A \

v
A4

HeoO606

http://pubs.acs.org/journal/acsodf

Human Fibrinogen Inhibits Amyloid Assembly of Most Phenol-
Soluble Modulins from Staphylococcus aureus
Zahra Najarzadeh, Janni Nielsen, Azad Farzadfard, Vita Sereikaite, Kristian Stromgaard,

Rikke Louise Meyer, and Daniel Erik Otzen™

Cite This: ACS Omega 2021, 6, 21960-21970

I: I Read Online

[l Metrics & More |

ACCESS |

Article Recommendations ‘

@ Supporting Information

ABSTRACT: Functional amyloids are highly organized protein/peptide
structures that inter alia promote biofilm formation in different bacteria. oligomars
One such example is provided by a family of 20—4S5 residue-long peptides
called phenol-soluble modulins (PSMs) from Staphylococcus aureus.
External components such as eukaryotic host proteins, which alter self-
assembly of bacterial amyloids, can affect the biofilm matrix. Here, we
studied the effect of the highly prevalent human plasma protein fibrinogen ¢%
(Fg) on fibrillation of PSMs. Fg inhibits or suppresses fibrillation of most
PSMs tested (PSMal, PSMf1, and PSMf2) except for PSMa3, whose o
already rapid aggregation is accelerated even further by Fg but leads to psmp1
amorphous f-rich aggregates rather than fibrils. Fg also induces PSMf2 to
form amorphous aggregates and diverts PSMa1 into off-pathway oligomers
which consist of both Fg and PSMal and cannot seed fibrillation. Peptide
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arrays showed that Fg bound to the N-terminus of PSMa1, while it bound

to the entire length of PSMa3 (except the C terminus) and to the C-termini of PSMf1 and PSMf2. The latter peptides are all
positively charged, while Fg is negatively charged at physiological pH. The positive charges complement Fg’s net negative charge of
—7.6 at pH 7.4. Fg’s ability to inhibit PSM fibrillation reveals a potential host-defense mechanism to prevent bacterial biofilm growth

and infections in the human body.

B INTRODUCTION

Many bacteria form biofilms where individual cells are part of a
multicellular community encased in a shared extracellular
matrix. Biofilms are notoriously tolerant to antibiotics, and
biofilm infections are therefore difficult to treat. These
infections often occur in association with biomedical implants,
such as cardiac valves, prosthetic joints, vascular grafts, and
implanted catheters."”” Staphylococci, particularly Staphylococ-
cus aureus and Staphylococcus epidermidis, are the culprits of
most nosocomial biofilm infections. They secrete high levels of
small (20—4S residue) a-helical amphipathic peptides called
phenol-soluble modulins (PSM).” PSMs show cytolytic activity
against white blood cells,” and their surfactant-like properties
can promote biofilm dispersion.5 Remarkably, they can also
self-assemble into highly ordered amyloid structures, which
may contribute to the establishment, integrity, and maturation
of the biofilm,° although the role and significance of the
amyloid species remain contested.” PSM peptides fall into
three groups, namely, a-type (PSMal-4, 20—25 amino acids),
p-type (PSMp1-2, 43—45 amino acids), and finally the
separately encoded O-toxin with the same size as a-type.
Almost all a-type PSMs are net neutral or positively charged
with an a-helical structure, whereas PSMf2 is net negatively
charged, contains three a-helical regions (of which a-helix2
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and a-helix3 form a “v-like” structure), and shows lower lytic
potential.”'" PSMa3 is the most cytotoxic; moreover, this
peptide assembles into a cross-a architecture consisting of a-
helix peptides stacked perpendicular to the fibril axis, in
striking contrast to conventional cross-4 fibrils."" Expression of
all three types of PSMs is directly regulated by the quorum-
sensing system, an accessory gene regulator (Agr) that controls
secretion of several exotoxins from S. aureus during aggressive
infections.'”"* PSMa peptides and the similarly sized &-toxin
are generally expressed at high levels whereas PSMf peptides
are produced to a much smaller extent.”

Biofilm formation is influenced by many components which
accumulate in the biofilm matrix, such as polysaccharides,
proteins, extracellular DNA (eDNA), bacterial biosurfactants
like rhamnolipids, and outer membrane components such as
lipopolysaccharides.'”"> Host components can also play a role,
in particular blood plasma proteins.'®'” The 340 kDa protein
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Normalized ThT fluorescence (a.u.)

PSMal - MGIIAGIIKV IKSLIEQFTG K (21 aa)
PSMa3 - MEFVAKLFKF FKDLLGKFLG NN (22 aa)

PSM[1 - MEGLFNAIKD TVTAAINNDG AKLGTSIVSI VENGVGLLGK LFGF (44 aa)

PSM[32 - MTGLAEAIAN TVQAAQQHDS VKLGTSIVDI VANGVGLLGK LFGF (44 aa)

1.4
1.4 0 r 3
925 812
1.2 [ R
€ 1.0
1.0 % :
0.8 3 08
— 0.6
0.6 -
[ =
0.4 E 0.4
© 0.2
0.2 £
(B) 5 (®)
0.0 - - =2 0.0
0 10 20 30 40 50 60 70 80 90 00 01 02 03 04 05 06 07
Time (h) Time (h)
PSMp1 s PSMp2
1.4 -~
3 . a 0.25
812 % 1.2 92
g €10 e
§ 1.0 § . < Py ;\.-:\ - "
£os £ os ok~ "
e 2 4
= 06 - 06 Py :
= = SUEy
= - 5/
g o4 - 0.4 7
N [ ¥
T 0.2 S ‘
E g o2 o/
200 3 s Z (E)
0 5 10 15 20 25 30 35 =z 00 e
Time (h) 0 s 10 15 20 25 30 35
3 Time (h)
° ~ PSMo —
;: 4 (F) -~ PSMa3 g (G) 1 0.25 mg/ml
S o~ PSMp1 ~ = 05mgml |
E34 -o- PSMp2 = 2 = 1 mg/ml
g ]
o
2] / 3
5 o
- O 1
= c =
= 14 [ _—
2 i = =
-4 < L - ’
0 T T T 0 - -
0.25 0.5 1 PSMal PSMo3 PSMp1  PSMp2
[Fg] (mg/ml)

Figure 1. (A) Sequences of PSM peptides used in the present study along with the structure of Fg. (B—E): Kinetics of PSM amyloid formation in
presence and absence of Fg, monitored by ThT fluorescence. The data were fitted with a secondary nucleation unseeded model using the Amylofit
web server (summarized in Table 1). The concentration of Fg (mg/mL) is indicated in the panels. (F) Relative lag time of fibrillation and (G)

relative ThT-end point levels in presence of different [Fg], in both cases, normalized to the values for Fg-free PSMs.

fibrinogen (Fg) is the third-most abundant plasma protein (2—
4 mg/mL). Fg has a negative net charge with an isoelectric
point of 5.8 and is composed of Aa, B, and y chains linked
together with disulfide bridges.'® Besides its central role in
blood coagulation, it shows chaperone properties (preventing,
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eg, thermal aggregation of citrate synthase'’) and is able to
suppress amyloid formation of various proteins. Thus, Fg
inhibits fibrillation of the insulin-B chain by binding to
prefibrillar intermediates.”® Similarly, fibrillation of the func-
tional amyloid protein CsgA from Escherichia coli is also

https://doi.org/10.1021/acsomega.1c02333
ACS Omega 2021, 6, 21960—21970
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Table 1. Results from Analysis of ThT Time Curves for Fibrillation of PSM Peptides at Different Fg Concentrations (Figure 1)

Using Amylofit”

kk, (M™ h2)

kk, (M™ h7%)

Fg (mg/mL) PSMal PSMa3 PSMp1 PSMpB2 (k,k,)

0 248 x 107 1.84 x 107 2.62 x 108 3.73 x 10°

0.25 4.67 x 10* 1.04 x 10° 9.48 x 107 9.12 x 10°

0.5 1.20 x 10° 1.31 x 107 4.89 X 10°

1 1.45 x 10° 1.82 x 10°

global parameters kky = 7.05 X 107 M h™2 kky = 2.51 X 10" M™ h™2 kky: 1.8 X 106 M~ h™2 k,k,: 1.46 X 107 M h™2
n, = 2.85 n. = 1.60 n: 2.55 n: 2.49
n, = 1.41 n, = 2.07 ny: 0.5 ny: 0.536

“An aggregation model with secondary nucleation was used. Only the compound rate constant k,k, (PSMal, PSMa3, and PSMf1) or k.k,
(PSMp32) was allowed to vary with [Fg], while other indicated parameters were fitted to a single value for each peptide.

inhibited by Fg through interactions with early nuclei and
more mature fibrils.”' Nevertheless, these anti-aggregatory
properties are not an unconditional advantage. Fg binding to
the Alzheimer peptide Af leads to abnormal blood clots that
are resistant to degradation by plasmin and through co-
deposition of Fg and Ap leads to inflammation and
permeability of blood vessels.””*> The molecular basis for
this is interactions of Af with the C-terminal region of the Fg-j
chain (3384-393), which induce oligomerization of Fg; these
oligomers can be processed by thrombin to form abnormal
clots but are protected against cleavage by plasmin.”*** Fg is
also involved in biofilm formation through binding to bacteria,
mediating the adherence of bacteria to endothelial cells or
avoiding the immune system.'””® In S. aureus, Fg-binding
proteins (FnBPA and FnBPB) promote the adherence of
bacteria to Fg, elastin, and fibronectin. The two proteins’ Fg-
binding regions are located in the N2 and N3 subdomains of
the N-terminal A domain.””*® For coagulase-positive S. aureus,
fibrin is also the main matrix component in vivo. S. aureus
secretes two proteins, namely, coagulase (Coa) and von
Willebrand factor—binding protein (vWbp), which activate
prothrombin and staphylothrombin. These two proteases
subsequently cleave Fg to form fibrin that fibrillates to form
a fibrin network, essentially forming a blood clot around the
bacteria.”®*’ Thus, Fg is involved in many different protein—
protein interactions in the S. aureus biofilm, indicating great
versatility.

Here, we expand this versatility by demonstrating Fg
interactions with another class of biofilm components, namely,
the PSMs. We investigate how Fg impacts PSM amyloid
formation using PSMal and PSMa3 along with PSMf1 and
PSMp2 as model peptides (PSM sequences are provided in
Figure 1A along with the structure of Fg). We excluded two
PSM peptides PSMa2 and d-toxin, which previous studies had
shown to be very poor aggregators.”’ Our results reveal a
spectrum of effects. Fg strongly inhibits PSMa1 by redirecting
monomers to off-pathway oligomers while promoting PSMa3
fibrillation. In contrast, it only had a rather modest inhibitory
effect on PSMJ fibrillation. Fg increases the a-helical content
of the PSM peptides and removes the seeding capacity of the
resulting aggregates. Cationic residues in the PSM sequences
are major drivers of the interaction with Fg. Taken together,
our data indicate that Fg can modulate the function of PSM
peptides in the S. aureus biofilm matrix through its impact on
their aggregation behavior.

B RESULTS

Fg Shows Different Effects on Fibrillation of Different
PSM Peptides. To investigate how Fg affects PSM fibrillation,
we incubated 0.2 mg/mL of each peptide with 0—1 mg/mL Fg
in the presence of an amyloid reporter dye ThioflavinT (ThT)
(normalized data in Figure 1B—E and raw data in Figure S1A—
D) and monitored how this affected the time course of
fibrillation of the four PSM peptides. In the absence of Fg, all
four peptides show a conventional sigmoidal ThT fluorescence
growth curve, in which, there is a lag phase of 0.1-10 h
followed by a growth phase until a certain plateau level is
reached and there is no longer any net increase in fibril mass.
Fg increased the lag time of fibrillation of PSMa1, PSMJ1, and
PSM/32 but had an opposite effect on PSMa3 fibrillation. As
little as 0.25 mg/mL Fg strongly inhibited PSMal1 fibrillation,
increasing the lag time ~threefold (Figure 1E). The end-point
ThT-end levels also decreased (Figure 1F). PSMa3 aggregates
unusually rapidly (compared to the other PSM peptides and
aggregating proteins in general) with a ~10 min lag time and a
stable plateau after ~2 h. Fg not only abolished the lag time
completely but also reduced the end-level ThT emission
~twofold (Figure 1F). PSMf1- and PSMf32-aggregation curves
were both inhibited by Fg in a dose-dependent manner,
particularly PSMf2, where 1 mg/mL Fg essentially abolished
the ThT signal (Figure 1E,F). Fg alone did not show any signs
of fibrillation at 0.5 and 1 mg/mL (data not shown).

To explore which aspects of fibrillation were affected by Fg,
kinetic ThT-curves were fitted using the webserver Amylofit
(http:/ /www.amylofit.ch.cam.ac.uk/fit)*' (Figure 1B—E).
Amylofit allows us to investigate which aggregation mecha-
nisms provide the best model for the measured data. For all
four PSMs, the secondary nucleation unseeded mechanism has
previously been shown to provide the best fit to the data to
describe PSM aggregation in the absence of other components
such as Fg.’® This mechanism is characterized by three rate
constants, namely, that of nucleation (k,) to form new fibrils,
elongation (k,) to extend existing fibrils from the two growing
ends, and secondary nucleation (k,) to form new fibrils
catalyzed by the surface of the growing fibril. According to the
kinetic model behind Amylofit and the associated equations,
individual values of these rate constants are not obtained from
the analysis which instead provides composite rate constants
k.k, and k,k,. We extend this approach to include Fg as
follows: the set of ThT time curves for each PSM obtained at
different [Fg] are fitted in a global fit, where we either allow
k.k, or k,k, to vary with [Fg] while restricting fitting of the
other composite parameter to one global value.
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Figure 2. Secondary structure analysis of the PSM aggregates incubated in absence and presence of fibrinogen by using CD and FTIR. (A) PSMal,
(B) PSMa3, (C) PSMf1, and (D) PSMf2. Legends in panel (A) also apply to panels (B—D). (E) FTIR analysis of the secondary structure of PSM
peptides in presence of different concentrations of fibrinogen based on deconvolution of peaks. (F) CD of different PSM fibrils and aggregates

formed in presence of 1 mg/mL Fg.

For PSMal, we obtained the best fit by varying the
composite rate constant k,k, while keeping k,k, constant
(Table 1). k,k, was markedly reduced by 0.25 mg/mL Fg, and
higher [Fg] completely inhibited fibrillation (Supporting
Information Figure S1A). Because k.k, (and by inference k,
in the composite k,k,) is constant, we conclude that Fg inhibits
PSMal fibrillation by reducing k,, that is, primary nucleation.
Similar conclusions were made for PSMf1. The effect of Fg on
PSM/32 was different; to obtain a better fit, we needed to keep
k.k, constant while varying k.k, with [Fg], indicating that
secondary nucleation is being targeted. 1 mg/mL Fg
completely suppressed fibrillation (Figure S1D). In contrast,
Fg accelerated PSMa3 fibrillation through increased k,k,
values. Consistent with the abolition of the lag phase by Fg
(Figure S1B), we conclude that Fg promotes the nucleation
phase. Because k,k, is constant, increased k,k, values imply an
increase in k,, which also agrees with the disappearance of the
lag phase.

Fg Only Alters the Secondary Structure of PSMa1
Aggregates. The secondary structure of PSM aggregates
formed in the presence of Fg was evaluated by UV circular
dichroism (far-UV CD, 260—190 nm) and attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-
FTIR) (amide I band at 1600—1700 cm™"**). The samples
were spun down to remove dimethyl sulfoxide (DMSO) and
soluble Fg and PSMs. The Fg-free PSMal fibrils’ ATR-FTIR
spectrum shows a characteristic amyloid peak at 1628 cm™
and a peak at 1654 cm™ (Figure 2A) attributed to the a-
helical structure. Deconvolution of this spectrum indicates
73.6% f-strand and 26.4% a-helical content (Figures 2E, S2
and Table S1). Incubation of PSMal with 0.25 and 1 mg/mL
Fg led to a decrease in the f-strand peak and an increase in the
a-helical peak to 56.6 and 89%, respectively, consistent with
the Fg's a-helix structure.” The presence of Fg in these
aggregates was confirmed by sodium dodecyl sulfate (SDS)—
polyacrylamide gel electrophoresis (PAGE) (see below), and
allowed us to estimate that aggregates formed in the presence
of 1 mg/mL (2.9 uM) Fg and 0.2 mg/mL (88 yM) PSMal
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(when resuspended in the same volume) consist of ~60 uM
PSMal and 2.2 uM Fg, that is, essentially the same molar ratio
of 30 PSMal:1 Fg in both cases with a ~70% aggregation
level. To better clarify the secondary structure of these
aggregates, we used circular dichroism (CD). Fg is a helix-rich
protein containing 62% a-helix, 31% parallel S-strands, and 7%
turns and other structures according to the deconvolution of
the CD curve using BeStSel. Fg-free PSMal fibrils contain f-
sheets with a (red-shifted) minimum at around 222 nm
(Figure 2F); however, 1 mg/mL Fg led to Fg—PSMal co-
aggregates consisting of 11% f-strands (mainly parallel) and
89% a-helix. A simple combination of the f-sheet and a-helix
content of PSMal and Fg mixed in a 0.2:1 mass ratio should
lead to 38% f-sheet, 56% a-helix, and 6% turns. This
discrepancy suggests that the interaction of PSMal with Fg
leads to co-aggregates structurally different from the individual
components.

In contrast to the co-aggregative behavior of Fg and PSMa1,
only a small fraction of Fg (~4, 12, and 21% of total Fg at 1
mg/mL) was incorporated into aggregates formed by 0.2 mg/
mL PSMa3, PSMf31, and PSM/32, respectively. Therefore, the
signals for these co-aggregates are largely derived from the
PSM peptides themselves. CD curves of Fg-free PSMa3 fibrils
reveal an a-helix structure with two minima at 210 and 226
nm, consistent with its reported cross-a structure.” Aggregates
formed in the presence of Fg show the same helicity by CD
(Figure 2F) and FTIR spectra (Figure 2B) are relatively
unchanged, indicating that Fg does not lead to changes in the
secondary structure of PSMa3 aggregates.

The FTIR spectra of fibrils of PSMf1 and PSMf32 both
show peaks at 1630/1629 cm™' (amyloid) and a shoulder at
1660/1657 cm™' (p-turns), indicative of p-intermolecular
sheets packed into a characteristic amyloid structure. This is
confirmed by a deep minimum at around 221 nm in CD curves
of fibrils of PSMf1 and PSMf2 (Figure 2F) (the CD curve
shows a small shoulder at around 204—206 nm for PSMf1
although deconvolution indicated mainly a f-sheet structure).
For PSM/31, there is no significant change in the fibril structure
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Figure 3. Transmission electron microscopy images of PSM aggregates formed in the presence and absence of 1 mg/mL fibrinogen. All scale bars
are 200 nm except for “PSMf2 + Fg” and “PSMa3 + Fg” (500 nm). The yellow circles highlight spherical oligomers of ca. 25 nm diameter formed

by PSMal in the presence of Fg.
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Figure 4. Fibrillation of 0.2 mg/mL PSM peptides in presence of 10% (mass/mass) preformed fibrils. The seeds were prepared by incubation of
PSM peptides in presence and absence of 1 mg/mL fibrinogen. (A) PSMal. (B) PSMa3, (C) PSMf1, and (D) PSMf2.

by Fg, whereas incubation of PSMf2 with 0.25—1 mg/mL Fg
leads to a shift in maximum of the peak from 1660 to 1650
cm™!, which translates to an increase in a-helical content to
92—98% (Figures 2C,E, S2 and Table S1). These data are
nicely consistent with our previously mentioned ThT curves in
which Fg only retarded PSMJ1 fibrillation to a certain extent
but completely inhibited fibrillation of PSMf2 (Figure
S1C,D). The CD curves of PSMf1 and PSMf2 in presence
of Fg both show a lower signal intensity. For PSMf2, this is
attributed to inhibition of fibril formation whereas for PSMf1,
we observed difficulties in dispensing from pipette tips,
indicative of a pronounced stickiness of the PSMf1 aggregates,
especially at 1 mg/mL Fg (Figure S2K).
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Fg Induces Non-amyloid Structures in PSM Aggre-
gates, Particularly PSMal. We complemented these
spectroscopic data with transmission electron microscopy
(TEM) images of end-point fibrillation samples, which turned
out to be highly consistent with the ThT data. Fg-free PSMal
shows high amounts of rod-like fibrils, but 1 mg/mL Fg
completely shifted this to small spherical (probably oligo-
meric) species of diameter ~25 nm (Figure 3), consistent with
the disappearance of ThT signals. Although PSMpS1 formed
fibrils both in the absence and presence of Fg, those formed
with 1 mg/mL Fg were slightly thicker and stacked together.
Based on this, we attribute the small decline in the ThT signal
to a combination of precipitation and occlusion of ThT
binding sites. PSMp2 forms rod-like fibrils, which in the
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Figure S. Interaction of Alexa Fluor-488-labeled Fg with different PSM peptide sequences immobilized on a peptide array. Signal intensity for Fg
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position in the intact PSM sequence, corresponding to the starting residue

in the spot’s 10-mer peptide.

presence of Fg change to a network of amorphous aggregates,
consistent with the near-total loss of the ThT signal. PSMa3
formed fibrils in the presence and absence of Fg, but Fg led to
clumping into largely amorphous aggregates (Figure 3),
indicating a dense network (which presumably is formed
quickly, hence abolishing the lag time of fibrillation). On its
own, Fg did not show any increase in ThT fluorescence over
time or form any insoluble aggregates.

Fg Co-aggregates with PSMa1l and PSMg2 Seed
Poorly. Next, we investigated whether PSM aggregates formed
in the presence of Fg can act as seeds in fibrillation. Previous
studies on the PSM seeding experiment indicated that different
PSM fibrils show different seeding behaviors.” Specifically,
PSMal fibrils strongly seed fibrillation whereas other fibrils
show weaker effects.”” We selected PSM aggregates formed in
the presence of 1 mg/mL Fg, removed soluble Fg and PSMs by
centrifugation, and then incubated the resuspended aggregates
with fresh peptides at 10% (mass/mass) seed concentration
without shaking. Seeds of Fg-free PSMal fibrils completely
abolished the lag phase (Figure 4A). In contrast, aggregates
formed with Fg inhibit the fibrillation, leading to a prolonged
lag phase and a slower growth (elongation) phase. Thus, the
oligomeric species formed in the presence of Fg (Figure 3)
directly inhibit aggregation, acting as off-pathway oligomers
similar to (although more effectively than) a-synuclein
oligomers.*® This is consistent with Fg’s inhibitory role toward
PSMal aggregation and the lack of fibrils seen by TEM.
However, both normal PSMa3 fibrils and Fg-induced
aggregates only have a modest effect on the lag phase (Figure
4B). A low seeding capacity of PSMa3 fibrils is observed in
other studies.”® PSMJ1 seeds with and without Fg both
accelerate PSM1 fibrillation (Figure 4C), while only Fg-free
PSMf2 seeds accelerate PSMf32 fibrillation (Figure 4D). All
these data are nicely consistent with the ThT and TEM data,
given that 1 mg/mL Fg essentially completely abolishes
PSMp2 aggregation (Figure 1F).
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We used SDS—PAGE to quantify how large a fraction of Fg
and PSM was incorporated into the aggregates when 0.2 mg/
mL PSM was incubated with 1 mg/mL Fg. The pelleted
aggregates were depolymerized in reducing sample buffer and
boiled for 5 min before loading. The SDS—PAGE gel reveals
the characteristic three Fg chains (a, f, and y chains). Band
intensity was quantified by densitometry and converted to
protein mass using standard curves (Figure S3). The Fg—
PSMal pellet contains ~75% of total Fg and 67% of PSMal,
highlighting the strong interaction of Fg with PSMal (~60
uM PSMal and 2.2 uM Fg, i.e, a molar PSMal/Fg ratio of
27.3:1). The weaker bands at around 20 kDa (seen more
clearly in the supernatant of Fg-PSMa3) might be a
degradation product from the a-chain of Fg as reported for
incubation of Af42 with Fg.25 For the three other PSMs, Fg is
mostly found in the supernatant fraction (88, 79, and 99.5% for
PSMp1, PSMf2, and PSMa3, respectively), leading to
aggregate molar ratios (PSM/Fg) of 54:1, 11.6:1, and 123:1
for the three PSMs. The appearance of monomeric PSM bands
obtained from PSM aggregates indicates that the fibrils of
PSMal and PSMp1 are sufficiently unstable to dissociate in
SDS—PAGE.

Only Net Positively Charged PSM-Derived Peptides
Interact with Fg. To gain insight into the interaction of
PSMs with Fg, Alexa Fluor-488-labeled Fg was incubated with
a 384-spot peptide microarray consisting of different parts of
the PSM sequences. Note that this array technology in practice
is limited to peptides of maximum 14-residue length, and we
decided to restrict ourselves to 10-residue peptides to focus on
local sequence effects. Accordingly, each spot consists of a 10-
residue peptide sequence displaced one residue forward in the
PSM sequence (ie, with a 9-residue overlap with the next
spot). The signal intensities of the first six spots of PSMal
(spanning residues 1—15) are clearly higher than the last part
(Figure SA). These peptides have higher charge and
hydrophobicity than the next six residues. When all 12 spots
are considered, binding intensity is correlated with charge and
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hydrophobicity with p-values of 2.94 X 10™° and 0.001,
respectively. Thus, the greater the positive charge, the greater
the binding, while hydrophobicity correlates more weakly with
binding. A similar correlation was seen with PSMa3, for which
almost all peptides except the last two ones (which have net
charges of 0 and —1, respectively) interacted with Fg (Figure
SB) (p-values of 0.0007 and 0.11 for charge and hydro-
phobicity, respectively). This is perhaps not surprising given
Fg’s overall negative charge at physiological pH (with an
isoelectric point of 5.8).

The interactions with PSMf1 and PSMf2 were significantly
weaker. Only 3—5 C-terminal peptides (the only peptides with
a net positive charge, here +1) interacted with Fg (Figure
5C,D), underlining the importance of charge in the interaction
with Fg.

Ala-Scan of PSM-Derived Peptides Highlight the Role
of Lys Residues in the Interaction with Fg. We extended
our peptide-array analysis using an Ala scan of each residue in
the PSM sequences to probe the importance of each residue in
the interaction with labeled Fg. The PSM sequences were
divided into blocks of 10 residues, each of which was
subsequently replaced with Ala (see Figure 6). In the
PSMal sequence, this scan identified M1, I3, GS, K9, and
K21 as the most important interacting residues, whose
substitution by Ala reduced the Fg interaction (Figure 6A).

By far the greatest attenuation was seen with K9A and K21A,
emphasizing the importance of charge. Weak interactions in wt
residues 10—20 were not improved by Ala scanning. Similar to
PSMal, the most significant decrease in signal intensity for
PSMa3 was related to the four Lys-to-Ala mutations at
positions 6, 9, 12, and 17, again emphasizing the importance of
charge (Figure 6B). PSMa3 mutants K9A, K124, and K17A
were still able to form amyloid fibrils,** indicating that these
residues were available for contacts with other components and
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providing a possible binding interface for fibrinogen (Figure
7). Ala-scanning of PSMf1 and PSMf2 did not turn up any

Lys9

| Lysl2
" Lysl7

Figure 7. Crystal structure of PSMa3 (PDB SISS) showing Lys 9, 12,
and 17 in red as potential binding sites for fibrinogen.

major changes except the mutation N33A in PSMf2, which
increased binding intensity 2—3 fold (Figure 6C,D). For all Ala
scans, charge is more important than hydrophobicity in the
interaction with Fg (Table S2).

B DISCUSSION

In this study, we have investigated the effect of the human
plasma protein Fg on the fibrillation of four PSM peptides.
Fibrillation of these peptides can promote biofilm formation in
S. aureus, leadmg to antibiotic resistance and increased
infectivity.” ©% As we summarize in Figure 8, the ThT
fluorescence, CD, and ATR-FTIR data demonstrate various
effects of Fg on different PSMs. Fg inhibits the fibrillation of
PSMs except for PSMa3, whose fibrillation is accelerated, with
an effect that is saturated by 0.25 mg/mL Fg. However, the
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final structure of PSM-Fg aggregates is different. Fg induces
round oligomers with PSMal, amorphous aggregates with
PSMf32, slightly thicker fibrils with PSMf1, and a dense
network of mostly amorphous (although seeding competent)
aggregates with PSMa3. Fg also induces oligomerization in
other amyloidogenic proteins such as CsgA, insulin B chain, -
amyloid, and yeast prion protein Sup35 (NM).'7~*"**
However, the specific effect varies with protein. Thus, the
functional amyloid CsgA formed 35—45 nm oligomers”' while
Ap42 was redirected to form co-oligomers with the D-fragment
of Fg.”* Fg binds to prefibrillar intermediates of the insulin B
chain to halt further fibril growth and alter the spectroscopic
signature of the aggregates2 and also binds to Sup3S (NM) at
early stages of fibrillation to form amorphous deposits."”

The lack of aromatic residues in PSM peptides precluded the
use of absorption to estimate concentrations of PSMs in
aggregates. Instead, we quantitated concentration using SDS—
PAGE and discovered that PSMal co-aggregates to a much
greater extent with Fg than other PSMs, indicating particularly
strong and stable interactions between PSMal and Fg. Neither
aggregates of PSMal and PSMB2 formed with Fg could seed
fibrillation, showing that they are not bona fide fibrils, and in
the case of PSMal, aggregates directly inhibit fibrillation. In
contrast, aggregates of PSMa3 and PSMp1 formed with Fg
both seed fibrillation. The effect was particularly striking for
PSMpP1 which does not aggregate efficiently on its own.
However, for both peptides, preformed fibrils are known to
accelerate aggregation and thus perpetuate their inherent
amyloid structure.”® The incorporation of the predominantly
a-helical protein Fg into the non-fibrillar aggregates formed
with PSMal and PSMJ2 is also confirmed by their high a-
helical content and corresponding lower amount of f-sheet.
The more modest (10% or less) incorporation of Fg into
aggregates with PSMa3 and PSMJ1 also leads to significantly
smaller changes in the secondary structure.

Molecular Basis of Fg Interactions with PSMs: Lys
Ridges and Chaperone Activity? Binding of Fg generally
inhibits the nucleation step of fibrillation. This is seen both for
CsgA and insulin B chain where Fg markedly inhibits the
nucleation phase where early intermediates are formed. Using
Amylofit, we could fit the PSM ThT aggregation curves with a
secondary nucleation unseeded model previously used to
describe aﬁggregation of disease-related amyloids like a-
synuclein,3 37 and insulin.®® However, the mechanistic

impact of Fg on PSM fibrillation is not uniform. Fg markedly
decreased PSMal’s rate constant of nucleation (k,) and to a
smaller extent that of PSMf31. For PSMf32, the decrease in k,k,
(but insignificant impact on k,k,) indicates inhibition of
secondary nucleation, that is, Fg impedes the ability of PSMf2
to form fibrils on the side of the fibrils, perhaps by blocking
access to these sites. This may be similar to the insulin B chain
where Fg blocks fibril growth by surrounding prefibrillar
intermediates.”’ Unlike the other PSMs, Fg accelerated
PSMa3 fibrillation by abolishing the lag phase. Given that
PSMa3 forms a different amyloid structure known as cross-a
with very rapid fibrillation kinetics,"" it is possible that Fg
increases the local PSMa3 concentration by interacting
temporarily with it through coiled-coil interactions or other
templating phenomena. Fg did not change the secondary
structure of PSMa3 fibrils, indicating that it favors cross-a fibril
formation. This likely occurs through contacts with Lys
residues which are known to be accessible in the PSMa3
structure and whose mutation in peptide arrays strongly
reduces Fg binding although their mutation does not prevent
PSMa3 fibril formation.”* These Lys residues are generally
solvent-accessible and constitute a potential binding ridge for
Fg contacts, for example, for initial templating of fibrillation,
cfr. Figure 7. Only a small fraction of Fg formed stable and
pelletable complexes with PSMa3, confirming a catalytic role
of Fg in PSMa3 fibrillation.

Although PSMal and PSMa3 have almost the same length
(21 vs 22aa), PSMal fibrils form a cross-f3 structure in contrast
to PSMa3’s cross-a structure, but Fg shifts PSMal to a-helical
oligomers. PSMal’s strongest Fg interaction is found in the N-
terminal residues, which are the most hydrophobic and the
most amyloidogenic part of the peptide (Figure S4). This
reveals a potential chaperoning behavior of Fg with an affinity
for hydrophobic regions.”” The C-terminal region of the a-
chain in human Fg is reported to have chaperone-like
activity,'”** and different chaperones are known to inhibit
ﬁbril}atign of amyloidogenic proteins like a-synuclein and

Biological Perspectives. It has been reported that
macromolecules like eDNA, polysaccharide intercellular
adhesin (PIA), heparin, and lipopolysaccharides promote and
stabilize biofilm formation by themselves or through enhancing
amyloid formation.'*">*** It is a remarkable feature that
most of these macromolecules have a negative net charge at
physiological pH, emphasizing negative charge as a general
motif contributing to amyloid formation and biofilm
strengthening.

The biofilm matrix composition is highly dependent on the
environment and on precursors which are available for matrix
formation. In vivo, the biofilm matrix of S. aureus is dominated
by fibrin as the secretion of coagulases activates prothrombin,
which leads to formation of a fibrin pseudocapsule around the
bacteria. The interaction between Fg and PSMs may therefore
not only affect biofilm formation via its effect on amyloid
formation but also via its effect on fibrin formation. To the best
of our knowledge, the effect of PSMs on fibrin formation in S.
aureus biofilms remains unexplored. However, our study
reveals that apart from PSMa3, Fg actually inhibits the
fibrillation of PSMs, which implies an inhibitory effect on
biofilm formation in view of PSM amyloid contributions to this
process.” On the other hand, fibrin produced by Fg promotes
biofilm formation, potentially suggesting two antagonistic
effects of Fg on biofilm formation.
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In summary, human Fg interacts in a number of different
ways with different PSMs from S. aureus. Fg inhibits fibrillation
of PSMal, PSMf1, and PSMfB2 but induces fibrillation in
PSMa3. Of note, Fg drives PSMal to off-pathway oligomers
and aggregates that contain both Fg and PSMal and lack the
capacity to seed fibrillation of PSMal. PSMal fibrils strongly
seed the fibrillation of other PSMs and even drive fibrillation of
PSMa2 and &-toxin that do not fibrillate on their own.*
Consequently, Fg’s inhibition of PSMal fibrillation can in
itself effectively halt the fibrillation of other PSMs. We propose
that by inhibiting PSM fibrillation, Fg can modulate biofilm
formation of S. aureus. This may be a host defense mechanism
to reduce bacterial infection which can be overruled by the
bacterial ability to bind to host cells through contact with
fibrinogen and thus congregate to form a biofilm.

B MATERIALS AND METHODS

Materials. Synthetic N-terminally formylated PSM peptides
were purchased from GenScript at >95% purity. Fg from
human plasma, Alexa Fluor 488-labeled Fg, hexafluoroisopro-
panol (HFIP), trifluoroacetic acid, and other chemicals were
from Sigma-Aldrich (St. Louis, MO).

PSM Peptide Pretreatment. To dissolve any preformed
aggregates and optimize reproducibility, the synthetic peptides
were dissolved in HFIP/TFA (1:1) to 5—6 mg/mL and then
sonicated for 2 min (10 s on and 10 s off) with a QSonica
Sonicator (QS00, Newtown, CT, USA) at 20% amplitude.
After 1 h at room temperature in a chemical hood, remaining
solvent was evaporated completely in a speed vac.

Fibrillation Kinetics Assays Using a Plate Reader.
PSM peptides were dissolved to 20 mg/mL in DMSO, diluted
in Milli-Q water to 1 mg/mL, spun down (S min, 10,000 rpm
or 6700g) to remove aggregates, and kept on ice. The
supernatant was diluted to 0.2 mg/mL in filtered sodium
phosphate buffer (containing 47.5 mM Na,HPO, and 2.5 mM
NaH,PO,) pH 8, mixed with 200 4M ThT (from stock of 14
mM in Milli-Q water), and incubated at 37 °C in a 96-well
plate (Nunc, Thermo Fisher Scientific, Roskilde, Denmark).
The final DMSO concentration was always 1% (vol/vol). Fg
was dissolved in phosphate-buffered saline (PBS) at 10 mg/mL
and directly added to the wells to reach the desired
concentration. Crystal clear sealing tape (Hampton Research,
Aliso Viejo, CA, USA) was used to cover the plate and prevent
evaporation of solvent. ThT fluorescence was measured every
S min using excitation at 438 nm and emission at 480 nm.
Before each cycle, the plate was shaken at the 300 rpm orbital
mode for 15 s. Due to PSMa3’s very rapid fibrillation kinetics,
measurements were carried out in the quiescent mode using 2
min cycles. All measurement were carried out in triplicate.
Note that due to batch variations in peptide synthesis, there
are minor differences in the specific fibrillation kinetics
compared to the previously reported data.*’

Seeding Experiments. To prepare the seeds, the fibrils
and aggregates formed in the presence of 1 mg/mL Fg were
spun down (13,000 rpm or 11,340g for 10 min) and
resuspended in the same amount of Milli-Q water and then
sonicated for 2 min (20 s on and 10 s off) with a QSonica
Sonicator (QS00, Newtown, CT, USA) using 20% amplitude.
0.2 mg/mL pretreated peptides (prepared and incubated the
same as in sections 2—3 but under quiescent condition) were
incubated in presence of 10% (mass) of different seeds
(normal fibrils of each peptide and aggregates formed in
presence of Fg). ThT-emission time profiles were recorded in a

GENios Pro fluorescence plate reader (Tecan, Manerdorf,
Switzerland). The data were fitted using the Amylofit web
server (http://www.amylofit.ch.cam.ac.uk/fit). When fitting
ThT curves recorded at different Fg concentrations, the PSM
concentration is fixed at its experimental value, and the
reaction orders of primary nucleation (n.), secondary
nucleation (n,), and k,k, were globally fitted to obtain rate
constants (k,k,) for each ThT curve recorded at different [Fg]
(except for PSMf32, where k,k, was fitted to individual [Fg]).
Here, k, is the rate constant for formation of nuclei from
monomers, whereas k, is the rate constant of elongation in
which the fibril grows by addition of monomer to fibril ends,
and k, is the rate constant of formation of secondary nuclei on
fibrils.”’

CD Spectroscopy. Fibrillated samples were centrifuged
(1S min at 13,000 rpm or 11,340g) to remove DMSO after
which the pellet was resuspended in the same volume of Milli-
Q water. Far-UV CD spectra of samples in a 0.1 mm quartz
crystal cuvette were recorded from 190 to 260 nm with a step
size of 1 nm on a Chirascan CD spectrophotometer (Applied
Photophysics, Surrey, UK). Spectra were deconvoluted using
the BeStSel web server.*’

Attenuated Total Reflectance Fourier Transform
Infrared Spectroscopy. To remove DMSO and soluble Fg,
samples were spun down (15 min at 13,000 rpm or 11,340g)
and the pellets were resuspended in the same volume of Milli-
Q water. 2 uL of samples were dried in a Golden Gate Single
Reflection Diamond ATR cell (Specac, Kent, UK) under a
stream of nitrogen, and the FTIR spectra were monitored on a
Tensor 27 FTIR spectrophotometer (Bruker, Billerica,
Massachusetts). Baseline correlation and atmospheric com-
pensation considering CO, and H,0 were conducted with
OPUS 5.5 software (Bruker, Billerica, Massachusetts).
Deconvolution of peaks was carried out in Origin.

SDS—PAGE of PSMs Incubated with Fg. Aggregates
formed in the presence and absence of Fg were spun down (15
min at 13,000 rpm or 11,340g) and resuspended in the same
amount of Milli-Q water, after which 20 uL of both
supernatants and pellet was separately mixed with sample
buffer and boiled for 5 min. Due to their small size, the PSM
peptides migrate in the dye front. Therefore, bromophenol
blue was omitted from the loading buffer to quantify peptide
bands. 10 uL of samples loaded on SDS—PAGE (15%
polyacrylamide gel) and tris/tricine buffer containing 0.1 M
tris and 0.02 M HCI with pH 8.9 as anode buffer, while 0.1 M
tris, 0.1 M tricine, and 0.1% SDS with pH 8.25 as cathode
buffer was used to obtain sharper peptide bands.*” A voltage of
150 V was applied on the gel for around 3 h and a prestained
protein ladder was used to follow the running process.

Transmission Electron Microscopy. PSMs samples
fibrillated in the presence or absence of 1 mg/mL Fg were
stained with phosphotungstic acid, and images were recorded
on a JEM 1010 electron microscope as described.*®

Celluspots Peptide Microarrays. A peptide microarray
displaying all the PSM sequences was prepared as described*’
and blocked using 25 mL of 3% (w/v) whey protein in tris
buffer saline containing 0.1% Tween-20 (TBS-T) in a falcon
tube on a rolling board overnight at 4 °C. The peptide
microarray was washed three times with PBS and incubated
with 0.05 mg/mL Alexa Fluor 488-labeled Fg in PBS for 4 h on
a rolling table at room temperature and then washed three
times with TBS-T to remove free Fg. Subsequently, the array
was air-dried for 1 h in a dark place (to protect from
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photobleaching) without touching the surface and scanned
with a Typhoon Trio scanner (GE Life Sciences, Pittsburgh,
PA).
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