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SUMMARY

Biofilms are rigid and largely impenetrable three-dimensional matrices constituting virulence determinants of
various pathogenic bacteria. Here, we demonstrate that molecular tweezers, unique supramolecular artificial
receptors, modulate biofilm formation of Staphylococcus aureus. In particular, the tweezers affect the struc-
tural and assembly properties of phenol-soluble modulin a1 (PSMa1), a biofilm-scaffolding functional amy-
loid peptide secreted by S. aureus. The datareveal that CLR01, a diphosphate tweezer, exhibits significant S.
aureus biofilm inhibition and disrupts PSMa1 self-assembly and fibrillation, likely through inclusion of lysine
side chains of the peptide. In comparison, different peptide binding occurs in the case of CLR05, a tweezer
containing methylenecarboxylate units, which exhibits lower affinity for the lysine residues yet disrupts S.
aureus biofilm more strongly than CLRO1. Our study points to a possible role for molecular tweezers as potent
biofilm inhibitors and antibacterial agents, particularly against untreatable biofilm-forming and PSM-produc-

ing bacteria, such as methicillin-resistant S. aureus.

INTRODUCTION

Bacterial biofilms are integrated communities of cells consisting
of one or more species joined in an extracellular polymeric matrix.
Biofilms strengthen bacterial virulence by enabling bacterial cells
to adhere efficiently to surfaces and shielding the cells from both
host immune molecules and antibiotics (Bridier et al., 2011; Hall-
Stoodley et al., 2004). The biofilm matrix contains polysaccha-
rides, DNA, and proteins forming a highly impenetrable layer un-
der which the bacterial cells thrive (Limoli et al., 2015; Satpathy
et al., 2016). Several bacterial species secrete proteins that
form amyloid-like fibrils, resembling amyloids involved in protei-
nopathies (Jucker and Walker, 2013), which serve as building
blocks for biofilm scaffolding (Blanco et al., 2012; Taglialegna
etal., 2016). Other functional amyloids mediate bacterial commu-
nication during biofilm assembly (Chiti and Dobson, 2006; Ma-
lishev et al., 2018; Romero et al., 2010; Tayeb-Fligelman et al.,
2017). Thus, development of antiamyloid substances that can
inhibit biofilm formation and/or disrupt biofilm constituents is a

promising strategy for combating bacterial infections. In partic-
ular, antivirulence compounds that inhibit biofilm formation but
not bacterial growth may induce less resistance compared with
conventional antibiotics. This quest, however, is difficult because
of the exceptional resilience of biofilm networks, often reducing
the efficacy of antibiotic compounds (Flemming et al., 2016; OI-
sen, 2015).

Staphylococcus aureus is a well-known pathogenic, Gram-
positive bacterium. Infections associated with S. aureus in the
United States have an estimated mortality rate of above 25%
(up to 40% in case of drug-resistant S. aureus strains [Bridier
et al., 2011]). S. aureus infections also cause a high number of
hospitalizations and significant medical costs (Mehlin et al.,
1999; Rubin et al., 1999). The magnitude of the problem has
been enhanced even more in 2020 due to the COVID-19
pandemic (Cusumano et al., 2020; Punjabi et al., 2020; Spoto
et al., 2020). S. aureus generates extensive biofilm structures
that contribute to its pathogenicity, conferring shielding and
thereby antibiotic resistance. S. aureus secretes functional
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Figure 1. Effects of the molecular tweezers
on bacterial viability

(A) Molecular structures of the tweezers. The
compounds are partially protonated at physiologic
pH.

(B-E) Dose-dependent effects of CLRO1, CLRO3,
and CLRO05 on the viability of (B) S. aureus, (C) B.
subtilis, (D) E. coli, and (E) P. aeruginosa. Bacteria
were grown for ~6 h in the absence or presence of
increasing tweezer concentrations, and cell con-
centrations were determined by measuring
absorbance at 600 nm. Data are presented as the
mean + SD of three replicates.

abnormally self-assembling peptide and
protein molecules. As such, CLRO1 has
been shown both to inhibit pathologic pro-
tein aggregation and to disintegrate
mature fibrils (Lump et al., 2015; Prabhu-
desai et al.,, 2012; Sinha et al., 2011).
CLRO1 was found to inhibit the self-as-
sembly and toxicity of multiple pathogenic
proteins, including amyloid B protein, tau,
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and a-synuclein (Bengoa-Vergniory et al.,
2020; Despres et al.,, 2019; Di et al.,
2021; Prabhudesai et al., 2012; Sinha
etal., 2011). In particular, this tweezer inti-
mately remodeled the assembly process,
inducing formation of non-toxic and non-
amyloidogenic structures that could be
effectively degraded by natural cellular
clearance mechanisms (Monaco et al.,
2020; Prabhudesai et al., 2012; Xu
etal., 2017).

Here, we investigate the impact of
CLRO1 and a less studied derivative
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amyloids called phenol-soluble modulins (PSMs) (Cheung et al.,
2014), which trigger inflammatory responses, lyse human cells,
and have been linked to the pronounced virulence of methi-
cillin-resistant S. aureus (MRSA) (Otto, 2014; Queck et al,,
2009). PSMa1, a prominent member of the PSM peptide family,
is particularly important for S. aureus biofilm assembly and struc-
ture, forming ultra-stable cross-B-amyloid fibrils (Salinas et al.,
2018; Schwartz et al., 2012).

“Molecular tweezers” have been shown to significantly modu-
late the assembly properties of various amyloidogenic proteins
(Attar and Bitan, 2014; Schrader et al., 2016). A lysine-binding
tweezer denoted CLRO1 (Figure 1A), for example, has been
shown to be a powerful modulator of amyloid self-assembly
and an inhibitor of the toxicity of multiple amyloidogenic proteins
(Attar and Bitan, 2014; Schrader et al., 2016). The mechanism of
action of CLRO1 largely depends on its unique ability to draw the
cationic side chains of exposed lysine residues into the interior of
its cavity. This process is reversible and highly dynamic; it
disrupts electrostatic and hydrophobic interactions among
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called CLROS5 (Figure 1A) on S. aureus bio-
films and the biofilm-framework peptide
PSMa1. CLRO1 and CLR05 share a
similar structure but differ in the nature
of the negatively charged groups. As illustrated in Figure 1A,
CLRO1 has two phosphate groups whereas in CLRO5, the nega-
tively charged groups are O-methylene carboxylates. Previous
studies have shown that the amyloid inhibitory activity of
CLRO5 is substantially weaker than that of CLR0O1, ascribed to
partial occupation of the tweezer’s cavity by the O-CH,-COO™
groups, substantially reducing the ability of the compound to
accommodate the side chains of lysine residues in target pep-
tides (Schrader et al., 2016; Weil et al., 2020). A “truncated”
phosphate-containing derivative, CLRO3 (Figure 1A), which
only forms electrostatic interactions through the two phosphate
units, was included as a negative control.

The experimental data demonstrate that CLRO1 and CLR05
inhibit both bacterial growth and biofilm formation of S. aureus.
Importantly, we also discovered that these molecular tweezers
interfere with the solution secondary structure and fibrillation of
PSMa1. Notably, CLRO1 and CLRO5 induced morphological
changes and disintegration of mature PSMa1 fibrils, suggesting
that they can be used for treatment of existing infections. In
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contrast, CLR03 did not affect S. aureus biofilms and had minor
impact on PSMa1 structure and assembly properties, as ex-
pected. The fluorescence titration and nuclear magnetic reso-
nance (NMR) experiments reveal distinct inhibition mechanisms
for CLRO1 and CLRO05, with the NMR analysis pointing to interac-
tions of CLRO1’s side arms with the lysine residues of PSMa1.
Overall, our work points to the potential of molecular tweezers
as agents against bacterial biofilms in general and those of S.
aureus in particular.

RESULTS AND DISCUSSION

To evaluate the impact of the molecular tweezers on bacterial
viability and growth, we determined the growth curves of several
Gram-positive and Gram-negative bacterial species in the
absence or presence of CLR01, CLR03, or CLRO5 (Figures 1B-
1E). CLRO1 (Figure 1, red lines) attenuated the growth of the
Gram-positive bacterium S. aureus (at tweezer concentrations
>50 puM, and a half inhibitory concentration [ICso] of approxi-
mately 130 uM, Figure 1B) and Bacillus subtilis (at concentrations
>12.5 uM, IC5q of 25 uM, Figure 1C) dose dependently, but not of
the Gram-negative bacteria Escherichia coli (Figure 1D) or Pseu-
domonas aeruginosa (Figure 1E). CLRO5 also inhibited growth of
the two Gram-positive bacteria (Figures 1B and 1C, blue curves),
while the inhibition capacity of CLR05 was reversed in compar-
ison with CLRO1. Specifically, CLR05 had stronger inhibitory ef-
fect than CLRO1 for S. aureus (ICsq of around 90 uM) but lesser
growth inhibition in the case of B. subtilis (ICsq of 70 uM, Figures
1B and 1C). The lack of antibacterial activity of the tweezers to-
ward Gram-negative bacteria may be ascribed to electrostatic
repulsion between the molecules and the ubiquitous negative
lipopolysaccharide (LPS) moieties on the surface of these bacte-
ria (Doerrler, 2006; Zhang et al., 2013). The absence of antibac-
terial activity of CLRO3 toward both Gram-negative and Gram-
positive bacteria (green lines in Figures 1B-1E) attests to the
significance of the hydrophobic side arms of the tweezers for
their antibacterial activities.

To characterize further the antibacterial selectivity of CLRO1
and CLRO05 toward Gram-positive bacteria, we examined the ef-
fect of the tweezers on S. aureus biofilm, as this largely impreg-
nable matrix constitutes a fundamental virulence determinant of
this bacterium (and other Gram-positive bacterial strains). Fig-
ure 2A depicts reconstructed confocal fluorescence microscopy
images recorded after incubation of S. aureus with CLRO1,
CLRO03, or CLRO05, each at a concentration of 50 uM, at 37°C
for 24 h. Importantly, at this concentration the tweezers had little
or no effect on the proliferation of S. aureus (Figure 1B). The im-
ages in Figure 2A, showing bacterial cells (green color)
embedded within biofilm matrices (Yaniv et al., 2017), reveal pro-
nounced disruption of S. aureus biofilm assembly by CLR01 and
CLRO05, whereas no discernible effect on biofilm integrity was
observed for CLRO3. Consistent with the more significant anti-
bacterial effect of CLR05 against S. aureus (Figure 1B), Figure 2A
shows a stronger biofilm inhibition by this tweezer. The dramatic
inhibitory effects of CLRO1 and CLRO05 reflect disruption of the
biofilm rather than an antibacterial effect because as shown in
Figure 1B, the tweezers hardly affected S. aureus viability at
the concentration employed in the biofilm-inhibition assay. Addi-
tional experiments demonstrated inhibition of S. aureus biofilm
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formation by CLR01 and CLRO05 also at 25 uM, although at this
concentration biofilm disruption was apparent at 12 h but biofilm
growth resumed after 24 h (Figure S1).

To test whether biofilm inhibition by the tweezers occurred
also in the physiological milieu and was potentially affected by
the presence of other proteins and biological molecules, we
further evaluated the inhibitory effects of the tweezers on S.
aureus biofilm in 10% mouse serum using scanning electron mi-
croscopy (SEM; Figure 2B). The SEM image of the control sam-
ple shows a thick biofilm consisting of multilayered bacterial cells
embedded within the biofilm matrix (Hall-Stoodley et al., 2004).
Similar to the confocal microscopy images in Figure 2A, incuba-
tion of the bacterial cells with CLR0O1 and CLRO5 resulted in sig-
nificant reduction of biofilm mass and dispersion of bacterial
cells, while CLRO3 did not have a noticeable effect upon the bio-
film (Figures 2B and S2A). Similar results were also recorded in
the case of bacterial growth in mouse blood cells (Figure S2B).
Together, the microscopy data in Figures 2B, S2A, and S2B
demonstrate that tweezer-induced S. aureus biofilm inhibition
was not disrupted by the presence of constituents such as blood
proteins.

Complementing the fluorescence microscopy mapping, the
effects of tweezer concentrations on S. aureus biofilm biomass
stained with crystal violet were quantified (Figures 2C and 2D).
The data confirmed the dose-dependent inhibitory effects of
CLRO1 and CLRO5 and the lack of biofilm disruption by
CLRO3. Importantly, the quantitative analysis in Figure 2D dem-
onstrates that biofilm disruption by both CLR01 and CLR05
already occurs at 25 uM, i.e., at a concentration in which the
tweezers do not affect bacterial viability (Figure 1B).

To elucidate the possible mechanism and molecular targets
pertaining to the intriguing effects of the tweezers upon S. aureus
growth and biofilm formation, we carried out comprehensive
experimental and computational analyses (Figures 3, 4, 5, 6,
and 7). We first determined whether the inhibitory mechanism
involved modulation of membrane interactions of PSMa1 (Fig-
ures S3A and S3B). Importantly, experiments utilizing bacterial
membrane mimics through application of fluorescence anisot-
ropy (Figure S3A) and Forster resonance energy transfer (Fig-
ure S3B) indicated no effect of the tweezers upon membrane
interactions of the peptide. Figure 3 highlights the effects of
the tweezers on PSMa1 B-sheet formation kinetics using the thi-
oflavin T (ThT)-fluorescence assay (Figure 3A) and aggregate
morphology by transmission electron microscopy (TEM; Fig-
ure 3B). PSMa.1 alone featured a typical ThT-fluorescence curve
corresponding to fibril assembly, characterized by a lag time of
~6 h followed by a rapid increase of the fluorescence emission
until a plateau was observed after 9 h. CLRO1 induced the largest
effect on both the ThT lag time prior to fluorescence increase and
on signal intensity, almost completely inhibiting ThT fluores-
cence at both 1:1 and 1:5 PSMa1/CLR0O1 molar ratios (Fig-
ure 3Ai). CLRO05, in comparison, showed a dose-dependent
effect on the ThT-fluorescence signal, reducing ThT intensity
2-fold at a 1:1 PSMa.1/CLRO1 molar ratio, and affecting a nearly
total inhibition at a 1:5 PSMa1/CLRO1 ratio (Figure 3Aii). Similar
inhibitory effects were observed when the PSMa1 solutions
were seeded with preformed fibrils (data not shown).

Surprisingly, CLR03 gave rise to ~60% reduction of ThT fluo-
rescence in both PSMa1/CLRO3 molar ratios (Figure 3Aiii).
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Figure 2. Inhibition of S. aureus biofilms formation by the molecular tweezers

(A) 50 uM CLRO1, CLRO3, or CLR05 were added to S. aureus cultures at t = 0.

Biofilm images showing viable cells stained in green using the LIVE/DEAD BacLight Bacterial Viability Kit. The images were recorded after 24-h incubation using
confocal fluorescence microscopy (excitation/emission: 485 nm/498 nm). Scale bars, 50 pm.
(B) Scanning electron microscopy (SEM) micrographs of S. aureus biofilms grown in 10% mouse serum for 24 h. Scale bars in the magnified images repre-

sent 1 um.

(C) Photographs of the wells in which S. aureus cells were cultured overnight in the absence or presence of tweezers and stained with crystal violet (blue)
indicating biofilm formation. The white areas account for well areas not coated with biofilm.
(D) Optical density corresponding to biofilm stained with crystal violet. Tweezer concentrations were: 12.5, 25, and 50 pM. Data are presented as the mean + SD of

three replicates. *p < 0.05 compared with control (black bar).

Interestingly, CLRO3 shortened the lag time compared with
PSMa1 alone. This result stands in contrast to typical amyloid
inhibitors, many of which increase the fibrillation lag time or
completely abolish ThT signals (Borana et al., 2014). Experi-
ments designed to test whether free lysines in the solution
interfered with the inhibitory effects of the tweezers (through
putative “scavenging” of the tweezer molecules) indicated
that an excess of free lysines did not impede inhibition of fibril
formation by the tweezers (Figure S4A). This result suggests
that gentle, labile binding of the tweezers to the lysines in
PSMa1 is enough to prevent its aggregation; in particular, the
competition by free Lys is not strong because the binding itself
is not strong. Indeed, the exposure of lysine residues in varied
self-assembled amyloidogenic proteins allows molecular twee-
zers to selectively remodel the misfolding and aggregation of
such proteins, thereby eliminating toxic oligomers and aggre-
gates, forming instead non-toxic and clearance-amenable ag-
gregates (Malik et al., 2018).

4 Cell Chemical Biology 28, 1-11, September 16, 2021

The distinct inhibition effects of the tweezers on PSMa1 fibril-
lation were further analyzed using TEM (Figures 3B and 3C).
Echoing the ThT data (Figure 3A), TEM analysis revealed that
CLRO1 reduced the abundance of the fibrils substantially, giving
rise to disparate, short fibrils. In contrast, CLR05/PSMa.1 at 1:1
molar ratio induced formation of “bundles” of short fibrils,
distinct from the abundant, long fibrils formed by PSMa1 alone.
At 1:5 molar ratio (PSMa1/CLRO5), only a few fibrils were
observed, in accordance with the large reduction in the ThT
signal (Figure S4B). CLR03 induced a small, albeit distinguish-
able effect on PSMa1, yielding shorter PSMa1 upon incubation
with the peptide at 1:1 molar ratio (Figure 3B) and gave rise to fi-
brils together with amorphous aggregates at 1:5 molar ratio
(PSMa1/CLRO3, Figure S4B).

We also investigated whether CLR01, CLR03, or CLRO5 could
dissociate or otherwise alter the morphology of preassembled
PSMa1 fibrils. The molecular tweezers were added to mature
PSMa1 fibrils at a 1:1 molar ratio and the samples were
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Figure 3. Molecular tweezers inhibit PSMa1 fibrillation and disaggregate preformed fibrils
(A) PSMa.1 B-sheet formation kinetics in the absence or presence of molecular tweezers at 1:1 and 1:5 molar ratio monitored by thioflavin T fluorescence. Data are

presented as the mean + SD of three replicates.

(B) Transmission electron microscopy (TEM) micrographs of PSMa.1 at the end of the aggregation reactions in the absence or presence of equimolar molecular
tweezer concentrations results in short scarce fibrils in the presence of CLRO1 or multiple fibril bundles in the case of CLR03 and CLRO5.

(C) TEM micrographs testing potential disaggregation of preformed PSMa1 fibrils by CLR01, CLR03, or CLRO5. The molecular tweezers were added at a 1:1
concentration ratio and further incubated for 24 h at 37°C. Scale bars, 300 nm.

visualized by TEM after 24 h of incubation (Figure 3C). The data
demonstrate that CLRO1, and to a lesser extent CLR05, disas-
sembled PSMa1 fibrils yielding less abundant, shorter fibrillar
structures. CLRO1, in particular, appeared to induce pronounced
disassembly of PSMa1, leaving only a few fibrils. CLR03 did not
have a discernible effect. Previous studies have shown that
CLRO1 disassembled fibrils of AB40, AB42 (Sinha et al., 2011),
and a-synuclein (Prabhudesai et al., 2012), although those disas-
sembly processes required excess CLRO1 and occurred over
weeks. In contrast, disaggregation of the human functional am-
yloid SEVI upon co-incubation with CLRO1 occurred within a few
hours (Lump et al., 2015). These data suggest that functional am-
yloids, such as PSMa1 and SEVI, contain structural information
that allows their facile disaggregation to serve the purpose of
the organism using them, as opposed to abnormal amyloids,

such as those of AB and a-synuclein. Tweezer-induced PSMa1
fibril disassembly was further illuminated by circular dichroism
(Figure S4C), confirming the effects of CLRO1 and CLRO5.
Taken together, the ThT and TEM analyses underscore signif-
icant modulation of PSMa.1 fibrillation kinetics, reduction in fibril
abundance, and altered fibril morphology by CLR01 and CLR05;
and apparent fibril “bundling” specifically by CLR05. These re-
sults may account for the pronounced phenotypic impact of
both CLRO1 and CLR05 on S. aureus biofilms (Figure 2), as
PSMoa1 is a major component of the biofilm scaffold of this bac-
teria species (Salinas et al., 2018). The much less pronounced
structural disruption of PSMa1 by CLRO3 (ThT and TEM data in
Figure 3) echo the weaker effect of this compound on S. aureus
biofilm (Figure 2) and lack of antibacterial activity (Figures 1B-
1E). This relationship is important because it testifies to the
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Figure 4. Fluorometric titration of PSMa1 into solutions of CLR01 or CLR05

Fluder6orescence dependence of the emission band at A, = 336 nm of CLRO1 (A) and A, = 351 nm of CLRO5 (B) on the PSMa.1 concentration in 10 mM sodium
phosphate (pH 7.4) (hex = 285 nm). The data were used to calculate the dissociation constant for each molecular tweezer. Ky values were calculated from the
fluorometric titration experiments using a standard nonlinear regression by fitting host and guest concentrations.

significance of the tweezers’ supramolecular organization in ex-
erting biological activities. Additional experiments reveal that the
tweezers also affect the fibrillation properties of PSMa4 (Fig-
ure S5), another PSM constituent contributing to biofilm scaf-
foldings (Salinas et al., 2018), suggesting a broad-base effect
of the tweezers.

To shed light on the bimolecular interactions between the mo-
lecular tweezers and PSMa1, we applied fluorescence titration
experiments utilizing the intrinsic fluorescence emission of the
tweezers (Figure 4). Specifically, molecular tweezer derivatives
with a central benzene bridge, such as CLR01 and CLROS5,
feature a strong emission band at A = 330 nm when excited
at 285 nm, which is solvent and substituent dependent (Dutt
et al., 2013). In the experiments presented in Figure 4, PSMa1
was titrated into solutions of CLRO1 or CLR05 while maintaining
the molecular tweezers’ concentration constant. Binding of
either molecular tweezer to PSMa1 led to partial quenching of
the emission band. In the case of CLRO1, the binding also
caused a blue shift of the emission. No fluorescence emission
was observed for CLRO3. The dose-dependent fluorescence al-
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lowed calculation of dissociation constants (Kp) for the binding of
each molecular tweezer to PSMa.1, as described previously (Dutt
et al., 2013) (details pertaining to the titration experiments are
outlined in Tables S1 and S2). The Kp value calculated for
CLRO01, 11.1 £ 0.7 uM, was similar to those found for this com-
pound previously with lysine derivatives and short peptides (Tal-
biersky et al., 2008). The blue shift of the emission peaks in the
case of CLRO1 (Figure 4A) likely accounts for direct interaction
of the peptide with the aromatic rings of the tweezer. The disso-
ciation constant calculated for CLR05 (Kp = 12.3 + 0.9 uM, Fig-
ure 4B) indicated similar affinity of CLRO5 to the peptide. The
absence of a blue shift upon titration of CLR05 with PSMa1,
however, points to a different binding mechanism consistent
with the more pronounced inhibition of S. aureus biofilm (e.g.,
Figure 2).

To elucidate further the molecular details of the interactions
between the tweezers and PSMa1, we carried out two-dimen-
sional heteronuclear NMR spectroscopy experiments. Figure 5
shows overlays of 'H-'3C heteronuclear single quantum coher-
ence (HSQC) spectra of PSMa1 alone and its 1:1 mixture (molar
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Figure 5. Overlay of 'H-'3C HSQC spectra of apo PSMa1 (red) and
mixtures of PSMa1 (blue) with each molecular tweezer at a 1:1 con-
centration ratio for selected residues

(A) CLRO1; (B) CLRO3; (C) CLR05. CLRO1 shows strong interaction with the
peptide, whereas CLRO5 exhibits a much weaker binding and CLR0O3 shows
no interaction.

ratios) with each tweezer. CLRO1 had a major effect on PSMa1
peak positions and peak intensities (Figure 5A, red versus blue
peaks). Indeed, even at a ratio of 10:1 PSMa1/CLRO01, K9 already
showed small yet significant chemical-shift change and a peak-
intensity decrease (Figure S6). At a 1:1 ratio of PSMa.1/CLRO1,
the € and B peaks for all three lysine residues (K9, K12, and
K21) were no longer visible (Figure 5A). The disappearance of
these peaks is ascribed to dynamic line broadening when the
lysine residues are efficiently complexed by CLRO1. Importantly,
CLRO5 also produced changes in PSMa1 peak intensities and
chemical shifts (Figure 5C), supporting the notion that CLR05
binds to lysines and N-terminal amino group of residue E1 in

¢? CellPress

the peptide. Consistent with the minimal functional and struc-
tural effects of CLRO3 (e.g., Figures 1, 2, and 3), this tweezer
molecule had virtually no effect on the HSQC peaks of PSMa.1
(Figure 5B).

The strong perturbation of the NMR spectrum by CLRO1 is
consistent with the disruption of PSMa1 aggregation (Figure 3)
and pronounced inhibition of S. aureus biofilm formation by
this tweezer derivative (Figure 2). The weaker but significant
interactions between CLR05 and PSMa1 lysines apparent in
the NMR analysis (Figure 5C) possibly reflect interactions be-
tween the carboxylate moieties of CLR05 and the peptide
occurring outside the tweezer’s cavity (Dutt et al., 2013).
This mode of binding is consistent with the absence of a
blue shift in the fluorescence titration experiment (Figure 4B)
and may underscore the distinctive inhibitory mechanism of
this tweezer molecule.

Interestingly, the NMR resonances of E1, the N-terminal resi-
due of PSMa1, showed significant perturbation by both CLRO1
and CLRO05, indicating that the positively charged amino group
at the N terminus may bind to the negative phosphate and
carboxyl groups in CLRO1 and CLRO5, respectively. The lack
of interaction between CLR03 and PSMa1, apparent in the
"H-"3C HSQC data in Figure 5B, echoes the lack of inhibition
of S. aureus biofilm, although it does not fully explain the effects
of CLRO3 on ThT fluorescence (Figure 3A) and PSMa1
morphology (Figure 3B). Weak inhibitory effects of CLRO3 on
the assembly of other proteins, presumably through electrostatic
and/or -1t interactions, have been reported previously (Herzog
et al., 2015; Zheng et al., 2015), suggesting that in some cases
the compound does not act purely as a negative control.

To further investigate the interactions of the tweezers with the
PSMa1 peptide and their effect on PSMa1 self-assembly and
fibrillation, we performed molecular dynamics simulations of
PSMa1-tweezers complexes (see computational details in
STAR methods). We sampled complexes at a 1:1 ratio
(PSMa.1/tweezers) in which the tweezers were placed either on
K9 or K12 of the PSMa.1 peptide (Figure 6). Importantly, we found
that the inclusion complexes of CLR01 with the PSMa1 peptide
were conserved during the simulations (Figures 6A and 6B), as
evidenced by the average values of the geometrical parameters
characterizing CLRO1-Lys complexes (Table S3). A distinct sce-
nario was observed for the PSMa1-CLR05 system (Figures 6C-
6F). In contrast to CLR0O1, CLRO5 formed non-inclusion com-
plexes with the PSMa1 peptide. Specifically, while the inclusion
complex of CLR05 accommodating K9 was conserved during
the whole sampling, the inclusion complex between K12 and
CLRO05 was labile.

The simulations indicating that CLR05, unlike CLRO1, estab-
lishes non-inclusion, i.e., more labile interactions with the lysine
residues, evidence a weakened binding of CLRO5 with respect to
CLRO1. This provides a rationale for the experimental data
showing that CLRO1 disrupts interactions between different units
of the peptides to a larger extent than CLR05. The enhanced sta-
bility observed for the CLRO1-PSMa1 complexes is also in
agreement with the strong effect of CLRO1 reported in the
NMR experiments. Specifically, the close proximity of the lysine
side chain to the aromatic rings of CLRO1 in the inclusion com-
plex is in accordance with the blue shift observed in the fluores-
cence titration experiments.
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Figure 6. CLRO1 and CLRO5 form inclusion complexes with the
PSMa1 peptide while CLR05 also forms non-inclusion structures
(A) Inclusion complex of CLRO1 with K9 (population of the main cluster of
structures: 50.1%).

(B) Inclusion complex of CLRO1 with K12 (population of the main cluster of
structures: 51.7%).

(C) Inclusion complex of CLRO5 with K9 (population of the main cluster of
structures: 52.1%).

(D) Inclusion complex of CLRO5 with K12 (population of the main cluster of
structures: 32%).

(E and F) Non-inclusion interaction mode of CLRO5 with K12 (populations of
the main clusters of structures 22.4% and 5.3%, respectively).

(G) Binding free energies of inclusion complexes formed by CLR01 and CLR05
with PSMa1 in a fibril-like conformation.

Several weak interactions are established between CLRO5
and PSMa1, not only between the carboxylate groups and the
lysine residues but also involving the hydrophobic core of the
tweezer and the hydrophobic groups of the peptide (Figures
6C-6F). However, the lysine residues complexed to CLRO1
experience the effect of the five aromatic rings of the tweezer
cavity simultaneously, while in the non-inclusion complexes
with CLRO5 the interaction with the aromatic rings is weakened
since these rings are farther away from the lysine. Next, to pro-
vide insights into the inhibition of fibrillation by the tweezers,
we calculated the binding free energies of both tweezers to a
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PSMa1 peptide in an extended conformation as model of a
fibril-like configuration (see supplemental information: PSMa1
peptide in fibril-like conformation and Figure S7). The results
indicate that CLRO1 is more effective in binding fibril-like struc-
tures of PSMa1 than CLRO5, thus potentially disrupting the
PSMo1 aggregates at early stages (Figure 6G and Tables
S5-S7).

The lower predicted affinity of the inclusion complex of CLR05
supports a binding behavior of CLR05 which differs from that of
CLRO1 and cannot be fully explained by 1:1 complexes. Since
the experiments show a stronger disruption of already formed fi-
brils by CLRO1 in comparison with CLR05, we also studied the
interactions of both tweezers using 8mer-clusters of PSMa.1 as
fibril models (Figure 7). Each system (1:8 ratio with one PSMa1
cluster and 8 molecules of tweezer), was placed in a box of
explicit water as a solvent and investigated using Gaussian
accelerated molecular dynamics simulations (see computational
details in STAR methods). To study how many inclusion com-
plexes were formed spontaneously between the fibril model
and the tweezers, we placed the supramolecular ligands in the
solvent close to the fibril model but not forming complexes (Fig-
ure 7A). During the simulations, a maximum of two tweezer
molecules were observed to form, simultaneously, inclusion
complexes with the cluster of peptides. Thus, the simulations
show that the tweezers form inclusion complexes with the clus-
ter of peptides in proportions 1:1 and 2:1 (Figures 7B and 7C; Ta-
ble S4). The remaining tweezer molecules either stay in solution
(Figure 7C, gray) or form non-inclusion complexes.

The inclusion complexes involve lysine residues at different
chains of the model fibril (Figure 7). In the case of CLR05, Fig-
ure 7B shows that only a single tweezer molecule formed an in-
clusion complex with the cluster during the entire sampling
(Table S4). The larger number of inclusion complexes formed
by CLRO1 (Figure 7C) is consistent with the stronger effect of
this tweezer in the disruption of already formed fibrils. Interest-
ingly, not all CLRO1 molecules interacting with the cluster form
inclusion complexes, and the “outer/non-inclusion” mode char-
acteristic of CLRO5 in the simulations with the peptide is also
observed for CLRO1 and the model fibril (Figure 7). This observa-
tion is presumably related to steric clashes in the crowded envi-
ronment of the aggregate surface.

Based on the modeling analysis, we believe that the longer
methyl carboxylate arms of CLR05 may dock onto PSMa1 fibrils
as opposed to CLRO1, which caps lysines by cavity inclusion
thereby leading to fibril disaggregation. In the calculated twee-
zer/peptide complexes the cavity of bound CLRO5 is still open
to accommodate additional guests in the vicinity of the bound
lysine. This may direct the CLR05 molecule to adhere to the
accessible side chains of non-polar amino acid residues such
as isoleucine, valine, or even methionine for an additional hydro-
phobic effect and dispersive interactions.

Conclusions

Our study explores the effects of molecular tweezers on S.
aureus biofilm assembly and the functional amyloid PSMa1,
which comprises the primary scaffold of the biofilm matrix. The
experiments demonstrate that CLRO1 and CLRO05 potently inhibit
S. aureus biofilm formation and fibrillation of PSMa1, whereas
CLRO3 (lacking the extended side walls of CLRO1 and CLR05)
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Figure 7. Complexes between the tweezers
and the PSMa1 fibril model

(A) The initial configuration of the system, in which
the tweezers do not encapsulate any lysine residue
of the fibril model (peptide cluster), is shown with
CLRO1 as representative case.

(B) CLRO5-fibril model interactions. CLR05 mole-
cules are indicated in violet. In all panels, the fibril
model is shown as transparent surface and the
lysine residues interacting with the tweezers are
highlighted in pink. The type of complex formed is
described as “in” for inclusion complexes and
“out” for non-inclusion complexes. lons and water
molecules are omitted for clarity.

(C) CLRO1-fibril model interactions. Two views of
the same structure are shown, in which CLR01 is
depicted in yellow when interacting with the stud-
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does not affect biofilm formation and has a relatively minor
impact on PSMa1 assembly. These data demonstrate that
although CLRO1 and CLRO5 appear to utilize different mecha-
nisms, their hydrophobic side arms are important for their inhib-
itory activity.

The inhibitory activity of CLRO1 is mediated primarily through
inclusion of Lys side chains of PSMa1 inside its cavity, as
demonstrated by the NMR analysis, whereas CLRO5 likely binds
PSMa1 outside of the tweezer’s cavity, possibly accounting for
the more potent inhibition of S. aureus biofilm formation and
reduced viability compared with CLRO1. Both tweezers show
potent, dose-dependent antibacterial activity and, importantly,
at a lower concentration-antibiofilm activity. Thus, molecular
tweezers may constitute a platform for disrupting the assembly
of bacterial functional amyloid peptides and bacterial biofilms,
supplementing antibiotic treatment of bacterial infection. This
is especially important in light of the urgent need to find novel
and effective ways for combating treatment-resistant bacterial
infections, such as those induced by MRSA, which are increas-
ingly prevalent in hospitals globally and currently untreated.
Importantly, bacterial growth and biofilm inhibition by CLR05
may involve additional biological mechanisms other than struc-
tural effects upon PSMa1. For example, possible interference
of the molecular tweezers in quorum sensing cascades, which
are complex genetic pathways affecting cell-cell communication
and biofilm proliferation, may occur.

SIGNIFICANCE

This study reveals that diphosphate “molecular tweezers”
block biofilm formation, the core virulence factor of Staph-

ylococcus aureus, a prominent pathogenic bacterium often
displaying multidrug resistance. Comprehensive func-
tional, structural, and computational analyses trace the
tweezer-mediated biofilm-inhibition mechanism to disrup-
tion of assembly and fibrillation of phenol-soluble modulin
a1 (PSMa1), a biofilm-scaffolding amyloid peptide secreted
by S. aureus. Our study points to a possible role for molec-
ular tweezers as potent biofilm inhibitors and antibacterial
agents, particularly promising for untreatable biofilm-form-
ing and PSM-producing bacteria such as methicillin-resis-
tant S. aureus.
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Detailed methods are provided in the online version of this paper
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains
S. aureus (ATCC 25923) Prof. Michael M. Meijler, Ben Gurion N/A
University of the Negev, Israel.
B. subtilis NCIB3610 Prof. Michael M. Meijler, Ben Gurion N/A
University of the Negev, Israel.
E. coli Prof. Michael M. Meijler, Ben Gurion N/A
University of the Negev, Israel.
P. aeruginosa PAO1 Prof. Michael M. Meijler, Ben Gurion N/A
University of the Negev, Israel.
Biological samples
Mice blood Prof. Elena Voronov, Ben Gurion University N/A
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Chemicals, peptides, and recombinant proteins
CLRO1 (Talbiersky et al., 2008) N/A
CLRO3 (Fokkens et al., 2005) N/A
CLRO05 (Dutt et al., 2013) N/A
PSMa.1 at 98% purity GL Biochem N/A
(MGIIAGIIKVIKSLIEQFTGK)
PSMa4 at 98% purity GL Biochem N/A
(MAIVGTIIKIIKAIIDIFAK)
Brain Heart Infusion Broth Sigma Aldrich CAS#53286
Luria broth (Miller) Sigma Aldrich CAS#L2542
Hexafluoroisopropanol (HFIP) Sigma Aldrich CAS#920-66-1
Trifluoroethanol (TFE) Sigma Aldrich CAS#75-89-8
Dimethyl sulfoxide Sigma Aldrich CAS#67-68-5
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Sodium phosphate monobasic Sigma Aldrich CAS#7558-80-7
Thioflavin T Sigma Aldrich CAS#2390-54-7
1,2-dioleoyl-sn-glycero- 3- Avanti CAS#850725
phosphoethanolamine (DOPE)
1,2-dioleoyl-sn- glycero-3-phospho-(1'- Avanti CAS#840475
rac-glycerol) (DOPG)
Cardiolipin Avanti CAS#710335
Trimethylammonium-diphenylhexatriene Thermo Fisher Scientific CAS#T204
(TMA-DPH)
1,2-dimyristoyl-sn-glycero-3- Avanti CAS#810145
phosphoethanola- mine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl) (N-NBD- PE)
1,2-dimyristoyl-sn- glycero-3- Avanti CAS#810157
phosphoethanolamine-N-(lissamine rhoda-
mine B sulfonyl) (N-Rh-PE)
LIVE/DEAD™ BacLight™ Bacterial Thermo Fisher Scientific CAS#L.7007

Viability Kit

Experimental models: organisms/strains

C57BL/6 wild type (WT) mice

Harlan Laboratories
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Software and algorithms
IMARIS software Bitplane AG, Zurich, Switzerland imaris.oxinst.com/products/imaris-for-cell-
biologists
NAMD 2.13 Theoretical and Computational Biophysics https://www.ks.uiuc.edu/Development/
group, University of lllinois at Urbana- Download/download.cgi?
Champaign, USA PackageName=NAMD
CLFEP-GUI Computational Biochemistry. University of WEB SERVER:
Duisburg-Essen, Germany https://clfep.zmb.uni-due.de/
VMD 1.9.3 Theoretical and Computational Biophysics https://www .ks.uiuc.edu/Development/
group, University of lllinois at Urbana- Download/download.cgi?
Champaign, USA PackageName=VMD
I-TASSER A Roy, et al. Nature Protocols, 5: 725- WEB SERVER:
738 (2010) https://zhanglab.ccmb.med.umich.edu/I-
TASSER/
CorelDraw Graphics Suite Campus license, University of Duisburg- Sofware link:

Essen, Germany https://www.coreldraw.com/de/product/
coreldraw/?hp=de2bb1

Link for university (UDE, Germany)
members:
https://www.uni-due.de/zim/services/

software/coral-draw

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Gal Bitan
(gbitan@mednet.ucla.edu)

Materials availability
Reagents generated in this study are available from the Lead Contact with a completed Materials Transfer Agreement.

Data and code availability
This study did not generate code.

EXPERIMENTAL MODEL

Ex vivo animal studies

C57BL/6 wild type (WT) mice were purchased from Harlan Laboratories (Rehovot, Israel). Animal studies were approved and per-
formed according to the guidelines of the Ben-Gurion University of the Negev, Faculty of Health Sciences, Animal Safety Committee
(Beer-Sheva, Israel). Female 8- to 10- week-old mice were used in all experiments.

Bacterial strains and culture media

S. aureus (ATCC 25923) was grown in brain-heart infusion (BHI) broth: 0.5% beef heart, 1.25% calf brains, 0.25% disodium hydrogen
phosphate and 0.2% D(+)-glucose. B. subtilis NCIB3610, E. coli and P. aeruginosa PAO1 Seattle were grown in Luria—Bertani (LB)
broth: 1% tryptone (Difco), 0.5% yeast extract (Difco) and 0.5% NaCl. When preparing plates, the medium was solidified by the addi-
tion of 1% agar. Each strain was grown from a single colony, B. subtilis NCIB3610 was grown at 30°C and S. aureus (ATCC 25923), E.
coli and P. aeruginosa PAO1 Seattle at 37°C. All the cultures were grown with 220 rpm shaking overnight.

METHOD DETAILS

Peptide preparations

Lyophilized PSMa1 or PSMa4 were dissolved in HFIP at a concentration of 1 mg/mL followed by a 10-min sonication in a bath son-
icator at room temperature. HFIP was then evaporated using a mini-rotational vacuum concentrator (Christ, Germany) at 1000 rpm
for 2 hr at room temperature. The dried peptide sample was stored at —20°C prior to use. Before using, dried peptide samples were
dissolved in 10 mM phosphate buffer, pH 7.4 (Sodium phosphate, dibasic dehydrate, and Sodium phosphate, monobasic monohy-
drate) to the required final concentration.
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Lipid vesicle preparation

Vesicles consisting of DOPE/DOPG/CL at 0.2:0.55:0.25 or 0.8:0.15:0.05 mole ratio, gram positive and gram negative, respectively,
were prepared by dissolving the lipid components in a chloroform/ethanol (1:1, v/v) mixture and drying the solution under vacuum.
Small unilamellar vesicles (SUVs) were prepared from the dried lipid powder in 2 mL of 10 mM phosphate buffer, pH 7.4, by sonicat-
ion, using Sonics Vibra-cell VCX-130 sonicator (Newtown, CT, USA) at room temperature for 10 min at 20% amplitude. Vesicle sus-
pensions were incubated for 1 h at room temperature prior to usage.

Bacterial growth

Bacterial cultures were grown overnight as described above and then diluted to absorbance density (ODggo) of 0.05 in fresh medium.
The test compounds, CLR01, CLR03 or CLR05 were dissolved in doubly distilled water (DDW) and serially diluted into BHI or LB me-
dia in a white, clear bottom, 96-well plate. 50 pL of the diluted cells were added to each well. Control wells did not contain molecular
tweezers. ODgqo Values were measured every 20 min for 18 h with continuous shaking at 30°C or 37°C, as appropriate for the different
bacteria, using a Microtiter Plate Reader (Varioskan Flash, Thermo). Measurements were performed at a minimum of three biological
replicates, each with three technical replicates and results are presented as mean + SD.

Blood collection
Blood sample was collected under general anesthesia. Topical ophthalmic anesthetic agent is applied to the eye before bleeding and
a capillary is inserted into the medial canthus of the eye.

The Blood was collected into anti-coagulant tubes and used in the biofilm assay immediately after collection. To prepare the serum
samples, blood was collected into sterile tube and allowed to clot for approximately 30 min and later followed by centrifuge which
allowed the serum removal for storing at —80°C until use.

Biofilm modulation activity

For static biofilm assays, overnight cultures of S. aureus were diluted 1:10 in fresh BHI containing a final concentration of 25 or 50 uM
of each molecular tweezer dissolved in DDW or the same volume of DDW as a negative control. Subsequently, the biofilms were
grown under non-shaking conditions at 37°C in 96-well plates (Thermo Scientific, Rochester, NY, USA). The cultures were stained
using a LIVE/DEAD BacLight Bacterial Viability Kit. After the time incubation (~15min), the stained biofilms were washed twice
with PBS. No increase in dead cells was observed in these experiments in the presence of the test compounds, CLR01, CLR03
or CLRO5, compared to control biofilm. Biofilm images were taken by CLSM (Plan-Apochromat 20x/0.8 M27, Zeiss LSM880, Ger-
many). The collected images were processed using 3D-reconstruction IMARIS software (Bitplane AG, Zurich, Switzerland).
Biofilm growth in 10% mice serum

100 pL mice serum was added to each well containing overnight cultures of S. aureus in fresh BHI (total volume of 1mL) in the pres-
ence or absence of 50 uM of the test compounds, CLR01, CLR03 or CLR05. Biofilms samples were grown under non-shaking con-
ditions at 37°C for 24 hr.

Biofilm growth in mice blood

995 ul mice blood was added to each well containing overnight cultures of S. aureus in fresh BHI (total volume of 1mL) in the pres-
ence or absence of 50 uM of the test compounds, CLR01, CLR03 or CLRO05. Biofilms samples were grown under non-shaking con-
ditions at 37°C for 24 h.

Scanning electron microscopy (SEM)

To assess the effect of 10% mice serum and mice blood on biofilm growth, 24-h S. aureus cultures in each medium in the absence or
presence of 50 pM molecular tweezers were grown under non-shaking conditions at 37°C as described above. After the time of in-
cubation, the medium was removed and washed several times with PBS buffer. Subsequently, the biofilms were resuspended in PBS
buffer and fixed for the SEM experiments. S. aureus biofilms were fixed on a poly-L-lysine cover glass, initially using glutaraldehyde
2.5% solution in buffer for 2 h, and then incubated with osmium tetroxide 1% solution, followed by dehydration by rinsing with
ethanol/HMDS mixtures. The fixed biofilms were spray coated with a thin gold layer and placed in the microscope for measurements.
SEM images were recorded using a JSM-7400 SEM (JEOL LTD, Tokyo, Japan).

Quantitate biofilm analysis by crystal violet assay

S. aureus bacteria were grown on pre-sterilized 96-well flat bottom polystyrene microtiter plates in three biological repeats. The bac-
teria were diluted to a final ODggg = 0.05 and added to the plate in the absence or presence of the desired concentrations of each
compound. The plates then were incubated without shaking for 24 h at 37°C. The medium was removed and the biofilm washed
with PBS. 200 pL crystal violet (0.1% w/v) were added to each well to stain the biofilms. After 15 min incubation, excess crystal violet
was removed and plates were washed and air dried. Finally, the cell-bound crystal violet was dissolved in 30% acetic acid. Biofilm
growth was quantified by measuring absorbance at 570 nm using a microplate reader (Varioskan Flash, Thermo). Luminescence
values were normalized to the control.
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Thioflavin-T fluorescence fibrillation-kinetics assay

HFIP-treated PSMa1 was dissolved in DMSO at 10 mM and immediately diluted to 50 uM in Tris hydrochloride, pH 7.5, containing
filtered ThT diluted from a stock made in ultrapure water. Molecular tweezers were diluted into the reaction mixtures from a 5-mM
stock solution made in ultrapure water, as described above, at 1:1 or 1:5 molar ratios. Final concentrations for each reaction were
50 uM PSMa1, 50 uM or 25 M molecular tweezer, and 200 uM ThT. Blank solutions, not containing the peptide, also were prepared
for each reaction. The reaction mixture was placed in black 96-well flat-bottom plates (Greiner bio-one) covered by thermal seal films
(EXCEL scientific) and incubated in a plate reader (CLARIOstar BMG LABTECH,) at 37°C with 500 rpm shaking for 85 s before each
reading cycle monitored every 6 min. A minimum of three biological replicates were performed, each with three technical replicates.
Fluorescence was measured by excitation at 438 + 20 nm and emission at 490 + 20 nm over a period of 24 h. Triplicate values were
averaged, appropriate blanks were subtracted, and the resulting values were plotted against time. The data are presented as mean +
SD. Additional experiment was done in the presence of 15 uM Lys amino acid.

Transmission electron microscopy

Samples of PSMa1 and PSMa4 in the absence or presence of molecular tweezers were collected from the ThT fibrillation reactions.
Five-microliter samples were applied directly onto copper TEM grids with support films of Formvar/Carbon (Ted Pella), which were
glow discharged (PELCO easiGlow, Ted Pella) immediately before use. Proteins were allowed to adhere to the grids for 2 min and
negatively stained with 5 pL of 2% uranyl acetate. Micrographs were recorded using a FEI Tecnai G2 T20 S-Twin transmission elec-
tron microscope operated at an accelerating voltage of 200 KeV or a FEI Tecnai G2 T12 TEM operated at an accelerating voltage of
120 kV. Images were recorded digitally by a Gatan US 1000 CCD camera using the Digital Micrograph software.

Disintegration of mature fibrils

HFIP-treated PSMa.1 aliquots were re-dissolved to 10 mM in 100% DMSO followed by sonication for 10 min in a bath-sonicator and
immediately diluted to 1 mM in 10 mM Tris hydrochloride, pH 7.3. The samples were incubated at 37°C with 300-rpm shaking for two
days. Subsequently, the samples were diluted to 50 pM (monomer concentration), CLR01, CLR0O3 or CLR05 were added at a 1:1
concentration ratio, and the samples were incubated for 24 h at 37C. A sample incubated in the absence of molecular tweezers
served as a negative control. Samples then were measured by CD spectra or fixed on TEM grids to visualized as described above.

Fluorescence titration

Fluorescence of the tweezer solutions were measured at Aex = 285 nm, and the emission spectra were monitored in the range of 300-
440 nm using an FL920 spectrofluorimeter (Edinburgh Co., Edinburgh, UK). In a typical titration experiment, 700 puL of the host so-
lution (CLRO1 or CLRO05) was placed in a quartz cuvette, and the PSMa.1 solution was added stepwise (Tables S1 and S2). Emission
intensity changes were recorded at 25°C. Change in the intensities of the tweezers’ emission bands were calculated by using the
following equation: (Almax [%6] = 100 @ (lg-Imax)/lo), Where Iy = emission intensity of free tweezers and /., = emission intensity of
host-guest complexes. Kd values were calculated from the fluorometric titration experiments using a standard nonlinear regression
by fitting the columns of host and guest concentration.

NMR spectroscopy and titration

NMR experiments with CLR01, CLR03, and CLR05 were performed on PSMa.1 to determine the binding site(s) of the tweezer mol-
ecules. "H-"3C HSQC spectra were recorded on a 0.77-mM PSMa1 sample in 200 L D,O and 200 uL trifluoroethanol (TFE) on a
Bruker 800 MHz spectrometer equipped with a cryoprobe at 25°C before and after adding CLR0O1, CLRO3, or CLRO5 each at
0.1:1. 0.2:1, 0.3:1, and 1:1 molar ratios. The 1:1 ratio is shown in Figure 6.

Computational details

The initial coordinates of the PSMa1 peptide were taken from the crystal structure reported with PDB code 5KHB (Towle et al., 2016),
in which the formylated methionine was replaced by a methionine. The tweezers-PSMa.1 systems were studied with three production
runs of molecular dynamics simulations of 100 ns each.

Cluster of peptides as fibril/aggregate model

The structure of the cluster of peptides used as model of the PSMa.1 fibril was constructed based on the crystal structure with PDB ID
6FG4. (Salinas et al., 2018) The model had four layers, for a total of eight peptide fragments (of six amino acids each, including two
lysine residues). The PSMa1 model with eight CLR0O1/CLR05 tweezers was subjected to three independent replicas of Gaussian
accelerated Molecular Dynamics simulations (GaMD) (Pang et al., 2017) for a total sampling of 900 ns for each system (834 ns of
production runs after discarding 22 ns of equilibration steps in each replica). Both, MD and GaMD simulations were done with explicit
TIP3P water molecules. (Jorgensen et al., 1983) The simulations were performed with 2 fs time step, at a pressure of 1 bar and at a
temperature of 300 K. A cut-off of 14 A was used. The Particle Mesh Ewald method (Darden et al., 1993) was employed for the treat-
ment of long-range electrostatic interactions.

PSMa1 peptide in fibril-like conformation

The disordered structural model of the full-length PSMa1 peptide (used for the CL-FEP calculations reported in Figure 6G) was built
using I-TASSER (Roy et al., 2010; Yang and Zhang, 2015) with the structure with PDB ID 6FG4 (Salinas et al., 2018) as constraint of the
amyloidogenic fragment of the peptide. The resulting model was refined with molecular dynamics simulations in explicit water for
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50 ns. During this relaxation simulation, harmonic restraints on the amyloidogenic fragment (7-1IKVIK-12) were applied to keep its
fibril-like conformation. The first 10 ns of the simulation were discarded in order to ensure the analysis of equilibrated sampling.
From there, 4000 conformations of the peptide were obtained and subsequently clustered using a backbone RMSD cutoff of 8 A
(the rather large cutoff value obeys to the disordered nature of the peptide). The largest cluster of conformations comprised
51.3% of the sampled trajectory frames. Consequently, the structure in its center was selected as representative of the disordered
conformation of PSMa.1.

For the binding energy calculations, the Central Limit Free Energy Perturbation (CL-FEP) method was used and the convergence of
the values was assessed (Tables S5-S7). (Ruiz-Blanco and Sanchez-Garcia, 2020)

All simulations were performed using NAMD2.13 (Phillips et al., 2005, 2020) and the CHARMM36m force field (Klauda et al., 2010;
Vanommeslaeghe and MacKerell, 2015). For the tweezers a set of parameters obtained with the Swissparam server (Zoete et al.,
2011) and extensively tested by us (Bier et al., 2013; Dutt et al., 2013; Lump et al., 2015; Trusch et al., 2016) was used. VMD
1.9.3 (Humphrey et al., 1996) was employed for the analysis and visualization of the trajectories.

Fluorescence anisotropy

The fluorescence probe TMA-DPH was incorporated into the SUVs (DOPE/DOPG/CL or DOPE/DOPG/CL 0.2:0.55:0.25 and
0.8:0.15:0.05 mole ratio, respectively) by adding the dye dissolved in THF (1 mM) to vesicles up to a final concentration of
1.25 uM. The prepared solutions contained 30 puL vesicles in the presence or absence of different tweezer concentration were
mix in a quartz cuvette (path length 10 mm) and the remaining volume was fill up to a total of 1 mL with 10 mM phosphate buffer,
pH 7.4. After 30 min of incubation at 30°C of TMA- DPH, fluorescence anisotropy was measured at Aex = 360 nm and xem =
430 nm using an FL920 spectrofluorimeter (Edinburgh Co.). Data were collected before and after the addition of the tested com-
pounds (CLRO1, CLRO5 or CLRO3). Anisotropy values were automatically calculated by the spectrofluorimeter software using the
equation: r = (v — Glyp)/(lyy + 2Glyn), G = Inv/lhk, in which lyy is with excitation and emission polarizers mounted vertically, Iy cor-
responds to the excitation and emission polarizers mounted horizontally, |,y is the excitation polarizer horizontal and the emission
polarizer vertical, and |y requires the excitation polarizer vertical and emission polarizer horizontal. Each experiment was repeated
at least three times. Results are presented as mean + SD of ten replicates.

Forster resonance energy transfer (FRET)

SUVs (DOPE/DOPG/CL 0.2:0.55:0.25 mole ratio) were prepared by dissolving the lipid components in chloroform/ethanol and drying
together under vacuum, followed by dissolution in phosphate buffer, pH 7.4, and sonication of the aqueous lipid mixture at room tem-
perature for 10 min using a probe-sonication. Prior to drying, the lipid vesicles were supplemented with N-NBD-PE and N-Rh-PE at a
500:1:1 molar ratio (phospholipid:N-NBD-PE:N-Rh-PE). The prepared solutions contained 30 pL vesicles in the presence or absence
of different tweezer concentration were mix in a quartz cuvette (path length 10 mm) and the remaining volume was fill up to a total of
1 mL with 10 mM phosphate buffer, pH 7.4. Fluorescence emission spectra were acquired at different tweezers concentrations (Aex =
469 nm) in the range of 490-650 nm using an FL920 spectrofluorimeter (Edinburgh Co., Edinburgh, UK). The Fd/Fa ratio was calcu-
lated as a direct measure of FRET between the N-NBD-PE donor and N-Rh-PE acceptor [Fd and Fa represent the fluorescence in-
tensity of the donor (536 nm) and accepter (591 nm), respectively]. For reference, the Fd/Fa ratio of a blank measurement (vesicles
only, prior to addition of tested compounds) was calculated and used as a normalizing constant. The data are representative of three
independently performed experiments and are presented as mean + SD.

CD spectroscopy

CD spectra was recorded at t = 0 and t = 24 hr in the range of 190-260 nm at room temperature on a Jasco J-715 spectropolarimeter,
using 1-mm quartz cuvettes. The prepared solutions had a total volume of 300 uL and contained 50 uM PSMa.1 or PSMa4 dissolved in
0.1% acetonitrile in deionized water, in the absence or presence of 50 uM CLRO01, CLRO5 or CLR03. CD signals resulting from twee-
zers and buffer were subtracted from the corresponding spectra. The measured ellipticity was normalized according to path-length,
sample concentration and number of residues.

QUANTIFICATION AND STATISTICAL ANALYSIS

In general, data were analyzed in Excel and presented as mean + SD. Details of replicates and data analysis for each experiment can
be found in the figure legends or methods section.
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