureus PSMa3 inhibits
the aggregation of human insulin in vitro¥f

Aleksandra Kalitnik, € ** Monika Szefczyk, (2 ° Alicja W. Wojciechowska, (2@
Jakub W. Wojciechowski,® Marlena Gasior-Gtogowska,? Joanna Olesiak-Banska*“
and Matgorzata Kotulska (= *@

Phenol-soluble modulins (PSMs) are extracellular short amphipathic peptides secreted by the bacteria
Staphylococcus aureus (S. aureus). They play an essential role in the bacterial lifecycle, biofilm
formation, and stabilisation. From the PSM family, PSMa.3 has been of special interest recently due to its
cytotoxicity and highly stable a-helical conformation, which also remains in its amyloid fibrils. In
particular, PSMa3 fibrils were shown to be composed of self-associating “sheets” of a-helices oriented
perpendicular to the fibril axis, mimicking the architecture of canonical cross- fibrils. Therefore, they
were called cross-a-fibrils. PSMa3 was synthesised and verified for identity with wild-type sequences (S.
aureus). Then, using several experimental techniques, we evaluated its propensity for in vitro
aggregation. According to our findings, synthetic PSMa3 (which lacks the N-terminal formyl groups
found in bacteria) does not form amyloid fibrils and maintains a-helical conformation in a soluble
monomeric form for several days of incubation. We also evaluated the influence of PSMa3 on human
insulin fibrillation in vitro, using a variety of experimental approaches in combination with computational
molecular studies. First, it was shown that PSMa3 drastically inhibits the fibrillation of human insulin. The
anti-fibrillation effect of PSMa3 was concentration-dependent and required a concentration ratio of
PSMa3: insulin equal to or above 1:100. Molecular modelling revealed that PSMa3 most likely inhibits
the production of insulin primary nuclei by competing for residues involved in its dimerization.

helical conformation even up to several days of incubation® in
the cases of soluble monomeric forms,* oligomers,® or mature

Phenol-soluble modulins (PSMs) are amyloid functional pep-
tides produced by the Gram-positive bacteria Staphylococcus
aureus (S. aureus). The amyloidogenic properties of the PSMs
play an essential role in bacterial biofilm formation and
stabilisation." The multifunctional PSM family is represented
by several small amphipathic peptides characterised by differ-
ences in their sequences, fibrillation predispositions, structural
plasticity, and the architecture of self-produced amyloid-like
structures.> Whereas other PSM peptides undergo conforma-
tional changes during aggregation, PSMa3 has been previously
characterised by extremely high stability in maintaining its o-
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fibrils.»”*® Several findings, based on the results obtained using
different experimental methods, clearly demonstrated that
amyloid fibrils of PSMa3 are composed of unique cross-o fibrils,
where helices compile together into firm layers, imitating the
cross-B structures.®® It is known that many external and internal
factors influence peptide aggregation behaviour; for example, a
slight modification of the peptide’s primary structure can con-
siderably affect its fibrillation behaviour."*** It has been pre-
viously shown that the synthesised PSMo3 peptide does not form
amyloid fibrils in vitro during incubation for up to several days.’
The recombinant N-terminally formylated PSMa3 peptide, on the
other hand, was demonstrated to have the highest in vitro aggre-
gation propensity of all PSMs over a wide concentration range."'°
Furthermore, because PSMs often retain their N-terminal formyl
groups throughout secretion in bacteria, N-terminus formylation
is likely responsible for PSMa3 contribution to in vivo PSM biofilm
development, as well as playing a major role in high PSMo3
toxicity.'>"? 1t has also been discussed previously that optimisa-
tion of experimental procedures, such as monomerization and
solubilization with different solvents, agitation, and changes in
pH and temperature, allowed regulation of the assembly states of
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amyloid B during in vitro incubation and allowed an oligomeric or
fibrillar fraction to be obtained.'* Furthermore, pH changes have
been shown to have a considerable impact on the aggregation
kinetics of particular PSM peptides in vitro, with the effects varying
depending on the peptide.'® Particularly for N-formylated PSMa3,
the fastest aggregation was shown at a slightly basic pH, and
despite extending the incubation period at an acidic pH, no
aggregation took place.”® Moreover, many other factors were
shown to affect the aggregation behaviour of PSM peptides, such
as extracellular DNA,">'® as well as the presence of glucose or a
high content of sodium chloride in the incubation medium."” It is
also well known that initial steps in experimental procedures,
such as pre-treatment and solubilization of peptides prior to
aggregation assays, are critical to control the process of peptide
self-assembly.’®"® However, in some studies, the details of the
experimental protocol for preparation of the studied peptide
before the aggregation assay are not clearly indicated, which
significantly hinders the correct estimation of the influence of
external factors on the aggregation properties.®*®

PSM peptides are also well recognised for their predisposi-
tion to cross-interact with other amyloidogenic proteins, mod-
ulating fibrillation of each other, which can result in both
aggregation acceleration and inhibition."”*" Furthermore,
extensive polymorphism of PSM-composed amyloid-like struc-
tures was also shown to be determined by their cross-seeded
interactions during the biofilm formation process.”® There is
quite ambiguous data concerning the effects of the cross-
interaction of PSMs with some human amyloids.>>*" For exam-
ple, N-terminally formylated PSMo peptides were described
previously to accelerate fibrillation of o-synuclein (o-syn) in
human cells as well as in vitro under conditions that mimic
physiological.>® On the other hand, the opposite effect of
PSMoa3 on o-syn fibril formation was described previously.>"
Moreover, the o-helical structure of PSMa3-like peptides was
revealed to be a crucial factor in inhibiting o-syn aggregation,
and mutations in the a-helix scaffold resulted in full loss of the
anti-fibrillation effect.”’ Several short a-helical synthetic pep-
tides were shown to effectively suppress the in vitro fibrillation
of human insulin.?” Insulin is a vital polypeptide that serves a
range of biological functions, the most essential of which is the
treatment of diabetes patients. This pathological condition
leads to the formation of a hard subcutaneous mass present
in insulin amyloid plaques at the injection site that can trigger
a local or systemic inflammatory response, among other side
effects.”® Localised insulin fibril formation causes serious
problems in insulin therapy, such as insufficient glycemic
control due to impaired insulin absorption and catheter block-
age during sustained subcutaneous insulin infusion.>* Since
amyloids share a common secondary structure, one common
therapeutic strategy for any type of amyloidosis is focused on
developing protein aggregation inhibitors that reduce the
aggregation propensity of precursor proteins, prevent or remo-
del toxic amyloids, or alleviate their multi-toxic effects.

In this work, we used several experimental approaches,
including the thioflavin T (ThT) fluorescence assay, circular
dichroism (CD), attenuated total reflectance Fourier-transform
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infrared (ATR-FTIR) spectroscopy, and atomic force microscopy
(AFM), to assess the aggregation propensity of PSMa3 during
in vitro incubation, using slight changes in experimental con-
ditions and pre-treatment procedures. We also evaluated the
modulation of the fibrillation process of human insulin upon
PSMa3 addition. The aggregation kinetics of insulin in vitro
after the addition of the peptide at various concentrations were
studied, along with the aggregation mechanism, as well as the
secondary structure distribution and morphological features of
the produced insulin aggregates. Furthermore, we used mole-
cular modelling to examine the mechanism of PSMa3 inter-
action with human insulin. We predicted the structure of the
insulin dimer using AlphaFold, and also performed molecular
docking of PSM to insulin, which revealed a possible mecha-
nism of cross-interactions.

Results
Studied peptides

The full-length, 22-residue PSMa3 peptide was synthesised using
solid-phase peptide synthesis (SPPS) on a fully automated synthe-
siser with microwave heating by applying Fmoc/tBu chemistry and
then purified using a preparative reverse phase high-performance
liquid chromatography (RP-HPLC) system with a C18 column
according to a previously described protocol.*® Quality analysis of
the synthesised and purified peptide was conducted to prove the
structural correlation with the wild-type PSMa3. The analytical data
for the obtained PSMo3 peptide, as well as the mass spectrum and
the analytical RP-HPLC chromatogram, can be found in the ESI}
(Table S1 and Fig. S1, Fig. S2, ESIt). The insulin sample, used in the
current study, was purchased from Sigma Aldrich, and all the
characteristics were provided by the producer.

PSMa3 do not form amyloid-like aggregates under the applied
experimental conditions

Initially, UV circular dichroism (CD) spectroscopy was applied to
evaluate the primarily spatial conformation of the synthesised
PSMo3 peptide, as well as possible incubation-induced alterations
of its secondary structure. The CD spectra of PSMa3, directly after
dissolving and after 72 h of incubation at 37 °C, are presented in
Fig. 1. As shown in Fig. 1, the CD spectrum of PSMa3 freshly
dissolved in water shows significant minima at 208 and 222 nm,
which are typically assigned to o-helical conformation.”” The
calculated ratio of mean residue ellipticity within the character-
istic wavelength ranges of 6,,,/0,05 Was equal to 0.78, which is
attributed to single-stranded non-interacting o-helices and
indicates the absence of self-interacting monomers.***° Fig. 1
demonstrates that according to the obtained data, PSMa3 main-
tained o-helical conformation after incubation at 37 °C up to 72 h.
The CD spectrum of PSMa3 incubated for 72 h exhibits the same
minima at 208 and 222 nm, which are characteristics of a-helical
structures (Fig. 1). Moreover, the calculated ratio of mean residue
ellipticity between the typical wavelength ranges of 0,,,/0,05 was
equal to 0.85 and higher compared to freshly dissolved peptide
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Fig. 1 CD spectra of PSMa3 before the aggregation assay (red) and after
incubation for 72 h at 37 °C (blue). The CD intensity is given as the mean
residue ellipticity (0 [deg x cm? x dmol™Y).

(0.78), indicating stabilisation of helical conformation during
incubation.**°

The secondary structure evaluation of the obtained PSMa3 was
also conducted by attenuated total reflectance-Fourier transform
infrared (ATR-FTIR) spectroscopy. It was found that the results of
the ATR-FTIR analysis were consistent with the CD spectroscopy
data. The main absorption band at 1655 cm™ "' in the amide I
region of the FTIR spectra of freshly dissolved PSMa3 clearly
proved its primarily o-helical structure (Fig. 2A), in accordance
with the standard interpretation methodology.** ATR-FTIR spectro-
scopy was applied for further studies of the possible secondary
structure changes during the incubation process. The differences
in fractional changes of PSMa3 during incubation were monitored
by analysing the characteristic absorption bands in the amide I
region, which is especially sensitive to protein secondary structural
features.>* The ATR-FTIR spectrum of PSMo3 after 72 h of incuba-
tion at 37 °C is presented in Fig. 2B. Similarly, as in the case of
freshly dissolved peptides, the ATR-FTIR spectrum of incubated
PSMua3 showed the main absorption band in the amide I region at
1655 cm ™, which is assigned to the orhelical conformation (Fig. 2).
Raw FTIR spectra of freshly dissolved PSMo3 and after 72 h of
incubation at 37 °C are presented in the ESIt (Fig. S3).
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The secondary structure fractional distribution for PSMa3
freshly dissolved, as well as after the incubation (72 h, 37 °C),
was estimated using deconvolution of the FTIR spectra in the
amide I region (1600-1700 cm %), and the results are listed in
Table 1.

The primary peaks contributing to the ATR-FTIR overlapping
signal in this region were identified using the secondary derivatives
of each curve, which were calculated and visualised. According to
the data of spectra deconvolution, followed by classical assignment
of the peaks,*"**?® the dominant conformational state of PSMo.3,
freshly dissolved and after 72 h of incubation, is a-helix (42% and
53%, respectively). These findings were confirmed by the presence
of the main peaks at 1656 cm " (assigned to orhelix) with less
contribution of B-sheets (up to 32%) due to the presence of
absorption bands at 1629-1628 cm ™ and 1692-1691 cm ™, as well
as B-turn components at 1679-1674 cm ' (Table 1). Our data are
consistent with a previously described conformation of monomeric
PSMo3 in solution,"*'#1

The fibrillation propensity of PSMo3 was examined using
the thioflavin T (ThT) fluorescence assay. Prior to the aggrega-
tion kinetics assay, the peptide was treated with a mixture of
(1:1) TFA and HFIP for monomerization. The monomerized
peptide was dissolved in water directly before analysis. The ThT
kinetics assay is a quantitative method that indicates the pro-
gress of amyloid assembly over time since ThT has the capability
of binding to B-sheets or other amyloid-like structures, leading to
a significant increase in its fluorescence intensity, which corre-
lates with the degree of fibril formation.*”*°

We used a wide range of concentrations of PSMa3 (0.0625-
5 mg mL ™). The kinetics of PSMa3 aggregation was monitored
over a period of 48 h, recording ThT fluorescence at 30-minute
intervals using a microplate reader. The data of the ThT
kinetics assay for all used concentrations of PSMa3 are pre-
sented in Fig. 3. As shown in Fig. 3, no increase in ThT
fluorescence intensity was registered for all concentrations of
PSMoa3 after incubation up to 48 h at 37 °C.

We also studied PSMa3 aggregation behaviour with AFM
and found that the results of AFM analysis clearly proved the
data of the kinetics assay (Fig. 4). In particular, in the case
where the same experimental procedure was applied prior to
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Fig. 2 ATR-FTIR spectra of monomerized PSMa3 (A) before the aggregation assay, and (B) after incubation for 72 h at 37 °C. R-Square (COD): 0.99974

(A), and 0.99769 (B).
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Table1 Deconvolution analysis of the ATR-FTIR spectra of monomerized PSMa3 before starting the aggregation assay, and after incubation for 72 h at

37 °C

Peptide sample

Average peak position (cm™")

Secondary structure assignment  Average composition (%)

1631
1656
1674
1694

PSMa3 monomerized, freshly dissolved in water

PSMa3 incubated for 72 h at 37 °C 1629

1656
1679
1693

incubation (the same plates, pre-treatment procedure, and
parameters of incubation), no aggregates were observed up to
72 h of incubation at 37 °C (Fig. 4A), and only a few oligomeric
species were detected after 7 days of incubation (Fig. 4B).

We also evaluated if the monomerization procedure essen-
tially influences PSMa3 aggregation potential under the studied
experimental conditions. The AFM images of PSMa3, prepared
without treatment with monomerizing agents before and after
incubation, are presented in Fig. S5 in the ESI.f We found that
without prior monomerization (Fig. S5A, ESIt), after incubation
for 72 h under identical conditions, only a few small oligomeric
structures were formed (Fig. S5B, ESIt). According to our
results, under certain experimental conditions, PSMa3 does
not form any amyloid aggregates and maintains a soluble o-
helical conformation up to 72 h. Additionally, we evaluated how
changes in the experimental procedure could modify the
PSMa3 self-assembly process. We conducted incubation of
monomerized PSMa3 simultaneously in small tubes and in
plates. In the first case, we prepared the peptide by dissolving it
in DMSO to a concentration of 10 mg mL~" and then diluting
the stock solution with water; in another case, the monomer-
ized peptide was directly dissolved in water. The parameters of
incubation (temperature, shaking) were the same for all the
cases. After incubation for 72 h, we checked the assembly states
of the studied samples using AFM analysis. The AFM images of
PSMua3 incubated under different experimental conditions are
presented in Fig. S6 in the ESLf After 72 h of incubation in
tubes, a few heterogeneous oligomers were detected. Moreover,
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Fig. 3 Time-dependent ThT fluorescence of PSMa3 incubated for 48 h at
37 °C in the concentration range from 5 to 0.0625 mg mL™™.
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0

Fig. 4 AFM images of PSMa3 after 72 h (A) and 7 days (B) of incubation at 37 °C.

solubilization of PSMa3 by DMSO resulted in the formation of
bigger oligomer aggregates when compared to dissolving
PSMo3 directly in water (Fig. S6A and B, ESIf). At the same
time, in the case of dissolving the peptide first in DMSO, fewer
oligomers were formed after 72 h of incubation in 96-well plates,
and no aggregates could be detected in the case of using only
water as the solvent (Fig. S6C and D, ESIt). However, it should be
noted that no fibrils were ever found up to 72 hours after
incubating PSMo3 under the same experimental conditions.

PSMa3 inhibits the aggregation of insulin

We studied the effect of co-incubation of PSMa3 and human
insulin on the aggregation propensity of each other under
certain experimental conditions in different concentration
ranges. To exclude any influence of preformed aggregates,
which can sometimes exist as impurities together with the
insulin monomeric protein, both peptides were monomerized
with the HFIP/TFA mixture prior to aggregation, according to
the previously described protocol."** The monomeric state of
the peptides before aggregation was proven using atomic force
microscopy (AFM). The AFM images of monomeric PSMa3 and
insulin are presented in Fig. S4 in the ESL{ The possible
influence of the peptides on the aggregation of each other
was examined using the aggregation kinetics assay with ThT.
The results of the ThT kinetics assay for insulin incubated
alone at different concentrations are presented in Fig. 5A. The
ThT kinetics data for insulin at 0.5 mg mL ™" co-incubated with
PSMua3 in different concentrations are illustrated in Fig. 5B.
As shown in Fig. 5A, a significant ThT signal increase
was registered for insulin incubated at concentrations of

This journal is © the Owner Societies 2024
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Fig. 5 ThT aggregation kinetics of insulin incubated for 72 h at 37 °C alone (A) and co-incubated with PSMa3 in different concentrations (B). The
scattered dots denote experimental data and solid lines represent fits obtained with Amylofit.

0.5-0.0625 mg mL ™", which gradually rose with time. According
to the results of the ThT fluorescence assay, the formation of
insulin aggregates was completely inhibited in the case of insulin/
PSMu3 concentration ratios ranging from 0.5/0.5 mg mL ™" to 0.5/
0.0325 mg mL~ . Partial inhibition occurs at the insulin/PSMu3
ratios of 0.5/0.0156 mg mL~" and 0.5/0.0078 mg mL ™", whereas
no inhibition was shown at the insulin/PSMo3 ratio of 0.5/
0.0039 mg mL ™" (Fig. 5B). The results of the ThT fluorescence
kinetics assay for insulin co-incubated at 0.5 mg mL ™' with
PSMu3 at concentrations ranging from 0.0625 mg mL ' to
0.0039 mg mL ™" are presented in Fig. S7 in the ESL The results
suggest the existence of a PSMo3 concentration threshold for
inhibition of the insulin aggregation. Interestingly, there is low
dependence of half-time on the concentration in log(concen-
tration)-log(half-time) plots presented in Fig. S8 (ESIt) for both
insulin and insulin with the addition of PSMa3, suggesting that
once the aggregation is induced it seems to follow the same
scheme without saturation mechanisms. These observations sug-
gest the critical role of secondary processes during the aggregation
in both cases. Indeed, insulin kinetics best fits a “fragmentation
dominated” model, the mean residual error, MRE = 0.0609,
according to Amylofit software. The estimated model parameters
were the following: k + kn = 0.109 (elongation rate constant x
primary nucleation constant), nc = 0.166 (nucleus size), k + k_ =
34.5 (elongation rate constant x fragmentation rate constant).
Our data are consistent with other studies, where this model
suggested the formation of secondary nuclei and fibril fragmenta-
tion and branching, as described earlier.”**° The addition of
PSMo3 does not change the type of the model and still the best

0.0078 mg mL™ (D), and 0.0039 mg mL™* (E).

This journal is © the Owner Societies 2024

Fig. 6 AFM images of insulin incubated for 72 h at 37 °C alone at 0.5 mg mL™* (

fit is obtained for the “fragmentation dominated” model (MRE =
0.0569; the values of the model parameters were k + kn = 0.000292,
= 0.00000658, and k + k= 2.2 x 10°). The decrease in
parameter values associated with primary nucleation and increase
in fragmentation coefficient were observed, in comparison to
aggregation processes without PSMa3. This suggests that PSMa3
may be capable of inhibiting the formation of primary nuclei.

The data from the AFM analysis are strongly consistent with
the findings of the kinetics aggregation assay. AFM images of
insulin incubated alone at 0.5 mg mL ™" and co-incubated with
PSMa3 in different concentrations, in which full inhibition,
partial inhibition, or no inhibition was observed, are illustrated
in Fig. 6. With regard to the co-incubation of insulin and
PSMa3, we specifically observed almost complete inhibition
of the aggregation process in the ratios of insulin/PSMa3 from
0.5/0.5 mg mL™" to 0.5/0.031 mg mL™ ", partial inhibition in the
ratios between 0.5/0.01625 mg mL~" and 0.5/0.0078 mg mL ™',
and no inhibition in the ratio between 0.5/0.0039 (Fig. 6). AFM
images of insulin co-incubated with PSMo3 in all used con-
centrations can be found in the ESI{ (Fig. S9).

We analysed the FTIR spectra of insulin (0.5 mg mL™")
before and after incubation for 72 h at 37 °C, alone or with
PSMoa3 at different concentrations, where the highest (near full
suppression of insulin aggregation) inhibitory effect was
observed using the kinetics assay and microscopic analysis
(0.031 mg mL~"). The obtained FTIR spectra are presented in
Fig. 7.

Raw ATR-FTIR spectra of insulin before and after incuba-
tion, alone and with PSMa3, are presented in the ESIf

), and with PSMa3 at 0.031 mg mL™* (

, at 0.0156 mg mL~* (C), at

Phys. Chem. Chem. Phys., 2024, 26, 15587-15599 | 15591


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp00669k

Open Access Article. Published on 17 May 2024. Downloaded on 1/19/2026 2:08:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(Fig. S10). We also performed deconvolution of the obtained
FTIR spectra in the amide I region (1600-1700 cm ™) to analyse
the secondary structure fractional distribution for the studied
proteins in the case of insulin incubation alone or co-incubated
with PSMa3. The results of the ATR-FTIR spectra deconvolution
analysis are listed in Table 2.

As shown in Fig. 7A, in the FTIR spectrum of freshly
dissolved insulin, the main absorption band in the amide I
region is displayed at 1652 cm™'. This band, after deconvolu-
tion analysis (Table 2), was shown to consist of overlapped
peaks at 1656 cm ™' and at 1648 cm™ " due to the co-existence of
o-helices and disordered/random coil conformations.>"*' Our
data are consistent with the previously described conforma-
tional characteristics of a native monomeric insulin in aqueous
solutions with a pH close to neutral.**** Then, the structural
transformation of insulin during incubation for 72 h at 37 °C to
B-sheet-enriched structures is easily noticeable from the spec-
trum presented in Fig. 7B due to an intensive absorption band
at 1631 cm™*. Deconvolution analysis demonstrated that the
secondary structure of insulin after incubation for 72 h at 37 °C
is mostly (>50%) presented in aggregated species (Table 2).
This is confirmed by the main peak in the amide I region at
1629 cm™ ', assigned to B-sheets, with simultaneous full loss of
the o-helical fraction and a considerable decrease in the
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content of the random coil conformation when compared to
the native a-helical/random conformation (Fig. 7A and Table 2).
As shown in Fig. 7A, in the FTIR spectrum of insulin co-
incubated with PSMa3, the main absorption band in the amide
I region was observed at 1652 cm™ ' assigned to overlapping
peaks of o-helix and unordered structures.*"** Deconvolution
analysis (Table 2) demonstrated that the primary conformation
state for insulin co-incubated with PSMa3 was represented in a
random coil suggested by a major peak at 1646 cm ™" with less
contribution of a-helix due to the obtained peak at 1658 cm ™,
indicating a pronounced inhibitory effect of PSMa3 on insulin
transformation into p-enriched aggregates.

Modelling

To better understand the mechanism of interactions between
PSMa3 and insulin, we performed molecular modelling of the
complex. Based on the results of ThT assays and spectroscopic
analysis, it is most likely that PSM interferes with the early
stages of insulin aggregation. Therefore, we first modelled the
structure of the human insulin dimer using AlphaFold2*®
(Fig. 8A). The obtained model is consistent with the experi-
mental structure obtained for engineered insulin mutants, as
well as with a detailed molecular study indicating chain B as
more involved in stabilising weak inter-chain interactions.***”
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Fig. 7 ATR-FTIR spectra: insulin (0.5 mg mL™) before incubation (A) and incubated for 72 h at 37 °C, alone (B), and with PSMa3 at 0.031 mg mL~*(C). R-

Square (COD): 0.98838 (A); 0.98882 (B); 0.99328 (C).
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Table 2 Deconvolution analysis of ATR-FTIR spectra of insulin before incubation and when incubated for 72 h at 37 °C, alone and with PSMa.3

Peptide sample

Average peak position (cm ™)

Secondary structure assignment Average composition (%)

1630
1648
1656
1674

Insulin (0.5 mg mL™") freshly dissolved

1629
1644
1663
1673

Insulin (0.5 mg mL™") after incubation

1624
1646
1658
1677

Insulin (0.5 mg mL™") after incubation
with PSMo3 at 0.031 mg mL ™"

Based on the model dimer structure we calculated contact
maps for a pair of interacting insulin B chains (Fig. 8B) in
order to identify which amino acids are likely to take part in the
interaction. In the next step, we performed molecular docking
to an experimental structure of the insulin monomer using the
CABSdock server.’”” A majority of the best-scoring conforma-
tions regarding binding of PSMa3 to insulin occurred on chain
B (Fig. 8C). We also analysed the frequency of residue-residue
contacts between insulin and PSMo3 in the top 1000 obtained
models (Fig. 8D). The most numerous interactions can be
observed for V2, L6, G8, L11, L15, V18, C19, F24, and Y26 in
chain B of insulin. The majority of them are located in the
region between positions 8-29, involved in the formation of

B-Sheets 15
Unordered/random coil 38
o-Helix 38
B-Turn 9

B-Sheets 50
Unordered/random coil 27
B-Turn 13
B-Sheet/p-turn 10
B-Sheets 8

Unordered/random coil 44
a-Helix 38
B-Sheet/p-turn 10

insulin dimers. This includes the fragment F24-Y26 previously
identified as significantly contributing to the insulin
dimerisation.®” Also, some of these residues were recently
identified as important for stabilising interactions of both
insulin chains in the flat conformation observed in the cryo-
EM structure of the full length amyloid fibril.*® This includes
cysteine 19 in chain B, which forms a disulphide bridge and
interacts with alanine 18 in chain A in the filament structure,
and also has one of the highest contact frequencies with
PSMa3. Another important residue is leucine 15 in chain B,
which is located in a hydrophobic patch, stabilising both
chains in the flat conformation. The same study highlights
the importance of phenylalanine 24 and tyrosine B26, which

FYNQHLCGS

MLVEALYLYCOGERGF I YTPKT

Y26

10

UGAND

18
6| L11 115 C19 F24]

Fig. 8

w

(A) Structure of insulin dimer predicted by AlphaFold2. Chains A are coloured green, and chains B are coloured blue. (B) Residue—residue contacts

between chains B of insulin. (C) Overlap of the best-docked structures of PSMa3 (red) to human insulin. (D) Contact frequency between residues in

PSMa3 (ligand) and insulin chains A and B (receptor).
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Fig. 9 Visualisation of residue-residue contacts (A) in an insulin dimer
and (B) the same residues highlighted in the experimental structure of
insulin with docked PSMa3. Insulin chain A is depicted in green, chain B in
blue, and PSMa3 in red. Insulin residues involved in contacts with PSMa3
residues are highlighted in yellow.

becomes more exposed in fibrillar confirmation and likely
promotes lateral inter-protofilament interactions.®® Visualisa-
tion of the contacts is presented in Fig. 9 and Fig. S11 (ESIt).

These results suggest that PSMa3 could compete for binding
sites with insulin monomers, therefore inhibiting the for-
mation of insulin oligomers, as well as hampering conforma-
tional changes leading to fibril formation. The result is in good
agreement with the kinetic data, suggesting inhibition of
primary nucleus formation. This mechanism can also explain
the decrease in B-sheets revealed by ATR-FTIR analysis, and as
such structures appear upon the formation of oligomers and
aggregates.

Discussion

In the presented work, we studied the aggregation character-
istics of the PSMa3 peptide and its possible structural trans-
formation during incubation under selected experimental
conditions using different experimental methods widely used
to study the process of amyloid aggregation.*® According to the
data obtained simultaneously using several experimental tech-
niques, such as the fluorescence-based kinetics assay, micro-
scopic analysis (AFM), CD spectroscopy, and ATR-FTIR, PSMa.3
does not form any amyloid-like aggregates in aqueous solutions
under the used experimental conditions and after incubation for
up to several days. The results of CD and ATR-FTIR analysis
conclusively demonstrated that the secondary structure of the
investigated PSMa3 did not significantly change during incuba-
tion, and the peptide maintained a primarily o-helical conforma-
tion with only minor changes in fraction distribution. This further
indicates that the helical structure was stabilised after incubation,
which is consistent with the previously described findings,"®
demonstrating that PSMa3 maintains an o-helical conformation
for up to several days of incubation."® Moreover, equilibrium
between o-helical/B-sheets transitions in aqueous solutions with a
prevalence of o-helical conformation is typical of PSMo3 in vitro
conditions.®'®'° Deconvolution of ATR-FTIR spectra revealed a
significant B-turn contribution that is retained for the peptide
after incubation. This correlated with previous findings indicating
substantial roles of B-turns in stabilising the native conformation
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of proteins with a high predisposition to the formation of a stable
secondary structure*”® and proved that PSMa3 has a tendency to
stabilise its o-helical conformation following the incubation. The
high B-turn contribution is determined by the presence of typical
turn formers in the PSMoa3 sequence, such as Asp and Asn amino
acids,”*~>® which arise for physical reasons (e.g., hydrogen bond-
ing). Moreover, FTIR spectra analysis indicates that -sheet com-
ponents marginally decrease after incubation with a simultaneous
slight increase in o-helical fraction and the maintenance of a high
B-turn content that is consistent with inhibition of protein
aggregation and stabilisation of helical conformation, according
to previously described analysis of the roles of f-turns in protein
folding."*°

According to the ThT kinetics assay, for PSMo3 in a wide
range of concentrations, no changes in ThT fluorescence
intensity were manifested following incubation for up to
25 days. The kinetics aggregation data were clearly proven by
AFM analysis. Our findings are consistent with another study
where PSMo3 was studied with a combination of methods of
fluorescence staining and high-resolution imaging techniques
and demonstrated to not form any amyloid aggregates after
several days of incubation.’ At the same time, a few other studies
demonstrated that the PSMa3 peptide produces amyloid fibrils
in vitro after several hours of incubation.”'® Crucially, neverthe-
less, all these experiments were conducted on recombinant N-
terminally modified (N-formylated) PSMa3."'% N-Terminal formy-
lation was found to have a significant impact on peptide aggrega-
tion properties."”" In particular, the N-terminally formylated §-
toxin, which is the most structurally similar to PSMa3, was shown
to self-assemble into amyloid fibrils, while the deformylated
peptide forms functional oligomeric complexes."* Moreover, N-
terminus formylation is likely responsible for PSMa3 contribution
to in vivo PSM biofilm formation as well as playing an important
role in high PSMa3 toxicity since PSMs usually retain their N-
terminal formyl groups during secretion in bacteria,"*** in con-
trast to synthetic peptides, where formylation can be conducted
only as an additional stage if required for the objectives of the
experiment.>® It is well known that initial steps in experimental
procedures, such as pre-treatment and solubilization of peptides
prior to aggregation assays, are critical to control the process of
peptide self-assembly.'® Therefore, we applied different experi-
mental conditions for the aggregation analysis of the studied
PSMo3. In particular, we incubated the peptides in various ways
(on plates or in Eppendorf tubes), did not apply monomerization
before the aggregation assay, and also solubilized the peptide
using DMSO with a subsequent dilution in water or just by
dissolving it in water. We discovered that using an experimental
setup that forgoes monomerization steps in addition to previously
solubilized PSMa3 in DMSO slightly modifies its aggregation
behaviour and results in faster formation of small oligomers
detected by AFM (Fig. S6, ESIt). Our results are in agreement
with other experimental investigations, which showed that faster
fibrillation happens in the absence of monomerization because
there may be some pre-formed assemblies present that might
seed the aggregation and speed up the fibril growth.'®'*>
Additionally, in the case of using DMSO as a prior solvent, the
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chemical reaction of disulfide bond formation, which plays a
significant role in peptide self-assembly and can accelerate the
fibrillation process, has been previously discussed in several
papers.>®™® Furthermore, DMSO was used as the first solvent in
the majority of studies on protein aggregation in vitro, including
the study on the fibrillation propensity of PSMa3.%”°*°" However,
despite the fact that the aggregation kinetics of PSMa3 depends
on experimental procedure manipulation, in the current study,
PSMua3 was not found to possess the ability to self-assemble into
amyloid fibrils after incubation for up to 7 days, and only a few
spherical oligomers were formed after incubation for 72 h without
pre-treatment for monomerization and solubilization with DMSO.
Since the peptide aggregation process in vitro has been frequently
demonstrated to require a significant amount of time (up to
several weeks) for monomeric peptides to self-assemble into
mature amyloid structures, it is likely that in our case, the
incubation time was insufficient for fibril formation under the
experimental conditions used."””®> PSM peptides are known to
cross-interact with other amyloidogenic proteins, resulting in
regulation of each other’s fibrillation, which can appear as both
aggregation acceleration and inhibition.***"%® Despite this fact,
the exact molecular mechanisms of such interactions remain
elusive. In this work we assessed the effect of PSMa3 on human
insulin fibril formation under co-incubation in a wide concen-
tration range and using a variety of experimental techniques in
combination with computational analysis. In our study, we found
that PSMa3 possessed a pronounced concentration-dependent
inhibitory effect on insulin aggregation during co-incubation
under the experimental conditions used here. The obtained
results are clearly illustrated using the data from the ThT kinetics
assay and confirmed by the AFM analysis. Insulin with and
without the addition of PSMa3 follows a fragmentation model,
though the mix has a smaller size of predicted primary nuclei as
well as a higher fragmentation rate, according to results obtained
with Amylofit. The effect on primary nucleation might be caused
by competition for binding sites between PSMa3 and insulin, as
revealed by our computational molecular study. PSMa3 tends to
bind to the same residues that participate in the formation of
insulin dimers and, therefore, can inhibit aggregation by hamper-
ing the formation of primary nuclei. These findings might also
explain the observed inhibition of B-sheet formation, as the
discussed region forms B-sheets upon dimerization.”” The ATR-
FTIR analysis data is consistent with the results obtained by other
experimental methods as well as computational molecular stu-
dies. The obtained ATR-FTIR spectra clearly demonstrated insulin
transformation over time from an o-helical/random coil structure
to a predominantly aggregated species. In contrast, in the case of
co-incubation of insulin with PSMa3, the dominant secondary
structure is presented in a-helix/random coil conformation with a
considerably lower content of aggregated species (Fig. 7 and
Table 2), demonstrating the prevention of insulin transition into
amyloid under PSMa3 influence. Our findings strongly correlated
with the study of Santos et al.,*' which demonstrated a consider-
able inhibitory effect of PSMa3-like peptide on the fibrillation of
a-syn in nanomolar concentration ratios. Moreover, in this work,
the crucial role of the generic hydrophobic character of a highly
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stable PSMus-like o-helical face scaffold in anti-aggregation effects
was demonstrated.>® In our case, we also demonstrated that
PSMu3 maintains o-helical conformation up to several days of
incubation at 37 °C, wherein o-helical-designed peptides were
shown before to suppress amyloid aggregation with high effi-
ciency, including both bacterial and mammalian peptides and
proteins.”*™®” This is probably determined by the fact that the
formation of intermediate cross-o-sheet-like structures is a uni-
versally adopted amyloidogenic motif during the amyloid self-
assembly process, which has been shown to be associated with
high toxicity and demonstrated before for the different patho-
genic amyloids, such as AP, o-syn, transferrin, amylin, and
others.****”" In particular, these kinds of transient oligomer
species, composed primarily of o-sheets, were also described
before for human insulin.”” It was also recently demonstrated
that the mechanism of inhibition of insulin fibrillation by short a-
helical peptides is based on hydrogen bond formation with amino
acid residues in both insulin chains that interfere with the insulin
conformational transition from o-helix to B-sheet.*”® Several
findings demonstrated that o-helical or cross-a-sheets scaffolds,
due to their morphological similarity to conventional p-sheets but
at the same time higher plasticity through the alignment of main
chain carbonyl groups on one side of the o-strand and NH-groups
on the other, preferentially tend to bind intermediate oligomer
species, which are usually enriched in a-sheets, interfering with
further transformation into mature cross-p-fibrils.®”””*7¢

Conclusions

In the current study, we have demonstrated that under the
experimental conditions used in the presented work and in a
wide range of concentrations, synthetic PSMa3 does not form
amyloid fibrils and maintains stable a-helical conformation in
soluble form up to several days of incubation. Nevertheless,
manipulations of the test procedure, such as monomerization,
contact material, pre-treatment, and dissolving process, notice-
ably affect the aggregation properties of PSMa3. We have also
shown that co-incubation of PSMa3 with human insulin leads
to significant inhibition of insulin fibrillation. The anti-
fibrillation effect of PSMa3 is concentration-dependent and
starts with the concentration ratio of PSMa3: insulin equal to
1:100. PSMo3 apparently blocks the formation of primary
nuclei by insulin by competing for residues involved in dimer-
ization. Overall, the results of our study demonstrated the great
potential of PSMa3 from S. aureus as an inhibitor of human
insulin fibrillation. This expands the potential applications of
bacterial o-helical peptides and might help with the creation of
novel therapeutic strategies for insulin-derived amyloidosis.

Materials and methods
Peptide synthesis and purification

All commercially available reagents and solvents were pur-
chased from Sigma-Aldrich and Merck, and used without
further purification. The studied peptide PSMa3 was obtained
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using an automated solid-phase peptide synthesiser (Liberty
Blue, CEM) with microwave heating by applying Fmoc/tBu
chemistry and using H-Rink amide ChemMatrix resin with
35-100 mesh particle size and 0.59 mmol g ' loading. Fmoc
deprotection was performed using 20% piperidine in DMF for
1 min at 90 °C. A single-coupling was achieved with a 0.5 M solution
of N,N'-diisopropylcarbodiimide (DIC) and a 0.5 M solution of
OXYMA Pure Novabiochem® (1:1) in DMF for 4 min at 90 °C.
The cleavage of the peptide from the resin was carried out with a
mixture of TFA, TIS, and H,O (95:2.5:2.5) after 3 h of shaking. The
crude peptide was precipitated with ice-cold Et,O and centrifuged
(8000 rpm, 10 min, 4 °C). The peptide was purified using preparative
RP-HPLC (Knauer AZURA ASM 2.1 L) with a C18 column (Thermo
Scientific, Hypersil Gold 12 pm, 250 mm x 20 mm) with a water/
acetonitrile (0.05% TFA) eluent system. The purified peptide frac-
tions were lyophilized, aliquoted to 1-5 mg, and stored at —20 °C
prior to use.

Insulin

Insulin human (recombinant, yeast) was purchased from Sigma
Aldrich (CAS Number 11061-68-0, MW 5807.57 g mol ') with a
purity >98%. All the analytical data were provided by the
producer.

Peptide pre-treatment

Lyophilized peptides were dissolved to a final peptide concen-
tration of 1 mM in a 1:1 mixture of trifluoroacetic acid (TFA)
and hexafluoroisopropanol (HFIP),"'* sonicated for 10 min,
and left overnight to evaporate at room temperature. Dried
peptide stocks were stored at —20 °C prior to use. Before assays,
peptide aliquots were re-suspended in pure Milli-Q water
(resistivity of 18.2 MQ cm at 25 °C).

Analytical high-performance liquid chromatography (HPLC)

Analytical RP-HPLC of PSMoa3 was performed using the
Shimadzu System and CHROMSERVIS® CromShell® C18-XB,
2.6 um, 75 x 4.6 mm column. Programme (eluent A: 0.05% TFA
in H,0, eluent B: 0.05% TFA in acetonitrile, flow 0.9 mL min™"):
A: £ = 0 min, 90% A; ¢ = 30 min, 10% A.

Mass spectrometry (MS)

The PSMa3 peptide was studied using the WATERS LCT Premier
XE System, consisting of a high-resolution mass spectrometer
with time of flight (TOF) using electrospray ionisation (ESI).

Circular dichroism (CD)

CD spectra were recorded on the JASCO J-815 at 20 °C between
260 and 190 nm in pure Milli-Q water with the following para-
meters: 0.2 nm resolution, 1.0 nm bandwidth, 20 mdeg sensitivity,
0.25 s responses, and 50 nm min~ ' scanning speed, 5 scans, and
0.02 cm cuvette path length. The CD spectra of the solvents alone
were recorded and subtracted from the raw data. Typically, the
samples were prepared by dilution of the peptide stock
solution in Milli-Q water to obtain a peptide concentration of
around 0.5 mg mL~". The CD intensity is given as mean residue
ellipticity (0 [deg em® dmol™"]) calculated using the equation:
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0 = MOy\re/10cln, where 0 = mean residue ellipticity; Oyrg = ellipticity;
¢ = concentration; [ = path length; n = number of residues.

Fourier-transform infrared (FTIR) spectroscopy

All spectra were collected using a Nicolet 6700 FTIR spectrometer
(Thermo Scientific, USA) with an attenuated total reflectance
(ATR) accessory and heated diamond top plate (PIKE Technolo-
gies), continuously purged with dry air. Each sample of 10 pL of
peptide aqueous solution was dropped directly on the diamond
surface and allowed to dry out. Spectra were obtained in the range
of 3600-400 cm ™', For each spectrum, 128 interferograms were
co-added with 4 em™" resolution at a constant temperature of
22 °C. Directly before sampling, the background spectrum of
diamond/air was recorded as a reference (512 scans, 4 cm ™).
ATR-FTIR spectra were initially pre-processed with OMNIC 8.3.103
using automated atmospheric correction. The spectra were ana-
lysed using OriginPro 9.0 (OriginLab Corporation, USA). The
analysis included baseline correction and smoothing using the
Savitzky-Golay filter (polynomial order 2, points of window 20),”®
normalisation of spectra to the absorbance of the amide I band,
and deconvolution into subcomponents using the Gaussian or
Lorentz function based on the minima of second derivative
spectra with R-square (COD) > 0.988.

In vitro aggregation kinetics studies with ThT

Peptide solutions were prepared in low-binding Eppendorf
tubes (DNA LoBind® Tubes, Eppendorf). Aliquots of purified
peptides were dissolved directly in MilliQ water containing 0.04
mM ThT or in DMSO to a concentration of 10 mg mL ™" and
then diluted in water containing ThT to the desired concentra-
tions. Aggregation kinetics for insulin was estimated in a
concentration range of 0.5-0.0625 and for PSMa3 in a concen-
tration range of 5-0.0625 mg mL~". The effect of co-incubation
of insulin with PSMa3 was evaluated by mixing the peptide
solutions to the final insulin concentration of 0.5 mg mL "
and different concentrations of PSMa3 from 0.5 mg mL ™' to
0.0039 mg mL~'. The PSMo3 concentration range was obtained
by twofold serial dilution. A 96-well black plate (Brand plates,
REF781608, polystyrene, medium binding, non-sterile) was
used to read the ThT fluorescence emitted from the samples.
Each well was loaded with 100 pL, and the plate was sealed with
a polyester film (Excel Scientific, Seal plate film, 100-SEAL-PLT,
non-sterile) to prevent evaporation. The ThT fluorescence was
measured with three repeats for each sample. The plate was
placed in a multi-mode microplate reader (CLARIO Star Plus
plate reader, BMG Labtech) and incubated at 37 °C with
constant shaking at 400 rpm. The fluorescence intensity signal
was read from the top every 30 min up to 72 h with the
excitation and emission wavelengths set to 440 and 480 nm,
respectively. The half-time (¢, 5) was estimated by taking the
values half-way between the start and the end baseline. The
background fluorescence intensity was automatically sub-
tracted from those containing peptides. The data were repre-
sentative of three independent experiments. Fitting of kinetics
models was performed according to the protocol described in
Meisl et al.”® 4 different concentrations were considered for
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insulin (0.5, 0.25, 0.125, 0.0625) and 3 different concentrations
for insulin with the addition of PSMa3 (0.0156, 0.0078, 0.0039)
due to a lack of observed aggregation for higher concentrations
of PSMu3 (0.0625 and 0.031).

Kinetic analysis

In the first step, the relationship between half time and
the monomer concentration was inspected according to the
log(concentration)-log(half time) plot. Then, the slope of the
relationship, gamma, was estimated using a linear regression
fitter scipy.stats.linregress implemented in Python 3.9. In the
next step, the kinetics data was uploaded to Amylofit software.
The MRE (mean residual error) of all unseeded models without
saturation was calculated and compared (basin hops = 3). The
model with the lowest MRE was chosen as the final one. The
fitting for the best model was repeated with basin hops = 7 and
the results for this value are reported.

Atomic force microscopy (AFM)

AFM images were collected using the Dimension V Veeco AFM
instrument (Classone Equipment Inc, Decatur, GA, United
States). The topography was measured in the tapping mode
with the SS probe mounted. AFM imaging was performed
according to a previously published protocol.**®' In detail,
AFM-grade mica in 10 mm by 10 mm pieces (Agar Scientific)
and magnetised-stainless steel coin-like sample holders
(14 mm diameter) were used. Approximately 25 pL of the
sample was placed on a mica sheet, and after 2 minutes of
adsorption, it was rinsed with Milli-Q water and dried. The
resolution of the AFM scans was 512 x 512 pixels, with
topographic image sizes of 10 x 10 pm. Images were collected
several times across the mica surface. For each sample at least
three images (4.2 pm x 4.2 pm) were analysed and processed
using Gwyddion software (Czech Metrology Institute). The
dimensions of the structures were calculated according to the
three-dimensional profiles measured.

Modelling

We started by modelling the structure of the insulin dimer using the
Colabfold®* version of AlphaFold2*® with the default parameters. For
modelling the molecular docking of PSMu3 to the insulin structure
(PDB: 5ENA), CABSdock server” was used. The calculation of
residue-residue contacts was performed using python scripts with
NumPy® and Matplotlib® libraries. We defined residue-residue
contacts as a pair of amino acids whose C-beta carbons (C-alpha
in the case of glycine) were closer than 8 Angstroms in space, which
is one of the classical definitions of “contacts” in bioinformatics.
Calculations of contact frequencies were performed using the
CABSdock server as the number of contacts between a given pair
of residues divided by the total number of generated models. For
visualisation of the molecular structures, VMD software was used.®

Abbreviations

AFM Atomic force microscopy
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ATR Attenuated total reflectance
CD Circular dichroism
DIC N,N’-Diisopropylcarbodiimide
DMF Dimethylformamide
DMSO Dimethyl sulfoxide
FTIR Fourier transform infrared spectroscopy
HFIP Hexafluoroisopropanol
MS Mass spectrometry
PSM Phenol-soluble modulin
RP-HPLC Reverse phase-high-performance liquid chromato-
graphy
TFA Trifluoroacetic acid
ThT Thioflavin T
TIS Triisopropylsilane
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