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Abstract

Phenol-soluble modulin a3 (PSMa.3) is a cytotoxic peptide secreted by virulent strains of
Staphylococcus aureus. We used a stereochemical strategy to examine the mechanism of PSMa.3-
mediated toxicity. One hypothesis is that PSMa.3 toxicity requires fibril formation; an alternative
is that toxicity is caused by soluble forms of PSMa3, possibly oligomeric. We find that the
unnatural enantiomer (D residues) displays cytotoxicity comparable to that of L-PSMa.3. Racemic
PSMaa3 is similarly toxic to enantiopure PSMa3 (L or D) under some conditions, but the toxicity
is lost under conditions that cause racemic PSMa.3 to aggregate. A crystal structure of racemic
PSMa3-NH displays a-helical secondary structure and a packing pattern that is reminiscent of
the cross-a arrangement recently discovered in crystals of L-PSMa3. Our data suggest that the
cytotoxicity of PSMa.3 does not depend on stereospecific engagement of a target protein or other
chiral macromolecule, an observation that supports a mechanism based on membrane disruption.
In addition, our data support the hypothesis that toxicity is exerted by a soluble form rather than an
insoluble fibrillar form.

Methicillin-resistant strains of the pathogen Staphylococcus aureus (MRSA) are a
substantial health risk. Such strains were initially encountered in health care facilities
(hospital-associated MRSA, or HA-MRSA), where they are particularly problematic for
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immunocompromised patients.12 Recently, however, highly virulent community-associated
strains (CA-MRSA) have emerged outside hospitals.3#* CA-MRSA can cause severe, tissue-
destroying infections in otherwise healthy individuals.> CA-MRSA strains produce high
levels of a family of peptide toxins known as phenol-soluble modulins (PSMs), which seem
to be important for virulence.®.” PSMs induce inflammatory responses and, at low levels,
recruit neutrophils via interaction with the formyl peptide receptor 2 (FPR2).8:9 After CA-
MRSA cells are phagocytosed, PSM expression increases, and the neutrophil is killed.111

PSM-mediated toxicity toward eukaryotic cells has been proposed to arise from membrane
disruption.12-14 This hypothesis is consistent with reports that lysis can be induced for many
cell types, including S. aureus itself, 1% and that synthetic lipid vesicles can be permeabilized
by PSMs.16.17 pPSMa3 (MEFVA KLFKF FKDLL GKFLG NN), the most toxic among the
PSMs produced by S. aureus? is rich in hydrophobic residues and cationic residues. This
composition is reminiscent of that of host-defense peptides (HDPs), which are produced by
eukaryotes in response to microbial infection.18 Many HDPs access a-helical secondary
structure that is globally amphiphilic (hydrophobic and cationic residues segregated on
opposite sides of the helix). These HDPs can induce bacterial cell lysis,19-23 although they
likely have other modes of action, t00.242% The similarity between PSMa.3 and helix-
forming HDPs is consistent with the hypothesis that PSMa3 disrupts cell membranes.

The phenol-soluble modulins can self-assemble to form extracellular amyloid-like fibrils
that are thought to stabilize S. aureus biofilms.26:27 Thus, the capacity for fibril formation by
PSMs may support virulence in ways that are not directly related to toxicity manifested
toward eukaryotic cells. Although PSM peptides are produced with N-terminal formyl
groups, deformylated peptides are prevalent in the fibrils.2’

Recently, an atomic-resolution structure was reported for PSMa.3 (no formyl group; PDB
5155).28 PSMa.3 forms a globally amphiphilic a-helix, with the helix axis perpendicular to
the long axis of the fibrillar crystals and side-by-side packing of helices along the long axis.
This assembly pattern was designated "cross-a." by analogy to the term “cross-p" that is
widely employed to describe other amyloids.29-30 Peptides that form cross-p assemblies
display mostly extended conformations and form intermolecular B-sheets, with p-strands
oriented perpendicular to the long fibril axis. The striking deviation of the PSMa.3 packing
pattern28 from all previously characterized peptide fibril structures represents a significant
expansion in our understanding of amyloid assemblies. Related structures have subsequently
been described.3!

The discovery of cross-a structure in PSMa.3 fibrillar crystals led to the suggestion that
cross-a fibrillar assembly of PSMa3 is required for cytotoxicity.28:32 In contrast, extensive
studies of neurotoxic peptides that form cross-p fibrils, such as the Ap(1-42) peptide
associated with Alzheimer's Disease, suggest that toxicity arises from a soluble form,
perhaps oligomeric, rather than from fibrils.33-37 This view motivated the recent discovery
that the enantiomer of AB(1-42) can suppress the toxicity of the natural form of the peptide.
38 Racemic AB(1-42) was shown to form fibrils more rapidly than does pure L- AB(1-42) or
pure D-AB(1-42), consistent with the general trend that racemates tend to be less soluble
than the corresponding pure enantiomers.3? Suppression of L-AB(1-42) toxicity by mixture
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with D-AB(1-42) is consistent with earlier demonstrations that p-sheet assembly of racemic
peptides is more favorable than B-sheet assembly of pure enantiomers.*° The hypothesis that
cross-a fibril formation is required for PSMa.3 toxicity28:32 differs from mechanisms
proposed to explain the membrane-disrupting effects of HDPs,21-23 and the link between
fibril formation and PSMa.3 toxicity has been challenged.4! We have used a stereochemical
strategy to evaluate the relationship between fibrillar aggregation and cytotoxicity of
PSMa.3.

When a solution of 800 uM racemic PSMa.3 (no formyl group) in pure water was allowed to
stand for 24 hr at room temperature, extensive fibril formation was observed by transmission
electron microscopy (TEM) (Figure 1A). However, no fibrils could be detected by TEM
when a solution of 800 UM L- or D-PSMa.3 in pure water was treated in the same way
(Figure 1B). In addition, no fibrils were detected after 24 hr incubation for 25 pM racemic
PSMa3, L-PSMa3 or D-PSMa.3 in pure water (Figure S1). These comparisons suggest that
racemic PSMa3 is more prone to fibril formation relative to a pure enantiomer, as expected.
39 For L- or D-PSMa.3, high concentrations are required for fibril formation in pure water;
the fibrils previously described for L-PSMa3 were grown from a 10,000 pM solution over
1-2 weeks,?8 and we observed fibrils after incubation of 6,000 uM L- or D-PSMa3 in pure
water for 20 days (Figure S2).

We compared toxicities of different stereochemical forms of PSMa3 toward HEK293FT
cells. Solutions containing 25 pM L-PSMa3, D-PSMa3 or racemic PSMa.3 in pure water
were incubated at room temperature for 24 hr and then diluted with pure water to 5 pM and
applied to HEK293FT cells. In each case, toxicity was observed (Figure 2A), and the extents
of toxicity were similar. In a second experiment (Figure 2B), the initial solutions contained
800 uM L-, D- or racemic PSMa3 in pure water. After 24 hr, each solution was diluted to 5
UM for the toxicity test. Under these conditions, both L- and D-PSMa3 displayed toxicity
comparable to that observed in the first experiment (incubation at 25 uM). However, racemic
PSMa3 was not toxic after incubation at 800 uM; this was the only sample in pure water
that displayed extensive fibril formation. As part of this experiment, aliquots of L- and D-
PSMa.3 solutions incubated (separately) at 800 UM for 24 hours were applied in a 1:1 ratio
to cells to generate 5 UM racemic PSMa3. In this case, the toxicity matched that observed
for L- or D-PSMa.3 alone.

Changes in solution conditions can affect the propensity of a peptide to self-assemble. To
probe this possibility with PSMa3, we conducted a series of toxicity studies analogous to
those described above but employing buffer (10 mM sodium phosphate, pH 8,150 mM
NaCl) rather than pure water for incubation of various forms of PSMa3 at 800 uM before
exposure to cells (at 5 uM; Figure S3). The toxicity pattern among different stereochemical
forms in the buffer experiments mirrored the pattern observed after peptide incubation in
pure water: L- and D-PSMa3 were toxic to similar extents after incubation in buffer, but
racemic PSMa3 was much less toxic. However, the physical behavior observed in the buffer
experiments differed from that observed after incubation in pure water. Extensive fibril
formation was detected via TEM for L- or D-PSMa3 after incubation at 800 UM in buffer
(Figure S4), while no fibrils had been detected after incubation of L- or D-PSMa.3 at 800
UM in pure water (Figures 1B and S5). The similar levels of toxicity exerted after incubation
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in either buffer or water (Figure S3), despite the difference in fibril formation (detected in
buffer only), is consistent with the conclusion that fibril formation is not required for
PSMa 3 toxicity toward HEK293FT cells.

We interpret our results to indicate that toxicity toward HEK293FT cells arises from a
soluble form of PSMa3 (monomeric and/or oligomeric). This conclusion differs from a
previous proposal regarding the role of fibrils in cell killing.28 The observation that L and D
forms of PSMa.3 are equally toxic is consistent with trends reported for several HDPs,42-45
which have been interpreted to support a membrane disruption mechanism. In contrast, if an
HDP mechanism required binding to a specific protein, one would expect substantial activity
differences between L and D forms of the peptide. Indeed, we observed that in transfected
HEK?293FT cells, FPR2 activation was significantly reduced for N-formyl D-PSMa.3
relative to the L enantiomer (Figure S6). This result is consistent with the hypothesis that the
biological activities of PSMa.3 arise from at least two modes of action: (1) PSMa3 activates
the FPR2 receptor at nanomolar concentrations via stereospecific interactions;8 (2) PSMa.3
lyses cell membranes at micromolar concentrations via non-stereospecific interactions.

We turned to crystallography to assess the assembly of PSMa.3 at atomic resolution. We
could not grow diffraction-quality crystals of racemic PSMa3, which bears a C-terminal
acid group; however, racemic PSMa3 with a C-terminal primary amide provided needle-
shaped crystals that were suitable for x-ray diffraction (Figure S7). Studies of fibril
formation and HEK293FT cell toxicity described above for different stereochemical forms
of PSMa.3 were conducted with peptides bearing a C-terminal acid group; these studies
were repeated with L-, D- and racemic PSMa3-NH2; C-terminal amide and acid analogues
behaved similarly (Figures S8-S10).

The structure of racemic PSMa.3-NH, was solved at 1.45 A and revealed a cross-a packing
pattern (Figure 3). Each molecule adopts an amphiphilic a-helical conformation very similar
to that found in the crystal of L-PSMa.3.28 Helices of the same chirality stack alongthe long
axis of the crystals; stacks of L-PSMa.3-NH, helices alternate with stacks of D-PSMa.3-
NH> helices. The homochiral helix-helix interface involves a parallel orientation and
features both non-polar and polar side chain contacts (Figure 4). The peptide conformations
are very similar in the two structures (Figure 5A), with small differences at the termini.
Overlay of a homochiral nearest-neighbor pair from the racemic PSMa3-NH, structure with
a nearest-neighbor pair from the L-PSMa.3 structure reveals the same orientations of helix
axes and very similar spacing between the helices in the two structures (Figures 5B and
S11). In each crystal, the helices stack along the crystal growth axis. However, there is a 1.9
A shift of the helices relative to one another in the pair from the racemic PSMa.3-NH,
structure relative to the pair from the L-PSMa3 structure. The heterochiral interface involves
antiparallel helix orientation. Fiber diffraction data for racemic PSMa3-NH, (Figure S12)
are consistent with the packing observed in the crystalline form.

The similarity of distances and orientations between neighboring homochiral helices in the
racemic PSMa3-NHj> structure and the L-PSMa3 structure (PDB 5155) suggests a
structural similarity between the amyloid fibrils formed by the racemic and L peptides.
Therefore, our observation that fibril formation by racemic PSMa3 causes a loss of toxicity
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is consistent with our conclusion that the fibrillar form of L-PSMa3 is not toxic. However,
we note the caveat that fibrils formed from racemic PSMa3 might differ in internal structure
and/or surface properties, relative to fibrils formed from L-PSMa.3, and such differences
could lead to variations in toxic effects exerted by these fibrils. Variations in ThT assays
results (Figure S13) and TEM images (Figures S4 and S14) between L-PSMa.3 and racemic
PSMa3 suggest physical differences between homochiral and heterochiral aggregates,
although it is not clear whether these physical differences affect biological activity.

We have used a stereochemistry-based strategy to probe the mechanism of toxicity exerted
by the CA-MRSA toxin PSMa.3 toward HEK293FT cells. The two enantiomeric forms of
this peptide are equally toxic, which is consistent with the hypothesis that PSMa.3 can kill
cells without engaging a specific protein receptor, via membrane disruption. Comparisons of
toxic effects exerted by L-, D- or racemic PSMa.3 under different conditions support the
hypothesis that toxicity requires a soluble form of the peptide. Our conclusions are
consistent with those of Zheng et al.#! The atomic-resolution structure of racemic PSMa.3-
NH, disclosed here provides a new example of cross-a packing.28

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representative negative-stain TEM images of PSMa3 after incubation at 800 uM for 24 h.

A: Racemic PSMa3. Extensive fibril formation is evident. B: L- PSMa.3; no fibrils could be
observed in multiple TEM images.
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Figure 2.

Cytotoxicity of PSMa3 (5 UM total peptide) against HEK293FT cells as measured by an
ATP-based luminescent viability assay. Rac. indicates preincubated in racemic form; rac*
indicates L- and D- PSMa.3 pre-incubated separately and mixed when added to cells. A:
Peptides pre-incubated at 25 pM for 24 h before addition to cells. B: Peptides pre-incubated
at 800 uM for 24 h before addition to cells. 0% and 100% toxicity represent averaged
luminescence values of cells treated with vehicle or 400 uM Triton X-100, respectively, 7=
3 independent experiments with at least three technical replicates per condition. Error bars
represent standard error. For all conditions, p < 0.0001 compared to vehicle by One-way
ANOVA with Bonferroni’s test unless denoted with not-significant (ns) in which case p >
0.05.
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Figure 3.
Ciystal packing of racemic PSMa3-NH,. L-peptides blue; D-peptides yellow. The long axis

of the fibril-like crystals corresponds to the z axis.
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180° rotation about the crystal growth axis

Figure 4.
Sheets formed by homochiral peptides in the racemic PSMa3-NH> crystal display

functionally different surfaces. In these electrostatic potential maps, regions of positive
potential are blue, regions of negative potential are red, and neutral regions are gray. Three
L-peptide molecules are shown.
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Crystal growth axis

Figureb.
Comparison of racemic PSMa.3-NH, (blue) and L-PSMa3 (pink, PDB ID 5155). A:

Overlay of L-peptides from the racemic and chiral structures. For Ca atoms of residues
1-22, RMSD = 1.93 A, and for Ca atoms of residues 2-19, RMSD = 0.51 A. B: Comparison
ofthe homochiral nearest-neighbor dimer for racemic PSMa.3-NH> (blue) with the
analogous nearest-neighbor dimer for L-PSMa3 (pink; PDB 5155), backbone only (see Fig.
S11 for more detail).
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