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The biofilm adhesion protein Aap from Staphylococcus
epidermidis forms zinc-dependent amyloid fibers
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The skin-colonizing commensal bacterium Staphylococcus
epidermidis is a leading cause of hospital-acquired and device-
related infections. Its pathogenicity in humans is largely due to
its propensity to form biofilms, surface-adherent bacterial accu-
mulations that are remarkably resistant to chemical and physi-
cal stresses. Accumulation-associated protein (Aap) from S. epi-
dermidis has been shown to be necessary and sufficient for
mature biofilm formation and catheter infection. Aap contains
up to 17 tandem B-repeat domains, capable of zinc-dependent
assembly into twisted, rope-like intercellular filaments in the
biofilm. Using microscopic and biophysical techniques, we show
here that Aap B-repeat constructs assemble further into zinc-
dependent functional amyloid fibers. We observed such amy-
loid fibers by confocal microscopy during both early and late
stages of S. epidermidis biofilm formation, and we confirmed
that extracellular fibrils from these biofilms contain Aap.
Unlike what has been observed for amyloidogenic biofilm
proteins from other bacteria, which typically use chaperones
or initiator proteins to initiate amyloid assembly, our find-
ings indicate that Aap from S. epidermidis requires Zn>** as a
catalyst that drives amyloid fiber formation, similar to many
mammalian amyloid-forming proteins that require metals for
assembly. This work provides detailed insights into S. epidermi-
dis biofilm formation and architecture that improve our under-
standing of persistent staphylococcal infections.

Staphylococcus epidermidis is a critical component of the
normal human flora that helps control the colonization and

This work was supported by National Institutes of Health NIGMS Grant RO1
GM094363 (to A. B. H.) and NIAID Grant U19 Al070235 (to A.B. H.), by Cin-
cinnati Children’s Hospital Research Foundation (to A. B. H.), and in part by
the National Institutes of Health Intramural Research Program of the
National Institute of Biomedical Imaging and Bioengineering (to P.S.).
A.B. H. serves as a Scientific Advisory Board member for Hoth Therapeu-
tics, Inc., holds equity in Hoth Therapeutics and Chelexa BioSciences, LLC,
and was a co-inventor on three patents broadly related to the subject
matter of this work. The content is solely the responsibility of the authors
and does not necessarily represent the official views of the National Insti-
tutes of Health.

This article contains Figs. S1-S8 and Tables S1-S4.

" Both authors contributed equally to this work.

2 Present address: Enable Injections, Inc., Cincinnati, OH 45241.

3To whom correspondence should be addressed. Tel.: 513-803-7490; Fax:
513-636-5355; E-mail: andrew.herr@cchmc.org.

SASBMB

Published in the US.A.

invasion of potentially dangerous microbial pathogens. How-
ever, S. epidermidis has emerged as a leading opportunistic
pathogen due to its high prevalence on epithelial surfaces and
ability to colonize prosthetic medical devices (1). S. epidermidis
specifically is the leading cause of nosocomial infections and
device-related infections (2, 3) and is, along with its other coag-
ulase-negative relatives, the leading cause of bacteremia (4, 5).
Although S. epidermidis infections are typically nonaggressive,
they are extremely resistant to antibiotic therapy (6). Therefore,
staphylococcal infections often require invasive treatment
methods and frequently lead to chronic morbidity, mortality,
and high healthcare costs (5, 7, 8). S. epidermidis pathogenesis
and chronic persistence is primarily associated with its ability to
form a biofilm (9, 10), a multilayered bacterial aggregation sur-
rounded by an extracellular matrix (11). Biofilm formation
occurs in three general stages: primary adherence to a surface
by individual staphylococcal cells; accumulation into multicel-
lular colonies through intercellular adhesion events; and for-
mation of a mature biofilm through cycles of remodeling that
create characteristic cellular towers separated by channels that
allow access to nutrients. The biofilm is typically surrounded by
a secreted extracellular matrix composed of macromolecular
components that serve to anchor the staphylococcal cells
together, including the polysaccharide poly-GlcNAc (PNAG)*
as well as proteins, extracellular DNA, or teichoic acid, depend-
ing on the strain and growth conditions (12—14). Biofilm for-
mation can occur through both polysaccharide-dependent and
-independent pathways, the latter mediated by protein—protein
interactions (15). The protein Aap (accumulation-associated
protein) is primarily responsible for protein-dependent inter-
cellular accumulation of S. epidermidis biofilm formation (16),
and it is also required for the polysaccharide-dependent mech-
anism (17). Rohde et al. (18) and Corrigan et al. (19) described a
protein-based mechanism for staphylococcal biofilm forma-

“The abbreviations used are: PNAG, poly-N-acetylglucosamine; Aap, accu-
mulation-associated protein; AUC, analytical ultracentrifugation; TEM,
transmission electron microscopy; CFM, confocal microscopy; SasG, Staph-
ylococcus aureus surface protein G; MBP, maltose-binding protein; HMBP,
His-tagged MBP; ThT, thioflavin T; FA, formic acid; DTPA, 2-[bis[2-[bis(car-
boxymethyl)amino]ethyllamino]acetic acid; Ni-NTA, nickel-nitrilotriacetic
acid; TSA, tryptic soy agar; ThS, thioflavin S; TSB, tryptic soy broth; IPTG,
isopropyl 1-thio-B-p-galactopyranoside; SSR, summed square of the resid-
ual; Brpt, B-repeat.
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Staphylococcal biofilm protein Aap forms amyloid fibers

tion that is independent of PNAG; in several strains of S. epi-
dermidis or Staphylococcus aureus, the protein Aap or its
ortholog SasG can mediate biofilm formation in the absence of
polysaccharide secretion (18, 19). Indeed, 39% of biofilm-posi-
tive clinical isolates are PNAG-negative, whereas 90% are pos-
itive for Aap (15, 20, 21). Recent work by Schaeffer et al. (22)
demonstrated the critical role of Aap in S. epidermidis infection
in vivo. Under fluid shear, Aap-deficient strains formed signif-
icantly less biofilm than those expressing normal levels of Aap.
A rat catheter model was then used to evaluate the biological
implication of these results, which revealed that Aap, but not
PNAG, was required for infection (22).

Aap is a multidomain protein consisting of an N-terminal
export signal followed by the A-repeat region (11 partially-con-
served 16-residue repeats), a lectin domain, the B-repeat region
containing 5-17 conserved repeats of a 128-amino acid
sequence, a proline/glycine-rich (P/G-rich) region that forms a
highly-extended stalk that is resistant to compaction (23), and
an LPXTG cell wall anchor motif, as shown in Fig. 1A4. The
N-terminal portion of Aap containing the A-repeat region and
lectin domain (collectively called the A-domain) can be proteo-
Iytically cleaved to expose the B-repeat region, which can then
initiate bacterial accumulation into microcolonies (18). The
staphylococcal metalloprotease SepA is responsible for this
proteolytic cleavage event, switching the role of Aap from
A-domain—mediated surface adhesion to its namesake role in
biofilm accumulation (24). Each B-repeat (Brpt) contains a
78-amino acid G5 domain and a 50-amino acid spacer domain
(also called an E domain); the B-repeat sequences in Aap are
highly conserved, with 83-100% sequence identity (25). The
final repeat in the B-repeat region is composed of a single G5
domain without the spacer motif (Fig. 14); this C-terminal half-
repeat “cap” plays a role in stabilizing the protein (25). We have
previously demonstrated that a single B-repeat domain with the
half-repeat cap (Brptl.5) will self-associate in the presence of
Zn>" to form an anti-parallel dimer, leading to a model for
Zn**-mediated protein-dependent intercellular accumulation
between staphylococci in a nascent biofilm (25, 26). Subsequent
work demonstrated that Brptl.5 and longer B-repeat con-
structs can self-assemble in the presence of Zn?>" or Cu®",
whereas other metals (Mn?™", Co®*, and Ni>") can bind to B-re-
peats but do not induce assembly (27). Recent work has shown
similar Zn>*-dependent self-association behavior for the B-re-
peat region of SasG, the S. aureus ortholog of Aap (28, 29).

Full-length Aap contains 5-17 of these nearly identical B-re-
peats; Corrigan et al. (19) have demonstrated that at least five
tandem B-repeats were required for S. aureus biofilm forma-
tion, suggesting that the biological function of SasG and, pre-
sumably, Aap relies on longer stretches of at least five consec-
utive B-repeats. Therefore, the focus of this study is to
characterize a biologically-relevant construct of Aap consisting
of five consecutive B-repeats and the C-terminal cap (called
Brpt5.5; see Fig. 14) and to determine the role of tandem B-re-
peats in S. epidermidis biofilm formation. In the presence of
Zn>", tandem B-repeats assembled into a range of oligomeric
states, including highly-elongated fibers. We show that Zn>*-
induced B-repeat fibers are functional amyloid fibers that
assemble in a temperature- and time-dependent fashion.
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Importantly, fibers formed in vitro by recombinant, tandem
B-repeats show at least partial resistance to Zn>* chelation and
acidification, suggesting that these highly stable amyloid fibers
may play a critical part in rendering the biofilm resistant to
physical or chemical stresses. We apply a newly-developed ana-
lytical approach to deconvolute the early-stage assembly of
fibril intermediates using analytical ultracentrifugation. Finally,
we show that amyloid fibers form during early and late stages of
S. epidermidis biofilm growth, and we demonstrate that fibrils
isolated from S. epidermidis biofilms are primarily composed of
Aap. This is the first report demonstrating that Aap, an essen-
tial protein for S. epidermidis infectivity, forms amyloid fibrils;
these findings reveal important mechanistic details regarding
S. epidermidis infections responsible for extensive morbidity
and mortality.

Results
Solution characterization of tandem B-repeats from Aap

To determine the functional relationship between tandem
copies of the Aap B-repeat region and S. epidermidis biofilm
formation, we have generated a construct containing the C-ter-
minal five intact B-repeats, along with the C-terminal half-re-
peat (called Brpt5.5) (Fig. 1A). The design of this construct was
based on the minimum number of B-repeats previously shown
to support biofilm formation by SasG, an Aap ortholog from
S. aureus (19). In addition, we utilized a Brpt3.5 construct, both
in isolation and as an N-terminally His,-tagged maltose-bind-
ing protein (MBP) fusion protein (called HMBP—-Brpt3.5). The
HMBP-Brpt3.5 construct showed more efficient expression
and was more stable in solution, so it was predominantly used
for initial experiments.

Far-UV circular dichroism (CD) was used to verify proper
folding of the B-repeats in these constructs (Fig. 1B). Based on
our previous studies of related Brptl.5 constructs (25, 26) and
the high sequence identity between B-repeats (Fig. S1) (25, 30),
it was expected that the Brpt3.5 and Brpt5.5 constructs would
have similar secondary structure content. Indeed, these con-
structs all contain high B-strand and coil content. The
increased negativity around 200 nm observed for the Brpt3.5
and Brpt5.5 constructs may be due to greater random coil con-
tribution from the increased proportion of B-repeat spacer
motifs compared with G5 domains in Brpt3.5 and Brpt5.5 (i.e.
Brpt5.5 contains five spacer motifs versus six G5 domains
(~45% spacer), whereas Brptl.5 contains one spacer motif ver-
sus two G5 domains (~33% spacer) (see Fig. 14)). The CD spec-
trum for uncleaved HMBP-Brpt3.5 (Fig. S2) revealed a combi-
nation of a-helical, B-strand, and coil secondary structure,
consistent with the a-helical content of MBP (31).

Sedimentation velocity analytical ultracentrifugation (AUC)
was used to characterize each construct in solution under
native conditions (Fig. 1C). Brpt3.5 and Brpt5.5 sedimented as
monomers with very high frictional ratios (2.58 and 3.55,
respectively; the frictional ratio f/f, is the frictional coefficient
of the sedimenting species compared with that of an ideal
sphere of identical volume). Although these constructs have
similar sedimentation coefficients, the difference in frictional
ratios is an important indication of the increased mass of
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Figure 1. Characterization of tandem B-repeats from S. epidermidis Aap. A, full-length Aap domain organization, including the A-repeat region and lectin
domain that are proteolytically cleaved (dashed line), the B-repeat region (5-17 B-repeats) ending with the conserved half-repeat cap, the proline/glycine-rich
region (P/G-rich), and the cell wall anchor motif (LPXTG). The domain boundaries of the Brpt5.5, Brpt3.5, and Brpt1.5 constructs are shown below the cartoon.
Each full B-repeat contains a G5 domain and a spacer region, and the half-repeat cap contains only the G5 domain. B, far-UV CD spectra demonstrating similar
secondary structure characteristics of the previously characterized Brpt1.5 construct (green circle) and cleaved Brpt3.5 (blue triangle) and Brpt5.5 (red square).
The far-UV CD spectrum of Brpt1.5 is adapted from Ref. 25. C, sedimentation coefficient distribution plot c(s) of HMBP-Brpt3.5 (dashed blue line), cleaved Brpt3.5
(solid blue line), and Brpt5.5 (solid red line). All constructs sedimented as monomers in the absence of Zn?".

Brpt5.5 compared with Brpt3.5. Such high frictional ratios are
indicative of highly-elongated global conformations, such as
what might be expected based on our prior characterization of
Brptl.5 (25, 26). Furthermore, such an extended conformation
for tandem B-repeats, in conjunction with the extended Pro/
Gly-rich stalk (23), makes Aap well-suited to project itself from
the S. epidermidis surface in order to more easily interact with
adjacent cells and surfaces and to avoid steric hindrance from
other cell wall-anchored proteins. The HMBP-Brpt3.5 con-
struct also sedimented as a monomer but had a significantly
increased sedimentation coefficient due to the additional
42-kDa mass contributed by the more globular HMBP fusion
tag (Fig. 1C).

Tandem B-repeats assemble into multiple higher-order species
in the presence of Zn**

We previously reported that shorter Aap B-repeat con-
structs, Brptl.5 and Brpt2.5, specifically self-associate to form
dimers in the presence of Zn*" (25-27, 30). These data indi-
cated that tandem B-repeats self-associate in a modular fash-
ion, with each B-repeat capable of forming an adhesive contact
with another B-repeat in the presence of approximately two
Zn>" ions, and that longer B-repeats constructs can dimerize at
lower free Zn>* concentrations (25, 32). This phenomenon is
known as the chelation effect, in which the binding of Zn*" and
the resulting self-association at the first site in each of two mul-
tisite protomers reduce the entropic penalty for neighboring
sites to self-assemble in the presence of Zn>*. Thus, the effec-
tive free Zn>" concentration required for assembly of the entire
multirepeat protein becomes progressively lower as the num-
ber of repeats increases. Prior biophysical work on B-repeat
constructs has focused on shorter constructs that were suitable
for detailed thermodynamic analyses; these short constructs
were limited to monomer— dimer equilibria (25-27, 30). For the
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longer Brpt3.5 and Brpt5.5 constructs described here, self-as-
sociation in the presence of Zn>" could be significantly more
complicated than a simple monomer—dimer equilibrium, due
to the potential for multiple adhesive interactions within a
stretch of three to five intact B-repeats. Indeed, we observed a
dramatic change in the sedimentation coefficient distribution
for HMBP-Brpt3.5 in the presence of Zn*" compared with
monomeric apo-HMBP-Brpt3.5 (Fig. 2, A and B), consistent
with the formation of a wide range of very large oligomeric
states (Fig. 2C). In addition to the reaction boundaries visible in
the 0—40 s* range, the increasing trend at 40 s* indicates the
presence of even larger aggregated species. This aggregation
behavior is quite distinct from previously observed oligomeri-
zation of B-repeat constructs in the presence of Zn>*. Although
the HMBP fusion tag alone is able to assemble in the presence of
Zn>" (Fig. S3), the formation of such enormous aggregates of
HMBP-Brpt3.5 in the presence of Zn*" is unexpected and sug-
gests that a distinct mode of assembly or aggregation is
occurring,.

2D size-and-shape sedimentation analysis indicates
formation of fiber-like species

A recently developed AUC analysis method was used to bet-
ter resolve the multiple sedimentation boundaries observed for
HMBP-Brpt3.5 in the presence of Zn>" and to provide addi-
tional information on the size and shape of the sedimenting
species. We utilized the 2D size—and—shape c(s,ff;)) analysis in
SEDFIT that characterizes each sedimenting species in terms of
both sedimentation coefficient and frictional ratio (33). This
approach is particularly useful when analyzing co-sedimenting
species that differ greatly in shape and therefore experience
very different degrees of drag (34). For these experiments, we
used samples of 5 um HMBP—-Brpt3.5 alone or in the presence
of 500 um or 1 mMm ZnCl,. The samples were analyzed at both 25
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Figure 2. Sedimentation behavior of tandem B-repeats in the presence
of Zn2*. A, raw sedimentation velocity data for 5 um HMBP-Brpt3.5 in the
absence of Zn?*,and B, in the presence of 3 mm ZnCl,, both at 36,000 rpm and
20 °C.In both panels, scans 1-100 (5-h elapsed time) were loaded, with every
7th scan plotted. Note the dramatic increase in spacing between scans in B
compared with A; the much faster-moving sedimentation boundaries of
HMBP-Brpt3.5 in the presence of Zn*>* compared with HMBP-Brpt3.5 alone
indicate the sedimentation of very large species. C, sedimentation coefficient
distribution of HMBP-Brpt3.5 alone (gray line) and HMBP-Brpt3.5 in the pres-
ence of 3 mm ZnCl, (blue line). The broad peak distribution in the presence of
Zn?" indicates that HMBP-Brpt3.5 sediments as a mixture of assembled olig-
omers; however, resolution of individual species is difficult due to overlap-
ping sedimentation profiles. The inset of C shows the same data analyzed by
Wide Distribution Analysis in SEDANAL; note the x axis is on the natural log
scale, and the y scale has been normalized by area. Here, the sample contain-
ing 3 mm ZnCl, shows some material around the 5-10 s* range, with the
majority of material sedimenting between 10 and 20 s*, in good agreement
with the c(s) distribution calculated by SEDFIT. AU, absorbance units.

and 37 °C. To capture the earliest assembly events, the samples
were incubated after addition of Zn®" only for the time
required to pull a vacuum (~30 min). As expected, the HMBP—
Brpt3.5 alone sample yielded a single predominant species cor-
responding to a highly-elongated monomer, as seen in Fig. 34.
Both samples incubated with Zn>" formed similar oligomeric
states, but the higher oligomeric species were more heavily
populated for the sample incubated with 1 mm ZnCl,, allowing
for easier resolution of the species involved. The c(s,ff;) analysis
yields a three-dimensional plot (Fig. 3, A and B) that separates
the species based on sedimentation coefficient on the x axis,
frictional ratio on the y axis, and peak amplitude on the z axis.
We also show a top-down view of the 3D distribution plot (Fig.
3C) superimposed on the standard sedimentation coefficient
distribution that has been labeled with the approximate oligo-
meric states, estimated by Sedfit based on the sedimentation
coefficient and apparent frictional ratio values. The data show
that HMBP-Brpt3.5 incubated with 1 mm ZnCl, at 37 °C forms
multiple species, including monomeric HMBP-Brpt3.5, sev-
eral mostly compact oligomeric species (dimer, trimer, and
tetramer or pentamer), followed by large oligomers with ever-
increasing degrees of elongation. In the presence of Zn>", peaks
for both elongated and compact monomer species are observed
(f/fo values of 3.1 and 1.2, respectively), in contrast to the
HMBP-Brpt3.5 alone data that show only elongated mono-
mers (Fig. 34). The dimer and trimer species are mostly
compact, with frictional ratios comparable with those of glob-
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ular proteins (between 1.2 and 1.4). The putative pentamer spe-
cies is moderately elongated, with a frictional ratio of 1.7, but all
higher oligomers are highly elongated. The putative 9- and
14-mer species show frictional ratios of 2.2 or 2.5, respectively,
whereas the 15-mer through 65-mer peaks (circled in magenta
ovals in Fig. 3C) gave f/f, values between 3.9 and 4.7. (As a
control, the analysis of the same sedimentation data with an
upper limit of 2.5 for f/f; values resulted in a worse fit to the
measured sedimentation boundaries.) These f/f, values of 3.9 or
greater indicate extremely elongated fiber-like morphologies,
with approximate axial ratios that range from 72 to 108 (assum-
ing prolate ellipsoids), suggesting that these species may be nas-
cent amyloid fibers. The HMBP—-Brpt3.5 sample incubated
with 1 mMm ZnCl, analyzed at 25 °C showed a very similar dis-
tribution of oligomeric species, although the slower sedimen-
tation rates (due to lower temperature) allowed resolution of a
few higher-order oligomeric species, such as putative 75- and
115-mer fibers (Fig. S4).

Tandem B-repeats form amyloid fibers in the presence of Zn**

To characterize the nature of these extremely large, fiber-like
B-repeat species, samples of HMBP—Brpt3.5 incubated with
Zn>" for 2, 4, or 7 days were visualized by transmission EM
(TEM) (Fig. 4A). Negative-stained TEM images revealed large
assemblies of protein fibers. One possibility raised by the TEM
images is that HMBP-Brpt3.5 can form amyloid fibers in the
presence of Zn>*. Amyloid fibers are highly stable protein
fibers that have a characteristic B-strand—based fibril architec-
ture (35). Formation of amyloid fibers was initially linked to
protein misfolding implicated in disease states; however, a
number of “functional” amyloid proteins required for specific
cell processes have recently been characterized in organisms
ranging from archaea (36) and bacteria to humans (37). Func-
tional amyloid proteins from bacterial species, such as Esche-
richia coli, Bacillus subtilis, Enterobacteriaceae, and Pseu-
domonas spp., have recently been implicated in biofilm
formation; specifically, these functional amyloid fibers are inte-
gral to the overall stability of the biofilm (38 —41). To confirm
that these HMBP-Brpt3.5 protein fibers were amyloid, samples
were incubated with thioflavin T (ThT) and characterized by
fluorescence spectroscopy. Thioflavin T is a small-molecule
fluorophore that can intercalate within amyloid fibers, which
restricts rotation about an internal bond and results in a dra-
matic increase in quantum yield and characteristic fluores-
cence emission at 482 nm (42, 43).

To ensure that the ThT fluorescence produced was truly
from Zn>*-dependent amyloid fibers, HMBP-Brpt3.5 was first
pretreated with 10% formic acid (FA) to depolymerize any
fibers that may have spontaneously formed (44). As seen with
other amyloid proteins, HMBP-Brpt3.5/Zn** produced mini-
mal ThT fluorescence in the presence of FA (Fig. 4B). This
effect was not due to FA-induced structural changes in the
HMBP-Bprt3.5 monomer, because the secondary structure of
the protein was unchanged upon addition of FA (Fig. S2). Upon
removal of FA and incubation for 24 h, HMBP—Brpt3.5/Zn>*"
protein fibers demonstrated strong ThT fluorescence (Fig. 4B).
However, after removal and incubation, HMBP-Brpt3.5 alone
also produced a low level of ThT fluorescence, suggesting that
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Figure 3. AUC c(s,ff,) analysis of early-stage HMBP-Brpt3.5 amyloidogenic intermediates. Sedimentation velocity data (36,000 rpm at 37 °C) were
analyzed using the c(s,ff,) analysis model in Sedfit. A, 3D shape and size distribution plot for HVBP-Brpt3.5. Sedimenting species are distinguished based on
sedimentation coefficient (plotted uncorrected for buffer conditions) along the x axis and frictional ratio (f/f,) along the y axis. Increasing values of f/f,
correspond to more highly-elongated or nonglobular species. The heat map indicates species concentration, from lowest population density (blue) to highest
(red). HMBP-Brpt3.5 alone sediments as a single dominant species of 4.53 S with an elongated frictional ratio (f/f, = 2.3). B, 3D shape and size distribution plot
for HMBP-Brpt3.5 in the presence of 1 mm Zn?™. In the presence of Zn>", there is a broad distribution of species that vary both in sedimentation coefficient
values as well as frictional ratios. Note in particular the series of extremely elongated species (f/f,) values of ~4 or higher, highlighted by the magenta oval. C,
to illustrate the putative species present, the three-dimensional plot from B has been simplified to a two-dimensional distribution of the sedimentation
coefficient (x axis) and frictional ratio (y axis), labeled with the putative species present as implied by the given pairs of s and f/f, values. Elongated species with
f/fy values of ~3 or greater are highlighted by ovals, and putative species labels are in magenta. Compact species with f/f, values between 1 and 2.5 are
delineated by dark red lines along with putative species labels under the distribution plot. The solid black line depicts a two-dimensional representation of ¢(s,*),
showing the relative total amount of material at any sedimentation coefficient.

some fibers could potentially form in the absence of Zn>". all protein concentration. Additionally, there is a dependence

Based on quantification of monomeric HMBP-Brpt3.5 in the
Zn**-free AUC data, the proportion of protein that forms
fibers in the absence of Zn>" is 3% or less (Figs. 1 and 2). A
separate construct was additionally tested to better replicate
the natural setting of Aap tethered in dense tufts to the cell wall
of S. epidermidis. This construct was Brpt3.5 (cleaved from
HMBP) with a C-terminal Cys residue added (Brpt3.5-Cys).
Under nonreducing conditions, a disulfide bond would link two
Brpt3.5 molecules in a parallel fashion, similar to their orienta-
tion on the cell surface, while raising the local B-repeat concen-
tration, a well-known factor in amyloidogenesis. In Fig. 4C,
there is anincrease in ThT fluorescence corresponding to over-
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on local B-repeat concentration, with disulfide-linked samples
(“D” for dimer) yielding higher ThT fluorescence than reduced
samples (“M” for monomer).

To ensure that amyloid formation was not due to the pres-
ence of the His,—MBP tag (or the C-terminal Cys tag), native
Brpt5.5 (tag-free) was incubated with Zn>" and then visualized
by TEM. Brpt5.5 formed fibers (Fig. 4D) primarily of the
“branched” morphology seen with HMBP-Brpt3.5 (Fig. 44).
This morphology resembles one often observed with light-
chain amyloid (45) but that is also observable with AB peptide
(46). Analyzing these Brpt5.5 fibers spectroscopically (Fig. 4E,
green bars) revealed that incubation with amyloid-binding dyes
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Figure 4. Amyloid properties of tandem B-repeat constructs in the presence of Zn?*. A, negative-stained TEM image of HMBP-Brpt3.5 protein fibers
generated 7 days postincubation with 500 um ZnCl,. B, fluorescence emission spectra of 10 um ThT alone (black) or ThT in the presence of HMBP-Brpt3.5 with
500 um ZnCl, (red), HMBP-Brpt3.5 alone (dark blue), and HMBP-Brpt3.5 with 10% formic acid (cyan) after excitation at 432 nm. HMBP-Brpt3.5 without ThT
(green) did not produce fluorescence. The HMBP-Brpt3.5 alone and HMBP-Brpt3.5 + Zn>* samples were pretreated with 10% FA to remove aggregates,
followed by dialysis back into 50 mm MOPS, pH 7.2, 50 mm NaCl, and addition of ZnCl,. C, ThT fluorescence of cleaved Brpt3.5 tagged with Cys added to the C
terminus (Brpt3.5-Cys). At 1 mm ZnCl,, there is increased fluorescence of samples according to overall protein concentration. Furthermore, disulfide-linked
Brpt3.5-Cys dimers (0.5-5.0 mg/ml; D) show even higher fluorescence. These results demonstrate the dependence of amyloid formation on local B-repeat
concentration. Triplicate samples were examined, with empty circles representing individual measurements and averages shown as filled bars with a
standard deviation shown with error bars. Statistically significant increases in the ThT fluorescence of a ZnCl,-containing sample over the sample
without ZnCl, at the same protein concentration is denoted by an asterisk, and a pound sign indicates a significant increase of Brpt3.5-Cys without ZnCl,
over buffer. D, TEM image of native, cleaved Brpt5.5 (20 um, 1.5 mg/ml) incubated at 37 °C with 5 mm ZnCl, showing similar fiber morphology as
HMBP-Brpt3.5 in A. E shows the ThT fluorescence (green-shaded bars, left) and the Congo Red absorbance (red-shaded bars, right) of Brpt5.5 (20 um, 1.5
mg/ml) incubated with 0, 5, or 10 mm ZnCl, (bars shaded from light to dark with increasing ZnCl, concentration). At 5 and 10 mm ZnCl,, there is increased
fluorescence and absorbance of ThT and Congo Red dyes, indicating amyloid-like aggregates in the native, untagged Brpt5.5 construct. Triplicate
samples were measured, with individual data points shown in empty circles overlaying bars representing average values (error bars showing one standard
deviation). Asterisks signify a statistically significant difference between a zinc-containing condition and the corresponding condition without ZnCl, (i.e.
Brpt5.5 + 10 mm ZnCl, and Brpt5.5 + 0 mm ZnCl,). The pound sign shows statistical significance of a condition compared with the corresponding buffer
condition (i.e. Brpt5.5 + 0 mm ZnCl, and buffer + 0 mm ZnCl,). F, far-UV CD spectrum of Brpt5.5 (6.5 um, 0.5 mg/ml) with or without Zn**, at 20 or 40 °C.
Only in the presence of Zn?* and at higher temperatures does the CD spectrum indicate the rich B-sheet structure observed for amyloid-like aggregate.
G, Brpt5.5 samples were tested for recognition by the anti-amyloid antibody OC using a dot-blot assay. Antibody binding was observed for samples
incubated at temperatures and Zn?" concentrations conducive of the CD spectral change to a minimum near 225 nm. Natively-folded Brpt5.5 (without
Zn?") also showed binding, but this was lost when Brpt5.5 was unfolded. Two regions from the same dot-blot assay are shown in G, both after a 5-min
exposure. The solid border indicates regions of continuity on the blot. RFU, relative fluorescence units.

led to increases in both ThT fluorescence (47) and Congo Red  these amyloid-like aggregates. It should be noted that based on
absorbance at 540 nm (Fig. 4E, red bars) (48). Because amyloid =~ X-ray crystallography and NMR studies (26, 30, 49), along with
fibers have characteristic structures rich in 3-strand, we exam-  CD data presented here and elsewhere (25, 30), natively-folded
ined the far-UV CD spectrum under conditions that promote  B-repeats contain 3-sheet and random coil. Importantly, how-
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ever, Fig. 4F demonstrates that when Brpt5.5 is incubated with
5mm Zn>" at near-physiological temperature (40 °C), there is a
significant change in the CD spectrum, resulting in a strong,
broad minimum near 225 nm. This is similar to CD spectra
observed with insulin fibrils (50) and glucagon fibrils (51).
Together, these spectroscopic results and TEM observations
are consistent with amyloid-like fibril formation by native, tan-
dem B-repeats.

A number of antibodies have been raised against amyloid-
forming peptides or proteins. Kayed et al. (52) reported an
antibody (OC antibody), which could specifically recognize
AB,, fibers, but not monomers or oligomers. Furthermore, it
appeared to recognize generic amyloid fiber conformation(s)
irrespective of protein sequence, as it was able to also detect
amyloid fibers from islet amyloid polypeptide and «-sy-
nuclein (52). Thus, we chose this antibody to test against
Brpt5.5 amyloid fibers (Fig. 4G). By dot-blot assays, OC anti-
body recognized Brpt5.5 that had been incubated with Zn**
at temperatures that resulted in a significant change in the
CD signal in Fig. 4F. Interestingly, OC antibody recognized
native, monomeric Brpt5.5 as well. This suggests that con-
formations present in the amyloid fiber are also present in
the natively-folded protein. Incubating Brpt5.5 in the
absence of Zn>" and at a temperature high enough to unfold
the protein resulted in loss of OC antibody binding. Collec-
tively, Brpt5.5 and HMBP-Brpt3.5 both share features char-
acteristic of amyloid fibers.

B-repeat fiber assembly is time- and temperature-dependent

Metal ions, namely Zn>* and Cu®", play complex roles in
the aggregation and amyloidogenesis of B-amyloid peptide
important in Alzheimer’s disease (53-56). However, func-
tional amyloid-forming proteins from bacteria assemble into
amyloid fibers without a known requirement for zinc ions or
other triggering molecules. Rather, these amyloid proteins
often form as a result of the coordinated action of accessory
proteins, including nucleator proteins and chaperones that
prevent aberrant polymerization in the cytoplasm (38, 41,
57, 58). In other cases, amyloidogenesis can require proteo-
lytic activity to release the amyloidogenic regions of the pro-
tein, such as with Bap (59). Thus, the mechanism of Zn?*-
dependent amyloid formation by the B-repeat region of Aap
is of significant interest for comparison with other systems.
We have therefore used a combination of HPLC, TEM, con-
focal microscopy, and AUC to analyze the assembly of Aap
B-repeat amyloid formation as a function of time, tempera-
ture, and solution conditions.

To assess the effect of temperature on the rate and morphol-
ogy of amyloid fiber formation, we used the HPLC quantifica-
tion assay previously shown to effectively differentiate between
monomer and oligomer or soluble fiber species (60). A relative
time course for HMBP—-Brpt3.5 fiber formation was established
by incubating 10 um HMBP-Brpt3.5 with 500 um ZnCl, for 0,
2,and 6 h and 1, 4, and 30 days at both 20 °C (Fig. S5) and 37 °C
(Fig. 5A4). Samples were first centrifuged for 1 h at 13,000 rpm to
remove any insoluble aggregates prior to separation by a C4
HPLC column; therefore, the elution profile only reports on
monomer, oligomer, and/or soluble amyloid fiber species. The
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HPLC elution profile of HMBP-Brpt3.5 alone (Fig. 54, black
trace) gives a peak eluting at 28.5 ml, which corresponds to a
single monomeric species, as shown by its sedimentation coef-
ficient distribution (Fig. 1B). Upon addition of Zn>** to HMBP—
Brpt3.5, samples gradually showed a shift in the distribution of
peaks toward higher-elution volumes that represent higher-or-
der oligomer or fiber species. As time progressed, the monomer
peak decreased and shifted to the right as the oligomer peak
increased. The transition from monomer to putative fiber spe-
cies was more pronounced after 1, 4, or 30 days for samples
incubated at 37 °C (Fig. 54) compared with the samples incu-
bated at 20 °C (Fig. S5), indicating accelerated HMBP-Brpt3.5
self-assembly at higher temperatures.

We verified that our observations were not an artifact of the
His,—MBP tag, using an orthogonal approach. Because the
HPLC assay is limited to only oligomers and soluble fiber spe-
cies, we used a turbidity assay that follows light scattering by
large assemblies and aggregates, including amyloid fibers (61).
With the Brpt5.5 construct, we observed significant increases
in the turbidity of the samples containing Zn>* when incubated
at 37 °C (Fig. 5C). These data demonstrate the Zn>", time, and
temperature dependence of B-repeat fiber assembly using
native, untagged B-repeats.

B-repeat fibers are resistant to acid and chelator treatment

Our previous work on Brpt1.5 revealed that this shorter con-
struct formed a reversible Zn**-dependent dimer that was sen-
sitive to removal of Zn?>" (via chelators such as DTPA) or to
even a modest decrease in pH (from 7.4 to 6.0) (25). To assess
the stability of mature amyloid fibers, we allowed HMBP—
Brpt3.5 fibers to form in the presence of Zn>" over a period of
24 h or 4 days at 20 or 37 °C. We then treated the samples by
addition of a sufficient volume of dilute HCl to lower the pH to
5, addition of 2 mm DTPA, or addition of buffer as a control.
The samples were incubated for 2 h before loading onto a C4
reverse-phase HPLC column, without spinning out the fibrous
aggregates. The elution profile for the 20 °C sample at 4 days
resembled the 24-h samples (Fig. S5) in terms of the monomer
versus oligomer distribution and showed evidence of limited
remodeling upon incubation with DTPA or HCI. In contrast,
the elution profile for the 37 °C sample (Fig. 5B) showed that the
oligomer/fiber peak predominated and that it was more resist-
ant to the action of DTPA or HCL. TEM was performed on each
sample to confirm that fiber structure was maintained (Fig. S6).
Furthermore, although some conformational rearrangement of
the fibers may occur at lower temperatures and early time
points (62), mature fibers at 37 °C are highly resistant to these
environmental conditions.

The initial Zn>"-dependent assembly of untagged Brpt5.5
was reversible with the addition of DTPA or HCl, as shown by
sedimentation velocity AUC data in Fig. S7. These results coin-
cide with the reversible assembly of Brp1.5 (25), suggesting tan-
dem B-repeats still undergo an initial phase of reversible assem-
bly. Brpt5.5 aggregates from Fig. 5C were examined by dynamic
light scattering to determine their resistance against DTPA.
Although a decrease in the average hydrodynamic radius of
all particles present was observed within 15 min, the average
particle size was still about 10 times that of initial, reversible
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Figure 5. HPLC and turbidity assays to monitor time and temperature dependence of amyloidogenesis. A, C4 reverse-phase HPLC elution profiles of 10
M HMBP-Brpt3.5 alone (black) or incubated with 500 um ZnCl, for 1 (red), 4 (blue), or 30 (green) days at 37 °C. Samples were centrifuged at 13,000 rpm for 1 h
prior to HPLC separation to remove insoluble aggregates. B, samples of 10 um HMBP-Brpt3.5 with 500 um ZnCl, were incubated for 4 days at 37 °C prior to
addition of Tris-buffered saline (red trace); sufficient diluted HCl to lower the pH to 5 (blue trace); or 2 mm DTPA (green trace). Separation by HPLC revealed that
oligomer/soluble fiber species were maintained in the presence of both acid (blue) and DTPA (green) when compared with the buffer-treated control samples
(red) at both temperatures. TEM images of these samples are shown in Fig. S5. C, samples of 5 um Brpt5.5 incubated at 37 °C and followed by absorbance at 400
nm, showing turbidity in the presence of ZnCl, with maximal turbidity reached by 24 h. Buffer controls for each condition were also monitored. For clarity, only
the buffer + 8 mm ZnCl, data are shown, which had the highest turbidity of all buffer conditions. D, investigation of the DTPA resistance of Brpt5.5 aggregates
in 5 mm ZnCl, from C by dynamic light scattering. Very large particle sizes were observed in the two samples examined. After addition of 5 mm DTPA,
measurements were taken at 15 min and 1 h. In each case, particles of very large size were still present. One sample was examined at 4 h, with an average
hydrodynamic radius of 620 A. Natively-folded Brpt5.5 samples (n = 3, blue-shaded bars, also shown in the inset) were measured before and after addition of
5 mm ZnCl,, followed by addition of 5 mm DTPA (measured at 10 min). The average hydrodynamic radius of each sample is shown as a bar with error bars
showing one standard deviation. An asterisk shows a significant increase in the Native Brpt5.5 + 5 mm ZnCl, over both Brpt5.5 without ZnCl, and after DTPA

addition.

Zn>"-induced complexes (Fig. 5D, inset). Even at 1 and 4 h, the
average particle size of the aggregates exceeded that of natively-
folded Brpt5.5. This result suggests that whereas some higher-
order oligomers or nonamyloid aggregate may have been
reversed or solubilized by DTPA, there is a fraction of material
that remained in an aggregate form, as indicated by the remain-
ing turbidity. It is possible the DTPA-sensitive material had not
yet developed into mature amyloid fibers or that a higher local
concentration of the tandem B-repeats (e.g. as seen with
HMBP-Brpt3.5 or with native cell wall-anchored Aap) is
required for complete DTPA resistance. DTPA resistance is an
important feature of Aap functional amyloid, in that we previ-
ously reported the addition of Zn>" chelator could prevent bio-
film formation but could not disrupt mature biofilms (25), con-
sistent with the presence of highly-stable Aap-derived amyloid
fibers in the biofilm.

Amyloid fibers are structural components in S. epidermidis
biofilms

Although it has been well-established that Aap is critical for
S. epidermidis biofilm formation (15, 16, 22, 25), the mecha-
nism by which Aap promotes stable, long-term intercellular

4418 J Biol. Chem. (2020) 295(14) 4411-4427

adhesion is not well-understood. Others have shown that bun-
dles of Aap fibrils extend outward from the cell wall on plank-
tonic S. epidermidis cells (63, 64), but these were presumably
free-standing proteins attached to the cell wall rather than amy-
loid fibrils. We sought to explore the significance of our find-
ings in the context of S. epidermidis biofilms. S. epidermidis
strain RP62A biofilms were grown in tryptic soy broth (TSB)
supplemented without additional Zn?" (Fig. 6A4) or with addi-
tional Zn>" (Fig. 6B) and visualized by TEM. Large networks of
extracellular fibrils were observed around clusters of cells in the
biofilm. This morphology closely resembles the fiber morphol-
ogy observed by native Brpt5.5 when examined at the same
magnification (see Fig. 6G for Brpt5.5 incubated at 37 °C with 5
mM ZnCl,, compared with Fig. 6H for RP62A biofilm + 20 um
7ZnCl,). These extracellular fibers were observed in biofilms
grown in TSB with or without addition of Zn®", although the
presence of Zn?" increased the prevalence of the fibers. TSB
contains Zn>", which allows for Aap-based, Zn>"-depen-
dent accumulation and biofilm formation (25, 26, 65). Addi-
tion of the Zn2" chelator, DTPA, at the start of growth inhib-
its biofilm formation (25); by TEM, these S. epidermidis cells
showed no evidence of the extracellular fibrous networks
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Figure 6. Amyloid fibers composed of Aap areimportant structural componentsin S. epidermidis biofilms. S. epidermidis biofilms were examined by TEM
when grown on dialysis membrane on TSA (A), + 20 um ZnCl, (B), 100 um DTPA (C) added at the start of growth (t = 0 h), or 100 um DTPA (D) at the end of growth
and incubated for 1 h (t = 24 h), 50% FA (t = 24 h) (E), and pH lowered to pH 5 (t = 24 h) (F). This series of TEM images displays the resistance of fibers to DTPA
and acidification in the setting of a mature biofilm. G, and H, compare the fibers observed by Brpt5.5 incubated at 37 °C with 5 mm ZnCl, (from Fig. 4) (G) and
RP62A biofilms + 20 um ZnCl, (H) at similar magnification demonstrating similar morphologies. / examines the ability of S. epidermidis to form biofilms under
various conditions. Biofilm formation can be inhibited by addition of DTPA (t = 0 h), but not after biofilm formation has already occurred (t = 24 h), whereas
addition of FA can significantly disrupt mature biofilms. Acidification to pH 5, like adding DTPA at t = 24 h, had no significant effect compared with RP62A
without treatment. The asterisk denotes statistically significant difference (p < 0.05) to RP62A biofilm formation without treatment, as determined by a
two-tailed Student’s t test. Three separate experiments were performed for data in Cand D, each with four replicate wells. The averages from the three separate
experiments are plotted as empty circles, with the average of those plotted as gray bars with error bars showing =+ S.D.Images of the crystal violet stained wells
(after washing and drying) of two representative samples are also shown. J, bacteria from biofilms shown in B were digested with lysostaphin to remove cell
wall-anchored proteins. The supernatant from this mixture was then examined by SDS-PAGE, which revealed a large amount of material unable to migrate

beyond the stacking gel. This material (red rectangle) was identified primarily as Aap by nanoLC-MS/MS.

seen in the mature biofilms (Fig. 6C). The addition of DTPA
at the start of growth would prevent the initial reversible
self-assembly of Aap B-repeat regions (Fig. S7), presumably
preventing subsequent nucleation of amyloid. However,
once a mature biofilm is formed, DTPA can be added with no
resulting effect (Fig. 6D) (25), similar to the observation that
adding DTPA to mature amyloid fibers formed in vitro does
not result in depolymerization (Fig. 5B). The highly-resistant
nature of these amyloid fibers would contribute to the
strength and stability of the mature biofilm, as shown previ-
ously for other systems, including TasA from B. subtilis (40).

In Fig. 4B, we demonstrated that B-repeat fibers formed in
vitro are sensitive to FA. Based on this result, Aap fibers in
biofilms should also show sensitivity to FA. Indeed, addition
of FA to mature biofilms demonstrated the ability to disrupt
the majority of the extracellular fibers in the biofilm (Fig.
6E). Furthermore, we examined the effect of pH on biofilm
stability. As with DTPA, we previously observed that mildly-
acidic pH disrupts the reversible assembly of B-repeat pro-
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teins (25, 32), but low pH has no effect on pre-formed B-re-
peat amyloid fibrils (Fig. 5B). Consistent with these in vitro
results, we observed that lowering the pH of an established
biofilm to 5.0 had no effect on the extracellular amyloid fiber
network (Fig. 6F).

A biofilm formation assay (Fig. 6/) was performed to
complement the TEM observations and evaluate the role of
Aap functional amyloid fibers in biofilm formation in a more
quantitative way. We once again observed the ability of
DTPA to inhibit biofilm formation, but only when present
before biofilm formation; when DTPA or pH 5.0 buffer was
added after biofilm maturation (¢ = 24 h), neither was able to
disrupt the biofilm, likely due to the resistance of the amy-
loid fibers (Fig. 6, D, F, and I). Furthermore, addition of FA to
mature biofilm was able to significantly disrupt the biofilm,
as expected due to its ability to depolymerize the functional
amyloid (Fig. 6E). The correlation between depolymeriza-
tion of amyloid fibrils and weakening of the biofilm structure
is a key observation that supports the idea of functional
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amyloid fibrils contributing strength and stability to the
biofilms.

S. epidermidis amyloid fibers are composed of processed Aap

As a final characterization of the extracellular amyloid fibers
we observed in S. epidermidis biofilms, we determined the
composition of these fibers by a combination of SDS-PAGE and
MS. Biofilms were collected as they were for TEM character-
ization (Fig. 6B). The biofilm mixtures were then centrifuged to
separate the bacteria from extracellular material and media.
After removing the supernatant, we used lysostaphin to digest
the polyglycine cross-links of the cell wall peptidoglycan. The
soluble proteins released from the cell wall were examined by
SDS-PAGE. We observed SDS-insoluble aggregate trapped in
the well and stacking gel (Fig. 6]). This aggregated material con-
tained primarily Aap when examined by nanoLC-MS/MS after
in-gel tryptic digestion (Tables S1 and S2). In addition to Aap,
peptides from several cytoplasmic proteins were identified, but
with sparse coverage, suggesting these proteins are present in
small quantities and are likely irrelevant to the amyloid fibers.
We observed this result in three separate biological samples,
one of which was not exposed to lysostaphin and thus con-
tained only extracellular material and not cell wall-anchored
material (Fig. S8 and Table S3 and S4).

Peptides were observed from the B-repeats and the lectin
region of Aap, with one peptide including Leu-601, which is one
of two SepA cleavage sites (the other being Leu-335) (24), sug-
gesting the lectin domain is still attached to Aap. The Aap A-re-
peats also contain tryptic sites, so the fact that no A-repeat
peptides were detected by MS/MS is highly suggestive that
SepA cleavage occurred at Leu-335, downstream of the A-re-
peat region. This observation is in agreement with Rohde et al.
(18), who demonstrated that proteolytic processing of the N
terminus of Aap is required for biofilm formation, and with
Paharik et al. (24), who observed SepA-processed Aap mole-
cules that retained the lectin domain but not the A-repeat
region in the context of biofilms. This suggests the lectin does
not need to be removed for biofilm formation (accumulation
and amyloidogenesis specifically) to occur, but that it is the
A-repeat region that inhibits biofilm formation.

Amyloid fibers form early in biofilm formation and correlate
with DTPA resistance of biofilms

To further explore the importance of Aap amyloidogenesis
in the context of developing biofilms, we followed biofilm for-
mation by S. epidermidis strain RP62A at distinct time points
throughout the first 24 h of biofilm formation. The addition of
ThT to the media during the initial inoculation of the bacteria
allowed us to follow amyloid formation by CEM (Fig. 74). In
parallel, biofilms were stained with LIVE/DEAD fluorescent
dye to ensure ThT was not affecting cell growth or biofilm for-
mation (Fig. 7B). As early as 2 h post-inoculation, punctate ThT
fluorescence was visible on planktonic cells. This suggests that
fibers start to form to a limited degree prior to cellular accumu-
lation or biofilm assembly (Fig. 7B). At 6 h, the formation
of microcolonies, and therefore intercellular accumulation,
begins to occur. At this stage, ThT fluorescence is located at the
boundaries between associating cells, which is consistent with
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the role of Aap as the critical factor for intercellular adhesion.
ThT fluorescence increases throughout the biofilm over time,
with a predominance of fluorescence in the core of the biofilm
with the highest cellular densities. Although ThT is regularly
used to identify amyloid fibers, there are also other molecules
that can interact with ThT (43, 66—69).

To provide further evidence that the increased ThT fluores-
cence observed by CFM is indicative of Aap-dependent fibers
forming in the developing biofilms, we took advantage of the
DTPA resistance of the amyloid fibers observed in vitro and in
mature biofilms. Specifically, we tested the ability of DTPA to
inhibit biofilm formation when added at distinct time points
along a similar time frame. Addition of DTPA during the 1st
h of incubation was able to prevent biofilm formation from
occurring, and by 2 h, DTPA was significantly less effective.
The DTPA resistance of the biofilm correlates with the time
frame of amyloid formation in growing biofilms (Fig. 7A). To
ensure that the lack of biofilm formation at early time points
was not due to mixing of the cultures upon adding DTPA, a
duplicate experiment (Fig. 7D) was performed where DTPA
was not added but wells were mixed in the same way as in Fig.
7C. Each of the conditions was still able to grow very strong
biofilms, similar to the untreated control (“RP62A”), indicat-
ing that the mixing does not significantly affect biofilm for-
mation. Therefore, these results support our hypothesis that
Aap is important both for intercellular accumulation, by the
formation of reversible assemblies and subsequently amy-
loid fibers between bacteria, and for stabilizing mature bio-
films due to the remarkable resistance of amyloid fibers to
physical and chemical insults.

Discussion

Our previous work established that the B-repeat region of
Aap can undergo Zn>*-mediated self-association to form pro-
teinaceous rope-like filaments between staphylococcal cells in
the biofilm and that Zn>* chelation was able to inhibit biofilm
formation by both S. epidermidis and S. aureus (25-27, 30).
This initial work was carried out with the short B-repeat con-
structs Brptl.5 and Brpt2.5, which showed reversible self-asso-
ciation that could be inhibited upon addition of chelator or
moderate reduction in pH. Given that staphylococcal biofilms
typically undergo acidification over time, it was unclear how
this Zn>"-mediated self-assembly mechanism could be main-
tained within the biofilm in vivo.

The results presented here using a more biologically relevant
construct (Brpt5.5) and a Brpt3.5 fusion protein (HMBP-
Brpt3.5) demonstrate that the B-repeat region of Aap is capable
of two distinct Zn>"-dependent assembly processes, forming
both reversible oligomers and functional amyloid fibers within
biofilms. Although the formation of amyloid fibers in biofilms
hasbeen established in several bacterial species, the mechanism
of Aap amyloid fiber assembly displays some unique features
among this group of bacterial biofilm proteins. Unlike the amy-
loidogenic biofilm proteins curli (E. coli and Salmonella spp.)
(57,70), TasA (B. subtilis) (40, 58), or FapC (Pseudomonas spp.)
(41) that use additional chaperones or initiator proteins to help
control and initiate amyloid fiber assembly, our data suggest
that Aap utilizes Zn>* as a catalyst to drive amyloid fiber
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Figure 7. Formation of amyloid fibers is well-correlated to DTPA resistance in S. epidermidis biofilms. A, biofilm formation by S. epidermidis was charac-
terized 2,6, 12, 18,and 24 h post-inoculation by confocal microscopy, staining with 10 um ThT (cyan) over a bright field. In the 2-hr panel, a zoomed inset is shown
with increased contrast and brightness to highlight punctate ThT fluorescence visible around planktonic S. epidermidis cells. ThT fluorescence is seen primarily
at cell-cell junctions at the 6-hour time point. Mature biofilms (24 h) show ThT throughout the biofilm as a major structural component. B, S. epidermidis
biofilms at 2, 6,12, 18, and 24 h post-inoculation were stained in parallel with LIVE/DEAD stain (green/red) as a control (scale bar, 10 um).Images were generated
in Zen 2009 Light Edition. C, biofilm formation assays show DTPA resistance develops within 2-6 h, with full DTPA resistance reached within 24 h. D demon-
strates these observations are, in fact, due to addition of DTPA and not mixing. The asterisk denotes statistically significant difference (p < 0.05) to DTPA added
att = 0 h, and the pound sign indicates no significant difference to RP62A without treatment, as determined by a two-tailed Student’s t test. Three separate
experiments were performed for data in Cand D, each with four replicate wells. The averages from the three separate experiments are plotted as empty circles,
with the average of those plotted as gray bars with error bars showing = S.D. Images of the crystal violet-stained wells (after washing and drying) of two

representative samples are also shown.

formation. This mechanism for metal-dependent amyloid
nucleation is instead reminiscent of several mammalian
amyloid-forming proteins, including B-amyloid (54, 71, 72),
prions (73, 74), and B,-microglobulin (75, 76). Our proposed
mechanism of Aap amyloid assembly shares a few similari-
ties to that reported for S. aureus Bap (59). The N-terminal
region of this cell wall-anchored protein is cleaved and
released into the local environment, where it can self-assem-
ble into amyloid-like structures in the presence of low Ca**
concentrations or at acidic pH. Bap, like Aap, can therefore
act as both a sensor and a scaffold protein (59). Aap requires
cleavage of the N-terminal A-repeat region by staphylococ-
cal proteases or human proteases to unmask the B-repeat
region before intercellular contact and amyloidogenesis
occur in the presence of Zn** (18, 24).

Bap has a similar arrangement of tandemly repeated domains
to Aap and SasG (but the domains differ from the A- and B-re-
peats found in Aap and SasG), and it seems to be critical for
infection in a mouse catheter model (59). However, the bap
gene has not been found in S. aureus or S. epidermidis human
clinical isolates (59). A Bap homolog, Bhp, is present in human
isolates of S. epidermidis (77), but no experimental evidence
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exists regarding its role in biofilm formation or ability to form
amyloid fibers, with the exception of a study by Lembre et al.
(78), who showed a six-residue peptide from Bhp was able to
form amyloid fibers in vitro. The bhp gene was found in less
than half of S. epidermidis strains isolated from prosthetic knee
joint and hip infections, whereas aap was found in 89% of iso-
lates (15).

A recently identified S. epidermidis protein, Sbp, was shown
to form amyloid fibers both in vitro and when expressed in
intracellular inclusions in E. coli (79). Wang et al. (79) also
showed that an sbp knockout of S. epidermidis strain 1457 did
not show thioflavin S (ThS) fluorescence by confocal micros-
copy nor did it form a biofilm, an observation consistent with
the initial study by Decker et al. (80). The WT strain 1457 did
show biofilm formation, as expected, along with ThS fluores-
cence indicative of amyloid-like fibers. However, the authors
did not identify Sbp as a component of purified amyloid fibers
derived from biofilms, so there is uncertainty whether Sbp
directly forms amyloid fibers in the biofilm or whether Sbp
plays an indirect role in the nucleation of Aap amyloid fibers. If
the latter case were true, then genetic knockout of either aap or
sbp would abrograte biofilms as well as eliminate ThT fluores-
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cence. Until there are well-defined mutations identified in
either Aap or Sbp that specifically eliminate interactions, it will
be difficult to establish the exact role played by Sbp. For this
reason, we utilized MS to confirm that the fibers we observed
were indeed composed of Aap.

The molecular characteristics of diverse types of amyloid
fiber architecture have been well-described in multiple studies
using a combination of structural and biophysical techniques
(81-89). AUC approaches have also been used to characterize
mature amyloid fibers in solution (90, 91). However, there have
been few studies about the assembly of early oligomers and
proto-fibril intermediates that produce mature amyloid fibers
(92—94), particularly in terms of resolving discrete intermediate
species. For example, pre-amyloid oligomerization of transthy-
retin has been characterized by AUC but without resolution of
individual species (95). We have applied the c(s,ff;,) analysis to
sedimentation velocity AUC data to resolve the broad array of
species present at early stages of Aap amyloidogenesis, includ-
ing the oligomeric complexes and nascent fibers. This is one of
the first uses of this 2D size—and—shape analysis approach to an
amyloid-forming protein, and its ability to separate many spe-
cies with differing sizes and shapes in solution holds promise
for resolving assembly intermediates in other amyloid systems
as well. A similar approach, based on the van Holde-Weischet
method (96) and implemented in Ultrascan (97) (RRID:
SCR_018126), designed to resolve size and shape information
from sedimentation velocity data has been applied to mature
amyloid fibers formed by AB peptides (98, 99), but here we
examined amyloidogenesis of a much larger protein. The c(s,ff5)
analysis model is capable of distinguishing species of different
size and shape that are sedimenting at the same rate (34), which
can occur in amyloid assembly systems due to the complicated
nature of the assembly process and the number of species to be
resolved. This analysis works particularly well in systems such
as this one with slow kinetics, which allows resolution of dis-
crete assembly intermediates rather than simply showing broad
reaction boundaries representing multiple species in rapid
exchange. The c(s,ff;) analysis of Aap presented here clearly
discriminates between compact oligomers and fibers that show
similar sedimentation coefficients due to the increased drag
and resulting slower sedimentation of the highly-elongated
fibers. This analytical approach could prove useful in providing
mechanistic details for how amyloid nucleation occurs by this
or other proteins.

Biofilm formation is the primary characteristic responsible
for pathogenicity, and it contributes to antibiotic resistance in
chronic infections caused by S. epidermidis. One of the biggest
challenges with recurrent infections caused by biofilms is their
highly adhesive and cohesive nature and their resistance to
chemical and physical insults. Our data indicate that intercel-
lular amyloid fibers appear early during the accumulation phase
of nascent biofilms, and they continue to increase until they are
ubiquitous throughout the mature biofilm. Using highly-puri-
fied tandem B-repeats in solution, we show that mature amy-
loid fibers are highly resistant to chemical stresses such as Zn**
chelation or acidic pH, suggesting that the amyloid fibers form-
ing the intercellular network are one reason S. epidermidis bio-
films are so resistant to harsh environmental conditions. We

4422 | Biol. Chem. (2020) 295(14) 44114427

have previously shown (25) that addition of Zn>* chelators to
staphylococcal cultures prevents biofilm formation. However,
addition of these same chelators to pre-formed mature staphy-
lococcal biofilms does not appreciably disperse the biofilm,
which is now explained by the presence of resistant amyloid
fibers between cells. Furthermore, we predict that homologous
surface proteins containing tandem B-repeats in S. aureus (i.e.
SasG and Pls) and other Gram-positive bacteria will form sim-
ilar Zn>"-dependent amyloid fibers between cells in biofilms.
The data presented here provide new insights into the mecha-
nism of S. epidermidis biofilm formation and infection.

Materials and methods
Bacterial strains and media

S. epidermidis strain RP62A (ATCC 35984) was purchased
directly from ATCC as a glycerol stock and was cultured in
TSB.

Expression construct generation

The Brpt3.5 construct (amino acids 1761-2223) of Aap
(NCBI accession no. AAW53239.1 (10)) was PCR-amplified
from RP62A genomic DNA and inserted into the expression
vector pHisMBP-DEST (kindly provided by Dr. Artem Evdo-
kimov) using Gateway technology, which adds an N-terminal
hexahistidine—maltose-binding protein (His—MBP) fusion to
the Brpt3.5 construct, with an intervening tobacco etch virus
protease site. The Brpt5.5 construct (amino acids 1505-2223)
of Aap (NCBI accession no. AAW53239.1 (10)) was synthesized
by Life Technologies, Inc., GeneArt®, also containing an inter-
vening tobacco etch virus protease site for removal of the His—
MBP tag. The plasmids were then transformed into the E. coli
expression cell line BLR(DE3) (Novagen). The Brpt3.5-Cys
mutant was synthesized by Life Technologies, Inc., GeneArt®,
as well, containing amino acids 1761-2223 of Aap (NCBI acces-
sion no. AAW53239.1 (10)), followed by a single cysteine resi-
due inserted before the stop codon.

Protein expression and purification

One-liter cultures were inoculated with 10 ml of His—MBP-
Brpt3.5/BLR(DE3) culture at an Ag,, of 0.6—0.8 and then
allowed to incubate overnight with shaking at 37 °C. Protein
expression was then induced using 250 um IPTG for 6 h at
25 °C. The cells were then harvested, resuspended, frozen, and
thawed prior to lysis by French press. The cell lysate was cen-
trifuged, and the soluble fraction was decanted onto a nickel-
NTA gravity column. The Brpt3.5 protein was eluted by imid-
azole step gradient at 300 mM imidazole. Fractions confirmed
by SDS gel to contain Brpt3.5 were then further purified by
anion-exchange using a 5-ml anion Q fast-flow column (GE
Healthcare) followed by size-exclusion chromatography using
a Superdex 200 column (GE Healthcare). The presence of the
His—MBP-fusion tag improved solubility and behavior in solu-
tion and was therefore left attached to enhance protein stability,
except for initial CD and AUC experiments (Fig. 1).

The Brpt5.5 construct was induced overnight at 20 °C with
200 uMm IPTG, lysed by sonication, then run over a homemade
50-ml Ni-NTA column containing 50 ml of IMAC-Sepharose
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Fast Flow resin (GE Healthcare) charged with Ni** and housed
inside a XK 16/40 column. After elution by an imidazole linear
gradient from 0 to 300 mMm imidazole, the fractions containing
Brpt5.5 were dialyzed into 20 mm Tris, pH 7.4, 300 mm NaCl
and cleaved by TEV for at least 6 h under reducing conditions.
Another 50-ml Ni-NTA column was run, this time collecting
the flow-through (cleaved Brpt5.5). Finally, a Superdex 200 (GE
Healthcare) column was run to separate remaining contami-
nants and truncations of Brpt5.5.

D

Brpt3.5 and HMBP-Brpt3.5 samples were dialyzed into 10
mM Tris, pH 7.4, and 150 mm NaF. Far-UV CD spectra were
obtained using an Aviv 215 spectrometer (Aviv Biomedical,
Inc., Lakewood, NJ). The concentration of cleaved Brpt3.5
(fusion tag removed) was determined using the molar extinc-
tion coefficient of 10,430 M~ cm ™%, as calculated using the
online server ProtParam, and the concentration of HMBP—
Brpt3.5 was determined using the molar extinction coefficient
of 78,270 m ' cm ™! calculated by ProtParam. An additional
sample of HMBP-Brpt3.5 was treated with 10% FA to depo-
lymerize amyloid fibers, followed by dialysis of the sample into
10 mm Tris, pH 7.4, and 150 mm NaF. The concentration of
Brpt5.5 was based on the molar extinction coefficient of 16,390
M~ ' cm ™, and the spectrum was collected in 10 mm Tris, pH
7.4, and 50 mMm NaF. Data were analyzed using the CDSSTR
program on the online Dichroweb server with reference set 4
(RRID:SCR_018125) (100). Data are plotted as mean residue
ellipticity, [6], which is in units of degrees cm® dmol™'

residue .

Analytical ultracentrifugation

Experiments were performed with a Beckman XL-I analyti-
cal ultracentrifuge (Beckman Coulter, Indianapolis, IN) using
absorbance optics at 280 nm. Sedimentation velocity experi-
ments were performed at 36,000 rpm at 20 °C with and without
3 mm ZnCl, (Fig. 2) or at 25 and 37 °C with or without 500 um or
1 mm ZnCl, as indicated (Fig. 3). Data were analyzed using
Sedfit software (101) and the c(s) (Figs. 1 and 2) or c(s,ff;;) models
(Fig. 3). The c(s,ff,) model describes the sedimentation behavior
of the species in solution as a two-dimensional distribution
based on both sedimentation coefficient and frictional ratio,
which allows resolution of multiple species of widely-differing
size and shape sedimenting at the same sedimentation coeffi-
cients (33, 34). Parameters of buffer density and viscosity and
the partial specific volume of constructs were calculated using
SEDNTERP (102) at all relevant experimental temperatures.
The data described in Fig. 3, B and C, were analyzed using sev-
eral different models in SEDFIT; the c(s,ff,) model yielded fits
with the lowest value for the summed square of the residuals
(SSR). The standard ¢(s) model fit gave an SSR value of 0.5140;
the best-fit worm-like chain model gave an SSR value of 0.5102;
the c(s,ff,) model gave an SSR value of 0.5029 when setting the
frictional ratio limits from 1 to 5.

To show reversibility of Brpt5.5 initial assembly (Fig. S7), 6
uM Brpt5.5 was dialyzed overnight into 50 mm MOPS, pH 7.2,
50 mMm NaCl, 3.5 mm ZnCl,. A sample was analyzed by sedimen-
tation velocity AUC with the addition of buffer (Brpt5.5 + Zn),
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7 mM DTPA (+Zn + DTPA), or enough HCI to reach pH near
6 (+Zn + HCI). As a control, Brpt5.5 was also dialyzed into 20
mMm MES, pH 5.0, 50 mm NaCl, 3.5 mm ZnCl,. This sample
sedimented as a monomer near 2 S (Fig. S7). The absorbance at
280 nm was used for the ¢(s) distribution analysis.

Transmission EM

5-ul samples of 10 um HMBP-Brpt3.5 incubated with 500
uM ZnCl, were applied to 200 mesh Formvar carbon/copper
grids for 2 min, washed with distilled H, O, stained by 1% uranyl
acetate dropwise for 30 s, and washed a second time with dis-
tilled H,O. Samples were then dried for 1 h prior to viewing on
a Hitachi 7600 transmission electron microscope at an acceler-
ating voltage of 80 kV. Images were captured using an AMT 2k
CCD camera. Brpt5.5 was incubated at 20 um with 5 mm Zn?"
and incubated at 37 °C for 3 weeks. Samples were stained using
the same protocol as HMBP-Brpt3.5, but with 2% uranyl ace-
tate (Electron Microscopy Sciences). To prepare biofilms for
TEM, the protocol for “Harvesting biofilms” was followed up
through the step of washing the biofilms off the dialysis tubing
(see below). The collected washes were treated with DTPA, FA,
or buffer and incubated for 1 h at room temperature while shak-
ing. A 3-ul sample was added to the grids for negative staining
as described above. For extracellular biofilm material, washes
were centrifuged at 17,000 X g for 5 min before collecting the
supernatant.

Harvesting biofilms

This protocol was based on an approach used by Sun et al.
(17) to isolate extracellular and cell wall-associated proteins
from S. epidermidis biofilms. RP62A was grown overnight on
tryptic soy agar (TSA) with sheep blood (Thermo Fisher Scien-
tific™ R01202). Colonies were scraped from the agar plate and
suspended in TSB to an absorbance of 0.1. A piece of the 3500
MW CO dialysis tubing was cut down the edge and opened to be
arranged over a TSA agar plate. A 2-ml aliquot (with the addi-
tion of ZnCl,, DTPA, FA, or 100 mm MES, pH 5.0) was added to
the dialysis tubing on top of the TSA agar. After 16 h of growth
at 37 °C, the biofilm was washed off of the dialysis tubing by
pipetting 1 ml of H,O across the surface of the tubing. For
lysostaphin digestion of the cell wall, mixtures were centrifuged
for 10 min at 17,000 X g and the pellet was resuspended in 50
mM Tris, pH 7.4, 150 mm NaCl, 30% raffinose. Samples were
then incubated at 37 °C for 1 h with 1 mg/ml of lysostaphin
(Sigma L3876).

Thioflavin T protein fluorescence assay

10 um HMBP-Brpt3.5 and 20 um Brpt5.5 samples were
treated with 10% FA to depolymerize amyloid fibers (44), fol-
lowed by dialysis into 50 mm MOPS, pH 7.2, 50 mm NaCl. The
FA-treated protein was then incubated with or without 500 um
ZnCl, for 24 h at 20 °C prior to adding thioflavin T (Milli-
poreSigma) to a final concentration of 10 um. In parallel, one
sample of HMBP-Brpt3.5 was treated with 10% FA and was
tested for ThT fluorescence without removing the FA (labeled
FA + HMBP-Brpt3.5 + ThTin Fig. 4B). Fluorescence was mea-
sured using a PerkinElmer Life Sciences LS50B luminescence
spectrophotometer or a Biotek Synergy at an excitation of 434
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or 440 nm and collecting the complete emission spectrum
between 450 and 600 nm. Congo Red absorbance was measured
from 400 to 600, and the absorbance at 540 nm was plotted in Fig.
4E. ThT emission was plotted at 482 nm (Fig. 4, C and E).

HPLC assays

For the HPLC fiber/oligomer quantification assay, 10 um
HMBP-Brpt3.5 samples were incubated with or without 500
uM ZnCl, for 1, 4, or 30 days at 20 or 37 °C. Samples were
prepared based on a protocol previously described by
O’Nuallain et al. (60). Briefly, samples were centrifuged for 1 h
at 13,500 rpm and then resuspended in 250 ul of 5% acetoni-
trile. Samples were loaded on a Sepax Bio-C4 reverse-phase
column (Sepax Technologies, Newark, DE) with a 5-um parti-
cle size and 300 A pore size and run on an Akta purifier in a
running buffer of 5% acetonitrile and 0.1% trifluoroacetate at a
flow rate of 0.75 ml/min. A linear gradient of 0—100% eluent
(95% acetonitrile and 0.1% trifluoroacetate) from 13.33 to
66.67 min was used to elute the proteins. Peaks were
detected by absorbance at 280 nm and integrated using the
Unicorn software, normalizing the peak area to a stan-
dardized elution volume for monomer and oligomer peaks.
To determine the stability of the Zn>*-induced amyloid
fibers, samples of 10 um HMBP-Brpt3.5 were incubated
with 500 um ZnCl, for 1 or 4 days at 20 or 37 °C, followed by
the addition of an equal volume of the following: 1) buffer (20
mM Tris, pH 7.4, 150 mm NaCl); 2) dilute hydrochloride acid
sufficient to lower the pH 5.0; or 3) 2 mm Nag-DTPA. Sam-
ples were further incubated for 2 h, mixed with equal volume
of 5% acetonitrile, and then separated on a C4 column.

Turbidity assays

5 uM Brpt5.5 in 2 ml of 20 mm MOPS, pH 7.2, 50 mm NaCl
was incubated with 3, 5, or 8 mm ZnCl, at 37 °C in a shaking
incubator. The sample was transferred to a cuvette, and the
absorbance at 280, 400, and 700 nm was measured in a BioMate
3S (Thermo Fisher Scientific). The reported turbidity value is
the absorbance measured at 400 nm (Fig. 5C).

Dynamic light scattering

A Malvern Analytical Zetasizer Nano S was used to perform
particle size measurements at 20 °C on 5 um Brpt5.5 samples
incubated with 5 mm ZnCl, for at least 30 days at 37 °C in a
quartz microcuvette. The Z-average of at least three series of
measurements was reported. Native Brpt5.5 samples were mea-
sured in the same way but were not incubated with ZnCl, prior
to the experiment.

Confocal microscopy

For analysis of Brpt5.5 protein fibers, 10 um samples were
incubated with 500 um ZnCl, for 2, 6, 12, 18, or 24 h prior to
addition of thioflavin T (10 uMm final concentration). Samples
were then added to 8-well borosilicate glass slides (Nunc)
and viewed using a Zeiss LSM 710 inverted microscope using
an Apochromat X63/1.40 oil differential interference con-
trast M27 objective for bright field and a laser set to 458 nm
with emission filters at 469 —580 nm to measure thioflavin T
fluorescence. For analysis of amyloid formations in biofilms,

4424 | Biol. Chem. (2020) 295(14) 4411-4427

overnight cultures of S. epidermidis RP62A were diluted
1:200, and 400- ul aliquots were added to 8-well borosilicate
glass slides. The slides were incubated for 18 h at 37 °C with-
out shaking, followed by addition of thioflavin T to 10 um as
indicated. The media were aspirated, and each well was
washed three times with distilled H,O. The biofilms were
viewed using a Zeiss LSM 510 inverted microscope as
described above. Control biofilm samples were alternatively
labeled with the LIVE/DEAD stain kit (Invitrogen), using 3
wul of stain diluted in 1 ml of sterile saline buffer.

Biofilm formation assay

To quantify the ability for RP62A to form biofilms under
varying conditions, a crystal violet-based biofilm formation
assay was utilized (25). An overnight culture grown in TSB was
diluted 1:200 into TSB. To wells of a 96-well plate (Corning
351172), 200 pl of diluted culture were added, along with initial
treatments of ZnCl, or DTPA (¢ = 0 h). DTPA, FA, or 100 mm
MES, pH 5.0, was added at the specified time points and incu-
bated for an additional 1 h at 37 °C. The liquid was then
removed from the wells, followed by two washes of 200 ul of
H,O before being allowed to dry. Next, 100 ul of 0.1% crystal
violet was added and allowed to stain the biofilms for 10 min
at room temperature. The crystal violet solution was then
removed, followed by two more washes with 200 ul of H,O. The
plates were allowed to dry before being scanned. Finally, 200 ul
of 33% acetic acid was added, and plates were incubated at 4 °C
for 30 min to remove crystal violet stain from the adherent
biofilms. The solution in the wells was then transferred to new
wells and then diluted 1:1 (100 ul of solution to 100 ul of H,O)
before scanning at 520 nm. Statistical analysis was performed in
Microsoft Excel, using the two-tailed, two-sample unequal vari-
ance Student’s ¢ test. Significant difference was identified when
p < 0.05.

Mass spectrometry

Biofilms were prepared as described under “Harvesting bio-
films,” with the exception that no H,O was added to the dialysis
membrane during collection. This kept the material in the bio-
film at a reasonable concentration to be visualized by SDS-PAGE
with Coomassie Brilliant Blue staining. The section outlined in Fig.
6 was reduced with DTT, alkylated with iodoacetamide, and
digested with trypsin. The resultant peptides were recovered and
dried in a speed vac, before analysis by nanoLC-MS/MS. We pro-
vide data from two additional samples in Fig. S8 and Table S3 and
S4. These samples were collected in the same way as in Fig. 6, but
one sample was not exposed to lysostaphin (details provided in
supporting information.
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