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Abstract: The pathogen Staphylococcus aureus is recognized as one of the most frequent causes of
biofilm-associated infections. The recently identified phenol-soluble modulin (PSM) peptides act as
the key molecular effectors of staphylococcal biofilm maturation and promote the formation of an
aggregated fibril structure. The aim of this study was to evaluate the effect of various pH values on
the formation of functional amyloids of individual PSM peptides. Here, we combined a range of
biophysical, chemical kinetics and microscopic techniques to address the structure and aggregation
mechanism of individual PSMs under different conditions. We established that there is a pH-induced
switch in PSM aggregation kinetics. Different lag times and growth of fibrils were observed, which
indicates that there was no clear correlation between the rates of fibril elongation among different
PSMs. This finding confirms that pH can modulate the aggregation properties of these peptides and
suggest a deeper understanding of the formation of aggregates, which represents an important basis
for strategies to interfere and might help in reducing the risk of biofilm-related infections.
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1. Introduction

A range of microbes are known to form biofilms by assembling into well-organized
and complex communities on surfaces to endure different environments [1,2]. Biofilm
formation proceeds from the initial contact of an individual microorganism with a sur-
face. An extracellular polymeric substance (EPS) composed of proteins, polysaccharides,
lipids, and/or extracellular DNA (eDNA) is produced, and a complex, three-dimensional
structure is established to form a mature biofilm [3]. The EPS maintains the structural
integrity of biofilms, protects microbes from high doses of antibiotics and harmful condi-
tions such as oxidative stress, along with attacks by other organisms (e.g., host immune
system) [4,5]. It also promotes antibiotic tolerance in biofilms by stimulating the formation
of a heterogeneous population of cells, due to the presence of environmental heterogeneity
in the biofilm matrix itself [6]. Additionally, biofilms are known to affect wound healing
in chronic wounds, and their power of eradication is significantly affected by changes in
pH [7]. Aggregated proteins, in the form of functional bacterial amyloids, are key compo-
nents of EPS, providing structural stability to biofilms [8,9]. The Salmonella Tafi protein,
Pseudomonas fluorescens Fap proteins, E. coli curli, Bacillus subtilis TasA protein, and fungal
hydrophobins are examples of such functional bacterial amyloids [10].

S. aureus is recognized as one of the most frequent causes of biofilm-associated in-
fections [11]. The functional amyloid components of S. aureus are composed of small
amphipathic peptides known as phenol soluble modulins [11,12]. PSM peptides are pro-
nounced α-helical structures, which gives them surfactant-like characteristics, and are
involved in a series of biological functions critical for staphylococci pathogenesis [13,14].
PSMs are classified as α-type (20–25 amino acids) and β-type (34–45 amino acids) according
to their length. The PSMs of the α-type commonly have a net positive charge, except for
δ-toxin, which possesses net neutral charge, while β-type PSMs have a net negative charge
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near physiological pH [15]. PSM peptide monomers can aggregate and form bacterial
functional amyloids, which are considered to be associated with the stabilization of biofilm
formation [16], with PSMα1 and PSMα4 aggregates displaying classical amyloid cross-β
structures which are thermos-resistant [17], while PSMα3 aggregates display an unusual
cross-α structure [18].

Despite the high sequence similarity between the PSM peptides, some of the peptides—
namely PSMα2, PSMα4, and δ-toxin—do not aggregate at quiescent conditions without
a facilitating agent [19]. As the aggregation is under kinetics control, a small change in
the protonation states of key charged residues can lead to a dramatic change in the rate
of fibril formation [20]. Additionally, an alteration in the protein sequence [21], addition
of small molecules [22,23], and changes in pH have multiple effects on protein aggrega-
tion and biofilm formation [24,25]. Interestingly it has also been suggested that changes
in the pH can act as a regulation mechanism for storage as amyloid structures and the
subsequent release of peptide hormones have been observed in the pituitary gland [26].
Further, it has been shown that biofilm formation is largely affected by changes in pH
in Staphylococcus aureus [27]. Enhanced fibril stability due to such changes can protect
microorganisms against toxicity, by suppressing the development of toxic species, i.e.,
oligomers. Furthermore, differences in the in vivo environments where the functional amy-
loids form can alter the aggregation process; yet it remains unclear how localized cellular
environments affect the dynamic equilibrium of aggregated fibrils. Hence, understanding
the complex relationship of phenol soluble-modulins with biofilms entails a reflection on
their structures and functions in various subcellular environments, beyond the cytoplasm.

In this study, we explored the effect of altering pH, focused on all seven PSM peptides,
and dissected the propensity for individual monomers to form aggregated fibril structures.
Using chemical kinetics, as well as biophysical and microscopic techniques, we demonstrate
that despite their sequential and structural similarities, all peptides are highly sensitive to
changes in pH and serve as an on/off switch for kinetics at different pH values. The results
reveal how a subtle change in pH can amend the delicate kinetic balance and change the
overall mechanistic character of the aggregation process of PSM peptides.

2. Materials and Methods

Peptides, reagents, and solutions: N-terminal modified (Formylation) PSM peptides
at >95% purity were purchased from GenScript Biotech, Leiden, The Netherlands. Hexaflu-
oroisopropanol (HFIP), trifluoroacetic acid (TFA), and Thioflavin T (ThT) were purchased
from Sigma-Aldrich Ltd., St. Louis, MO, USA. Dimethyl-sulfoxide (DMSO) was purchased
from Merck, Darmstadt, Germany. Ultra-pure water was used for the entire study. For
measuring kinetics at different pH values, experiments were performed in the pH range of
1.0–12.0 with the following 20 mM buffers: pH 1 (KCl-HCl), pH 2 and pH 3 (Gly-HCl), pH 4
and pH 5 (Na-acetate-Glacial acetic acid), pH 6–8 (phosphate), pH 9–11 (Gly-NaOH) and
pH 12 (KCl-NaOH). The ionic strength of the different pH buffers was calculated and found
to be 0.10935 M (pH1), 0.0198 M (pH 2–3), 0.00168 M (pH 4–5), 0.03257 M (pH 6), 0.05598 M
(pH 7), 0.09254 M (pH 8), 0.0198 M (pH 9–11), and 0.01935 M (pH 12), respectively. Buffers
and stock solutions were filtered using PVDF 0.45 µm syringe filters (Millipore Milex-HV)
before use.

Peptide pre-treatment: Each dry lyophilized PSM peptide stock was dissolved to
a final concentration of 0.5 mg/mL in a 1:1 mixture of trifluoroacetic acid (TFA) and
hexafluoroisopropanol (HFIP), followed by a 5 × 20 s sonication with 30 s intervals using
a probe sonicator, and incubation at room temperature for one hour. Further, the stock
solution was divided into aliquots, and the organic solvent was evaporated by speedvac at
1000 rpm for 3 h at room temperature. Dried peptide stocks were stored at −80 ◦C prior
to use. Preparation of samples for kinetic experiments: ThT fluorescence was observed
in clear-bottomed half-area 96 well black polystyrene microtiter plates (Corning, New
York, NY, USA) with a non-binding surface. We used a Fluostar Omega (BMG Labtech,
Orthenberg, Germany) plate reader in bottom reading mode. Aliquots of purified PSMs
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were thawed and dissolved in dimethyl sulfoxide (DMSO) to a concentration of 10 mg/mL
prior to use. Concentrated peptide aliquots were diluted in MilliQ water and passed
through a 0.22 µm filter. Freshly dissolved peptides were further diluted to the required
concentrations into various buffers KCl-HCl for pH 1, Gly-HCl for pH 2–3, Na-acetate and
Glacial acetic acid for pH 4–5, phosphate buffer for pH 6–8, Gly- NaOH for pH 9–11, and
KCl-NaOH for pH 12. ThT was added to the protein solutions to a final concentration
of 40µM. Further, samples were loaded (100 µL) in a 96-well plate and sealed to prevent
evaporation. For each peptide, different concentrations—0.25 mg/mL (PSMα1, PSMα2,
PSMα4, PSMβ1 &2), 0.5 mg/mL (PSMα3), and 0.3 mg/mL (δ-toxin)—were used for kinetic
measurements. The plates were incubated at 37 ◦C under quiescent conditions (i.e., absence
of shaking and facilitating agents) and ThT fluorescence was measured every 10 min with
an excitation filter of 450 nm and an emission filter of 482 nm. The ThT fluorescence was
followed by three repeats of each monomeric concentration. The kinetic experiments with
increasing peptide concentration were performed at 37 ◦C, monitored at every 10 minutes
with an excitation filter of 450 nm and an emission filter of 482 nm under acidic and basic
pH conditions.

Synchrotron radiation circular dichroism spectroscopy (SRCD): The SRCD spectra
of the various PSM fibrils were collected at the AU-CD beamline of the ASTRID2 syn-
chrotron, Aarhus University, Denmark. To remove DMSO from the solution, fibrillated
samples were centrifuged (13,000 rpm for 20 min), supernatants discarded, and the pellet
resuspended in the same volume of milliQ water. Three to five successive scans over the
wavelength range of 170 to 280 nm were recorded at 25 ◦C, using a 0.2 mm path length
cuvette at 1 nm intervals with a dwell time of 2 s. All SRCD spectra were processed and
subtracted from their respective averaged baseline (a solution containing all components of
the sample, except the protein), smoothing with a 7 pt Savitzky-Golay filter, and expressing
the final SRCD spectra in mean residual ellipticity. The SRCD spectra of the individual
PSM fibrils samples were deconvoluted using DichroWeb (Department of Crystallography,
Institute of Structural and Molecular Biology, Birkbeck College, Unversity of London,
UK) [28,29] to obtain the contribution of individual structural components. Each spectrum
was fitted using the analysis programs Selecon3, Contin, and CDSSTR with the SP175
reference data set [30], and an average of the structural component contributions from the
three analysis programs was used.

Circular dichroism analysis: Far-UV CD spectra were measured in a JASCO-810
(Jasco Spectroscopic Co., Ltd., Hachioji City, Japan) spectrophotometer equipped with a
Peltier thermally controlled cuvette holder at 25 ◦C. Aggregated peptides were centrifuged
and traces of DMSO were removed to avoid any noise in the CD signal. Spectra were
obtained by averaging five individuals spectra recorded between 250 and 190 nm, at 0.1 nm
intervals, 1 nm bandwidth, a scan speed of 100 nm/min, and a response time of 1 s. Spectra
of the buffers’ only controls were subtracted from the spectra of the proteins.

Fourier Transform Infrared (FTIR) Spectroscopy: Fourier transform infrared spec-
troscopy was recorded on a Tensor 27 FTIR instrument (Bruker Optics, Billerica, MA, USA)
equipped with an attenuated total reflection accessory with a continuous flow of N2 gas.
To remove DMSO from the solution, fibrillated samples were centrifuged (13,000 rpm for
20 min), supernatants discarded, and the pellet resuspended in MilliQ water. Prior to
measurement, 5 µL samples were dried under a stream of N2 gas, and 64 interferograms
were accumulated with a spectral resolution of 2 cm−1 in the range of 1000–3998 cm−1.
OPUS 5.5 software (Bruker Optics, Billerica, MA, USA) was used to process the data,
which included baseline subtraction, atmospheric compensation, and a second derivative
analysis. For comparative studies, all absorbance spectra were normalized. Only the range
of 1600–1700 cm−1 comprising information about the secondary structure is shown.

ANS fluorescence: ANS fluorescence spectra were measured on an LS55 luminescence
spectrophotometer (Perkin Elmer Instruments, Waltham, MA, USA) using excitation and
emission slit widths of 2.5 nm. The experiments were performed in a black 3 mm × 10 mm
quartz cuvette at 25 ◦C. A hydrophobic dye 1-anilino-8-naphthalene sulfonate (ANS) was
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dissolved in MilliQ water, filtered with a 0.45 µm filter. Furthermore, its concentration
was determined with Nanodrop (Thermo Scientific, Waltham, MA, USA) using a molar
extinction coefficient of 4990 M−1 cm−1 at 350 nm [31]. Fibrils of different peptides at
different pH values were prepared, incubated with ANS, and kept for 30 min in the dark.
Excitation was performed at 380 nm with emission spectra recorded from 400–600 nm. Two
scans were averaged using a step size of 1 nm and an integration time of 0.1 s.

Transmission electron microscopy: For the TEM analysis, each PSM (one acidic and
one basic pH) peptide sample (5 µL) was deposited onto carbon coated formvar EM grids
(EM Resolutions, Sheffield, UK) and incubated for 120 s at room temperature. The buffer
was subsequently removed from the grid by blotting the grid into Whatman filter paper.
Further, the grid was washed with MilliQ water (5 µL) and stained with 1% uranyl acetate
for 120 seconds, and the excess of staining solution was removed from the grid with
Whatman filter paper. Finally, the grid was washed twice with a drop of MilliQ and blotted
dry on filter paper for 10 minutes. Images were recorded using Morgagni 268 (FEI Phillips
Electron microscopy, Hillsboro, OR, USA), equipped with a CCD digital camera, and
operated at an accelerating voltage of 80 kV.

3. Results
3.1. Aggregation of PSM Peptides at Acidic pH

To investigate how different pH values alter the kinetic behavior of PSM peptides,
monomers of all seven PSM peptides (PSMα1-4, PSMβ1-2, and δ-toxin) were incubated
at a pH range from 1 to 12, and the aggregation kinetic was monitored using ThT. Fibril
formation processes generally exhibit a sigmoidal kinetic behavior characterized by a
lag-phase, growth, and a stationary phase [32], and different solution conditions such
as a change in salt concentration and pH can induce different strains of fibrils, resulting
in polymorphism. At acidic pH from pH 1 to pH 4, PSMα1 forms fibrils within 10 to
40 h that have a significant ThT fluorescence signal and a half-time that decreases with
increased pH values (Figure 1a). At pH 5 and 6 no aggregation is observed, while at pH
7 sigmoidal aggregation kinetics are restored but with an increase in half-time compared
to lower pH values (Figure 1a). Consistent with previous reports, no aggregation was
observed for PSMα2 at pH 7 [19], but this is also the case at all the acidic pH values
tested here (Figures 1b and 2b). For PSMα3, no aggregation occurs at acidic pH; only upon
reaching pH 7 does the peptide display sigmoidal aggregation, as also reported previously
(Figure 1c). Even after prolonged incubation, no aggregation occurs at acidic pH (Figure S1).
For PSMα4, aggregation is observed at extreme acidic pH values (pH 1–3), whereas at mild
acidic pH (4–6) and at neutral pH no aggregation is observed (Figure 1d). At extreme acidic
pH values (pH 1 and 2), and again at neutral pH values, PSMβ1 aggregates, although
with different kinetic curve shapes (Figure 1e). At neutral pH, PSMβ1 displays a standard
sigmoidal aggregation kinetic curve, but at low pH the aggregation is seen as an immediate
rise in the ThT signal with no significant lag-time, reminiscent of seeded aggregation
kinetics. In the intermediate pH values (pH 3–6), no aggregation is observed (Figure 1e).
For PSMβ2, no aggregation is seen at acidic pH (Figure 1f). Only at pH 7 does aggregation
occur. This behavior is very similar to that of PSMα3 at acidic pH. For the last PSM peptide,
δ-toxin aggregation is only observed at more extreme pH values (pH 1–3), with increasing
half-times with increased pH values (Figure 1g), and thus displaying a behavior very similar
to that of PSMα4. Based on the aggregation behavior at increased pH values, the PSM
peptides can be divided into three different groups. The first group consists of PSMα1 and
PSMβ1, where aggregation is seen at extreme acidic pH values, followed by no aggregation
at mildly acidic pH, only for aggregation to resume at neutral pH. The second group, where
no aggregation is seen at any acidic pH values but occurs at pH 7, consists of PSMα3 and
PSMβ2. PSMα2 could also be considered to be part of this group, but with no aggregation
also occurring at pH 7. The last group only displays aggregation at extreme acidic pH
values and consists of PSMα4 and δ-toxin. When aggregation occurs at acidic pH values,
the general trend observed is that the half-time increases with increasing pH values.
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Figure 1. Experimental kinetics of PSM aggregation at 37 ◦C every 10 min under quiescent conditions for single monomeric
concentration at acidic and neutral (pH 1–7) solution conditions followed by ThT fluorescence. Three repeats were carried
out at each condition. (a) Aggregation kinetics of PSMα1 (0.25 mg/mL). (b) Aggregation kinetics of PSMα2 (0.25 mg/mL).
(c) Aggregation kinetics of PSMα3 (0.5 mg/ml). (d) Aggregation kinetics of PSMα4 (0.25 mg/mL). (e) Aggregation kinetics
of PSMβ1 (0.25 mg/mL). (f) Aggregation kinetics of PSMβ2 (0.25 mg/mL). (g) Aggregation kinetics of δ-toxin (0.3 mg/mL).
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Figure 2. Experimental kinetics of PSM aggregation at 37 ◦C every 10 min under quiescent conditions for single monomeric
concentration at basic and neutral (pH 7–12) solution conditions. Three repeats were carried out at each conditions. (a) Aggre-
gation kinetics of PSMα1. (b) Aggregation kinetics of PSMα2 (0.25 mg/mL). (c) Aggregation kinetics of PSMα3 (0.5 mg/mL).
(d) Aggregation kinetics of PSMα4 (0.25 mg/mL). (e) Aggregation kinetics of PSMβ1 (0.25 mg/mL). (f) Aggregation kinetics
of PSMβ2 (0.25 mg/mL). (g) Aggregation kinetics of δ-toxin (0.3 mg/mL).

The isoelectric point for all PSMα’s and δ-toxin is above pH 7, and hence changes
in the aggregation behavior at acidic pH are not caused by changes in the charge of the
peptide from positive to negative. For PSMβ2, this switch in the aggregation behavior
coincides with the introduction of an overall negative charge by pH values above the pI
of PSMβ2 (pI of 5.69). However, for PSMβ1 the changes in aggregation behavior do not
coincide with the pI of the peptide of 4.89, as aggregation occurs at pH 1, 2, and 7. Hence,
the switch from an overall positive charge to an overall negative charge is not the sole
reason for the changes in aggregation propensity.

3.2. Aggregation of PSM Peptides at Basic pH

At basic pH, several of the PSM peptides show a lack of ThT fluorescence. For PSMα2,
PSMα4, and δ-toxin, no significant increase in ThT fluorescence is observed at any of the
basic pH values tested here (Figure 2). Besides the aggregation curves observed at pH 7,
PSMα1 also display aggregation curves at pH 9 and 10 but not at pH 8 or the more extreme
basic pH values of 11 and 12. The fastest aggregating PSM, namely PSMα3, aggregates at
all basic pH values except for pH 9, and hence aggregates at both mildly basic and more
extreme basic pH values, although the aggregation at more extreme pH values occurs with
a significantly longer lag-time compared to neutral pH and pH 8. For PSMβ1, aggregation
is observed from pH 7 to pH 10 but not at pH 11 and 12 (Figure 2e), whereas PSMβ2
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displays an increase in ThT fluorescence at all basic pH values from pH 8 to pH 12, hence
indicating that aggregation occurs from pH 7 to pH 12 (Figure 2f).

For PSMα3, the lack of aggregation at pH 9 does not exactly coincide with the pI of
9.53, but does coincide with the pH value with the lowest numerical value of the charge
of the peptide, and hence can be linked to the charge status of the peptide. This is not
the case with the PSMα1with a pI of 9.72, which, contrary to PSMα3, coincides with
the aggregation curve seen at both pH 9 and pH 10. Moreover, we observed significant
differences in ThT fluorescence intensity between all the peptides at the said conditions,
which might be due to differences in the degree of formation of aggregates that bind to ThT.
Further, the morphological analysis (discussed later) surprisingly indicated that δ-toxin
forms aggregates irrespective of the insignificant fluorescence intensity, as observed by
ThT kinetics (Figure 2g) at basic conditions (pH 9–12). Irrespective of their aggregation
kinetics for their fibril formation, these results show that changes in the pH by one unit
alter the kinetics mechanism of fibril assembly. From these results, we can say that the
acidic and basic residue present in the sequence of peptides may change the ionization
state between pH 1 and pH 12, and may be responsible for the fibril formation, as reported
earlier for the semen cationic peptide responsible for HIV infection [33]. Further, the net
charge (calculated by protein calculator v3.4) developed in all these peptides at different
pH values (Table S1) might also play an important role in determining the propensity
toward aggregation, as observed earlier for GLP-1 protein [34,35].

3.3. Effect of Peptide Concentration

Previously, it has been shown that changes in the protein concentration can lead to
fibrillar polymorphism due to an increased chance of association at increased concentra-
tions (due to solubility limits), as well as a decreased aggregation due to the crowding
effect [36,37]. Using a chemical kinetic analysis of aggregation of PSM peptides at differ-
ent concentrations at neutral pH, we have previously shown that PSMα1, PSMα3, and
PSMβ1 aggregate through a secondary nucleation dominated mechanism, while PSMβ2
aggregation is dominated by primary nucleation and elongation with absence of secondary
processes. In order to investigate the effects of the changes in the protein concentration
on the aggregation of PSM peptides at pH values different from pH 7, the aggregation
kinetics of different PSM peptides were monitored at selected pH values. The aggrega-
tion kinetics of PSMα1 (0.25–0.62 mg/mL) was monitored at pH 2, PSMβ1 and PSMβ2
(0.25–0.62 mg/mL) were monitored at pH 10, and δ-toxin (0.30–0.75 mg/mL) was mon-
itored at pH 2 using ThT fluorescence. The results are summarized in Figure 3. Upon
incubation under quiescent conditions, standard sigmoidal curves with increased ThT
fluorescence intensity were obtained for all the concentrations of these PSM peptides
(Figure 3a–d), but the kinetic parameters and helf-time obtained from the fitting differ with
the pH and peptide concentration, as summarized in Table S2. Usually, with increasing
peptide concentration, an increase in the rate of fibrillation with reduced half-times can be
observed, a feature that is characteristic of a nucleation-polymerization mechanism [38].
However, at lower pH values (pH 2), there is either very little dependence on the half-time
of peptide concentration or even an increase in t1/2 with increasing peptide concentrations,
as observed for PSMα1 and δ-toxin (Figure S2a,d). At basic pH (pH 10), the t1/2 of PSMβ2
was found to decrease with increasing peptide concentrations, characteristic of a process
following a nucleation-polymerization mechanism for fibril formation (Figure S2d). How-
ever, for PSMβ1, which belongs to the same group of βPSMs, t1/2 increases with increasing
peptide concentrations at higher pH values, as observed for the two other peptides, i.e.,
PSMα1 and δ-toxin (Figure S2c). These observed increases in t1/2 with increasing peptide
concentrations suggest that another process comes into play (the opposite of what was
expected for an N-P model), as observed for other systems [39,40]. This could also be
related to saturation effects during the aggregation reaction. However, these increments
are not as high as the ones observed for the GLP-1 protein near the physiological pH [35].
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Figure 3. Aggregation kinetics of different PSMs as a function of peptide concentration at fixed pH. Each peptide concentra-
tion was run in triplicates. (a) Aggregation kinetics of PSMα1 at pH 2 show fibrillation with lag-phase followed by ThT
fluorescence at various concentrations (0.25–0.62 mg/mL). (b) Aggregation kinetics of PSMβ1 at pH 10 show fibrillation
with lag-phase followed by ThT fluorescence at various concentrations (0.25–0.62 mg/mL). (c) Aggregation kinetics of
PSMβ2 at pH 10 show fibrillation with lag-phase followed by ThT fluorescence at various concentrations (0.25–0.62 mg/mL).
(d) Aggregation kinetics of δ-toxin at pH 2 show fibrillation with lag-phase followed by ThT fluorescence at various
concentrations (0.3–0.75 mg/mL).

3.4. Structural Characterization of PSM Aggregation In Vitro

The conformational changes of all PSM peptides following aggregation at acidic and
basic conditions were monitored using synchrotron radiation circular dichroism (SRCD)
spectroscopy and Fourier transform infrared (FTIR) spectroscopy. The CD spectrum of the
native peptide of all PSMs at the beginning of the time course shows α-helical characteristics
with a double minimum at 208 and 222 nm (Figure S4a). Despite the common α-helical
starting point, the spectra recorded at different pH values are slightly different, displaying
different minima. A predominant minimum at approximately 218 nm (PSMα1, PSMα4
and δ-toxin) and 220 nm (PSMβ1) was observed for solutions of aggregated peptides at
pH 2 (Figure 4a). This indicates a transition from an α-helical structure to a structure
with increased β-sheet content upon aggregation, which is consistent with data previously
published [2,41]. However, no apparent conversion was observed for PSMα2, PSMα3, and
PSMβ2 peptides (Figure S4b) at acidic conditions (pH 2), which is consistent with the lack
of aggregation seen for these peptides by ThT fluorescence. At basic conditions (pH 10),
a single negative peak at around 220 nm was observed for PSMα1, PSMα4, PSMβ1, and
PSMβ2 (Figure 4b). The structural conversion of these peptides into a β-sheet signal is in
good agreement with our kinetics data, where aggregation was observed for the peptides at
pH 10. The CD spectrum of aggregated PSMα3 and δ-toxin at pH 10 still display a double
minimum with minima shifted to 208 nm and 228 nm, indicative of α-helical structure
being present in the aggregates (Figure 4b). The helical structure of aggregated PSMα3 is
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different from that observed in the monomeric peptide and is consistent with the reported
cross-α-helical-like structure of PSMα3 aggregates [18]; however, the aggregated δ-toxin’s
helical structure is almost similar to the native one.
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Figure 4. Biophysical structural characterization of PSM fibrils formed under various solution
conditions (a) Synchrotron radiation CD (SRCD) spectra of different PSMs at acidic pH (pH 2).
Spectra of different peptides acquired at the same pH show different minima, and the peak positions
are different from each other. (b) SRCD spectra of different PSMs at basic pH (pH 10). The variation
was modest, as observed at acidic conditions, but almost all peptides show single negative minima.
(c) FTIR spectroscopy of the amide I’ region (1600–1700 cm−1) of fibrils of PSM variants at acidic (pH 2)
solution conditions. PSMα1, PSMα4, PSMβ1, and δ-toxin show a peak at 1625 cm−1 corresponding
to rigid intermolecular β-sheet structures, as seen in amyloid fibrils. (d) FTIR spectroscopy of the
amide I’ region (1600–1700 cm−1) of fibrils of PSMs variants at basic solution (pH 10) conditions.
All peptides except δ-toxin show a peak around 1625 cm−1 corresponding to intermolecular β-sheet
fibrillary structures. In contrast, δ-toxin shows two peaks around peaks at and around 1645 cm−1,
with the latter indicating more disordered fibrils. In contrast, PSMα3 shows main peaks at and
around 1654 cm−1, with the latter indicating more disordered fibrils. (e) ANS fluorescence intensity
and changes in emission maxima (λmax) of PSMs at acidic (pH 2) conditions with fixed peptide
concentrations. (f) ANS fluorescence intensity and changes in emission maxima (λmax) of PSMs at
basic (pH 10) conditions with fixed peptide concentrations.
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Interestingly, FTIR results indicate significant differences in the secondary structure
content as calculated by the deconvolution of the absorbance spectra in the amide I´ region
at different pH values. This approach allows for an analysis of the individual secondary
structure components and their relative contribution in the main signal [42]. The results
are summarized in Table S3. The intense signal around 1625 cm−1 for PSMα1, PSMα4,
PSMβ1, and δ-toxin is indicative of intermolecular β-sheets packed into the characteristic
amyloid fibrils structure [43] and is consistent with our CD data. However, PSMβ1 also
show a signal at ~1664 cm−1 corresponding to β-turn conformations [42]. In contrast,
at basic pH, all peptides except PSMα2, PSMα3, and δ-toxin display a common band at
~1625 cm−1, attributed to intermolecular amyloid-like β-sheets and a band at ~1645 cm−1,
corresponding to a random coil conformation [42]. However, a band at ~1645 cm−1 by
PSMα2 and δ-toxin, typically assigned to a helical/random conformation, arises at basic
conditions. This may reflect an equilibrium between residual helical soluble states and
a predominant aggregated assembly. However, as the FTIR analysis is carried out on a
pelleted sample, the contribution from the soluble peptide is not expected to be significant.
The characteristic high frequency band at ~1625 cm−1 region suggests a high content of
calculated β-sheet (~71%) for PSMα1 in an acidic pH range, whereas in basic conditions,
the peak was less sharp, and the calculated β-sheet content was found to amount to ~48%.
Additionally, PSMα3 did not experience any significant conformational change during the
same incubation period in acidic conditions (Figure S4b). However, at basic conditions a
more intense band in the spectrum of ~1655 cm−1 leads to the presence of ~80% α-helical-
like conformations, as it maintains its α-helical conformation in both conditions, i.e., in
solution and in the fibril form, as confirmed by the X-ray diffraction pattern [18]. The
percentage of β-sheet content of PSMα4 in acidic conditions was slightly higher than that
at basic pH, as calculated by the FTIR spectrum (Table S3). The presence of ~20% high
frequency β-sheet signal at 1690 cm−1, characteristic of an anti-parallel β-sheet, suggests
that in PSMα4 peptides, the β-sheet peptides are packed in the fibrils in anti-parallel
fashion too [11]. In contrast, the conversion of PSMβ1 and PSMβ2 into a predominant
β-sheet structure revealed that the secondary structure of the aggregates is very similar
across the basic pH and possesses an almost similar percentage (~45%) of β-sheet structures.
For all the peptides analyzed at basic pH, a peak is also observed at ~1606 cm−1. This peak
can be assigned to the glycine molecules of the buffer, as this band has previously been
assigned to glycine [44]. These results are in agreement with the data obtained by the CD
data of the peptides under different conditions.

3.5. Characterization of the Hydrophobicity of the PSM Aggregates

The solvent-exposed hydrophobic surface area of the aggregates formed at pH 2 and
pH 10 was probed using 8-Anilino-1-naphthalenesulfonic acid (ANS) [45]. ANS binding
was assessed to monitor the alteration of the microenvironment using fluorescence mea-
surements over a fixed peptide concentration. A significant increase in ANS fluorescence
intensity at pH 2 and pH 10 indicates that PSMs are highly prone to form aggregates
with an exposed hydrophobic surface area (Figure S5a,b). However, all peptides showed
different ANS fluorescence intensities and λmax peak positions at both acidic and basic
conditions. The maximum fluorescence intensity at acidic conditions was found for PSMα4
with respect to PSMα1, δ-toxin, and PSMβ1 (Figure 4e). Additionally, the decrease in the
ANS fluorescence intensity also reveals that the size of the particles varies, as the ANS
fluorescence intensity varies with the size of aggregated species [46]. Moreover, we also
observed a spectral blue shift with preferential binding of ANS (Figure 4e). This may be
due to a change in the intramolecular charge transfer rate by the positive charge that is
present near the –NH group of ANS [34]. However, no significant fluorescence intensity
was observed for the rest of the peptides (PSMα2, PSMα3, and PSMβ2) at these conditions
(acidic pH), confirming the lack of the hydrophobic patches that are typically present in
aggregates or aggregation-prone peptides (Figure 4e). Similar observations were obtained
with ANS fluorescence at basic conditions of the PSM peptides, and the maximum ANS
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fluorescence intensity was observed for PSMα1 with respect to other peptides (Figure 4f).
Further, PSMβ1 and PSMβ2 did not show any significant shift in blue spectral lines, as
observed in acidic conditions for PSMβ1 (Figure 4f). However, at basic pH (pH 10), the
reduction in ANS fluorescence intensity by δ-toxin clearly indicates that less hydrophobic
patches were exposed to the dye. A remarkable spectral blue shift of up to 19 nm by this
peptide at basic pH might be due to the presence of a non-polar environment to the ex-
posed Trp residues inside the aggregates (Figure 4f). Overall, we observed a pH-dependent
change in ANS fluorescence intensity due to a variation in the exposed hydrophobic surface
area of the PSM aggregates at various solution conditions.

3.6. Morphological Characterization of PSM Aggregates

The macromolecular morphological structures of PSM peptide solutions were exam-
ined by transmission electron microscopy (TEM). In good agreement with the recorded
aggregation kinetics and structural data, ordered fibrils were observed for some PSM
peptides at acidic (pH 2) and basic (pH 10) conditions (Figure 5). The PSMα1 (Figure 5a),
PSMα4 (Figure 5c), PSMβ1 (Figure 5d), and δ-toxin (Figure 5k) solutions exhibited a large
number of unbranched, thin, and long amyloid-like fibrils at pH 2. In the case of PSMα4
and PSMβ1, a heterogeneous species appeared, and they seem to consist of both fibrillar
and amorphous aggregates (Figure 5c,d). However, the distribution, structure, and size of
δ-toxin fibrils at acidic conditions are unique and very different from the other peptides
(Figure 5k). Conversely, PSM solutions exhibited a small number of amorphous aggregates
for PSMα3 (Figure 5b), short protofibrillar structures for PSMβ2 (Figure 5i), or the absence
of fibrillar structures for PSMα2 (Figure S3c) at pH 2. Replacing the solution conditions
with basic pH PSM peptides results in the formation of fibrils. However, the resulting
aggregates did not resemble each other, and differences in fibril morphologies were ob-
served. At basic pH, PSMα1 forms long and homogenous fibrils that have less fibrils as
compared to acidic pH (Figure 5e). The observed compact and dense fibril structure of
PSMα3 at basic pH suggests that it is a significant contributor to fibrillation at basic pH
(Figure 5f). However, as observed in acidic pH, increased fibril heterogeneity appears for
PSMα4, containing both fibrillar and amorphous structures of varying size and shapes
(Figure 5g). In contrast to the PSMα groups, at basic pH, our TEM images show that there
is a conversion of the monomeric form to the aggregated form by both peptides of the
β-group, i.e., PSMβ1 (Figure 5h) and PSMβ2 (Figure 5j). Further, at basic pH, a more
homogeneous population was observed for PSMβ1 as compared to that seen at acidic pH.
More strikingly, we note that δ-toxin exhibits a low ThT signal that increases modestly upon
30 h of incubation, suggesting that while the population of fibrils is less dense, the mature
aggregates do contain some amyloid-like structures (Figure 5l). Lastly, some rod-shaped
structures were observed for PSMα2 samples when incubated at pH 10 for four days
(Figure S3d). PSMα1, PSMα4, PSMβ1, and δ-toxin, on the other hand, are necessary and
sufficient for fibrillation at both pH ranges, i.e., acidic and basic, as confirmed by chemical
kinetics studies, secondary structural analysis, and morphological analysis.
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(pH 2), and (l) δ-toxin fibrils (pH 10). Please note that the scale bar changes.

4. Discussion

PSM peptides are key determinants of Staphylococcus aureus virulence [14]. Among
them the α-group of PSMs are the smallest staphylococcal toxins and have been well charac-
terized due to their immune modulating and their cytolytic activity [47,48]. In recent times,
various studies have described PSMs’ participation in biofilm formation and detachment,
suggesting new PSM functions in the staphylococcal pathogenesis [49,50]. Remarkably,
PSMs appear to act by forming fibrillar amyloid-like structures that ensure the integrity
of the S. aureus biofilms [13,16]. In order to understand the complex, pH-dependent ag-
gregation, we analyzed S. aureus PSMs’ (all seven) amyloid formation mechanism using
a range of pH (1–12) to dissect the contribution of these short peptides to the biofilm
structure. The extracellular matrix of S. aureus is highly complex, so the interaction be-
tween PSMs peptides with other matrices or matrix-like components, e.g., eDNA, heparin,
exopolysaccharides, and alginate, must be considered to completely reveal the effect of
pH on aggregation under in vitro as well as in vivo conditions. Our present study of PSM
behavior with different pH values was intended to mimic variable biofilm conditions,
and we confirmed that all PSMs fibrillate to a greater extent at moderate and high pH
values. However, some of them also tend to fibrillate at low pH values. This indicates
that the presence of different PSM peptides ensures the formation of aggregated functional
amyloids at a large range of pH values that could be encountered by the bacteria during
biofilm formation in vivo.

Earlier, computational and experimental analyses already suggested that the peptides
in this family might exhibit differential self-assembly properties [11]. These were confirmed
by in vitro experiments [19], demonstrating that not all PSMs form aggregated structures
as previously thought [16]. According to our findings, PSMα1, PSMα4, δ-toxin, and, to
some extent, PSMβ1 peptides would be major contributors to PSM fibrillogenesis at acidic
pH (Figure 1). The structural reorganization at low pH can be simplified by considering
the distribution of charges that exist in the low pH form relative to the neutral pH, as
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observed earlier for α-synuclein [51]. Amyloid fibrils, including functional amyloids from
Pseudomonas, are highly resistant to acidic conditions [52], so increased fibril formation
at low pH values could help to provide a dense mesh of protective proteins to shield the
bacteria in the biofilm from harsh conditions.

Despite the high sequence similarity between PSMα1 and PSMα2, the fibrillation
differences between these two peptides are distinct. The sequences of all peptides are
summarized in Table S4. This might be due to the presence of a discrete number of
total charges and pKa (presence of different amino acid as well as charges), that plays
an important role in determining its propensity towards aggregation [34,35]. This pH-
dependent pKa shift is sensible, given that it would be more favorable to have neutral
rather than charged groups buried within the hydrophobic core, and hence protonation
is facilitated upon aggregation [53]. Interestingly, based on our results, in contrast to
acidic pH, biofilm structuring in basic pH solutions is completed by almost every PSM
peptide that effectively shows the formation of aggregated fibrils with differences in the
aggregation kinetics, morphology, and extent of β-sheet formation. Importantly, our data
also indicate that despite a higher pH exerting an inhibitory effect on the adhesion of
S. aureus with impairment of the maturation of biofilms [25], PSM peptides formed fibrils
at higher pH values and play an important role in the structural integrity of biofilms. In
addition, at physiological pH it is the βPSM group of peptides, along with PSMα3, which
forms aggregates and plays a significant role in the structuring of S. aureus biofilms [16].

PSM peptides are not only related to the formation of amyloid-like fibrils in the
biofilm, but also to biofilm disassembly [13,54,55], lytic activities against host cells [16],
and antimicrobial activities against other microorganisms [56–58], also acting as virulence
factors [59–61]. These other activities of peptides are also likely affected by changes in
the pH, as changes to the protonation state of the peptides not only affect the aggregation
properties but also, e.g., the propensity to form helical structures. It has been shown that the
fibrillation of PSMα3 increases the toxicity against human cells [18], and hence changes in
the aggregation behavior of PSMα3 due to changes in the pH will also affect the cytotoxicity
of this peptide. Furthermore, PSM peptides have been found to undergo truncations
in vivo, leading to new functionalities, e.g., antimicrobial activities, as a response to external
stimuli [62–65]. The truncation of the peptides could also be affected by the changes in the
pH of the surrounding environment, and hence affect the antimicrobial activities against
other microorganisms.

The secretion of all S. aureus PSMs are strongly dependent on pmt (PSM transporter)
and provide a promising therapeutic target, because their inactivation would avert the
translocation of PSM peptides to the extracellular space [66]. This leads to their cytoplasmic
accumulation, resulting in a loss of bacterial fitness [66]. Our results show that near
the physiological pH, the deleterious impact of the intracellular accumulation of PSMs
in S. aureus upon the blockage of their secretion would be essentially exerted by more
soluble PSMs (αPSMs), and not by βPSMs that would likely aggregate into inert inclusions.
Interestingly, when PSMs that accumulated in the cytosol of a pmt deletion mutant were
analyzed, only αPSMs could be identified but not βPSMs, i.e., PSMβ1 and PSMβ2 [11,66]. It
was projected that this nonexistence would be due to degradation, non-specific adhesion to
cellular material, or lower production, but our outcomes sturdily suggest that they were not
identified due to the accumulation as insoluble aggregates. Therefore, they were not present
in the analyzed cellular supernatant [11,66]. However, there might be similar processes
occurring at acidic and basic pH solutions where some of the PSMs that tend to aggregate
are not identified, while the rest (non-aggregated) are found in the cellular supernatant.
Importantly, our data also indicate that the α-helical propensities of these peptides might
differ significantly with the pH values encountered and is likely an important factor to
determine the aggregation potential. The lytic activity of PSMs that share a conserved α-
helical structure is supposed to be somehow associated with the hydrophobic character of
the α-helical motif, since hydrophobic residues are expected to promote PSM aggregation,
concurrently reducing the quantity of active available peptides. This will decrease the
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peptides’ interactions with membranes and their disruptive effect [67,68] in a mechanism
analogous to that described for the α-helical antimicrobial peptides [69,70]. Marinelli et al.
calculated the hydropathy index of the α-PSM group of peptides and reported that the
hydrophobic score was found to be maximum for PSMα4, while PSMα3 was found to be the
least hydrophobic of the peptides [11]. These values are in good agreement with our ANS
binding data (acidic pH), as a maximum was found for PSMα4, followed by PSMα1 and
PSMα3, with their distinct functions. This could suggest that a different hydropathy index,
along with the spatial distribution of the residues in the different PSMs peptides of the α-
group of PSMs, contributes to their different aggregation propensity [11]. Additionally, the
change in amplitude in blue shifts by PSMs at different pH also suggests a different fibril
polymorph, which has been observed in earlier studies for other amyloidogenic proteins
as a function of pH [71,72]. Furthermore, the spectral blue shift (maximum in δ-toxin at
alkaline condition) suggests that it is possible that alkaline pH may directly influence the
physical and/or chemical surface properties of bacterial peptide results in altering the
peptide conformation [25] thought to govern surface hydrophobicity. Therefore, they have
an additional role in peptide aggregation.

In conclusion, we show that aggregation kinetics was largely exaggerated by solution
conditions and confirms the formation of aggregates in PSMs that are responsible for
biofilm formation in S. aureus. These results indicate the likely existence of different
pathways in fibril formation and serve to shed light on mechanisms of aggregation in these
complex peptides. Most importantly, they will provide new targets that can be exploited
for therapeutics, as PSMs that possess a critical and diverse role during infection signify
a promising target for anti-staphylococcal therapy [15]. Together, we also found a vast
structural diversity of amyloid-like structures in S. aureus peptides that may generate
various virulence activities encoded by diverse aggregate morphologies when secreted
concurrently at numerous subcellular surroundings. These insights are highly valuable in
the development of antibiotic alternatives for combating biofilms and ultimately reducing
the burden of hospital-acquired infections. However, more research is required to evaluate
the role of solution conditions along with other extracellular matrix components, to clarify
how these effects contribute to the formation and stabilization of biofilm formation of
S. aureus under in vitro as well as in vivo conditions.
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fibrils, Table S1: Charge and pKa of PSM peptides, Table S2: Kinetic parameters of PSM aggregation,
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from S. aureus.

Author Contributions: M.Z. and M.A. designed the experiments, M.Z. carried out the experiments,
M.Z. and M.A. analyzed the data, M.Z. and M.A. wrote the manuscript, M.A. secured the funding.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Aarhus University Research Foundation, AUFF-E-2017-7-16.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are openly available in FigShare.
https://doi.org/10.6084/m9.figshare.13553543.v1

Acknowledgments: The authors acknowledge the award of beam time on the AU-CD beam line at
ASTRID2, under project number ISA-20-1013.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/2076-2607/9/1/117/s1
https://www.mdpi.com/2076-2607/9/1/117/s1
https://doi.org/10.6084/m9.figshare.13553543.v1
https://doi.org/10.6084/m9.figshare.13553543.v1


Microorganisms 2021, 9, 117 15 of 18

References
1. Sugimoto, S.; Sato, F.; Miyakawa, R.; Chiba, A.; Onodera, S.; Hori, S.; Mizunoe, Y. Broad impact of extracellular DNA on biofilm

formation by clinically isolated Methicillin-resistant and -sensitive strains of Staphylococcus aureus. Sci. Rep. 2018, 8, 2254.
[CrossRef]

2. Romero, D.; Aguilar, C.; Losick, R.; Kolter, R. Amyloid fibers provide structural integrity to Bacillus subtilis biofilms. Proc. Natl.
Acad. Sci. USA 2010, 107, 2230–2234. [CrossRef]

3. Flemming, H.C.; Wingender, J. The biofilm matrix. Nat. Rev. Microbiol. 2010, 8, 623–633. [CrossRef]
4. Flemming, H.C.; Wingender, J.; Szewzyk, U.; Steinberg, P.; Rice, S.A.; Kjelleberg, S. Biofilms: An emergent form of bacterial life.

Nat. Rev. Microbiol. 2016, 14, 563–575. [CrossRef]
5. Kim, J.Y.; Sahu, S.; Yau, Y.H.; Wang, X.; Shochat, S.G.; Nielsen, P.H.; Dueholm, M.S.; Otzen, D.E.; Lee, J.; Delos Santos, M.M.; et al.

Detection of Pathogenic Biofilms with Bacterial Amyloid Targeting Fluorescent Probe, CDy11. J. Am. Chem. Soc. 2016, 138,
402–407. [CrossRef] [PubMed]

6. Mah, T.F.; O’Toole, G.A. Mechanisms of biofilm resistance to antimicrobial agents. Trends Microbiol. 2001, 9, 34–39. [CrossRef]
7. Jones, E.M.; Cochrane, C.A.; Percival, S.L. The Effect of pH on the Extracellular Matrix and Biofilms. Adv. Wound Care 2015, 4,

431–439. [CrossRef] [PubMed]
8. Andreasen, M.; Meisl, G.; Taylor, J.D.; Michaels, T.C.T.; Levin, A.; Otzen, D.E.; Chapman, M.R.; Dobson, C.M.; Matthews, S.J.;

Knowles, T.P.J. Physical Determinants of Amyloid Assembly in Biofilm Formation. mBio 2019, 10. [CrossRef]
9. Fowler, D.M.; Koulov, A.V.; Balch, W.E.; Kelly, J.W. Functional amyloid—From bacteria to humans. Trends Biochem. Sci. 2007, 32,

217–224. [CrossRef]
10. Otzen, D.; Riek, R. Functional Amyloids. Cold Spring Harb. Perspect. Biol. 2019. [CrossRef]
11. Marinelli, P.; Pallares, I.; Navarro, S.; Ventura, S. Dissecting the contribution of Staphylococcus aureus alpha-phenol-soluble

modulins to biofilm amyloid structure. Sci. Rep. 2016, 6, 34552. [CrossRef] [PubMed]
12. Otto, M. Phenol-soluble modulins. Int. J. Med. Microbiol. 2014, 304, 164–169. [CrossRef] [PubMed]
13. Periasamy, S.; Joo, H.S.; Duong, A.C.; Bach, T.H.; Tan, V.Y.; Chatterjee, S.S.; Cheung, G.Y.; Otto, M. How Staphylococcus aureus

biofilms develop their characteristic structure. Proc. Natl. Acad. Sci. USA 2012, 109, 1281–1286. [CrossRef] [PubMed]
14. Peschel, A.; Otto, M. Phenol-soluble modulins and staphylococcal infection. Nat. Rev. Microbiol. 2013, 11, 667–673. [CrossRef]

[PubMed]
15. Cheung, G.Y.; Joo, H.S.; Chatterjee, S.S.; Otto, M. Phenol-soluble modulins–critical determinants of staphylococcal virulence.

FEMS Microbiol. Rev. 2014, 38, 698–719. [CrossRef] [PubMed]
16. Schwartz, K.; Syed, A.K.; Stephenson, R.E.; Rickard, A.H.; Boles, B.R. Functional amyloids composed of phenol soluble modulins

stabilize Staphylococcus aureus biofilms. PLoS Pathog. 2012, 8, e1002744. [CrossRef]
17. Salinas, N.; Colletier, J.P.; Moshe, A.; Landau, M. Extreme amyloid polymorphism in Staphylococcus aureus virulent PSMalpha

peptides. Nat. Commun. 2018, 9, 3512. [CrossRef]
18. Tayeb-Fligelman, E.; Tabachnikov, O.; Moshe, A.; Goldshmidt-Tran, O.; Sawaya, M.R.; Coquelle, N.; Colletier, J.P.; Landau, M. The

cytotoxic Staphylococcus aureus PSMalpha3 reveals a cross-alpha amyloid-like fibril. Science 2017, 355, 831–833. [CrossRef]
19. Zaman, M.; Andreasen, M. Cross-talk between individual phenol-soluble modulins in Staphylococcus aureus biofilm enables

rapid and efficient amyloid formation. eLife 2020, 9. [CrossRef]
20. Tipping, K.W.; Karamanos, T.K.; Jakhria, T.; Iadanza, M.G.; Goodchild, S.C.; Tuma, R.; Ranson, N.A.; Hewitt, E.W.; Radford, S.E.

pH-induced molecular shedding drives the formation of amyloid fibril-derived oligomers. Proc. Natl. Acad. Sci. USA 2015, 112,
5691–5696. [CrossRef]

21. Ramirez-Alvarado, M.; Merkel, J.S.; Regan, L. A systematic exploration of the influence of the protein stability on amyloid fibril
formation in vitro. Proc. Natl. Acad. Sci. USA 2000, 97, 8979–8984. [CrossRef] [PubMed]

22. Bieschke, J.; Herbst, M.; Wiglenda, T.; Friedrich, R.P.; Boeddrich, A.; Schiele, F.; Kleckers, D.; Lopez del Amo, J.M.; Gruning, B.A.;
Wang, Q.; et al. Small-molecule conversion of toxic oligomers to nontoxic beta-sheet-rich amyloid fibrils. Nat. Chem. Biol. 2011, 8,
93–101. [CrossRef] [PubMed]

23. Jiang, L.; Liu, C.; Leibly, D.; Landau, M.; Zhao, M.; Hughes, M.P.; Eisenberg, D.S. Structure-based discovery of fiber-binding
compounds that reduce the cytotoxicity of amyloid beta. eLife 2013, 2, e00857. [CrossRef] [PubMed]

24. Marek, P.J.; Patsalo, V.; Green, D.F.; Raleigh, D.P. Ionic strength effects on amyloid formation by amylin are a complicated interplay
among Debye screening, ion selectivity, and Hofmeister effects. Biochemistry 2012, 51, 8478–8490. [CrossRef]

25. Nostro, A.; Cellini, L.; Di Giulio, M.; D’Arrigo, M.; Marino, A.; Blanco, A.R.; Favaloro, A.; Cutroneo, G.; Bisignano, G. Effect of
alkaline pH on staphylococcal biofilm formation. Acta Pathol. Microbiol. Immunol. Scand. 2012, 120, 733–742. [CrossRef]

26. Maji, S.K.; Perrin, M.H.; Sawaya, M.R.; Jessberger, S.; Vadodaria, K.; Rissman, R.A.; Singru, P.S.; Nilsson, K.P.; Simon, R.;
Schubert, D.; et al. Functional amyloids as natural storage of peptide hormones in pituitary secretory granules. Science 2009, 325,
328–332. [CrossRef]

27. Zmantar, T.; Kouidhi, B.; Miladi, H.; Mahdouani, K.; Bakhrouf, A. A Microtiter plate assay for Staphylococcus aureus biofilm
quantification at various pH levels and hydrogen peroxide supplementation. New Microbiol. 2010, 33, 137–145.

28. Whitmore, L.; Wallace, B.A. Protein secondary structure analyses from circular dichroism spectroscopy: Methods and reference
databases. Biopolymers 2008, 89, 392–400. [CrossRef]

http://doi.org/10.1038/s41598-018-20485-z
http://doi.org/10.1073/pnas.0910560107
http://doi.org/10.1038/nrmicro2415
http://doi.org/10.1038/nrmicro.2016.94
http://doi.org/10.1021/jacs.5b11357
http://www.ncbi.nlm.nih.gov/pubmed/26684612
http://doi.org/10.1016/S0966-842X(00)01913-2
http://doi.org/10.1089/wound.2014.0538
http://www.ncbi.nlm.nih.gov/pubmed/26155386
http://doi.org/10.1128/mBio.02279-18
http://doi.org/10.1016/j.tibs.2007.03.003
http://doi.org/10.1101/cshperspect.a033860
http://doi.org/10.1038/srep34552
http://www.ncbi.nlm.nih.gov/pubmed/27708403
http://doi.org/10.1016/j.ijmm.2013.11.019
http://www.ncbi.nlm.nih.gov/pubmed/24447915
http://doi.org/10.1073/pnas.1115006109
http://www.ncbi.nlm.nih.gov/pubmed/22232686
http://doi.org/10.1038/nrmicro3110
http://www.ncbi.nlm.nih.gov/pubmed/24018382
http://doi.org/10.1111/1574-6976.12057
http://www.ncbi.nlm.nih.gov/pubmed/24372362
http://doi.org/10.1371/journal.ppat.1002744
http://doi.org/10.1038/s41467-018-05490-0
http://doi.org/10.1126/science.aaf4901
http://doi.org/10.7554/eLife.59776
http://doi.org/10.1073/pnas.1423174112
http://doi.org/10.1073/pnas.150091797
http://www.ncbi.nlm.nih.gov/pubmed/10908649
http://doi.org/10.1038/nchembio.719
http://www.ncbi.nlm.nih.gov/pubmed/22101602
http://doi.org/10.7554/eLife.00857
http://www.ncbi.nlm.nih.gov/pubmed/23878726
http://doi.org/10.1021/bi300574r
http://doi.org/10.1111/j.1600-0463.2012.02900.x
http://doi.org/10.1126/science.1173155
http://doi.org/10.1002/bip.20853


Microorganisms 2021, 9, 117 16 of 18

29. Whitmore, L.; Wallace, B.A. DICHROWEB, an online server for protein secondary structure analyses from circular dichroism
spectroscopic data. Nucleic Acids Res. 2004, 32, W668–W673. [CrossRef]

30. Lees, J.G.; Miles, A.J.; Wien, F.; Wallace, B.A. A reference database for circular dichroism spectroscopy covering fold and secondary
structure space. Bioinformatics 2006, 22, 1955–1962. [CrossRef]

31. Kirk, W.R.; Kurian, E.; Prendergast, F.G. Characterization of the sources of protein-ligand affinity: 1-sulfonato-8-(1′)anilinonaphthalene
binding to intestinal fatty acid binding protein. Biophys. J. 1996, 70, 69–83. [CrossRef]

32. Bhak, G.; Choe, Y.J.; Paik, S.R. Mechanism of amyloidogenesis: Nucleation-dependent fibrillation versus double-concerted
fibrillation. BMB Rep. 2009, 42, 541–551. [CrossRef] [PubMed]

33. French, K.C.; Makhatadze, G.I. Core sequence of PAPf39 amyloid fibrils and mechanism of pH-dependent fibril formation: The
role of monomer conformation. Biochemistry 2012, 51, 10127–10136. [CrossRef] [PubMed]

34. Roberts, C.J. Therapeutic protein aggregation: Mechanisms, design, and control. Trends Biotechnol. 2014, 32, 372–380. [CrossRef]
[PubMed]

35. Zapadka, K.L.; Becher, F.J.; Uddin, S.; Varley, P.G.; Bishop, S.; Gomes Dos Santos, A.L.; Jackson, S.E. A pH-Induced Switch in
Human Glucagon-like Peptide-1 Aggregation Kinetics. J. Am. Chem. Soc. 2016, 138, 16259–16265. [CrossRef]

36. Pedersen, J.S.; Andersen, C.B.; Otzen, D.E. Amyloid structure–one but not the same: The many levels of fibrillar polymorphism.
FEBS J. 2010, 277, 4591–4601. [CrossRef]

37. Zaman, M.; Ehtram, A.; Chaturvedi, S.K.; Nusrat, S.; Khan, R.H. Amyloidogenic behavior of different intermediate state of stem
bromelain: A biophysical insight. Int. J. Biol. Macromol. 2016, 91, 477–485. [CrossRef]

38. Nielsen, L.; Khurana, R.; Coats, A.; Frokjaer, S.; Brange, J.; Vyas, S.; Uversky, V.N.; Fink, A.L. Effect of environmental factors on
the kinetics of insulin fibril formation: Elucidation of the molecular mechanism. Biochemistry 2001, 40, 6036–6046. [CrossRef]

39. Deva, T.; Lorenzen, N.; Vad, B.S.; Petersen, S.V.; Thorgersen, I.; Enghild, J.J.; Kristensen, T.; Otzen, D.E. Off-pathway aggregation
can inhibit fibrillation at high protein concentrations. Biochim. Biophys. Acta 2013, 1834, 677–687. [CrossRef]

40. Souillac, P.O.; Uversky, V.N.; Fink, A.L. Structural transformations of oligomeric intermediates in the fibrillation of the im-
munoglobulin light chain LEN. Biochemistry 2003, 42, 8094–8104. [CrossRef]

41. Dueholm, M.S.; Petersen, S.V.; Sonderkaer, M.; Larsen, P.; Christiansen, G.; Hein, K.L.; Enghild, J.J.; Nielsen, J.L.; Nielsen, K.L.;
Nielsen, P.H.; et al. Functional amyloid in Pseudomonas. Mol. Microbiol. 2010, 77, 1009–1020. [CrossRef] [PubMed]

42. Yang, H.; Yang, S.; Kong, J.; Dong, A.; Yu, S. Obtaining information about protein secondary structures in aqueous solution using
Fourier transform IR spectroscopy. Nat. Protoc. 2015, 10, 382–396. [CrossRef] [PubMed]

43. Natalello, A.; Doglia, S.M. Insoluble protein assemblies characterized by fourier transform infrared spectroscopy. Methods Mol.
Biol. 2015, 1258, 347–369. [CrossRef]

44. Fischer, G.; Cao, X.; Cox, N.; Francis, M. The FT-IR spectra of glycine and glycylglycine zwitterions isolated in alkali halide
matrices. Chem. Phys. 2005, 313, 39–49. [CrossRef]

45. Lindgren, M.; Sorgjerd, K.; Hammarstrom, P. Detection and characterization of aggregates, prefibrillar amyloidogenic oligomers,
and protofibrils using fluorescence spectroscopy. Biophys. J. 2005, 88, 4200–4212. [CrossRef]

46. Hawe, A.; Sutter, M.; Jiskoot, W. Extrinsic fluorescent dyes as tools for protein characterization. Pharm. Res. 2008, 25, 1487–1499.
[CrossRef]

47. Wang, R.; Braughton, K.R.; Kretschmer, D.; Bach, T.H.; Queck, S.Y.; Li, M.; Kennedy, A.D.; Dorward, D.W.; Klebanoff, S.J.;
Peschel, A.; et al. Identification of novel cytolytic peptides as key virulence determinants for community-associated MRSA. Nat.
Med. 2007, 13, 1510–1514. [CrossRef]

48. Cheung, G.Y.; Duong, A.C.; Otto, M. Direct and synergistic hemolysis caused by Staphylococcus phenol-soluble modulins:
Implications for diagnosis and pathogenesis. Microbes Infect. 2012, 14, 380–386. [CrossRef]

49. Otto, M. Staphylococcal infections: Mechanisms of biofilm maturation and detachment as critical determinants of pathogenicity.
Annu. Rev. Med. 2013, 64, 175–188. [CrossRef]

50. Le, K.Y.; Dastgheyb, S.; Ho, T.V.; Otto, M. Molecular determinants of staphylococcal biofilm dispersal and structuring. Front. Cell.
Infect. Microbiol. 2014, 4, 167. [CrossRef]

51. Wu, K.P.; Weinstock, D.S.; Narayanan, C.; Levy, R.M.; Baum, J. Structural reorganization of alpha-synuclein at low pH observed
by NMR and REMD simulations. J. Mol. Biol. 2009, 391, 784–796. [CrossRef]

52. Otzen, D. Functional amyloid: Turning swords into plowshares. Prion 2010, 4, 256–264. [CrossRef] [PubMed]
53. Pfefferkorn, C.M.; McGlinchey, P.R.; Lee, J.C. Effects of pH on aggregation kinetics of the repeat domain of a functional amyloid,

Pmel17. Proc. Natl. Acad. Sci. USA 2010, 107, 2147–21452. [CrossRef] [PubMed]
54. Vuong, C.; Gotz, F.; Otto, M. Construction and characterization of an agr deletion mutant of Staphylococcus epidermidis. Infect.

Immun. 2000, 68, 1048–1053. [CrossRef] [PubMed]
55. Kong, K.F.; Vuong, C.; Otto, M. Staphylococcus quorum sensing in biofilm formation and infection. Int. J. Med. Microbiol. 2006,

296, 133–139. [CrossRef]
56. Cogen, A.L.; Yamasaki, K.; Sanchez, K.M.; Dorschner, R.A.; Lai, Y.; MacLeod, D.T.; Torpey, J.W.; Otto, M.; Nizet, V.; Kim, J.E.; et al.

Selective antimicrobial action is provided by phenol-soluble modulins derived from Staphylococcus epidermidis, a normal
resident of the skin. J. Investig. Dermatol. 2010, 130, 192–200. [CrossRef]

http://doi.org/10.1093/nar/gkh371
http://doi.org/10.1093/bioinformatics/btl327
http://doi.org/10.1016/S0006-3495(96)79592-9
http://doi.org/10.5483/BMBRep.2009.42.9.541
http://www.ncbi.nlm.nih.gov/pubmed/19788854
http://doi.org/10.1021/bi301406d
http://www.ncbi.nlm.nih.gov/pubmed/23215256
http://doi.org/10.1016/j.tibtech.2014.05.005
http://www.ncbi.nlm.nih.gov/pubmed/24908382
http://doi.org/10.1021/jacs.6b05025
http://doi.org/10.1111/j.1742-4658.2010.07888.x
http://doi.org/10.1016/j.ijbiomac.2016.05.107
http://doi.org/10.1021/bi002555c
http://doi.org/10.1016/j.bbapap.2012.12.020
http://doi.org/10.1021/bi034652m
http://doi.org/10.1111/j.1365-2958.2010.07269.x
http://www.ncbi.nlm.nih.gov/pubmed/20572935
http://doi.org/10.1038/nprot.2015.024
http://www.ncbi.nlm.nih.gov/pubmed/25654756
http://doi.org/10.1007/978-1-4939-2205-5_20
http://doi.org/10.1016/j.chemphys.2004.12.011
http://doi.org/10.1529/biophysj.104.049700
http://doi.org/10.1007/s11095-007-9516-9
http://doi.org/10.1038/nm1656
http://doi.org/10.1016/j.micinf.2011.11.013
http://doi.org/10.1146/annurev-med-042711-140023
http://doi.org/10.3389/fcimb.2014.00167
http://doi.org/10.1016/j.jmb.2009.06.063
http://doi.org/10.4161/pri.4.4.13676
http://www.ncbi.nlm.nih.gov/pubmed/20935497
http://doi.org/10.1073/pnas.1006424107
http://www.ncbi.nlm.nih.gov/pubmed/21106765
http://doi.org/10.1128/IAI.68.3.1048-1053.2000
http://www.ncbi.nlm.nih.gov/pubmed/10678906
http://doi.org/10.1016/j.ijmm.2006.01.042
http://doi.org/10.1038/jid.2009.243


Microorganisms 2021, 9, 117 17 of 18

57. Cogen, A.L.; Yamasaki, K.; Muto, J.; Sanchez, K.M.; Crotty Alexander, L.; Tanios, J.; Lai, Y.; Kim, J.E.; Nizet, V.; Gallo, R.L.
Staphylococcus epidermidis antimicrobial delta-toxin (phenol-soluble modulin-gamma) cooperates with host antimicrobial
peptides to kill group A Streptococcus. PLoS ONE 2010, 5, e8557. [CrossRef]

58. Marchand, A.; Verdon, J.; Lacombe, C.; Crapart, S.; Hechard, Y.; Berjeaud, J.M. Anti-Legionella activity of staphylococcal
hemolytic peptides. Peptides 2011, 32, 845–851. [CrossRef]

59. Diep, B.A.; Otto, M. The role of virulence determinants in community-associated MRSA pathogenesis. Trends Microbiol. 2008, 16,
361–369. [CrossRef]

60. Kaito, C.; Saito, Y.; Nagano, G.; Ikuo, M.; Omae, Y.; Hanada, Y.; Han, X.; Kuwahara-Arai, K.; Hishinuma, T.; Baba, T.; et al.
Transcription and translation products of the cytolysin gene psm-mec on the mobile genetic element SCCmec regulate Staphylo-
coccus aureus virulence. PLoS Pathog. 2011, 7, e1001267. [CrossRef]

61. Wang, R.; Khan, B.A.; Cheung, G.Y.; Bach, T.H.; Jameson-Lee, M.; Kong, K.F.; Queck, S.Y.; Otto, M. Staphylococcus epidermidis
surfactant peptides promote biofilm maturation and dissemination of biofilm-associated infection in mice. J. Clin. Investig. 2011,
121, 238–248. [CrossRef] [PubMed]

62. Jang, K.S.; Park, M.; Lee, J.Y.; Kim, J.S. Mass spectrometric identification of phenol-soluble modulins in the ATCC(R) 43300
standard strain of methicillin-resistant Staphylococcus aureus harboring two distinct phenotypes. European journal of clinical
microbiology & infectious diseases. Off. Publ. Eur. Soc. Clin. Microbiol. 2017, 36, 1151–1157. [CrossRef]

63. Gonzalez, D.J.; Okumura, C.Y.; Hollands, A.; Kersten, R.; Akong-Moore, K.; Pence, M.A.; Malone, C.L.; Derieux, J.; Moore, B.S.;
Horswill, A.R.; et al. Novel phenol-soluble modulin derivatives in community-associated methicillin-resistant Staphylococcus
aureus identified through imaging mass spectrometry. J. Biol. Chem. 2012, 287, 13889–13898. [CrossRef] [PubMed]

64. Gonzalez, D.J.; Vuong, L.; Gonzalez, I.S.; Keller, N.; McGrosso, D.; Hwang, J.H.; Hung, J.; Zinkernagel, A.; Dixon, J.E.;
Dorrestein, P.C.; et al. Phenol soluble modulin (PSM) variants of community-associated methicillin-resistant Staphylococcus
aureus (MRSA) captured using mass spectrometry-based molecular networking. Mol. Cell. Proteom. 2014, 13, 1262–1272.
[CrossRef] [PubMed]

65. Joo, H.S.; Cheung, G.Y.; Otto, M. Antimicrobial activity of community-associated methicillin-resistant Staphylococcus aureus is
caused by phenol-soluble modulin derivatives. J. Biol. Chem. 2011, 286, 8933–8940. [CrossRef] [PubMed]

66. Chatterjee, S.S.; Joo, H.S.; Duong, A.C.; Dieringer, T.D.; Tan, V.Y.; Song, Y.; Fischer, E.R.; Cheung, G.Y.; Li, M.; Otto, M. Essential
Staphylococcus aureus toxin export system. Nat. Med. 2013, 19, 364–367. [CrossRef] [PubMed]

67. Laabei, M.; Jamieson, W.D.; Yang, Y.; van den Elsen, J.; Jenkins, A.T. Investigating the lytic activity and structural properties of
Staphylococcus aureus phenol soluble modulin (PSM) peptide toxins. Biochim. Biophys. Acta 2014, 1838, 3153–3161. [CrossRef]

68. Cheung, G.Y.; Kretschmer, D.; Queck, S.Y.; Joo, H.S.; Wang, R.; Duong, A.C.; Nguyen, T.H.; Bach, T.H.; Porter, A.R.;
DeLeo, F.R.; et al. Insight into structure-function relationship in phenol-soluble modulins using an alanine screen of the
phenol-soluble modulin (PSM) alpha3 peptide. Off. Publ. Fed. Am. Soc. Exp. Biol. 2014, 28, 153–161. [CrossRef]

69. Kim, W.; Hecht, M.H. Generic hydrophobic residues are sufficient to promote aggregation of the Alzheimer’s Abeta42 peptide.
Proc. Natl. Acad. Sci. USA 2006, 103, 15824–15829. [CrossRef]

70. Giangaspero, A.; Sandri, L.; Tossi, A. Amphipathic alpha helical antimicrobial peptides. Eur. J. Biochem. 2001, 268, 5589–5600.
[CrossRef]

71. Dean, D.N.; Lee, J.C. pH-Dependent fibril maturation of a Pmel17 repeat domain isoform revealed by tryptophan fluorescence.
Biochim. Biophys. Acta Proteins Proteom. 2019, 10, 961–969. [CrossRef] [PubMed]

72. Elgersma, R.C.; Kroon-Batenburg, L.M.J.; Posthuma, G.J.D.; Meeldijk, J.D.; Rijkers, D.T.S.; Liskamp, R.M.J. pH-controlled
aggregation polymorphism of amyloidogenic Aβ(16–22): Insights for obtaining peptide tapes and peptide nanotubes, as function
of the N-terminal capping moiety. Eur. J. Med. Chem. 2014, 88, 55–65. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0008557
http://doi.org/10.1016/j.peptides.2011.01.025
http://doi.org/10.1016/j.tim.2008.05.002
http://doi.org/10.1371/journal.ppat.1001267
http://doi.org/10.1172/JCI42520
http://www.ncbi.nlm.nih.gov/pubmed/21135501
http://doi.org/10.1007/s10096-017-2902-2
http://doi.org/10.1074/jbc.M112.349860
http://www.ncbi.nlm.nih.gov/pubmed/22371493
http://doi.org/10.1074/mcp.M113.031336
http://www.ncbi.nlm.nih.gov/pubmed/24567418
http://doi.org/10.1074/jbc.M111.221382
http://www.ncbi.nlm.nih.gov/pubmed/21278255
http://doi.org/10.1038/nm.3047
http://www.ncbi.nlm.nih.gov/pubmed/23396209
http://doi.org/10.1016/j.bbamem.2014.08.026
http://doi.org/10.1096/fj.13-232041
http://doi.org/10.1073/pnas.0605629103
http://doi.org/10.1046/j.1432-1033.2001.02494.x
http://doi.org/10.1016/j.bbapap.2019.01.012
http://www.ncbi.nlm.nih.gov/pubmed/30716507
http://doi.org/10.1016/j.ejmech.2014.07.089
http://www.ncbi.nlm.nih.gov/pubmed/25087966

	Introduction 
	Materials and Methods 
	Results 
	Aggregation of PSM Peptides at Acidic pH 
	Aggregation of PSM Peptides at Basic pH 
	Effect of Peptide Concentration 
	Structural Characterization of PSM Aggregation In Vitro 
	Characterization of the Hydrophobicity of the PSM Aggregates 
	Morphological Characterization of PSM Aggregates 

	Discussion 
	References

