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Dental caries is a common infectious disease associated with acidogenic and aciduric bacteria,
including Streptococcus mutans. Organisms that cause cavities form recalcitrant biofilms,
generate acids from dietary sugars and tolerate acid end products. It has recently been
recognized that micro-organisms can produce functional amyloids that are integral to biofilm
development. We now show that the S. mutans cell-surface-localized adhesin P1 (antigen /Il
PAc) is an amyloid-forming protein. This conclusion is based on the defining properties of
amyloids, including binding by the amyloidophilic dyes Congo red (CR) and Thioflavin T (ThT),
visualization of amyloid fibres by transmission electron microscopy and the green birefringent
properties of CR-stained protein aggregates when viewed under cross-polarized light. We
provide evidence that amyloid is present in human dental plaque and is produced by both
laboratory strains and clinical isolates of S. mutans. We provide further evidence that amyloid
formation is not limited to P1, since bacterial colonies without this adhesin demonstrate residual
green birefringence. However, S. mutans lacking sortase, the transpeptidase enzyme that
mediates the covalent linkage of its substrates to the cell-wall peptidoglycan, including P1 and
five other proteins, is not birefringent when stained with CR and does not form biofilms. Biofilm
formation is inhibited when S. mutans is cultured in the presence of known inhibitors of amyloid
fibrillization, including CR, Thioflavin S and epigallocatechin-3-gallate, which also inhibited ThT
uptake by S. mutans extracellular proteins. Taken together, these results indicate that S. mutans is
an amyloid-forming organism and suggest that amyloidogenesis contributes to biofilm formation
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INTRODUCTION

Amyloid represents a fibrous cross f-sheet quaternary
structure comprised of ordered aggregates of peptides or
proteins that demonstrate common biophysical properties
(Nilsson, 2004). While amyloid formation has been
extensively studied in the context of pathological states,
for example Alzheimer’s disease, the concept of functional
amyloid has only recently emerged (Epstein & Chapman,
2008; Fowler et al., 2007; Gebbink et al, 2005; Maury,
2009a; Otzen & Nielsen, 2008). In bacteria, amyloid
formation may be the rule rather than the exception
(Otzen & Nielsen, 2008). There are now numerous
examples of surface-localized microbial proteins that
aggregate and assemble into functional amyloid fibrils.

Abbreviations: A, alanine; Af, amyloid-beta; CR, Congo red; EGCG,
epigallocatechin-3-gallate; P, proline; TEM, transmission electron
microscopy; ThT, Thioflavin T; ThS, Thioflavin S; V, variable.

A supplementary figure and a supplementary table are available with the
online version of this paper.

Amyloid fibres have a tensile strength comparable to steel
(Smith et al., 2006). The unique physical and morpho-
logical properties of amyloid and the fact that it can be
formed in a regulated manner suggest that it probably
represents a common quaternary structure that is wide-
spread in biology. Therefore, it does not always represent a
misfolded protein structure, but instead represents a low-
energy quaternary structure that can occur in the context
of function or disease (Fowler et al., 2007). Amyloid is a
non-covalent oligomer of extended intermolecular hydro-
gen-bonded f-sheets that self-assemble to form fibres ~5-
13 nm in diameter, ranging in length from tens of
nanometers to micrometers. Amyloidogenic proteins can
be large or small, structural or catalytic, abundant or sparse
(Fowler et al., 2007). The cross f3-sheet structure appears to
be highly conserved and to represent a primitive structure
that can be generated by many polypeptide sequences. It
has been hypothesized that amyloid has existed for as long
as proteins have (Chernoff, 2004) and that under extreme
earth conditions ~3.9 billion years ago, ff-sheet molecular
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structures were the first self-propagating and information-
processing biomolecules (Maury, 2009b).

Streptococcus mutans is an organism that is well adapted
to a biofilm lifestyle. Research has now demonstrated a
high prevalence of amyloids within natural biofilms, and
confirmed the production of extracellular amyloid by
environmental isolates within the phyla Bacteriodetes,
Firmicutes and Actinobacteria and within the class
Gammaproteobacteria (Larsen et al., 2008, 2007). The list of
examples of well-characterized, amyloid-forming proteins/
systems is growing. Escherichia coli, Salmonella typhimurium
and other members of the family Enterobacteriaceae produce
aggregative surface fibres called curli or tafi (Barnhart &
Chapman, 2006; Chapman et al., 2002; Romling et al., 1998)
that are involved in adhesion and biofilm formation (Saldana
et al., 2009; Zogaj et al, 2003). Known amyloid-forming
pathogens now also include Mpycobacterium tuberculosis
(Alteri et al., 2007), Klebsiella pneumoniae (Bieler et al.,
2005), Staphylococcus aureus (Schwartz et al., 2012) and
Candida albicans (Garcia et al, 2011; Otoo et al, 2008;
Ramsook et al., 2010; Rauceo et al., 2004). Plant pathogens
include members of the genera Xanthomonas, Erwinia and
Pseudomonas (Epstein & Chapman, 2008). The hydropho-
bins expressed by most fungi are amyloidogenic and are
involved in fungal coat formation and the modulation of
adhesion and surface tension (Butko et al, 2001; de Vocht
et al, 2000; Kwan et al., 2006; Mackay et al., 2001). The
chaplins, secreted hydrophobic proteins produced by the soil
organism Streptomyces coelicolor, are also amyloidogenic
(Sawyer et al, 2011). Bacillus subtilis produces matrix-
encased, agar-surface and floating biofilms that contain both
amyloid and exopolysaccharide (Romero et al., 2010), with
an accessory protein now implicated in the assembly of the
amyloid fibres and their linkage to the cell wall (Romero et al.,
2011). The Pseudomonas fluorescens group also produces
amyloid that can confer a biofilm phenotype (Dueholm et al.,
2010).

The adhesin P1 of S. mutans (molecular mass ~185 kDa)
exists in a fibrillar layer on the cell surface (Ayakawa et al,
1987) and contributes to the organism’s cariogenicity
(Crowley et al., 1999). It mediates interactions with salivary
constituents, host matrix proteins and other oral bacteria
(Brady et al, 2010). The protein has repetitive discontinu-
ous alanine (A)- and proline (P)-rich tandem repeats
that flank a variable (V)-region (Brady et al, 1991). P1 is
targeted and attached to the cell wall by the sortase
transpeptidase (Ton-That et al., 2004) and has an unusual
tertiary structure (Larson et al., 2010). The A-region adopts
a long o-helix that intertwines with the P-repeat polypro-
line II helix to form a long narrow stalk. The intervening V
region comprises a f[-sandwich arranged in two sheets
(Troffer-Charlier et al., 2002), and the C terminus of P1
has three structurally related f-sandwich domains (Larson
et al., 2011; Nylander et al., 2011). Hence, there are two
globular domains within P1 comprised of f-sheet structure
and that lie on either end of an extended stalk. The
propensity of P1 to aggregate during handling and the

identification of amyloid-promoting sequences by multiple
computational algorithmic programs led us to examine P1
further for amyloid-like properties. Our current studies
show that P1 is amyloidogenic, that additional S. mutans
proteins also demonstrate this property, that amyloido-
genic proteins are produced by S. mutans laboratory strains
and clinical isolates, that amyloid is detectable in human
dental plaque and that S. mutans biofilm formation is
inhibited by known inhibitors of amyloid fibrillization.

METHODS

Bacterial strains. S. mutans strains used in this study included
NGS8, its isogenic mutant PC3370 that is devoid of the spaP gene
encoding P1 (Crowley et al, 1999) and clinical isolates 3svfl, 1svfl,
5ST1 and 81D2, which were kindly provided by Dr Robert Burne,
University of Florida. A sortase-negative strain was generated by
allelic exchange mutagenesis. Primers used are listed in Table S1,
available in the online version of this paper. A DNA fragment
encompassing srfA plus 5’ and 3’ flanking sequences was amplified
by PCR using genomic DNA from NGS8 as the template. The
erythromycin gene (ermAM) with a ribosome-binding site was
amplified by PCR from the plasmid template pVA838 (Macrina et al.,
1982), with restriction sites Nhel and Stul incorporated in the
primers. Each fragment was ligated to pCR2.1-TOPO T/A (Life
Technologies), followed by restriction digestion and directional
cloning to replace srtA with ermAM. The resulting plasmid was
linearized, gel-purifed and used to naturally transform S. mutans
NGS8. Transformants were selected on 5 pg erythromycin ml™".
Integrants were confirmed by PCR.

Collection of human dental plaque. Whole-pooled supragingival
human dental plaque was collected from all smooth surfaces of the
dentition using sterile periodontal curettes. Plaque was transferred to
and dispersed in sterile microcentrifuge tubes containing 10 mM
sodium phosphate buffer, pH 7.0, and was immediately transported
on ice to the laboratory for analysis. Samples were collected under the
auspices of the University of Florida Institutional Review Board
(Protocol no. 665-2008). S. mutans was isolated from plaque by
streaking onto selective media, TSY20B (Schaeken et al, 1986),
containing 20% sucrose and bacitracin (0.1 unit ml™!) in a
trypticase-soy and yeast extract agar base with incubation for 48 h
at 37 °C in an anaerobic GasPak jar (BBL). Raised, rough colonies
with glucan puddles were isolated and confirmed by using the API 20
Strep (bioMérieux) system and PCR (Sato et al., 2003).

Expression and purification of P1 polypeptides. Full-length P1
(CG14) was expressed as a recombinant, six histidine (his)-tagged
protein (Brady et al., 1998). Subclones encoding P1 fragments were
generated by PCR amplification of spaP DNA, using S. mutans NG8
genomic DNA (A3VP1, aa 386-874) or plasmid pDC20 (Brady et al.,
1998) (P3C, aa 921-1486; NAI, aa 39-308) as the template. Primers
used to generate the truncated polypeptides are listed in Table S1.
A3VP1 was expressed as a six his-tagged polypeptide with pET30(c)
(EMD Millipore) as the vector and E. coli TOP10 (Life Technologies)
as the host. P3C and NA1 were dual-tagged with a cleavable maltose-
binding protein (MBP) on the N terminus and a non-cleavable six-
his tag on the C terminus, and they were expressed using pMAL-p2X
(New England BioLabs) as the vector and E. coli TOP10 as the host.
Recombinant polypeptides were purified using TALON metal
affinity resin (Clontech) and amylose affinity resin (New England
BioLabs) chromatography, as appropriate, according to the manu-
facturer’s instructions. NAI and P3C fusion proteins were cleaved
with Factor Xa (New England BioLabs) to remove the MBP moiety.
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A stable breakdown product of P3C that retains the C-terminal his-
tag was present during purification and was determined by N-
terminal sequencing to begin at aa 1000. This corresponds to the C
terminus of P1, characterized by X-ray crystallography (Larson et al.,
2011), and it was therefore included in our analyses, in addition to
P3C. The homogeneity of each purified P1 polypeptide was
confirmed by SDS-PAGE and Western blotting. Protein concentra-
tions were determined by using the bicinchoninic acid assay with
BSA as the standard. Fig. S1 is a schematic representation of the
polypeptides utilized in this study.

Preparation of S. mutans extracellular proteins. S. mutans strain
NG8 and its spaP- and srtA-negative derivatives were grown in a
chemically defined medium (Palmer et al, 2012) and cultured
overnight at 37 °C. Cells were removed by centrifugation at 10000 g
for 30 min and the culture supernatant was filtered through a 0.2 pm
Nalgene filter. Proteins present in the culture supernatant were
harvested by ammonium sulfate precipitation (60% saturation),
followed by extensive dialysis in PBS, pH 7.2.

Congo red (CR) and Thioflavin T (ThT) binding. Two hundred
microlitres of full-length P1 or fragments thereof (5 pM) in distilled
water was stirred at 4 °C for 2 days in an Eppendorf tube on a Fisher
Scientific Isotemp stir plate at the highest setting, using a
10 x 2.5 mm micro stir bar and these served as the aggregated
samples. Unstirred samples were also analysed. CR (0.7 mg ml™" in
5 mM potassium phosphate, 150 mM NaCl, pH 7.4; Sigma-Aldrich)
was filtered through a 0.2 pum syringe filter prior to use and spectra
were obtained between 400 and 700 nm with an AVIV spectropho-
tometer (Lakewood). Ten microlitres of stirred or non-stirred
protein was added, mixed well and incubated at room temperature
for 30 min before the spectra were obtained. BSA (Sigma-Aldrich)
served as a negative control. A solution without CR was used as a
blank. In the ThT-binding assay a stock 8 mg ml~' ThT phosphate
solution (10 mM phosphate, 150 mM NaCl, pH 7.0) was filtered
through a 0.2 um filter. Samples contained 14 mM ThT and 5 uM
P1 polypeptide or BSA in a quartz cuvette with 3 mm excitation and
emission path lengths. The fluorescence intensity of ThT was
measured at 25 °C with excitation at 442 nm. Emission intensities
were collected from 460 to 600 nm with a 1 s integration time by a
Photon Technology International Fluorimeter equipped with an
LPS-220B lamp power supply, MD-5020 motor drive, BryteBox and
water bath. The absorbance at the excitation wavelength was less
than 0.1 to prevent inner filter effects. Inhibition of amyloid
fibrillization by the green tea polyphenol epigallocatechin-3-gallate
(EGCG) was also evaluated by measuring the ThT fluorescence
spectrum. S. mutans NG8 extracellular proteins were stirred at 4 °C
for 48 h with 1 mM, 100 uM, 10 pM or 1 uM EGCG (Sigma-
Aldrich; catalogue no. E4143) dissolved in sterile PBS solution. A
protein sample stirred in the absence of EGCG served as the positive
control. Following stirring in the cold, ThT was added to a final
concentration of 2 uM. Samples were mixed and stored in the dark
for 30 min at room temperature and then excited at 442 nm.
Fluorescence emission spectra were measured from 450 to 700 nm in
a quartz cuvette with a 0.2 cm path length, using a Shimadzu RF-
5301 PC Spectrofluorophotometer. A ThT-only sample served as the
negative control for background fluorescence. The assay was
performed twice, with triplicate samples in each assay. Statistically
significant differences between samples with and without inhibitor
were determined by Student’s t-test.

Transmission electron microscopy (TEM). One microlitre of
sonicated, stirred full-length P1 (2 mg ml™") was placed on a carbon-
coated 400-mesh nickel grid and the excess solution was dried using
filter paper. The dried sample was stained with 2% uranyl acetate,
excess liquid was removed and the sample was air-dried at room

temperature. The images were examined using an Hitachi H-700
electron microscope at x 50 000 magnification.

Detection of green birefringence. CR solution was prepared by
dissolving 2 g NaCl in 20 ml deionized H,O and by suspending 0.5 g
CR in 80 ml 100 % ethanol; these two solutions were combined, filtered
and stored at room temperature as a stock solution. To test amyloid
formation by bacterial cells growing on a surface, an S. mutans colony
was scraped off a Todd-Hewitt agar plate that had been incubated
overnight at 37 °C and held at 4 °C >48 h prior to the removal of
colonies. An E. coli strain expressing curli (MC4100) and a temperature-
sensitive, curli-negative mutant (LSR11, MC4100 :: AcsgBACcsgDEFG)
(Epstein et al, 2009) (kindly provided by Matthew Chapman,
University of Michigan) were grown for 48 h at 26 °C on YESCA agar
and they served as positive and negative controls, respectively. Bacterial
colonies were suspended in 15 pl deionized H,O on a cleaned
microscope slide, then mixed with 5 pl CR solution. Human dental
plaque samples were treated in a similar manner as the cells that were
scraped from a plate. Control slides were prepared with CR solution
only and with bacterial suspensions without CR. To test amyloid
formation by proteins, either purified P1 polypeptides or S. mutans
extracellular protein preparations were adjusted to ~0.5 mg ml~" in
50 mM NaH,PO,, 300 mM NaCl, pH 8.0 and stirred for 48 h at 4 °C
to induce aggregation. BSA was used as a negative control. Ten
microlitres of protein solution was mixed with 5 pl, 1:50 dilution, CR
stock solution and visualized as wet mounts. Birefringence was
evaluated under polarized light with an inverted, computer-controlled
Leica DMIRB microscope equipped with a motorized XY stage (Piezo
Physic Instrument, crystal focus — 100 micron maximum travel). Wet
mounts were viewed with a x 63 Leica plan-apo oil, 1.32 NA, objective
with transmitted light, without the neutral density filter or the Walliston
prism in place. The field diaphragm was two thirds closed and the
polarizer was moved at a 90° angle to observe the birefringence of the
samples. Matching images were viewed with white light only, without
polarization.

A defining property of amyloid fibrils is resistance to proteinase K
digestion and disaggregation of fibrils by formic acid. Aggregated S.
mutans extracellular proteins were treated with formic acid (88 %,
certified aldehyde free; Fisher Scientific), according to the protocol
indicated on the Abcam website for the formic acid extraction of
insoluble amyloid beta from mouse brain (http://www.abcam.com/
index.html?pageconfig=resource&#x0026;rid=10730), or proteolysed.
Aggregated proteins were also treated with proteinase K
(Worthington Biochemical Corporation) as described previously for
E. coli curli by Shewmaker et al. (2009), prior to staining with CR as
described above.

Inhibition of biofilm formation. Mid-exponential phase cultures of
S. mutans strains were grown in Todd—Hewitt broth with 0.3 % yeast
extract, and 100 pl washed cell suspension was adjusted to ODggg 0.1
in chemically defined medium containing 0.5 % glucose (Bouvet et al.,
1981), with or without an inhibitor and this mixture was used to
inoculate wells of a 96-well microtitre plate. Compounds were tested
for interference of S. mutans biofilm formation at concentrations
known to interfere with fibrillization of disease-associated amyloids
and included CR (10 pM) (Heiser et al., 2000; Kuner et al., 2000),
Thioflavin S (ThS) (100 uM) (Sharp et al., 2009) and EGCG (1 mM)
(DaSilva et al., 2010; Ehrnhoefer et al., 2008; Grelle et al., 2011; Lopez
del Amo et al, 2012). The CR stock solution was prepared as
described above, under the detection of green birefringence. ThS and
EGCG stocks were prepared as described above, under CR and ThT
uptake. Corresponding diluents were used as controls for the non-
inhibitor comparisons. After incubation for 48 h at 37 °C in an
anaerobic chamber, wells were washed and biofilms were stained with
50 pl 0.1% crystal violet solution for 15 min. After washing, plates
were dried and the optical density was read at ODsg5 in an iMark
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microplate reader (Bio-Rad Laboratories). Eight replicates were
performed for each experimental condition. Statistically significant
differences for each strain, with and without inhibitor, were
determined by Student’s t-test. To visualize the green birefringence
of S. mutans biofilm-grown cells, 50 pl CR solution was used to
resuspend the contents of two biofilm wells for each strain and then
10 pl was transferred to a clean glass slide and imaged.

RESULTS

Uptake of amyloidophilic dyes and visualization
of fibrillization by the S. mutans adhesin P1

Amyloid formation typically follows a time profile that
includes a lag phase, during which there is no detectable
amyloid. The lag phase represents the time necessary to
build up a fibril nucleus that, once formed, acts as a template
for the deposition of additional protein molecules to form
the mature fibril (Harper & Lansbury, 1997). In in vitro
assays, fibrillization is routinely triggered by mechanical
agitation to increase the probability of the intermolecular
collisions necessary to form the initial nucleus. We used two
assays to assess the potential amyloid formation by S.
mutans proteins. First, to test if P1 is amyloidogenic, the
binding of CR to P1 polypeptides that had been stirred in the
cold for 48 h to initiate fibrillization was evaluated (Fig. 1a).
As stated earlier, two regions within P1 contain significant f§
structure. One is within the region A3VP1 (Larson et al.,
2010) and the other is in the C terminus region (Larson et al.,
2011). Compared with CR alone, the spectra of the stirred
CG14, A3VP1, P3C and C terminus samples demonstrated
dye binding and a shift in the CR absorbance maxima that is
characteristic of amyloid fibrils (Klunk et al, 1999). In
comparison, the spectra of the BSA-negative control and
NA1 samples were more similar to that of CR alone. The N-
terminal P1 polypeptide NA1 is not predicted to have a f8
structure and would therefore not be expected to be
amyloidogenic. When unstirred samples were evaluated
(Fig. 1b), there was no evidence of CR binding to A3VP1;
however, the C-terminal polypeptides still showed evidence
of dye binding and a spectral shift. This suggests differences
in the nucleation events required for amyloid formation by
these two amyloidogenic regions within P1. In the case of
unstirred samples, the spectra of CG14, which contains both
amyloidogenic domains, were similar to those of P3C and
the C terminus.

The ability of full-length P1 and the truncated f structure-
containing fragments to interact with CR led us to test
the polypeptides for ThT-dependent fluorescence, a more
specific indicator of amyloid fibrillization (Nilsson, 2004).
A pronounced shift in fluorescence intensity was observed
for the stirred CG14, A3VP1l, P3C and C terminus
polypeptides (Fig. 1c). In addition, similar to the CR
assay, ThT binding was also observed in the unstirred
samples for those polypeptides that contained the C
terminus. There was no background fluorescence asso-
ciated with P1 in the absence of ThT, and no spectral shift
in ThT fluorescence was observed in the absence of P1.

Again, minimal dye binding was observed for the BSA and
NA1 negative controls.

In light of the positive results in both the CR and ThT
assays, we confirmed by using TEM that P1 forms amyloid
fibrils (Fig. 2). A mesh of amyloid fibrils was clearly visible
(shown in three fields) and was similar in appearance
to published TEM images of other bacterial amyloids
(Romero et al., 2010; Wang & Chapman, 2008).

Green birefringence of S. mutans, S. mutans
proteins and dental plaque following CR staining

Based on the dye-binding properties and the ability of P1
to form fibrils as shown by TEM, we also looked for CR-
associated green birefringence of P1. Simple CR staining
alone is not definitive for amyloid, but when viewed with
polarized light through crossed filters, congophilic amyloid
foci cause yellowish apple-green birefringence (Howie et al.,
2008). This technique is commonly used to visualize
amyloid plaques in situ in post-mortem tissue samples
from patients with cerebral amyloid pathologies (Jin ef al.,
2003). As expected, the aggregated S. mutans P1 sample,
but not the BSA control, demonstrated green birefringence
(Fig. 3a).

Next, we looked for evidence of green birefringence
associated with S. mutans cells (Fig. 3b). As positive and
negative controls, we utilized an E. coli strain that produces
curli amyloid fibres and a corresponding curli-negative
mutant strain, respectively (Epstein et al., 2009). No green
birefringence was observed when planktonic bacteria
present in broth culture were stained with CR (not shown).
However, when cells were grown on the surface of agar
plates prior to CR staining and viewed under cross-
polarized light (top panels), as opposed to non-polarized
light (bottom panels), yellowish-green birefringence typical
of amyloid was observed for the wild-type strain, as well as
for the P1-deficient mutant. This suggests that P1 is not the
only amyloidogenic protein produced by S. mutans. In
contrast, green birefringence was not detected for an srtA
mutant devoid of the sortase transpeptidase enzyme
responsible for coupling P1 and other surface proteins to
the cell wall. This suggests a possible nucleation event at
the cell surface reminiscent of fibrillization of the E. coli
CsgA/CsgB curli proteins (Hammer et al, 2007). Green
birefringence following CR staining was observed only after
plates had been stored for at least 48 h, consistent with a
lag phase for amyloid induction or accumulation of a
critical mass of amyloid material required for visualization.
E. coli colonies of a curli-deficient mutant are white on CR
agar indicator plates, whereas the wild-type strain is red
(Zhou et al., 2012). All strains and species of streptococci
we have tested produce red colonies to some degree on CR
plates, including the S. mutans sortase mutant, probably
due to the dye-binding behaviour of polysaccharide
moieties. Because CR can bind other repetitive structures
like cellulose in biological samples, it is important to
confirm results, as we have done, with purified protein and
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to establish amyloid formation by multiple methods,
including the ThT uptake and green birefringence assays,
and particularly the definitive identification of fibrils by
TEM.

Fig. 1. Binding of amyloidophilic dyes to purified recombinant P1
polypeptides. All samples were tested at 5 uM. (a) Absorbance
spectra of CR alone and in the presence of aggregated (stirred)
samples. (b) Absorbance spectra of CR alone and in the
presence of unstirred samples. Dark blue, BSA; red, CG14;
green, A3VP1; purple, C terminus; aqua, P3C; orange, NAT;
light blue, CR alone. (c) ThT-dependent fluorescence of
stirred and unstirred samples. ThT fluorescence emission at
485 nm, following excitation at 442 nm, is shown. P1 alone
did not contribute to the fluorescence signal. No change
in ThT fluorescence intensity was observed in the absence of
P1. Black bars, stirred; grey bars, not stirred. Error bars are
SEM.

To further test whether the wild-type S. mutans and
mutant strains were capable of producing amyloidogenic
material, extracellular proteins shed into bacterial culture
supernatants were tested for green birefringence.
Following mechanical agitation to initiate amyloid fibril-
lization, samples from the wild-type, as well as the P1- and
sortase-deficient strains, demonstrated this property
following staining with CR (Fig. 4a). The detection of
amyloidogenic proteins in the culture supernatant of the
sortase-negative strain would be expected, since this strain
would still produce the proteins, but just not be able to
attach them to the cell surface. As further confirmation
that the observed green birefringent material was amyloid,
the classical test to demonstrate formic acid dissolution
and protease resistance was employed (Shewmaker
et al., 2009), as a defining property of amyloid fibrils is
resistance to proteinase K digestion and disaggrega-
tion of fibrils by formic acid. As would be predicted
for a bacterial amyloid, CR-associated green birefringence
of S. mutans extracellular proteins was not affected by
treatment with proteinase K, but was completely destroyed
following treatment with formic acid (Fig. 4b). Resis-
tance to pepsin and trypsin was also observed (not
shown).

Finally, to determine that amyloid fibrillization is not an in
vitro artefact and occurs in vivo within the prevailing
environment of the oral cavity, dental plaque samples were
collected from human subjects and immediately tested for
green birefringence. Thus far, we have tested samples from
three adults (Fig. 4c). One was caries active (patient 1) and
the other two were caries non-active. Green birefringent
material indicative of amyloid was present in all three
samples. S. mutans was isolated from patients 1 and 3. The
production of amyloidogenic proteins by these clinical
isolates was confirmed by testing extracellular proteins
from their culture supernatants for green birefringence as
well (not shown). Given the reported prevalence of
amyloid within environmental biofilms (Larsen et al,
2007), its detection in a caries-non-active adult, such as
patient 2, from whom S. mutans was not isolated, would
also be predicted.
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Fig. 2. TEM image of aggregated P1 stained
with uranyl acetate. Three different fields are

shown. Bar, 500 nm.

S. mutans biofilm formation is affected by
inhibitors of amyloid fibrillization

There have been numerous reports of small polyphenol
molecules inhibiting the formation of different amyloid
fibrillar assemblies in vitro, as well as associated toxicities in
vivo (Porat et al., 2006). We chose four compounds that
have been documented to inhibit the formation of fibrillar
aggregates associated with amyloidopathies and assessed
their effects on biofilm formation by S. mutans. These

included CR, because it has commonly been used as an
inhibitor of fibril formation with dozens of reports in the
literature, ThT and ThS, since both have widely been
reported to interact with amyloid fibrils, yet they differ in
their ability to inhibit protein—protein interactions (Sharp
et al., 2009), and EGCG that has been widely reported to
attenuate amyloid-beta (Ap) fibrillogenesis (DaSilva et al.,
2010). Ap is an amyloidogenic peptide associated with
Alzheimer’s disease.

(@ P1 BSA

(b) Wild-type P1 mutant

SrtA mutant Curli* Curli-

E%
-J.s

Fig. 3. Green birefringence, characteristic of amyloid formation, was visualized following staining with CR. (a) Green
birefringence of aggregated P1 viewed under cross-polarized light. BSA was used as a negative control. (b) Green
birefringence of wild-type S. mutans cells grown on an agar surface compared with similarly grown mutants lacking P1 or
sortase transpeptidase. Colonies of a curli-expressing strain of E. coli and its corresponding curli-negative mutant were used as
positive and negative controls, respectively. The images were taken using cross-polarized (top panels) and non-polarized

(bottom panels) light. Bars, 3 um (a) and 30 um (b).

2908

Microbiology 158



Functional amyloid in Streptococcus mutans

a
® Wild-type

(b)

No treatment

P1 mutant

Formic acid

SrtA mutant

Proteinase K
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Patient 1

Patient 2

Patient 3

Fig. 4. (a) Green birefringence of S. mutans extracellular proteins derived from wild-type strain NG8 and P1- and SrtA-deficient
mutants. (b) Amyloid material derived from S. mutans NG8 culture supernatant treated with formic acid or proteinase K. (c)
Green birefringence of human dental plaque following staining with CR. Bars, 30 um (a and ¢) and 3 um (b).

When evaluated at concentrations known to interfere with
fibrillization of disease-associated amyloids, CR (Fig. 5a),
ThS (Fig. 5b) and EGCG (Fig. 5¢) all interfered with S.
mutans biofilm formation. To ensure that the observed
effects were not due to an artefact of a laboratory strain, we
included four clinical isolates in our assays. With the
exception of CR treatment of strain NGS8, all the inhibitors
significantly prevented biofilm formation by all the S.
mutans strains tested. Nevertheless, CR was effective
against the Pl-deficient mutant PC3370, suggesting that
its target is a molecule other than P1. Although ThT also
impeded biofilm formation by all strains, it inhibited
bacterial growth as well (not shown), so its effect on
biofilm formation per se could not be assessed. At the
concentrations used, the other inhibitors did not affect the
growth of any S. mutans strains. The sortase-negative
mutant was not included in the biofilm inhibition
experiments, since we found it to be severely impaired in
biofilm formation, demonstrating >80 % less cell mass
than the parent strain.

Given the effects of the amyloid inhibitors on S. mutans
biofilm formation, we looked for evidence of green
birefringent material within the biofilms. When biofilm-
grown cells were stained with CR and then dislodged from
the wells, green birefringent material indicative of amyloid
was observed for both the wild-type and Pl-deficient
strains (Fig. 6). Because of its pronounced biofilm defect,
the sortase mutant could not be evaluated in this way.

EGCG inhibits amyloid fibrillization by S. mutans
extracellular proteins

The mechanism of inhibition of amyloid fibrillization by
polyphenols has often been attributed to their anti-oxidative
properties, but in vitro inhibition of amyloid formation often
does not correlate with oxidative conditions (Porat et al.,
2006). It has now been reported that structural properties of
the polyphenol compounds can mediate their inhibitory
effect. Given its pronounced inhibitory effect on S. mutans
biofilm formation, we wished to test whether the green tea
polyphenol EGCG also had an effect on amyloid formation
by S. mutans extracellular proteins, as they are able to interact
with ThT, following mechanical agitation to induce
fibrillization. CR and ThS could not be tested in this assay
because of their interfering effects on ThT fluorescence
emission spectra. The pronounced increase in the fluor-
escence intensity of ThT, following excitation at 442 nm, in
the presence of fibrillated S. mutans proteins was notably
diminished by 1 mM EGCG (Fig. 7a). EGCG had no effect
on ThT fluorescence in the absence of P1. We further showed
that the inhibitory effect is dose-dependent, with significant
inhibition of ThT uptake by fibrillated S. mutans proteins,
and this effect is observed down to 10 uM EGCG (Fig. 7b).

DISCUSSION

S. mutans is particularly effective at colonizing hard tissues
of the human oral cavity and its adherence is mediated by

http://mic.sgmjournals.org
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Fig. 5. S. mutans biofilm formation in the
absence (black bars) and presence (grey bars)
of known inhibitors of amyloid fibrillization, CR
(10 uM) (@), ThS (100 M) (b) and EGCG
(1 mM) (c). Strains 3svfl, 1svfl, 5ST1 and
81D2 are clinical isolates. NG8 was used as
the parent to generate the P1-deficient iso-
genic mutant PC3370 (Crowley et al., 1999).
Error bars represent Sem. In each case there
was a significant decrease in biofilm formation
in the presence of inhibitor at the P<0.0001
level, except NG8 plus ThS (P<0.0015) and
T 1svfl plus CR (P<0.0085). There was no
significant difference between NG8 with CR

PC3370 and NG8 without CR at the P<0.05 level.

sucrose-dependent and -independent mechanisms (Koga
et al., 1986; Nobbs et al., 2009). In the absence of sucrose,
its wall-associated fibrillar lectin, known variously as antigen
I/11, PAc or P1, facilitates attachment to the acquired pellicle

on teeth. This multifunctional adhesin mediates interactions
with salivary constituents, host cell matrix proteins such as
fibronectin, fibrinogen and collagen, and other oral bacteria
(Beg et al., 2002; Jenkinson & Demuth, 1997; Lamont et al.,
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Wild-type

P1 mutant

Fig. 6. Green birefringence of biofiim-grown cells of S. mutans
wild-type and P1-deficient mutant strains, following staining with
CR. The images were taken using cross-polarized (top panels) or
non-polarized (bottom panels) light. Bars, 30 um.

2002). Antigen I/II family proteins are present on most oral
streptococci as well as on some strains of group A and group
B streptococci. These proteins all contain repetitive A-rich
and P-rich regions, and therefore appear to share the
common architectural feature of an extended stalk.
However, most antigenic, structural and functional differ-
ences map to the V and C-terminal domains of the proteins
(Brady et al., 2010). Cross-reactive antibodies map in the
vicinity of the stalk, whereas less cross-reactivity is observed
in the globular regions where unique functional attributes
have been localized (McArthur et al., 2007; Robinette et al.,
2011). It is not yet known whether other antigen I/II family
molecules are capable of amyloid fibrillization. The presence
of f-sheet structures in the globular V and C-terminal
domains of P1 suggests a role for these two regions in
amyloid formation. Indeed, we observed both CR and ThT
binding to full-length P1, as well as to truncated polypeptides
that contained either of these two regions, but not to an N-
terminal polypeptide that is not predicted to adopt a f3
structure. The extended stalk formed by the A- and P-rich
regions is reminiscent of a collagen structure, raising the
intriguing possibility that fibril formation may involve
formation of a hybrid ultrastructure comprised of both
amyloid-like f-sheet assemblies and collagen-like a-polypro-
line type II helices. Not all P1 is covalently linked to the
peptidoglycan. It is readily extracted from the cell surface
with SDS or mechanical shaking in phosphate buffer, and is
also readily found in the culture medium. Curiously, a
similar pattern of binding of two different anti-P1 mono-
clonal antibodies to the outer surface of the P1 fibrillar layer
on S. mutans was observed previously by immunogold
electron microscopy (Ayakawa et al., 1987), but in light of the
solved crystal structures, these antibodies map to opposite
ends of the A-P stalk (Robinette ef al., 2011). This suggests

that all P1 present on the cell surface or in polymerized fibrils
may not be oriented in the same direction. This is supported
by additive ELISAs in which purified V and C-terminal
domains can interact to increase recognition by anti-P1
monoclonal antibodies that were originally made using
whole-cell walls as the immunogen (not shown). Now that
the tertiary structure of P1 has been largely solved,
understanding the ultrastructure of the adhesin as it exists
on the cell surface and as a component of amyloid fibrils will
probably lead to further insight into its structure/function
relationships.

P1 is not essential for S. mutans biofilm formation (Ahn
et al., 2008) and as described in this report, other cell-
surface-localized amyloidogenic proteins probably con-
tribute to this process. While much of dental caries
microbiology has focused on S. mutans as a single agent,
it is appreciated that caries pathology is associated with
common attributes of microbial populations within the
lesions, in which S. mutans might even be absent
(Takahashi & Nyvad, 2008). Elucidating general character-
istics of caries pathogens could provide additional
promising targets for novel caries control methods and
opportunities for disrupting cariogenic biofilms (Burne
et al, 2009). The recognition of the role of functional
amyloid in microbial biofilm formation and maintenance
is the basis of a growing literature topic. Indeed, the
practicality of this information and the ability to interfere
with pathogenic E. coli biofilm formation using small
molecule inhibitors that target amyloid biogenesis have been
demonstrated (Cegelski et al., 2009; Hett & Hung, 2009). In
addition, biofilm formation can be prevented and existing
biofilms can be broken down by a bacterial factor identified
in Bacillus subtilis, which is comprised of a mixture of D-
amino acids that act at nanomolar concentrations to cause
the release of amyloid fibres that link cells within the biofilm
together (Kolodkin-Gal et al., 2010). The D-amino acids were
incorporated into the peptide side chain of peptidoglycan in
place of the terminal D-alanine (Lam et al, 2009). This
suggests a close association between functional amyloid
fibrils and the bacterial cell wall. Sortase cleaves cell-surface-
localized substrates of Gram-positive organisms at a
consensus motif near their C-termini, followed by linkage
to the cell-wall peptidoglycan. Three of the eight chaplin
proteins (ChpA—C) of Streptomyces coelicolor are sortase
substrates. Chaplins are a class of hydrophobic proteins that
spontaneously self-assemble into amyloid fibrils and mediate
attachment to hydrophobic surfaces and penetration at
the air-liquid interface (Claessen et al., 2003; de Jong et al.,
2009). Interestingly, P1 is also a sortase substrate (Nobbs
et al., 2007) and increases the hydrophobicity of cells to
which it is attached (Lee et al., 1989). Although a P1-deficient
mutant grown on an agar surface still demonstrated the
green birefringence characteristic of amyloid fibrils, follow-
ing staining with CR, the S. mutans srtA mutant lost this
property. In addition, the srtA mutant does not form biofilms,
even though amyloidogenic material is still detectable in
its culture supernatants. P1 is one of six sortase substrates
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Fig. 7. EGCG inhibits amyloid fibrillization by S. mutans
extracellular proteins. (a) ThT fluorescence emission spectra,
following excitation at 442 nm. S. mutans extracellular proteins
were stirred in the cold to induce amyloid fibrillization in the
presence (green) and absence (red) of 1 mM EGCG and ThT
fluorescence emission was monitored from 450-700 nm.
Background fluorescence was evaluated in the absence of added
protein (blue). (b) Inhibition of amyloid fibrillization tested over a
range of EGCG concentrations. ThT fluorescence emission at
485 nm, following excitation at 442 nm, is shown. Bars: 1, ThT-
only control; 2, no EGCG; 3, 1 mM EGCG (P<0.001); 4, 100 uM
EGCG (P<0.0011); 5, 10 uM EGCG (P<0.0024); 6, 1 uM
EGCG. Error bars represent Sem. Significant differences between
samples with and without inhibitor, indicated above in parentheses,
are denoted with asterisks.

expressed by S. mutans. Evaluating the amyloidogenic poten-
tial of other sortase substrates will be the basis of future work.
In addition, it is possible that, as observed in the Streptomyces
coelicolor chaplin system (Claessen et al., 2003), proteins other
than sortase substrates may contribute to amyloidogenesis by
S. mutans.

The current study is the first report, to the best of our
knowledge, of amyloidogenesis by an oral bacterium and
within human dental plaque. We have also shown that

several known inhibitors of amyloid formation interfere
with biofilm formation of wild-type S. mutans, as well as a
P1-deficient mutant, again suggesting that P1 is not the
only amyloid-forming protein in this organism. Given the
propensity of oral pathogens to exist in biofilm com-
munities, functional amyloid probably represents a com-
mon biological property that will be pivotal to
understanding mechanisms of pathogenesis and identifying
potential targets for therapeutic intervention. Dozens of
different small polyphenol molecules inhibit the formation
of different amyloid fibrillar assemblies in vitro and their
associated toxicities in vivo (Porat et al., 2006). Numerous
inhibitors, including CR, are composed of at least two
phenolic rings, with two to six atom linkers and a
minimum number of three OH groups on the aromatic
rings. It has been suggested that such structural similarities
imply 3D conformations that facilitate the non-covalent
interaction with f-sheet structures, and that the interaction
occurs only when the amyloidogenic protein transforms
into the assembly conformation. More recently, however,
in a study of Alzheimer’s disease Af peptide, it was
reported that small molecule inhibitors segregate into
distinct classes that preferentially inhibit oligomerization,
fibrillization or both (Necula et al, 2007). Although the
mechanism of small polyphenol molecules to impede
fibrillar assemblies has been attributed to their anti-
oxidative properties, it is now believed to be more likely
that their structural properties are responsible (Porat et al.,
2006). This is important to keep in mind as reports emerge
regarding anti-cariogenic therapeutic properties of nat-
urally occurring polyphenol compounds.

Based on the growing list of newly identified microbial
amyloid-like surface structures and the large array of
phylogenetically distant bacteria that express them, such
systems have probably been selected and refined by
evolution. For example, FapC of P. fluorescens contains
repeat motifs and conserved Asn/Gln consensus residues
similar to curli, tafi and the prion and spider silk amyloid
proteins (Dueholm et al., 2010). However, the functional
amyloid hydrophobins and chaplins of fungi and actino-
bacterial streptomyces, and the TasA protein of B. subtilis
do not contain either repeat motifs or Asn/Gln consensus
residues. Thus, there must be multiple mechanisms to
promote and stabilize microbial amyloids and our results
reiterate the importance of dissecting the unique structural
aspects of the proteins that relate to fibrillization in any
given system. Importantly, it also suggests that, based on
unique individual aspects, targeted disruption of amyloi-
dogenesis by particular microbes will be feasible (Cegelski
et al., 2009), but only by having a firm command of the
amyloidogenic proteins produced and an understanding of
unique aspects of their assembly and ultrastructure.
Differential effects of specific inhibitors on particular
amyloid assemblies could explain the disparity between S.
mutans strain NG8 and its Pl-deficient derivative with
regard to CR inhibition of biofilm formation. This report
represents, what we believe to be, the first description of
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amyloid formation within streptococci and its apparent
association with biofilm formation. A recent report
regarding Staphylococcus aureus also links functional
amyloid to biofilms. In this organism small peptides called
phenol-soluble modulins (PSMs) form amyloid fibrils that
promote biofilm integrity (Schwartz et al, 2012). Mutants
lacking PSMs were susceptible to biofilm disassembly by
matrix-degrading enzymes and mechanical stress.

In summary, there is a growing realization that amyloid
formation is a directed, widespread, functional process that
contributes to the biology of numerous micro-organisms,
with particular relevance for adhesion and biofilm
formation. We have now demonstrated amyloid formation
by the cariogenic pathogen S. mutans, which is not
surprising considering its biofilm niche. In addition to
the contribution of amyloids to virulence by facilitating the
adhesion, biofilm formation and invasion of pathogens,
microbial amyloids have been postulated to contribute to
systemic diseases, including Alzheimer’s and Parkinson’s,
possibly by seeding amyloid formation in the brain
(Broxmeyer, 2002; Diaz-Corrales et al., 2004; MacDonald,
2006; Miklossy et al., 2006). Injection of curli fibrils into
mice led to an accelerated formation of the disease-
associated amyloid protein AA (Lundmark et al., 2005) and
amyloid fibrils added to the drinking water of mice
decreased the lag time to the onset of disease in an
amyloidosis model (Lundmark et al, 2002). The asso-
ciation of oral infectious disease with systemic disease is
well recognized and it has been reported that newly
diagnosed Alzheimer’s patients have a significantly higher
level of active dental caries than individuals with other
dementia diagnoses or those without dementia (Ellefsen
et al, 2008). While the evaluation of a potential link
between S. mutans and neurological disease is beyond the
scope of the current study, these intriguing, suggested
associations increase the imperative to understand basic
fundamental information about amyloid formation by a
ubiquitous oral pathogen.
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