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Abstract

Multidrug-resistant (MDR) Enterococcus faecalis are major causes of hospital-acquired
infections. Numerous clinical strains of E. faecalis harbor a large pathogenicity island that
encodes enterococcal surface protein (Esp), which is suggested to promote biofilm produc-
tion and virulence, but this remains controversial. To resolve this issue, we characterized
the Esp N-terminal region, the portion implicated in biofilm production. Small angle X-ray
scattering indicated that the N-terminal region had a globular head, which consisted of two
DEv-lIg domains as visualized by X-ray crystallography, followed by an extended tail. The N-
terminal region was not required for biofilm production but instead significantly strengthened
biofilms against mechanical or degradative disruption, greatly increasing retention of
Enterococcus within biofilms. Biofilm strengthening required low pH, which resulted in Esp
unfolding, aggregating, and forming amyloid-like structures. The pH threshold for biofilm
strengthening depended on protein stability. A truncated fragment of the first DEv-Ig
domain, plausibly generated by a host protease, was the least stable and sufficient to
strengthen biofilms at pH < 5.0, while the entire N-terminal region and intact Esp on the
enterococcal surface was more stable and required a pH < 4.3. These results suggested a
virulence role of Esp in strengthening enterococcal biofilms in acidic abiotic or host
environments.

Author summary

The bacterium Enterococcus faecalis is part of the normal microbiome but can also cause
serious hospital-acquired infections. Enterococcus strains isolated from hospitals tend to
have certain proteins not found in microbiome strains. Such proteins are therefore likely
to be important in infection. We sought to understand the function of one such protein,
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Esp, through biochemical, biophysical, and microbiological techniques. We found that
Esp, which is on the bacterial surface, formed amyloid-like fibrils that prevented removal
of biofilms. Biofilms are bacterial communities enmeshed within a matrix, and form
within the body or on inert objects like catheters. They promote infection by increasing
resistance to antibiotics and interfering with clearance by the immune system. We
observed that biofilms that lacked Esp could be disrupted much more easily than those
that had Esp. We also found that Esp acted only at low pH (i.e., acidic conditions). Exactly
how low a pH depended on whether Esp remained on the bacterial surface or was liber-
ated from the surface by a protease, with a human intestinal protease being a likely cause
of liberation. In summary, we found that Esp acts at acidic conditions and likely contrib-
utes to virulence by preventing the dispersal of biofilms.

Introduction

Multidrug-resistant (MDR) Enterococcus faecalis and E. faecium are major causes of life-
threatening hospital-acquired infections [1]. A number of virulent strains of these gram-posi-
tive bacteria harbor a large pathogenicity island that encodes enterococcal surface protein
(Esp). Examples include MDR E. faecalis MMH594 and vancomycin-resistant V586, and
MDR patient isolates of the E. faecium CC17 clonal lineage [2-5]. Esp belongs to the “peri-
scope” family of proteins [6], which are characterized by having a variable number of tandemly
arranged C-terminal repeats that serve to structurally project a functional N-terminal non-
repeat region outwards from the bacterial surface (Fig 1A) [2]. The C-terminal repeats consti-
tute the majority of this ~200 kDa protein, while the N-terminal non-repeat region is ~75 kDa.
Esp is covalently attached to the bacterial cell wall through an LPXTG-like motif at its C-termi-
nus [2].

Esp is suggested to promote biofilm production [5, 7, 8]. Evidence for this function comes
from experiments in which esp was deleted in a clinical E. faecium strain [5], or expressed
from a plasmid in E. faecalis strains lacking esp (i.e., FA2-2 and OGRIF) [8]. In these experi-
ments, the presence of esp resulted in greater biofilm mass, as measured by staining biofilms
with crystal violet (CV), a non-specific dye. The Enterococcus biofilm matrix is composed of
polysaccharides, proteins, and DNA [9], and enhances resistance to antibiotics and immune
clearance [10]. Biofilms have roles not only in host niches but also on abiotic surfaces, such as
catheters [11]. The Esp N-terminal non-repeat region, when expressed from a plasmid in the
esp”strain E. faecalis FA2-2, is sufficient for increased biofilm production [12]. A similar effect
on biofilm production, albeit evaluated only qualitatively, is seen when a portion of the Esp N-
terminal region is heterologously expressed from a plasmid in Staphylococcus aureus [13]. At
low pH (4.2), this same portion of the Esp N-terminal domain forms an amyloid-like structure
[13], which is not uncommon in bacterial biofilms [14, 15]. Amyloid-like fibrils are produced
by numerous types of proteins and arise from unfolding of the native protein conformation
and misfolding into a B-strand-rich structure.

However, other results suggest that Esp is not required for biofilm production. For example,
anumber of E. faecalis strains that lack esp, such as OGRI1F, are fully capable of forming bio-
films [16]. Not all strains that express esp produce biofilms [7, 17, 18], and expression of E. fae-
calis esp in an E. faecium strain lacking esp did not promote biofilm production [12]. In
addition, Esp is seen to promote biofilm production only under the limited condition of glu-
cose being present in the growth medium [5, 7, 8, 12, 13]. Indeed, whether esp contributes to
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Fig 1. Esp domains. A. Schematic of Esp domains. The N-terminal non-repeat region, encompassed by Esp743 (and
composed of Espl, Esp2, and Esp,s;.743 regions), is followed by A, B, C repeats and a C-terminal domain (“C”). The
extent of the Esppppx and Espys, fragments is indicated, and “S” denotes the signal sequence. B. Structure of Esp452
in ribbon representation with Esp1 and Esp2 domains in pink and blue, respectively. The loop connecting the two
domains is in cyan. Amino acids 407-419 lacked electron density and were not modeled (dashed line).

https://doi.org/10.1371/journal.ppat.1010829.9001

biofilm production by MMH594, the strain in which it was first identified [2], has not been
reported.

The existence of Esp on a pathogenicity island and the high sequence conservation of its N-
terminal non-repeat region among E. faecalis strains suggest a functional role for Esp. To gain
further insight into Esp function, we pursued biochemical and structural studies of its ~75 kDa
N-terminal region. We found that the N-terminal region was not required for biofilm produc-
tion, but had a significant effect in strengthening enterococcal biofilms against mechanical or
degradative disruption. Biofilm strengthening was dependent on low pH, which was brought
about by fermentative catabolism of glucose in the medium. Low pH (< 4.3) promoted the
unfolding of the Esp N-terminal region from its native conformation, resulting in aggregation
and formation of an amyloid-like structure. Intact Esp on the enterococcal surface also
required this low of a pH to strengthen biofilms. A ~20 kDa fragment, Esppppx, from the very
N-terminus of the mature form of Esp (i.e., after removal of its signal sequence), which could
conceivably be produced by the host protease enteropeptidase, was sufficient for biofilm
strengthening. This fragment was less stable than the intact N-terminal region, and strength-
ened biofilms at pH < 5.0. Our results suggest that Esp functions to strengthen enterococcal
biofilms in acidic abiotic or host environments.
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Materials & methods
Ethics statement

Animal experiments were approved by the UC San Diego Institutional Animal Care and Use
Committee (IACUC) under protocol number S00227M, and conducted under accepted veteri-
nary standards.

Protein expression constructs

The coding sequences of Esp452 (aa 1-452, i.e., including the putative signal sequence) and
Esp743 (aa 48-743) were amplified by PCR from E. faecalis MMH594 and inserted through
restriction digestion and ligation into pET28a vector (Novagen) that was modified to encode a
C-terminal PreScission protease cleavage site followed by a Hiss-tag. The coding sequence of
Espys3.743 was amplified by PCR from the pET28a-Esp743 vector and inserted through restric-
tion digestion and ligation into the modified pET28a vector. Expression constructs for Espl
(aa 1-241) and Esppppxk (aa 1-226) were generated by inverse PCR from the pET28a-Esp452
vector using the Agilent QuikChange II kit. The integrity of DNA constructs was confirmed
by sequencing (Genewiz). Esp743 differed from other constructs in having Ala (encoded by
the PCR primer) rather than Val at position 57. Esp isolates have Ala, Val, or Ile at this posi-
tion, which occurs on a disordered portion of the protein (see below). Sequences of primers
are in S1 Table.

Expression and purification

Plasmids encoding various Esp regions were transformed into Escherichia coli BL21 (DE3)
Gold. Transformed bacteria were grown with shaking at 37°C in LB broth containing 50 ug/
mL kanamycin to ODgpy 0.6-0.8, and then induced with 1 mM isopropyl B-d-1-thiogalacto-
pyranoside (IPTG). Thereupon bacteria were grown overnight with shaking at 16°C. For
expression of selenomethionine (SeMet)-labeled Esp452, bacteria were grown and SeMet
incorporated as previously described [19]. Bacteria were harvested by centrifugation (1,700 x
g 20 min, 4°C), resuspended, and incubated for 15 min in lysis buffer (300 mM NaCl, 20 mM
Tris, pH 8.0) supplemented with 1 mg/mL lysozyme and 1 mM PMSEF. In the case of Esp743,
the lysis buffer also included 20 units/pL DNase (Thermo EN0521), 2.5 mM MgCl,, and 1 mM
CaCl,. Resuspended bacteria were lysed by sonication. The lysate was centrifuged (16,000 x g,
20 min, 4°C) and the supernatant clarified through a 0.8 pm filter using a syringe. The filtered
lysate was applied to a Ni’*-NTA column that had been equilibrated with lysis buffer. In the
case of Esp743, the lysate was incubated on the column for 20 min. The column was washed
with five column volumes of lysis buffer, followed by five column volumes of wash buffer (lysis
buffer + 0 mM imidazole for Esp452, and + 5 mM imidazole for all other fragments). Samples
were then eluted with lysis buffer supplemented with 100 mM imidazole. After confirmation
of purity by SDS-PAGE, eluted fractions were placed in dialysis tubing (6-8 kDa cutoff), with
or without 25 ug/mL Hiss-tagged PreScission protease in lysis buffer containing 2 mM DTT,
and dialyzed overnight in the same buffer. When applicable, PreScission protease was removed
by reverse-nickel chromatography. Esp constructs were then concentrated by ultrafiltration to
10-40 mg/mL (£550cq1c 54,780 M 'cm™ for Esp452; 69,220 for Esp743; 14,440 for Espyss.743
22,920 for Esppppx; 24,410 for Espl), filtered by syringe through a 0.8 um filter, and applied to
a Superdex 200 column (GE Healthcare) for size-exclusion chromatography in 150 mM NaCl,
20 mM Tris, pH 8.0. Fractions from the column were pooled and dialyzed into either 10 mM
NaCl, 10 mM Tris, pH 8.0 for crystallization or phosphate buffered saline (PBS), pH 7.4 for all
other experiments.
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Crystallization

Crystals of Esp452 were grown by the sitting drop diffusion method at 20°C with drops composed
of 1.0 uL Esp452 (7.5 mg/mL) and 1.0 uL precipitant solution containing 16% PEG 3350, 200 mM
ammonium acetate, pH 7.0. For hydrogel polymer stabilization [20], crystals were soaked in the
precipitant solution supplemented with 100 mM CaCl,, and then soaked in a drop of precipitant
solution containing 8.625% (w/v) sodium acrylate, 2.5% (w/v) acrylamide, and 0.2% (w/v) bis-
acrylamide for 48 h. Crystals were transferred to a fresh drop of precipitant solution containing
1% ammonijum persulfate and 1% TEMED for 10 min, and flash-cooled in liquid N,.

Crystals of SeMet-labeled Esp452 and some crystals of native Esp452 were not stabilized in
the hydrogel polymer. These particular crystals were grown at 20°C with drops composed of
0.75 pL native or SeMet-labeled Esp452 (8 mg/mL) and 1.0 pL precipitant solution containing
20% PEG 3350, 200 mM ammonium citrate, pH 7.0. In the case of native Esp452, the drops
also contained 12.5 mM CaCl,, or in the case of SeMet-labeled Esp452, 3.75% sucrose. These
crystals were cryoprotected by soaking in precipitant solution supplemented with 20%
2-methyl-2,4-pentanediol, and flash-cooled in liquid N,.

Structure determination

Anomalous dispersion data were collected from SeMet-labeled crystals of Esp452 to 2.3 A reso-
lution limit (Advanced Light Source beamline 12.3.1), and indexed, integrated, and scaled
using HKL2000 (S2 Table, Esp-SeMet) [21]. Phases were determined with Autosol [22], which
identified four anomalous scatterers per asymmetric unit. These corresponded to four of the
six methionines of Esp452, with a single molecule of Esp452 occupying the asymmetric unit.
The initial model was generated by automated building in Autosol and refined with phenix.
refine using default parameters [22]. Amino acids and other molecules were modeled into elec-
tron density manually in Coot, as guided by inspection of o, weighted 2mF,-DF. and mF,-
DF. maps, The model was then further refined against diffraction data of higher resolution
limit, 2.1 A (Advanced Photon Source beamline 24-ID-E), collected from crystals of native
Esp452 that had been soaked in CaCl, (S2 Table, Esp + Ca®*). Data were processed as
described above, and phases were determined by molecular replacement using Phenix
(MR-Phaser) with the model of Esp452 that had been refined against the Esp—SeMet data set.
This model of Esp452 was further refined against the Esp + Ca”* data set.

This further refined model served as the molecular replacement phasing model for diffrac-
tion data collected from hydrogel polymer-stabilized Esp452 crystals, which diffracted to 1.4 A
resolution limit (Advanced Light Source beamline 5.0.2). These high-resolution data were
scaled using Aimless [23], and phases determined by molecular replacement using MOLREP
(S2 Table, Esp). Model building, refinement, and inspection of maps was carried out as
described above. Electron density for the main chain in the final model was visible throughout,
except for amino acids (aa) 50-58, 408-418, and 449-452. Waters were modeled using Coot
and verified by manual inspection of difference maps. The final model contained a Ca** ion
and 433 waters. Reflections that were unique to the 1.4 A resolution limit dataset constituted
69.3% of total reflections, and the Ry and Ry 0f these were 15.4% and 18.9%, respectively.
The structure was deposited in the RCSB PDB (60RI).

Pymol (The PyMOL Molecular Graphics System, Version 1.2r3pre, Schrodinger, LLC) was
used for generating molecular figures.

Fibrinogen binding

Human fibrinogen (Millipore Sigma) was resuspended in PBS at 1 ng/uL, and 100 puL was used
to coat wells of a 96-well plate (Corning, #3603). The plate was incubated overnight at 4°C.
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Wells were washed 3X with TBST (150 mM NaCl, 20 mM Tris, pH 8.0, 0.1% Tween), then
blocked with TBST + 0.1% bovine serum albumin (BSA) for 1 h at RT. The wells were washed
3X with TBST. Esp452-Hise (3 pg), M1-Hise (1 pg), or PBS was added to the plate, and the
plate was nutated for 1.5 h at RT. The wells were then washed 3X with TBST. Anti-His HRP-
conjugated monoclonal antibody was added at 1:500 dilution for 1 h at RT. The wells were
washed 3X with TBST, and then TMB substrate was added as recommended by the manufac-
turer (BD Biosciences). The OD,5, was measured by plate reader (TECAN).

Glycan screen

Binding of Esp452-Hiss to human glycans was assessed by the National Center for Functional
Glycomics at Harvard University (https://ncfg.hms.harvard.edu/). These data are listed in
S3 Table.

UTI model

E. faecalis MMH594 and MMH594b (Aesp) were grown overnight in BHI media to approxi-
mately 10° CFU/mL. Urine was voided from ten week-old C57bl6 mice (Jackson Laboratory)
and 50 uL containing ~2 x 10® CFU were injected through the urethra under anesthesia as
described previously [24]. At 1 day after inoculation, urine from each mouse was collected,
diluted, and plated on BHI agar containing 20 pg/mL Erm. Five mice were sacrificed, and their
kidneys and bladders homogenized and plated. This procedure was repeated on days 3 (two
experiments) and 5 (one experiment). The experiment was performed twice independently
and results combined for a total of ten mice/group on days 1 and 3 and five mice/group on
day 5.

Biofilms

E. faecalis was grown on plates containing Brain Heart Infusion (BHI) agar supplemented with
antibiotics: MMH594, 20 pg/mL erythromycin (Erm); MMH594b (Aesp), 20 ug/mL Erm and
20 pug/mL chloramphenicol (Cm); FA2-2 and OGIRF, 25 pug/mL rifampicin. Strains trans-
formed with pEsp [8] were grown with 500 pg/mL spectinomycin in addition to the aforemen-
tioned antibiotics. Single colonies were picked from plates and grown in 5 mL shaking
cultures in BHI containing antibiotics for 16 h, and diluted to an ODgqg of 2.7. Cm was omitted
at this stage for MMHS594b (Aesp) because it slowed bacterial growth. This culture was inocu-
lated 1:100 into 1.0 mL tryptic soy broth (TSB) containing 0.5% w/v glucose (TSBG) in a
12-well plate and grown at 37°C, with varying concentrations of Esp fragments or an equiva-
lent volume of PBS for 19-20 h. The planktonic fraction of the culture was removed by pipette.
The biofilms were washed twice with 500 L TSB, and then resuspended in 500 uL 1.5 M
NaCl. The resuspensions were centrifuged (4500 x g, 5 min, 4°C) and the supernatants dis-
carded. Bacterial pellets were resuspended in 1.0 mL TSB, and 100 pL of each sample added to
a well of a black, clear-bottom 96-well plate (Corning, #3603). Reconstituted CellTiter-Glo
reagent, which contained lysis buffer and luciferase, was added to each well and samples were
measured according to manufacturer’s recommendations with a TECAN well-plate reader.

For DNase experiments, biofilms were grown as described above. At 19 h after inoculation,
DNase II (Sigma) was added to a final concentration of 750 ug/mL. Biofilms were incubated
for an additional 3 h at 37°C, and then washed and harvested as described above.

For measurements with crystal violet, biofilms were grown as described above but in a
96-well plate (Corning, #3603) with 100 uL media per well. Culture supernatants were
removed and biofilms were washed 2X with 100 pL PBS. Biofilms were dried inverted for 1 h
at RT, and then stained with 100 pL of 0.2% crystal violet for 20 min. The crystal violet solution
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was removed, and the wells were washed 2X with 120 pL water. The stain was solubilized with
100 pL of 4:1 ethanol:acetone and vigorous pipetting. ODsg5 of the ethanol:acetone mixture
was measured with a TECAN plate reader.

Thioflavin T

For in vitro experiments, 25 g of Esp constructs were incubated in a 96-well plate in 100 mM
sodium citrate buffer at pH’s ranging from 4.2 to 6.0 and containing 20 uM Thioflavin T
(Sigma). The plate was incubated at 37°C for 24 h, then shaken for 60 sec in a well-plate reader
and fluorescence at 454 nm was measured. The optical density at 400 nm was measured imme-
diately afterwards.

For biofilm experiments, Esp constructs were serially diluted in TSBG in wells of a 96-well
plate (Corning, #3603). MMH594b (Aesp) biofilms were grown in these wells as described
above. The culture supernatant was aspirated, and biofilms were washed twice with 50 uL TSB.
Thioflavin T was added to each well in sodium citrate, pH 4.5 and incubated for 10 min with-
out shaking. Fluorescence was measured with a TECAN well plate reader.

Confocal microscopy

Esp452 and Esp743 were covalently labeled with Alexa Fluor 647 (AF647) using Alexa Fluor
647 NHS Ester (Invitrogen), according to the manufacturer’s reccommendations. Biofilms were
grown, as described above, in an 8-well chamber slide (NuncR Lab-Tek II, Thermo Scientific)
containing 250 uL TSB with 0.5% glucose, 2.5 uL E. faecalis MMH594b (Aesp) overnight cul-
ture (ODgg 0.027), and Esp-AF647 labeled proteins. The biofilms were washed with 500 pL
TSB, incubated with 250 pL Syto 13 (1 uM) at 37°C for 15 min in the dark, and washed twice
with PBS. Slides were prepared by removal of the chambers, followed by addition of 1 drop of
ProlongGold antifade mounting solution and a coverslip. Slides were cured for 2 h at RT in
the dark.

Biofilms were imaged using a Leica TCS-SPE confocal system with coded DMI4000B-CS
inverted microscope (Leica, Wetzlar, Germany) using a 10x/0.30 NA HC PL Fluotar dry objec-
tive. Confocal images were obtained from each sample in two independent experiments with
an average of 35 Z slices scanned with a 1.2 um step size at a resolution of 512 x 512 pixels.
Simultaneous dual-channel imaging was used to display Syto 13 (green) and AF647 (far red)
fluorescence. Emission wavelengths for green fluorescence ranged between 495-553 nm and
for red fluorescence between 650-670 nm. The excitation wavelength and laser power were
488 nm and 55% for the FITC (green) emission filter and 635 nm and 30% for the Cy5 (red)
emission filter. The pinhole aperture was 488 nm-128.6 um, 1.36 AU (frame average 1) and
635 nm-94.3 um 0.99 AU (frame average 4). The PMT detector gains and offsets used were
670 and -5 for the 488 nm laser line and 600 and -5 for the 635 laser line. Z-stack images were
taken for each sample; the upper and lower stacks were set by cycling through the axial range,
in both directions, until no fluorescence was observed (or the image was out of focus). LAS AF
software was used for image acquisition and to export the data into individual image files
(JPEG/TIFF). The Manders coefficient [25], which reports the ratio of the summed intensities
from pixels in the red channel (protein) for which the intensity in the green channel (biofilm)
was above zero to the total intensity in the red channel, was calculated for the entire stack with
the Image] plug-in JACoP [26].

SEC-MALS-SAX

Size exclusion chromatography (SEC) coupled multi-angle light scattering (MALS) and small-
angle x-ray scattering (SAXS) was carried out at the SIBYLS beamline 12.3.1 at the Advanced
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Light Source [27]. Esp fragments (80 pL, S4 Table) were loaded onto a Shodex KW803 SEC
column, equilibrated in 100 mM NaCl, 100 mM Tris, pH 7.2 with a flow rate of 0.5 mL/min at
20°C. SEC eluant was split 3:1 between a SAXS flow cell and MALS cell. Three second SAXS
exposures were collected continuously at a wavelength of 1.127 A, and with a sample-to-detec-
tor distance of 2.1 m. Buffer after the peak was averaged and used for subtraction. SAXS frames
with consistent Rg were merged for further analysis. MALS was measured on an 18-angle
DAWN HELEOS II light scattering detector connected in tandem to an Optilab refractive
index concentration detector (Wyatt Technology), and was calibrated with BSA (45 uL, 10
mg/mL) in the same run. Data were processed with ASTRA Version 6.1.6.5 (Wyatt Technol-
ogy) with dn/dc set at 0.19. SEC-SAXS data were analyzed on SCATTER (https://bl1231.als.Ibl.
gov/scatter/); GNOM (ATSAS package) [28], and FoXS/FoXSDock [29]. Ab initio shape
reconstructions were calculated using GASBOR in the ATSAS suite [30]. ColabFold models
[31] were conformationally modified in ALLOSMOD-FOXS [32, 33] to fit the experimental
data.

Esp452 antibodies

Purified Esp452 was used as an antigen to generate rabbit polyclonal antibodies commercially
(Cocalico Biologicals). The rabbit was boosted three times on days 14, 21, and 49 after initial
inoculation, and the bleed collected on day 56 was used for experiments.

Flow cytometry

Biofilms were dissolved with 1.5 M NaCl and E. faecalis pelleted from solution by centrifuga-
tion, as described above. Bacterial pellets were resuspended to an ODgg of 1.0. Three

hundred pL of the resuspension was blocked with PBS supplemented with 1% BSA (PBS
+BSA) on ice for 30 min. Rabbit anti-Esp polyclonal antibody was added at a 1:500 dilution,
and the sample was incubated for 1 h on ice. The sample was centrifuged (4,500 x g, 5 min,
4°C), and the pellet was washed 3X with PBS. The pellet was resuspended in PBS+BSA with
1:200 donkey anti-rabbit IgG conjugated to Alexa Fluor 488 (Invitrogen), and incubated 30
min at RT. The sample was centrifuged (4,500 x g, 5 min, 4° C), and the pellet was washed with
PBS. The sample was resuspended in 1 mL PBS+BSA and diluted 1:10 in PBS for analysis by
flow cytometry (BD Accuri).

Western blot

Samples were resolved on a 12% acrylamide SDS-PAGE gel and transferred to a nitrocellulose
membrane (100 V, 45 min). The membrane was blocked in 0.1% TBST containing 1% w/v
milk powder for 1 h at RT, then incubated in 0.1% TBST + milk containing 1:500 dilution of
rabbit anti-Esp452 polyclonal antibodies at 4°C overnight. The membrane was washed 3X
with 0.1% TBST, then incubated in 0.1% TBST containing 1:4000 goat anti-rabbit antibody
conjugated to HRP for 1 h at RT (SouthernBiotech).

Enteropeptidase digestion of Esp743

Eight units of enteropeptidase light chain (New England Biolabs, 16 units per pL) and 25 pg of
Esp743 (50 pug/pL) were added to 39 uL 50 mM NaCl, 2 mM CaCl,, 20 mM Tris, pH 7.5 for 3 h
at 37°C. The reaction was stopped by incubation for 30 min at RT with 1.1 pL 200 mM PMSEF,
1.1 uL 400 mM EGTA, and 2.8 pL 4 M NaCl, for final concentrations of 5 mM,10 mM, and
250 mM, respectively. SDS-PAGE loading dye was then added to samples, which were resolved
by SDS-PAGE and visualized by InstantBlue staining.
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Mass spectrometry

Mass spectrometry measurements were conducted by the Molecular Mass Spectrometry Facil-
ity of the UC San Diego Chemistry and Biochemistry Department, using an Agilent 6230
LC-ESI-TOFMS or a Bruker Autoflex Max MALDI-TOFMS.

Results
Structure of Esp452

A portion of the N-terminal region of Esp encompassing aa 50-452, Esp452, was crystallized.
This shorter portion of the N-terminal non-repeat region of Esp (Fig 1A) was chosen since
potential additional repeat regions were identified downstream of aa 453 using RADAR [34].
Esp452 was recombinantly expressed in E. coli with its putative signal sequence retained at its
N-terminus, as only a moderate probability of signal sequence cleavage (between 49 and 50)
was predicted by SignalP [35]. Mass spectrometry (ESI) of Esp452, which was purified using a
Hise-tag that had been added to its C-terminus, demonstrated that the predominant fraction
started at aa 50 due to processing in E. coli (S1 Fig). The structure of Esp452 was determined to
1.4 A resolution limit by single anomalous dispersion (SAD) from selenomethionine-labeled
protein (S2 Table).

The structure revealed that Esp452 is composed of two globular domains (Esp1, aa 58-236;
and Esp2, aa 257-447), each having a DE-variant immunoglobulin (DEv-Ig)-fold, in which
two additional B-strands (D’ and D”) occur within the Ig-fold (Figs 1B, S2A and S2B). The two
domains are similar but not identical (rmsd 3.3 A, 183 Ca,). Esp1 and Esp2 pack together, with
a number of waters at the interface, and form a continuous surface, which is positively charged
on one side and negatively charged on the other (S2C Fig). A 20-amino acid long loop, which
appears to be flexible due to its high relative B-factor, connects the two domains (S2D Fig).

A structural similarity search [36] carried out soon after the structure was determined
showed that Esp452 resembled proteins belonging to two large families of bacterial adhesins,
namely the Microbial Surface Components Recognizing Adhesive Matrix Molecules
(MSCRAMMs) and the Streptococcus Antigen I/1I protein families (S2E and S2F Fig).
MSCRAMMS have been identified in Staphylococcus, Streptococcus, and Enterococcus, and are
typically involved in adhesion to host extracellular matrix proteins [37]. Eight MSCRAMMs
that are structurally similar to Esp452 bind fibrinogen (Fg) [37-41], and thus Fg-binding by
Esp452 was probed by ELISA. While binding between Fg and S. pyogenes M1 protein was
detected (as a positive control), no binding between Fg and Esp452 was evident (S3 Fig). Anti-
gen I/II proteins are virulence factors that mediate glycan-dependent attachment of Streptococ-
cus to mucins or tissues [42]. The glycan-binding sites of Antigen I/II proteins are variable, but
are typically characterized by a stabilizing isopeptide bond and a BAR motif. While Esp452
possessed neither of these structural features, it remained possible that Esp452 targeted gly-
cans. Glycan-binding of Esp452 was tested using a human glycan microarray screen, but
Esp452 did not bind glycans in the screen at a significant level or dose-dependent manner (S3
Table); these included sialic acid, lactose, and GalNAc, each of which bind Antigen I/1I pro-
teins [42, 43].

E. faecalis Esp is ascribed to have a role in urinary tract infections. This is based on compar-
ison of parental MMH594 and MMH594b (Aesp) strains in a murine model of infection [44].
This study reported that MMH594 was cleared less well in the urine and bladder compared to
MMH594b (Aesp), although no difference in histopathology was evident. Thus, with the possi-
bility that a potential host target was in the urinary tract, we sought to verify this result. How-
ever, no difference was seen in bacterial counts between MMH594 and MMH594b (Aesp) in
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urine, bladder, or kidney (54 Fig). Additionally, there were no differences between rates of bac-
terial presence or absence across tissues or time points. Together, these results indicated that
Esp was unlikely to be an adhesin that targeted the urinary tract.

Esp452 strengthens enterococcal biofilms

As Esp is implicated in biofilm production, the effect of Esp452 on enterococcal biofilms was
evaluated. Log-phase cultures of MMH594b (Aesp) were inoculated into media containing
0.5% glucose, as no effect of Esp is seen without glucose [5, 7, 8, 12, 13], and the resulting cul-
ture was placed into polystyrene wells. Esp452 or a fragment corresponding to the remaining
portion of the N-terminal region, aa 453-743 (Fig 1A, Esp4s3.743), was added to the wells at the
time of inoculation. As a negative control, PBS was added instead of protein. After 19-20 h of
growth to stationary phase, biofilms were evident in all wells (Fig 2A). Culture supernatants,
which contained planktonic bacteria, were removed from biofilms, and the biofilms were
washed twice. Biofilms that had Esp452 added were more resistant to washing than those that
had either PBS or Espys;.743 added (Fig 2A). Biofilms were then solubilized in 1.5 M NaCl [45],
and bacteria were harvested from this biofilm fraction. Bacteria in the biofilm fraction along
with those in the planktonic and two wash fractions were enumerated based on ATP content,
as determined by luciferase-generated luminescence (Fig 2B). This measure was verified to be
linearly related to the number of colony forming units and optical density (S5A-S5C Fig). Bac-
terial counts were enumerated rather than the more conventional approach of evaluating bio-
films by CV staining, as the latter is non-specific and would detect protein added to biofilms,
as in our experiments. The total luminescence of biofilms grown in the presence of PBS,
Esp452, or Esp,s3 743 was equivalent (S6 Fig), indicating that the addition of the Esp fragments
had no effect on bacterial numbers.

While no difference in luminescence for planktonic fractions was observed, a statistically
significant difference was observed for the two wash fractions, in which fewer bacteria were
washed away from the biofilm grown with Esp452 as compared to the biofilms grown with
Espa4ss 743 or PBS (Fig 2B). Consistent with this result, significantly more bacteria were recov-
ered from the biofilm grown with Esp452 as compared to those grown with Espys; 743 or PBS
(Fig 2B). These results indicated that Esp452 strengthened biofilms against mechanical disrup-
tion (i.e., washing).

The effect of Esp452 on biofilm strengthening was dose-dependent. The results described
above were carried out with 4.0 uM Esp452 or Espys;_743. We found that 4.0 uM Esp452 was
saturating and that the ECs, was approximately 740 nM (Fig 2C). In comparison, the addition
of Espas3.743 at the highest concentration of 8 uM continued to have no effect on biofilms as
compared to the addition of PBS. For experiments described below, unless stated otherwise,
Esp452 and other Esp fragments were used at the saturating concentration of 4.0 uM.

We next asked if Esp452 possessed the capacity to strengthen biofilms against other types of
perturbations, such as enzymatic degradation by DNase. Enterococcal biofilms contain extra-
cellular DNA and can be degraded by DNase [46, 47], and we confirmed that enterococcal bio-
films were weakened by DNase, with the bacterial count decreased to 57.8% of an untreated
biofilm (Fig 2D). By comparison, the bacterial count in biofilms grown with Esp452 and
treated with DNase were reduced to only 77.0% (Fig 2D). Biofilms grown with Espys;_743 were
not significantly different from biofilms grown with PBS. These data indicated that Esp452
strengthened enterococcal biofilms from disruption caused by DNase.

Biofilm formation occurs in stages, beginning with attachment and initiation of biofilm
matrix production [10]. We wondered if the strengthening provided by Esp452 was contingent
upon its presence during the attachment and initiation phases. To test this, MMH594b (Aesp)
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Fig 2. Strengthening of enterococcal biofilms by Esp452. A. MMH594b (Aesp) biofilms grown with PBS, Espys3_743,
or Esp452 before (top) and after (bottom) washing. B. Proportion of total luminescence from luciferase generated by
the planktonic fraction, wash fractions, or biofilm fraction of E. faecalis MMH594b biofilms grown with PBS, Esp,s;.
743> or Esp452. Samples were collected in triplicate for each of three independent experiments. Each luminescence
measurement was divided by the total luminescence of the corresponding well. The standard error of the mean (SEM)
is indicated with error bars. Espys;.743 and Esp452 fractions were compared to the corresponding PBS fraction by
2-Way ANOVA and Tukey’s post hoc test. All significant results are indicated on the graph. * p < 0.01, *** p < 0.0001,
¥ p < 0.00001. C. Luminescence of biofilm fraction for MMH594b (Aesp) biofilms grown with Esp452 (red circles)
at varying concentrations or with Esp,s3_743 (blue circle) at 8 uM, divided by the average luminescence of biofilm
fractions for biofilms grown with PBS. Samples were collected in duplicate for each of three independent experiments.
The SEM is indicated with error bars. The 95% confidence interval (CI) of the dose-response curve is indicated in
dashed lines. The ECsy is indicated with the dotted line. D. Luminescence of biofilm extract of MMH594b biofilms
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grown with PBS, Espys3_743, or Esp452, and then incubated with DNase II for 3 hours before washing and dissolution,
divided by the average luminescence of biofilm fractions of biofilms grown with water instead of DNase. The
experiment was conducted with duplicates or triplicates in at least three independent experiments. The SEM is
indicated with error bars. Samples were compared by Welch’s ANOVA with Dunnett’s T3 post-hoc test. * p < 0.05. E.
Luminescence of the biofilm fraction from pre-grown MMH594b (Aesp) biofilms to which PBS (black), Espass.743
(white), or Esp452 (gray) was added for the indicated time before washing and dissolution. Samples were collected in
duplicate or triplicate for each of three independent experiments. Values were normalized at each time point to the
luminescence of the PBS sample. The SEM is shown with error bars. The samples were compared by Welch’s ANOVA
with Dunnett’s T3 post hoc test. ** p < 0.001, *** p < 0.0001.

https://doi.org/10.1371/journal.ppat.1010829.9002

biofilms were first grown for 19-20 h without the addition of Esp fragments, and then Esp452,
ESpas3.743, or PBS was added to the pre-formed biofilms. Esp452 had a strengthening effect on
pre-formed biofilms, which was evident after 60 min of incubation and required more than 15
minutes (Fig 2E). As before, no strengthening occurred with Espys3.743 or PBS. These results
indicated that Esp452 was not required during biofilm attachment or initiation for its strength-
ening action, and that Esp452 could strengthen pre-existing biofilms.

Esp452 requires low pH for biofilm strengthening

The effect of glucose on biofilm strengthening by Esp452 was investigated. We found that
reduction of the glucose concentration in the biofilm growth media from 0.50% to 0.18% had
a dramatic effect. At 0.18% glucose, Esp452 failed to strengthen the biofilm (Fig 3A). Entero-
coccus is known to acidify growth media containing glucose through fermentation [48], and in
line with this, the pH of the media overlying biofilms grown in 0.50% glucose was pH

4.56 + 0.07, and pH 5.60 * 0.06 for those grown in 0.18% glucose (Fig 3B). Esp truncation frag-
ments had no effect on the pH of the overlying media (Fig 3B). These results raised the possi-
bility that pH was a determinative factor in biofilm strengthening by Esp452.

To assess this possibility, Esp452 was placed in buffer solutions of varying pH. At pH 4.5
and lower, Esp452 aggregated with visible precipitation as monitored by OD 4, while Espys;_
743 did not aggregate even at the lowest pH tested, 4.2 (Fig 3C). Aggregation of Esp and the
sequence-related S. aureus protein Bap is associated with the formation of B-rich amyloid-like
structures [13, 49]. Thioflavin T (ThT), a fluorescent dye that exhibits an emission shift when
bound to B-rich protein aggregates, was used to evaluate the formation of amyloid-like struc-
tures by Esp. Esp452 bound ThT at pH 4.5 and lower (Fig 3D), while Esp,s3 743 bound little
ThT between pH 4.2-6.0. These results suggested that the acidic pH brought about by fermen-
tation of 0.5% glucose was crucial for biofilm strengthening by Esp452, and triggered the
unfolding of Esp452 to form aggregates and precipitates, including amyloid-like structures.

Esp452 biofilm strengthening inhibited within intact N-terminal region

The entire N-terminal region of Esp (Fig 1A), Esp743, was recombinantly expressed and puri-
fied, and assayed for biofilm strengthening. Surprisingly, even though Esp743 contained
Esp452, Esp743 provided no biofilm strengthening (Fig 4A). In line with this result, Esp743
showed no aggregation or binding to ThT at pH 4.5 (Fig 3C and 3D). In addition, Esp452
added to biofilms (grown with 0.5% glucose) bound ThT in a dose-dependent manner within
these biofilms, whereas neither Esp743 nor Esp,s3_ 743 did (Fig 4B). Fluorescence microscopy of
fluorophore-labeled Esp fragments, which were added at the time of inoculation, revealed that
Esp452, but not Esp743, colocalized with biofilms, which were detected using a nucleic acid-
sensitive fluorophore (Fig 4C and S1-S3 Files). Colocalization was confirmed quantitatively in
two independent experiments, for which the Manders coefficient [25] was calculated to be 0.44
and 0.47 for Esp452, but only 0.03 in both experiments for Esp743. Esp452 was present at and
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Fig 3. Low pH promotes biofilm strengthening by Esp452. A. Luminescence of MMH594b (Aesp) biofilms grown in
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Samples from three independent experiments were compared by 2-way ANOVA and Tukey’s test. **** p < 0.0001. B.
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and compared by 2-way ANOVA and Tukey’s test. **** p < 0.0001. C. OD,g, of Esp fragments (25 pg) incubated in
sodium citrate buffer at the indicated pH for 24 h. Experiments were conducted with duplicates. Samples from three
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https://doi.org/10.1371/journal.ppat.1010829.9003

near the top of the biofilm, which may have resulted from precipitation from solution when
the biofilm reached a sufficiently low pH. Together, these results suggested that in the context
of Esp743, the region corresponding to Esp,ss 743 inhibited the aggregation, amyloid-like
structure formation, and biofilm strengthening activities of Esp452.

SEC-MALS-SAXS analysis

To investigate Esp452 within the context of the entire N-terminal region, crystallization of
Esp743 was pursued. While crystals were obtained, no X-ray diffraction was observed and
efforts to improve the quality of the crystals were unsuccessful. Thus, size-exclusion chroma-
tography (SEC) coupled to multi-angle light scattering (MALS) and small-angle x-ray scatter-
ing (SAXS) analysis was carried out for Esp743, along with Esp452 and Espys;_43. At pH 7.2,
all three Esp fragments eluted primarily as single, monodisperse peaks, and data were linear on
a Guinier plot (S7 Fig), indicative of a lack of aggregation. The MALS and SAX molecular mas-
ses of these fragments were consistent with monomeric states (S4 Table). The Porod exponent
(Px), a protein density measure (maximum of 4.0 corresponds to a well-folded protein, and

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010829  September 14, 2022 13/26


https://doi.org/10.1371/journal.ppat.1010829.g003
https://doi.org/10.1371/journal.ppat.1010829

PLOS PATHOGENS Biofilm strengthening

A. _ 2.5- Kkkk B
7]
F 2.0 §5x1o4- e ez
'g g4x104— __________________ S ESP453,743
g 157 |—|ns = # —e— Esp743
= I B gl
8 £3x10%
=}
C —
3 10 82x10%
= 8
E Uo7 B1x10% 3 2
3 g
0.0 T 0 , : : .
0 2 4
P P [Esp] uM

Fig 4. Esp452 inhibited within intact N-terminal region. A. Luminescence of biofilm fractions of MMH594b (Aesp)
biofilms grown with PBS, Esp743, or Esp452, divided by the average luminescence of biofilm fractions from biofilms
grown with PBS. The experiment was conducted with triplicates in three independent experiments. The SEM is
indicated with error bars. Samples were compared by Welch’s ANOVA and D3 Dunnett’s post hoc test. ****

P < 0.0001. B. Fluorescence of Thioflavin T added to MMH594b (Aesp) biofilms that were grown with Esp452, Espys;.
743, or Esp743. Fluorescence measurements from three independent experiments were combined. The SEM is
indicated with error bars. The 95% CI for the dose-response curve of Esp452 is shown as dashed lines. C. Confocal
microscopy images of MMH594b (Aesp) biofilms grown with PBS, Esp743-AF647, or Esp452-AF647 (red). Biofilms
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https://doi.org/10.1371/journal.ppat.1010829.9004

value of 2.0 corresponds to an unfolded protein), indicated that Esp452 and Esp743 were both
well-folded (Px = 4.0 and 3.8, respectively), whereas Espys;_743 showed significant flexibility
(Px = 2.5) (S4 Table) [50].

SAXS data for Esp452 in solution did not match that calculated from the crystal structure
(Fig 5A and 5B). In particular, the solution data were missing maxima and minima that were
present in the calculated crystal structure curve, indicating an oblong shape for Esp452 in solu-
tion as opposed to the rounded globular structure observed in the crystal structure. Rearrange-
ment of Espl and Esp2 domains into alternative configurations, as identified with FoXSDock,
resulted in an improvement in the y” fit to the data from 110 to 3.5-4 (Fig 5C). The flexibility
of the loop connecting Espl and Esp2 is consistent with this rearrangement (S2D Fig). SAXS
data for Espys;_743 Was consistent with an extended, multidomain structure. I silico prediction
using ColabFold [31] suggested that Esp,s3_743 is composed of three domains, an Ig-like
domain followed by two Rib domains [51]. The fit of this in silico model to the data was
improved from a x* of 4.4 to 1.8 through molecular dynamics and an ensemble of two models
(Fig 5C, models A and B), consistent with the flexibility of Espyss.743. For Esp743, ab initio
shape reconstruction using SAXS data indicated a globular head connected to an extended tail
[30]. Most significantly, the Esp743 reconstruction was shorter than the sum of the Esp452
and Espys3.743 reconstructions. Together, these data suggested that the Esp452 and Espyss 743
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portions interacted in the context of Esp743. This interaction provided a likely mechanism for
stabilization of the Esp452 domains within Esp743, resulting in the inability of the Esp452
domains when a part of Esp743 to unfold, form amyloid-like structures, and strengthen bio-
films at pH 4.5.

Release of biofilm strengthening fragments

Release of Esp452 from intact Esp would provide one mechanism of biofilm strengthening. A
number of proteases, such as several matrix metalloproteases, chymotrypsin, and granzyme B,
are predicted to cleave Esp743 within aa 445-455, based on sequence analysis [52]. Intrigu-
ingly, Esp contains the highly specific enteropeptidase cleavage sequence DDDK (aa 223-226)
within Esp1 on a loop connecting its last two B-strands (S8 Fig). This sequence is predicted
based on structure and sequence analysis [52] to be amenable to cleavage, which would result
in a fragment smaller than Esp452. To assess whether the DDDK site was accessible to entero-
peptidase, Esp743 was treated with human enteropeptidase light chain, and a fragment consis-
tent with the cleavage at this site was produced (S9A and S9B Fig). To explore the activity of
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this specific fragment, an Esp fragment corresponding to the enteropeptidase cleavage prod-
uct, called Esppppxk (Fig 1A), was recombinantly expressed and purified. This fragment was
processed at its N-terminus in E. coli such that it spanned aa 50-226 (S10A Fig). When added
to enterococcal biofilms, Esppppk strengthened biofilms to nearly a similar extent as Esp452
(Fig 6A). Notably, Esppppx aggregated and bound ThT at pH 4.8-5.0 (Fig 3C and 3D), about
half a unit higher than Esp452, suggesting that Esppppk was more unstable than Esp452.

We hypothesized that the relative instability of Esppppi may have been due to the fact that
this fragment was missing a part of the Espl domain. To test this, the entire Espl domain was
recombinantly expressed and purified; this fragment was processed at its N-terminus in E. coli
such that it spanned aa 50-241(S10B Fig). Consistent with this hypothesis, Esp1 did not aggre-
gate and bound very little ThT even at the lowest pH tested, 4.2 (Fig 3C and 3D), and provided
no biofilm strengthening (Fig 6B).

These results suggested that the stability of Esp fragments, based on the precise site of pro-
teolytic cleavage, determined the ability and pH threshold of such fragments to strengthen bio-
films. The key role of protein stability in biofilm strengthening was consistent with the
formation of amyloid-like structures, which require protein unfolding.

Esp743 strengthens biofilms at pH < 4.3

The experiments presented above revealed that Esp743 was capable of aggregating and binding
ThT at pH < 4.3 (Fig 3C and 3D). This suggested that Esp743 should strengthen biofilms in an
Enterococcus strain that acidified the medium to a lower pH than MMH594. The E. faecalis
strains FA2-2 and OGI1REF, neither of which encode esp, were grown in the presence of 0.5%
glucose, and both were confirmed to form biofilms. The pH of media overlying the biofilms was
determined. FA2-2 acidified the media to pH 4.08 + 0.16 and OGIRF to 4.27 + 0.02. In agree-
ment with the predictions above, Esp743 had a statistically significant effect on strengthening
biofilms formed by FA2-2 (Fig 6C) and OGIRF (Fig 6D). As expected, Esp452 also strength-
ened FA2-2 and OGIREF biofilms whereas Espys;_ 743 had no effect. A further prediction was that
there should be no difference in biofilm strength between MMH594 and MMH594b (Aesp).
This was because the pH threshold for Esp743 was < 4.3 and MMH594 had been found to acid-
ify the media to pH ~4.5. Additionally, no N-terminal fragments of Esp that might have a higher
pH threshold were produced in the biofilm (S11 Fig). Consistent with these observations, there
was no difference in biofilm strength between MMH594 and MMH594b (Aesp) (Fig 6E). Sur-
face expression of Esp in MMH594 was verified by FACS (S12A Fig).

As noted above, plasmid-borne expression of esp from its native promoter has been shown
to favor biofilm production by FA2-2 [8]. This result was verified in FA2-2 using the same
plasmid, pEsp, through both CV staining and bacterial counts (S13 Fig). However, we found
that Esp was expressed on the surface of the transformed FA2-2 strain to a level ~10-fold
greater than native expression on the surface of MMH594 (S12B Fig). While the pH of the
transformed FA2-2 strain was the same as untransformed FA2-2, and no N-terminal frag-
ments of Esp were detected in biofilms of transformed FA2-2 (S14 Fig), overexpression raised
the concern that biofilm strengthening in FA2-2 may be artifactual. This conclusion was veri-
fied by transforming pEsp into MMH594. Esp was overexpressed beyond native levels in trans-
formed MMH594 (S12B Fig), and transformed MMH594 produced biofilms that were
significantly strengthened as compared to untransformed MMH594 and MMH594b (Aesp)
(S15 Fig). Thus, native expression levels of Esp did not strengthen biofilms but overexpressed
levels did, indicating that overexpression of Esp leads to artifactual strengthening of biofilms.

Lastly, we asked whether MMH594 would acidify the media further if the glucose concen-
tration were increased. Indeed, the pH of the media overlying an MMH594 biofilm grown in
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Fig 6. Biofilm Strengthening by Esppppk and Esp743. A. Luminescence of MMH594b (Aesp) biofilms grown with
Esp4ss_743, Esp452, or Esppppk. Luminescence values were divided by the average luminescence of biofilms grown
with Espys3.743. The experiment was performed in triplicate in three independent experiments. Samples were
compared by Welch’s ANOVA with D3 Dunnett’s post-hoc test. **, p < 0.01. B. Luminescence of MMH594b (Aesp)
biofilms grown with Espass 743, Esp452, or Esp1. All luminescence values were divided by the average luminescence of
biofilms grown with Esp,s;_743. The experiment was performed in duplicate or triplicate in three independent
experiments. Samples were compared by Welch’s ANOVA with D3 Dunnett’s post-hoc test. **, p < 0.01. C.
Luminescence of FA2-2 biofilms grown overnight with PBS, Espas3.743, Esp743, or Esp452. The experiment was
conducted with duplicates or triplicates in two or more independent experiments, with n ranging from 5 to 15. The
SEM is indicated with error bars. Samples were compared by Welch’s ANOVA and D3 Dunnet’s post hoc test.

p < 0.001, ***; p < 0.0001, ****. D. Luminescence of OG1RF biofilms grown with PBS, Esp,s3_743, Esp452, or Esp743.
The experiment was conducted with triplicates. Samples were compared by Welch’s ANOVA with D3 Dunnett’s post-
hoc test. * p < 0.05. E. Luminescence of MMH594 and MMH594b (Aesp) biofilms grown in media supplemented with
either 0.5 or 1.0% glucose. The experiment was performed in triplicate in three independent experiments. Samples
were compared by 2-Way ANOVA with Tukey’s post-hoc test. ***, p < 0.001.

https://doi.org/10.1371/journal.ppat.1010829.9006
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1% glucose was 4.21 + 0.03 rather than ~4.6 for one grown in 0.5% glucose. The increase in
glucose concentration from 0.5% to 1.0% resulted in a slight increase in bacterial numbers, but
there was no difference between MMH594 and MMH594b (Aesp) at either concentration (S16
Fig). Consistent with the unfolding of Esp743 at pH < 4.3, MMH594 biofilms were signifi-
cantly strengthened compared to MMH594b (Aesp) biofilms at 1% glucose (Fig 6E). These
results provided evidence that the properties observed for the soluble Esp743 fragment were
recapitulated by intact Esp attached to the enterococcal cell wall.

Discussion

The role of Esp in enterococcal disease has been a subject of debate over the last several
decades. Esp is encoded on a large pathogenicity island (~150 kilobases) in E. faecalis and fae-
cium [2-5], and is found more frequently in clinical as compared to commensal strains [53,
54]. A role for Esp in biofilm production was originally suggested due to its sequence similarity
to S. aureus Bap, a biofilm-forming protein [7]. Experimental evidence was garnered to sup-
port a role for Esp in biofilm production [7]. A deletion of esp in the clinical E. faecium E1162
strain led to decreased biofilm production, as assayed by CV staining, and this loss of function
was complemented by plasmid-borne expression of esp from a heterologous, constitutive pro-
moter [5]. Deletion of esp in certain E. faecalis strains led to decreased biofilm production,
although no complementation was carried out in these cases [7]. However, other results raised
doubts about the role of Esp in biofilm production. Notably, deletion of esp in several E. faeca-
lis strains had little or no effect on biofilm production [7], several biofilm-forming E. faecalis
strains naturally lacked esp [16], and a number of E. faecalis isolates that carried esp did not
form biofilms [7, 17, 18].

To understand the function of Esp, we took a biochemical and structural approach. The N-
terminal non-repeat region of Esp (i.e., Esp743) was identified by SAXS to be composed of a
globular head connected to an extended tail. The globular head corresponded to two DEv-Ig
domains, Espl and Esp2, which together constituted Esp452 and whose structure was deter-
mined to atomic resolution by X-ray crystallography. These two domains were followed in
Esp743 by three domains, an Ig-like and two Rib domains (which together formed Espys3_743),
as predicted by in silico means. Significantly, the SAXS shape reconstruction of Esp743 was
shorter than the sum of its two component parts, Esp452 and Espys3.743. This provided evi-
dence that the Ig-like domain (at the N-terminus of the Espys; 743 portion) interacted with the
globular head (i.e., Esp452).

DEv-Ig domains are common among bacterial adhesins, and while it remains possible that
these domains in Esp have host targets, we instead identified a function that required unfold-
ing of these domains into amyloid-like structures that strengthen biofilms. The structurally
related proteins Bap and Antigen I/II also have DEv-Ig folds and form amyloid-like structures
that localize to biofilms [49, 55-57], indicating that DEv-Ig folds can have biofilm-related
functions in addition to adhesive ones. We found that Esp743 strengthened biofilms, as did
Esp452 and the shorter Esppppk fragment, suggesting that this capacity is resident at the very
N-terminal portion of Esp. Importantly, our biochemical approach enabled the addition of
Esp fragments prior to and following biofilm growth. Based on this, we found that Esp was not
required during biofilm initiation or growth, but instead provided strengthening, even to
mature biofilms.

Esp452 colocalized with the enterococcal biofilm and bound ThT in this location, indicat-
ing an amyloid-like structure for this Esp fragment in the biofilm. For the various Esp frag-
ments examined, biofilm strengthening correlated with protein aggregation, precipitation, and
ThT-binding. Esppppx was the least stable with a pH threshold of ~5. Esppppx constitutes an
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incomplete domain in that it lacks the last §-strand of the Espl DEv-Ig fold. By comparison,
Espl, the complete domain, did not aggregate or precipitate, and bound very little ThT at the
lowest pH studied, 4.2. Esp452 had greater stability than Esppppg with a pH threshold of 4.5
and Esp743 even greater stability with a pH threshold of 4.3. The difference between Esp743
and Esp452 may be explained by stabilizing interactions between the extended tail in Esp743
with the globular head (i.e., Esp452), as demonstrated by SAXS. Intact Esp on the enterococcal
surface had a low pH requirement, similar to that of Esp743, as MMH594 biofilms showed
strengthening compared to MMH594 (Aesp) biofilms at pH 4.2 but not 4.5 (grown in 1.0% vs.
0.5% glucose, respectively). The similar behaviors of Esp743 and intact Esp is consistent with
Esp being a member of the “periscope” family [6], with C-terminal repeat domains serving a
structural purpose of projection but not influencing the functional properties of the N-termi-
nal region.

These results are consistent with those of Taglialegna et al. [13], who used an Esp fragment
spanning aa 67-511. The N-terminus of this particular fragment lacks a few amino acids of the
Espl domain which precede the first §-strand of the DEv-Ig fold, and the C-terminus is pre-
dicted to include only a portion of the Ig-like domain of Espys;_ 743. However, it appears that
this portion of the Ig-like domain suffices, as Esp 67-511 aggregates and binds ThT along with
other amyloid-like indicators at pH < 4.2 [13], suggesting it is equally as stable as Esp743. Esp
67-511, when expressed from a plasmid in S. aureus, results in biofilm production, as deter-
mined qualitatively through CV staining [13].

Similarly, intact Esp or Esp743, when expressed from a plasmid in E. faecalis FA2-2, has
been reported to result in increased biofilm production, as quantitatively assayed by CV stain-
ing [12]. We verified this last result by using the same plasmid and finding that expression of
intact Esp in FA2-2 resulted in strengthened biofilms based on bacterial counts. However, we
also found by FACS that Esp was overexpressed by ~10-fold on the enterococcal surface by
transformed FA2-2. A similar effect of esp overexpression was found for MMH594. While
MMH594 and MMH594b (Aesp) did not differ in biofilm strength (grown with 0.5% glucose),
plasmid-borne overexpression of esp in MMH594 led to significant strengthening of the bio-
film compared to MMH594b (Aesp). Thus, overexpression had an artifactual effect on biofilm
strengthening. The basis for overexpressed Esp strengthening biofilms is not known, but could
be due to destabilization of Esp through molecular crowding on the surface. These results sug-
gest that prior conclusions based on plasmid-borne expression of Esp in which surface expres-
sion was not monitored, along with experiments in which pH was not monitored should be
taken with caution. At the same time, these results also suggest that natural variation in Esp
expression level could account for strain-to-strain differences observed for Esp action.

The dependence on low pH for biofilm strengthening explains why glucose was necessary
in the media to observe an effect of Esp in past reports. Fermentative metabolism of glucose
results in the acidification of the extrabacterial environment, and low pH was necessary for
biofilm strengthening by Esp fragments. It is conceivable that such low pH values would be
encountered in the absence of glucose, as Enterococcus can metabolize a large variety of carbo-
hydrates to produce lactic acid [58]. Such acidic conditions may be independent of bacterial
fermentation, and instead encountered on abiotic surfaces or in the host. For example, the
duodenum, where Enterococcus exists [59] and where enteropeptidase is found, can have a pH
4-5 following a meal [60]. Likewise, Enterococcus is a cause of dental disease, and dental lesions
such as caries reach pH’s as low as 4.4 [61]. The pH at which Esp exerts its biofilm strengthen-
ing activity may also be modulated by host proteases.

In summary, we show that Esp in acidic conditions provides significant strengthening to
biofilms, resulting in retention of Enterococcus within perturbed biofilms. As biofilms have
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properties that favor virulence, such retention is likely to favor the pathogenic potential of
Enterococcus.

Supporting information

S1 Fig. Mass Spectrometry of Esp452. ESI-TOF mass spectrum of recombinant Esp452-Hisg
with the Hisg-tag removed by PreScission protease digestion. The sequence and predicted
mass of the construct is indicated on the right. The sequence LEVLFQ at the C-terminus is
from the PreScission protease cleavage site. Esp sequence numbers are indicated.

(PDF)

S2 Fig. Structure of Esp452. A. Topology of Espl (top) and Esp2 (bottom) shown in rainbow
coloring, with similar coloring of the domains shown in ribbon representation at right. B. Esp1
(pink) and Esp2 (blue) superposed and depicted as Co. traces. C. Molecular surface of Esp452
viewed perpendicularly to the B-sheets. Surfaces with negative character shown in red, neutral
in white, and positive in blue, ranging from -4.0 to 4.0 kT. Shown below is the same view in
ribbon representation. D. Z-score for Ca atom B-factors, calculated with the following for-
mula: Z = (B,-B,,,)/s, where B, is the B-factor of a given Co: atom, B,,, is the average B-factor
of all Co. atoms in the structure, and s is the standard deviation of the Co. B-factors. Esp1 is
shown in pink, Esp2 in lavender, and the linker in black. Certain loops and helices connecting
B-strands, as well as the N- and C-termini, also have higher than average B-factors. E. Superpo-
sition of Esp2 (blue) with DEv-Ig domains of CIfA (pink) and CIfB (cyan), which bind fibrino-
gen. Rmsd of 3.8 and 3.9 A, respectively, with Esp2 for 183 Co.. F. Superposition of Esp1 (pink)
with DEv-Ig domain (gray) of Antigen I/Il. Rmsd of 3.5 A with Esp1 for 182 Co.

(PDF)

S3 Fig. Fibrinogen binding. Wells of an ELISA plate were coated with fibrinogen, and equiva-
lent molar amounts of Esp452-Hiss or M1-Hise protein, or a PBS control was added to the
wells. Bound Hiss-tagged proteins were quantified by ELISA using anti-His antibodies. The
experiment was conducted one time in triplicate. Samples were compared by 1-Way ANOVA.
“** p < 0.001.

(PDF)

$4 Fig. Murine UTI model. Mice were inoculated through the urethra with either MMH594
or MMH594b (Aesp). At 1, 3, or 5 days after inoculation, urine was collected, mice were sacri-
ficed and tissues were homogenized in PBS and plated. Data are shown as CFU/g of tissue or
CFU/mL of urine. The experiment was performed with five mice per sacrifice day, and inde-
pendent experiments were performed twice for 1 and 3 days and once for 5 days. The mean is

indicated with a horizontal line. Samples were compared by Fisher’s exact test. NS, p > 0.05.
(PDF)

S5 Fig. Luminescence and bacterial counts. (A) Luminescence and (B) CFU/mL as a function
of ODgg0, and (C) luminescence as a function of CFU/mL were measured for serial dilutions
of MMH594. The Pearson correlation coefficient and corresponding p value are indicated on
each graph. These relationships also apply to MMH594 (Aesp), as MMH594 and MMH594b
(Aesp) were confirmed to have the same growth kinetics, as reported previously [44].

(PDF)

S6 Fig. Total luminescence of biofilm cultures. The total luminescence values of each well in
three independent experiments are shown. Samples in each experiment were compared by
Welch’s ANOVA with Dunnett T3 post hoc test. Total luminescence varied between experi-
ments due to a variety of factors, including temperature at the time of measurement and age of
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the luminescence reagent.
(PDF)

S7 Fig. Guinier Plot. Guinier plots for experimental SEC-SAXS data for Esp743, Esp452, and

Esp4s3-743.
(PDF)

S8 Fig. DDDK. The DDDK sequence (red) is located on a loop between the Espl F and G B-
strands (blue and purple, respectively).
(PDF)

S9 Fig. Enteropeptidase cleavage of Esp743. A. Products of digestion of Esp743 at 37°C for 3
h with the light chain of human enteropeptidase (EP) resolved by SDS-PAGE and InstantBlue-
stained. At 3 h, the reaction was quenched before being applied to SDS-PAGE. The fragment
designated by the arrowhead has a size matching Esppppx. For the input sample, Esp743 and
EP were incubated separately at 37°C for 3 h, quench solution was added to each, and the two
were added together and immediately applied to SDS-PAGE. B. MALDI-TOF mass spectro-
gram of enteropeptidase-digested Esp743 and the theoretical sequence and weight of a hypo-
thetical enteropeptidase cleavage product. The peak corresponding to the theoretical mass is
indicated on the spectrum with an arrow.

(PDF)

$10 Fig. Mass Spectrometry of Esppppxk and Espl. ESI-TOF spectra and sequences of (A)
Esppppk and (B) Espl. ESI-TOF of recombinant Esp-Hiss constructs in which the Hisg-tag
was removed by PreScission protease digestion. The sequences and predicted masses of the
constructs are indicated on the right. The C-terminal sequence LEVLFQ is from the PreScis-
sion protease cleavage site. The peaks corresponding to Esppppx or Espl are indicated on the
spectra with an arrow.

(PDEF)

S11 Fig. Western blots of MMH594 biofilms. MMH594 and MMH594b (Aesp) biofilms were
grown with Esp452, Esp743, or PBS. The biofilms were dissolved with NaCl, filtered, and

assayed for the presence of Esp by western blot using anti-Esp452 polyclonal antibodies.
(PDF)

$12 Fig. FACS Analysis of Surface Expression of Esp. A. MMH594 (left) and MMH594b
(Aesp) (right) isolated from biofilms were incubated with rabbit anti-Esp452 antibodies fol-
lowed by secondary antibodies conjugated to Alexa Fluor 488 (orange). Bacteria with no anti-
bodies (red) and with secondary antibody only (blue) were measured to assess background
fluorescence. Data were graphed with FloJo. B. FA2-2 (orange), FA2-2 (pEsp) (green),
MMH594 (red), and MMH594 (pEsp) (cyan) isolated from biofilms were incubated with rab-
bit anti-Esp452 antibodies followed by secondary antibodies conjugated to Alexa Fluor 488.
Data were graphed with FloJo.

(PDF)

S13 Fig. Effect of pEsp on FA2-2 biofilms. Crystal violet (A) and luminescence (B) measure-
ments of biofilms produced by E. faecalis FA2-2 with and without pEsp. The experiments were
conducted with sextuplicates and triplicates, respectively. Samples were compared by Student’s
t-test. p < 0.05, *; p < .0001, ****.

(PDF)

S14 Fig. Western blot of FA2-2 biofilms. FA2-2 and FA2-2 (pEsp) biofilms were grown with
PBS or Esp452. The biofilms were dissolved with NaCl, filtered, and assayed for the presence

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010829  September 14, 2022 21/26


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010829.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010829.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010829.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010829.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010829.s011
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010829.s012
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010829.s013
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010829.s014
https://doi.org/10.1371/journal.ppat.1010829

PLOS PATHOGENS

Biofilm strengthening

of Esp by western blot using anti-Esp452 polyclonal antibodies.
(PDF)

S15 Fig. pEsp strengthens MMH594 biofilms. Luminescence of biofilm fractions of
MMH594b (Aesp), MMH594, and MMH594 (pEsp). Welch’s ANOVA and D3 Dunnet’s post
hoc test. p < 0.01, **.

(PDF)

S16 Fig. Growth of MMH594 and MMH594b (Aesp) in media containing 0.5 or 1.0% glu-
cose. Luminescence of entire biofilm cultures, including the planktonic fractions, of MMH594
and MMH594b (Aesp) were measured. Samples were compared by 2-Way ANOVA and
Tukey’s posthoc test. p < 0.001, ***.

(PDF)

S1 Table. Primers.
(PDF)

$2 Table. X-ray data collection and refinement statistics.
(PDF)

§3 Table. Glycan binding by Esp452.
(PDF)

S4 Table. SEC-MALS-SAX Analysis.
(PDF)

S1 File. Confocal images of biolfilms with PBS. Individual Z-stacks of MMH594b (Aesp) bio-
films grown overnight with PBS. Bacteria were stained with Syto-13 (green) and proteins were
labeled with AF647 (red). The first image was taken at the interface of the biofilm with the
slide and each stack is 1.2 um higher, progressing up to the top of the biofilm at the biofilm-
media interface.

(PDF)

S$2 File. Confocal images of biofilms with Esp743-AF647. Individual Z-stacks of MMH594b
(Aesp) biofilms grown overnight with Esp743-AF647. Bacteria were stained with Syto-13
(green) and proteins were labeled with AF647 (red). The first image was taken at the interface
of the biofilm with the slide and each stack is 1.2 pm higher, progressing up to the top of the
biofilm at the biofilm-media interface.

(PDF)

S3 File. Confocal images of biofilms with Esp452-AF647. Individual Z-stacks of MMH594b
(Aesp) biofilms grown overnight with Esp452-AF647. Bacteria were stained with Syto-13
(green) and proteins were labeled with AF647 (red). The first image was taken at the interface
of the biofilm with the slide and each stack is 1.2 pm higher, progressing up to the top of the
biofilm at the biofilm-media interface.

(PDF)

Acknowledgments

We thank the late C. Spiegelman for his help with statistical analyses, N. Devaraj for the use of
his lab’s Tecan plate reader, and P. Kolesinski for his assistance analyzing crystallographic
data. ESI mass spectrometry was supported by NIH S10RR25636. The Protein-Glycan Interac-
tion Resource of the CFG and the National Center for Functional Glycomics (NCFG) at Beth
Israel Deaconess Medical Center, Harvard Medical School was supported by NIH grants

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010829  September 14, 2022 22/26


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010829.s015
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010829.s016
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010829.s017
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010829.s018
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010829.s019
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010829.s020
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010829.s021
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010829.s022
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1010829.s023
https://doi.org/10.1371/journal.ppat.1010829

PLOS PATHOGENS

Biofilm strengthening

P41GM103694 and R24GM137763. Beamline 12.3.1 and 5.0.2 of the Advanced Light Source, a
U.S. DOE Office of Science User Facility under Contract No. DE-AC02-05CH11231, is sup-
ported in part by the ALS-ENABLE program funded by the NIH grant P30 GM124169-01.
This research used resources of the Advanced Photon Source, a U.S. Department of Energy
(DOE) Office of Science user facility operated for the DOE Office of Science by Argonne
National Laboratory under Contract No. DE-AC02-06CH11357.

Author Contributions

Conceptualization: Lindsey Spiegelman, Partho Ghosh.

Formal analysis: Lindsey Spiegelman, Greg L. Hura, Susan E. Tsutakawa, Partho Ghosh.
Funding acquisition: Partho Ghosh.

Investigation: Lindsey Spiegelman, Adrian Bahn-Suh, Elizabeth T. Montaiio, Ling Zhang,
Greg L. Hura, Kathryn A. Patras, Amit Kumar.

Methodology: Lindsey Spiegelman.

Project administration: Partho Ghosh.

Supervision: F. Akif Tezcan, Victor Nizet, Susan E. Tsutakawa, Partho Ghosh.
Visualization: Lindsey Spiegelman, Greg L. Hura, Kathryn A. Patras, Susan E. Tsutakawa.

Writing - original draft: Lindsey Spiegelman, Elizabeth T. Montafo, Greg L. Hura, Kathryn
A. Patras, Susan E. Tsutakawa, Partho Ghosh.

Writing - review & editing: Lindsey Spiegelman, Adrian Bahn-Suh, Elizabeth T. Montafio,
Greg L. Hura, Kathryn A. Patras, F. Akif Tezcan, Victor Nizet, Susan E. Tsutakawa, Partho
Ghosh.

References

1. Lebreton F, Manson AL, Saavedra JT, Straub TJ, Earl AM, Gilmore MS. Tracing the Enterococci from
Paleozoic Origins to the Hospital. Cell. 2017; 169(5):849-61. https://doi.org/10.1016/j.cell.2017.04.027
PMID: 28502769.

2. ShankarV, Baghdayan AS, Huycke MM, Lindahl G, Gilmore MS. Infection-derived Enterococcus faeca-
lis strains are enriched in esp, a gene encoding a novel surface protein. Infect Immun. 1999; 67(1):193—
200. https://doi.org/10.1128/IAl.67.1.193-200.1999 PMID: 9864215.

3. Shankar N, Baghdayan AS, Gilmore MS. Modulation of virulence within a pathogenicity island in vanco-
mycin-resistant Enterococcus faecalis. Nature. 2002; 417(6890):746-50. https://doi.org/10.1038/
nature00802 PMID: 12066186.

4. LeavisH, TopJ, Shankar N, Borgen K, Bonten M, van Embden J, et al. A novel putative enterococcal
pathogenicity island linked to the esp virulence gene of Enterococcus faecium and associated with epi-
demicity. J Bacteriol. 2004; 186(3):672—82. https://doi.org/10.1128/JB.186.3.672-682.2004 PMID:
14729692.

5. Heikens E, Bonten MJ, Willems RJ. Enterococcal surface protein Esp is important for biofilm formation
of Enterococcus faecium E1162. J Bacteriol. 2007; 189(22):8233—40. https://doi.org/10.1128/JB.
01205-07 PMID: 17827282.

6. WhelanF, Lafita A, Gilburt J, Degut C, Griffiths SC, Jenkins HT, et al. Periscope Proteins are variable-
length regulators of bacterial cell surface interactions. Proc Natl Acad Sci U S A. 2021; 118(23). https://
doi.org/10.1073/pnas.2101349118 PMID: 34074781.

7. Toledo-Arana A, Valle J, Solano C, Arrizubieta MadJs, Cucarella C, Lamata M, et al. The Enterococcal
Surface Protein, Esp, Is Involved in Enterococcus faecalis Biofilm Formation. Appl Environ Microbiol.
2001; 67(10):4538-45. https://doi.org/10.1128/AEM.67.10.4538-4545.2001 PMID: 11571153.

8. Tendolkar PM, Baghdayan AS, Gilmore MS, Shankar N. Enterococcal surface protein, Esp, enhances
biofilm formation by Enterococcus faecalis. Infect Immun. 2004; 72(10):6032-9. https://doi.org/10.
1128/1A1.72.10.6032-6039.2004 PMID: 15385507.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010829  September 14, 2022 23/26


https://doi.org/10.1016/j.cell.2017.04.027
http://www.ncbi.nlm.nih.gov/pubmed/28502769
https://doi.org/10.1128/IAI.67.1.193-200.1999
http://www.ncbi.nlm.nih.gov/pubmed/9864215
https://doi.org/10.1038/nature00802
https://doi.org/10.1038/nature00802
http://www.ncbi.nlm.nih.gov/pubmed/12066186
https://doi.org/10.1128/JB.186.3.672-682.2004
http://www.ncbi.nlm.nih.gov/pubmed/14729692
https://doi.org/10.1128/JB.01205-07
https://doi.org/10.1128/JB.01205-07
http://www.ncbi.nlm.nih.gov/pubmed/17827282
https://doi.org/10.1073/pnas.2101349118
https://doi.org/10.1073/pnas.2101349118
http://www.ncbi.nlm.nih.gov/pubmed/34074781
https://doi.org/10.1128/AEM.67.10.4538-4545.2001
http://www.ncbi.nlm.nih.gov/pubmed/11571153
https://doi.org/10.1128/IAI.72.10.6032-6039.2004
https://doi.org/10.1128/IAI.72.10.6032-6039.2004
http://www.ncbi.nlm.nih.gov/pubmed/15385507
https://doi.org/10.1371/journal.ppat.1010829

PLOS PATHOGENS

Biofilm strengthening

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Barnes AM, Ballering KS, Leibman RS, Wells CL, Dunny GM. Enterococcus faecalis produces abun-
dant extracellular structures containing DNA in the absence of cell lysis during early biofilm formation.
mBio. 2012; 3(4):e00193—12. https://doi.org/10.1128/mBio.00193-12 PMID: 22829679.

Ch’ng JH, Chong KKL, Lam LN, Wong JJ, Kline KA. Biofilm-associated infection by enterococci. Nat
Rev Microbiol. 2019; 17(2):82-94. https://doi.org/10.1038/s41579-018-0107-z PMID: 30337708.

Gaston JR, Andersen MJ, Johnson AO, Bair KL, Sullivan CM, Guterman LB, et al. Enterococcus faeca-
lis Polymicrobial Interactions Facilitate Biofilm Formation, Antibiotic Recalcitrance, and Persistent Colo-
nization of the Catheterized Urinary Tract. Pathogens. 2020; 9(10). https://doi.org/10.3390/
pathogens9100835 PMID: 33066191.

Tendolkar PM, Baghdayan AS, Shankar N. The N-terminal domain of enterococcal surface protein,
Esp, is sufficient for Esp-mediated biofilm enhancement in Enterococcus faecalis. J Bacteriol. 2005;
187(17):6213-22. https://doi.org/10.1128/JB.187.17.6213-6222.2005 PMID: 16109963.

Taglialegna A, Matilla-Cuenca L, Dorado-Morales P, Navarro S, Ventura S, Garnett JA, et al. The bio-
film-associated surface protein Esp of Enterococcus faecalis forms amyloid-like fibers. NPJ Biofilms
Microbiomes. 2020; 6(1):15. https://doi.org/10.1038/s41522-020-0125-2 PMID: 32221298.

Erskine E, MacPhee CE, Stanley-Wall NR. Functional Amyloid and Other Protein Fibers in the Biofilm
Matrix. J Mol Biol. 2018; 430(20):3642-56. https://doi.org/10.1016/j.jmb.2018.07.026 PMID: 30098341.

Nicastro L, Tukel C. Bacterial Amyloids: The Link between Bacterial Infections and Autoimmunity.
Trends Microbiol. 2019; 27(11):954-63. https://doi.org/10.1016/j.tim.2019.07.002 PMID: 31422877.

Kristich CJ, Li YH, Cvitkovitch DG, Dunny GM. Esp-independent biofilm formation by Enterococcus fae-
calis. J Bacteriol. 2004; 186(1):154—-63. https://doi.org/10.1128/JB.186.1.154-163.2004 PMID:
14679235.

Anderson AC, Jonas D, Huber |, Karygianni L, Wolber J, Hellwig E, et al. Enterococcus faecalis from
Food, Clinical Specimens, and Oral Sites: Prevalence of Virulence Factors in Association with Biofilm
Formation. Front Microbiol. 2015; 6:1534. https://doi.org/10.3389/fmicb.2015.01534 PMID: 26793174.

Seneviratne CJ, Suriyanarayanan T, Swarup S, Chia KHB, Nagarajan N, Zhang C. Transcriptomics
Analysis Reveals Putative Genes Involved in Biofilm Formation and Biofilm-associated Drug Resis-
tance of Enterococcus faecalis. J Endod. 2017; 43(6):949-55. https://doi.org/10.1016/j.joen.2017.01.
020 PMID: 28457636.

Doublié S. Production of selenomethionyl proteins in prokaryotic and eukaryotic expression systems.
Methods Mol Biol. 2007; 363:91—-108. https://doi.org/10.1007/978-1-59745-209-0_5 PMID: 17272838.

Zhang L, Bailey JB, Subramanian RH, Groisman A, Tezcan FA. Hyperexpandable, self-healing macro-
molecular crystals with integrated polymer networks. Nature. 2018; 557(7703):86-91. https://doi.org/
10.1038/s41586-018-0057-7 PMID: 29720635.

Otwinowski Z, Minor W. Processing of X-ray diffraction data collected in oscillation mode. Methods
Enzymol. 1997; 276:307—-26. https://doi.org/10.1016/S0076-6879(97)76066-X PMID: 27754618.

Terwilliger TC, Adams PD, Read RJ, McCoy AJ, Moriarty NW, Grosse-Kunstleve RW, et al. Decision-
making in structure solution using Bayesian estimates of map quality: the PHENIX AutoSol wizard. Acta
Crystallogr D Biol Crystallogr. 2009; 65(Pt 6):582—601. https://doi.org/10.1107/S0907444909012098
PMID: 19465773.

Winn MD, Ballard CC, Cowtan KD, Dodson EJ, Emsley P, Evans PR, et al. Overview of the CCP4 suite
and current developments. Acta Crystallogr D Biol Crystallogr. 2011; 67(Pt 4):235—-42. https://doi.org/
10.1107/S0907444910045749 PMID: 21460441.

Patras KA, Ha AD, Rooholfada E, Olson J, Ramachandra Rao SP, Lin AE, et al. Augmentation of Uri-
nary Lactoferrin Enhances Host Innate Immune Clearance of Uropathogenic Escherichia coli. J Innate
Immun. 2019; 11(6):481-95. https://doi.org/10.1159/000499342 PMID: 31055580.

Manders EMM, Verbeek FJ, Aten JA. Measurement of co-localization of objects in dual-colour confocal
images. J Microsc. 1993; 169(3):375-82. https://doi.org/10.1111/j.1365-2818.1993.tb03313.x PMID:
33930978.

Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImagedJ: 25 years of image analysis. Nat Meth-
ods. 2012; 9(7):671-5. https://doi.org/10.1038/nmeth.2089 PMID: 22930834.

Classen S, Hura GL, Holton JM, Rambo RP, Rodic I, McGuire PJ, et al. Implementation and perfor-
mance of SIBYLS: a dual endstation small-angle X-ray scattering and macromolecular crystallography
beamline at the Advanced Light Source. J Appl Crystallogr. 2013; 46(Pt 1):1-13. https://doi.org/10.
1107/S0021889812048698 PMID: 23396808.

Manalastas-Cantos K, Konarev PV, Hajizadeh NR, Kikhney AG, Petoukhov MV, Molodenskiy DS, et al.
ATSAS 3.0: expanded functionality and new tools for small-angle scattering data analysis. J Appl Crys-
tallogr. 2021; 54(Pt 1):343-55. https://doi.org/10.1107/S1600576720013412 PMID: 33833657.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010829  September 14, 2022 24/26


https://doi.org/10.1128/mBio.00193-12
http://www.ncbi.nlm.nih.gov/pubmed/22829679
https://doi.org/10.1038/s41579-018-0107-z
http://www.ncbi.nlm.nih.gov/pubmed/30337708
https://doi.org/10.3390/pathogens9100835
https://doi.org/10.3390/pathogens9100835
http://www.ncbi.nlm.nih.gov/pubmed/33066191
https://doi.org/10.1128/JB.187.17.6213-6222.2005
http://www.ncbi.nlm.nih.gov/pubmed/16109963
https://doi.org/10.1038/s41522-020-0125-2
http://www.ncbi.nlm.nih.gov/pubmed/32221298
https://doi.org/10.1016/j.jmb.2018.07.026
http://www.ncbi.nlm.nih.gov/pubmed/30098341
https://doi.org/10.1016/j.tim.2019.07.002
http://www.ncbi.nlm.nih.gov/pubmed/31422877
https://doi.org/10.1128/JB.186.1.154-163.2004
http://www.ncbi.nlm.nih.gov/pubmed/14679235
https://doi.org/10.3389/fmicb.2015.01534
http://www.ncbi.nlm.nih.gov/pubmed/26793174
https://doi.org/10.1016/j.joen.2017.01.020
https://doi.org/10.1016/j.joen.2017.01.020
http://www.ncbi.nlm.nih.gov/pubmed/28457636
https://doi.org/10.1007/978-1-59745-209-0%5F5
http://www.ncbi.nlm.nih.gov/pubmed/17272838
https://doi.org/10.1038/s41586-018-0057-7
https://doi.org/10.1038/s41586-018-0057-7
http://www.ncbi.nlm.nih.gov/pubmed/29720635
https://doi.org/10.1016/S0076-6879%2897%2976066-X
http://www.ncbi.nlm.nih.gov/pubmed/27754618
https://doi.org/10.1107/S0907444909012098
http://www.ncbi.nlm.nih.gov/pubmed/19465773
https://doi.org/10.1107/S0907444910045749
https://doi.org/10.1107/S0907444910045749
http://www.ncbi.nlm.nih.gov/pubmed/21460441
https://doi.org/10.1159/000499342
http://www.ncbi.nlm.nih.gov/pubmed/31055580
https://doi.org/10.1111/j.1365-2818.1993.tb03313.x
http://www.ncbi.nlm.nih.gov/pubmed/33930978
https://doi.org/10.1038/nmeth.2089
http://www.ncbi.nlm.nih.gov/pubmed/22930834
https://doi.org/10.1107/S0021889812048698
https://doi.org/10.1107/S0021889812048698
http://www.ncbi.nlm.nih.gov/pubmed/23396808
https://doi.org/10.1107/S1600576720013412
http://www.ncbi.nlm.nih.gov/pubmed/33833657
https://doi.org/10.1371/journal.ppat.1010829

PLOS PATHOGENS

Biofilm strengthening

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

Schneidman-Duhovny D, Hammel M, Tainer JA, Sali A. FoXS, FoXSDock and MultiFoXS: Single-state
and multi-state structural modeling of proteins and their complexes based on SAXS profiles. Nucleic
Acids Res. 2016; 44(Web Server issue):W424-9. https://doi.org/10.1093/nar/gkw389 PMID:
27151198.

Svergun DI, Petoukhov MV, Koch MH. Determination of domain structure of proteins from X-ray solu-
tion scattering. Biophys J. 2001; 80(6):2946-53. https://doi.org/10.1016/S0006-3495(01)76260-1
PMID: 11371467.

Mirdita M, Schutze K, Moriwaki Y, Heo L, Ovchinnikov S, Steinegger M. ColabFold: making protein fold-
ing accessible to all. Nat Methods. 2022; 19(6):679-82. https://doi.org/10.1038/s41592-022-01488-1
PMID: 35637307.

Schneidman-Duhovny D, Hammel M, Sali A. FoXS: a web server for rapid computation and fitting of
SAXS profiles. Nucleic Acids Res. 2010; 38(Web Server issue):W540-4. https://doi.org/10.1093/nar/
gkg461 PMID: 20507903.

Weinkam P, Pons J, Sali A. Structure-based model of allostery predicts coupling between distant sites.
Proc Natl Acad Sci U S A. 2012; 109(13):4875-80. https://doi.org/10.1073/pnas.1116274109 PMID:
22403063.

Madeira F, Pearce M, Tivey ARN, Basutkar P, Lee J, Edbali O, et al. Search and sequence analysis
tools services from EMBL-EBI in 2022. Nucleic Acids Res. 2022; 50(Web Server issue):W276-9.
https://doi.org/10.1093/nar/gkac240 PMID: 35412617.

Almagro Armenteros JJ, Tsirigos KD, Sonderby CK, Petersen TN, Winther O, Brunak S, et al. SignalP
5.0 improves signal peptide predictions using deep neural networks. Nat Biotechnol. 2019; 37(4):420—
3. https://doi.org/10.1038/s41587-019-0036-z PMID: 30778233.

Holm L. DALI and the persistence of protein shape. Protein Sci. 2020; 29(1):128—40. https://doi.org/10.
1002/pro.3749 PMID: 31606894.

Deivanayagam CCS, Wann ER, Chen W, Mike Carson, Rajashankar KR, Hook M, et al. A novel variant
of the immunoglobulin fold in surface adhesins of Staphylococcus aureus: crystal structure of the Fibrin-
ogen-binding MSCRAMM, clumping factor A. EMBO J. 2002; 21(24):6660-72. https://doi.org/10.1093/

emboj/cdf619 PMID: 12485987.

Seo HS, Minasov G, Seepersaud R, Doran KS, Dubrovska I, Shuvalova L, et al. Characterization of
fibrinogen binding by glycoproteins Srr1 and Srr2 of Streptococcus agalactiae. J Biol Chem. 2013; 288
(50):35982-96. https://doi.org/10.1074/jbc.M113.513358 PMID: 24165132,

Matsuoka E, Tanaka Y, Kuroda M, Shouji Y, Ohta T, Tanaka |, et al. Crystal structure of the functional
region of Uro-adherence factor A from Staphylococcus saprophyticus reveals participation of the B
domain in ligand binding. Protein Sci. 2011; 20(2):406—16. https://doi.org/10.1002/pro.573 PMID:
21280131.

Ponnuraj K. A “dock, lock, and latch” Structural Model for a Staphylococcal Adhesin Binding to Fibrino-
gen. Cell. 2003; 115:217-28. https://doi.org/10.1016/s0092-8674(03)00809-2 PMID: 14567919.

Piroth L, Que YA, Widmer E, Panchaud A, Piu S, Entenza JM, et al. The fibrinogen- and fibronectin-
binding domains of Staphylococcus aureus fibronectin-binding protein A synergistically promote endo-
thelial invasion and experimental endocarditis. Infect Immun. 2008; 76(8):3824—31. https://doi.org/10.
1128/1A1.00405-08 PMID: 18541660.

Brady LJ, Maddocks SE, Larson MR, Forsgren N, Persson K, Deivanayagam CC, et al. The changing
faces of Streptococcus antigen I/Il polypeptide family adhesins. Mol Microbiol. 2010; 77(2):276-86.
https://doi.org/10.1111/j.1365-2958.2010.07212.x PMID: 20497507

Cross BW, Ruhl S. Glycan recognition at the saliva—oral microbiome interface. Cell Immunol. 2018;
333:19-33. https://doi.org/10.1016/j.cellimm.2018.08.008 PMID: 30274839.

Shankar N, Lockatell CV, Baghdayan AS, Drachenberg C, Gilmore MS, Johnson DE. Role of Entero-
coccus faecalis surface protein Esp in the pathogenesis of ascending urinary tract infection. Infect
Immun. 2001; 69(7):4366—72. https://doi.org/10.1128/IA1.69.7.4366-4372.2001 PMID: 11401975.

Chiba A, Sugimoto S, Sato F, Hori S, Mizunoe Y. A refined technique for extraction of extracellular
matrices from bacterial biofilms and its applicability. Microb Biotechnol. 2015; 8(3):392—403. https://doi.
org/10.1111/1751-7915.12155 PMID: 25154775.

Schlafer S, Garcia J, Meyer RL, Vaeth M, Neuhaus KW. Effect of DNase Treatment on Adhesion and
Early Biofilm Formation of Enterococcus Faecalis. Eur Endod J. 2018; 3(2):82—6. https://doi.org/10.
14744/eej.2018.55264 PMID: 32161861.

Yu MK, Kim MA, Rosa V, Hwang YC, Del Fabbro M, Sohn WJ, et al. Role of extracellular DNA in Entero-
coccus faecalis biofilm formation and its susceptibility to sodium hypochlorite. J Appl Oral Sci. 2019; 27:
€20180699. https://doi.org/10.1590/1678-7757-2018-0699 PMID: 31411265.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010829  September 14, 2022 25/26


https://doi.org/10.1093/nar/gkw389
http://www.ncbi.nlm.nih.gov/pubmed/27151198
https://doi.org/10.1016/S0006-3495%2801%2976260-1
http://www.ncbi.nlm.nih.gov/pubmed/11371467
https://doi.org/10.1038/s41592-022-01488-1
http://www.ncbi.nlm.nih.gov/pubmed/35637307
https://doi.org/10.1093/nar/gkq461
https://doi.org/10.1093/nar/gkq461
http://www.ncbi.nlm.nih.gov/pubmed/20507903
https://doi.org/10.1073/pnas.1116274109
http://www.ncbi.nlm.nih.gov/pubmed/22403063
https://doi.org/10.1093/nar/gkac240
http://www.ncbi.nlm.nih.gov/pubmed/35412617
https://doi.org/10.1038/s41587-019-0036-z
http://www.ncbi.nlm.nih.gov/pubmed/30778233
https://doi.org/10.1002/pro.3749
https://doi.org/10.1002/pro.3749
http://www.ncbi.nlm.nih.gov/pubmed/31606894
https://doi.org/10.1093/emboj/cdf619
https://doi.org/10.1093/emboj/cdf619
http://www.ncbi.nlm.nih.gov/pubmed/12485987
https://doi.org/10.1074/jbc.M113.513358
http://www.ncbi.nlm.nih.gov/pubmed/24165132
https://doi.org/10.1002/pro.573
http://www.ncbi.nlm.nih.gov/pubmed/21280131
https://doi.org/10.1016/s0092-8674%2803%2900809-2
http://www.ncbi.nlm.nih.gov/pubmed/14567919
https://doi.org/10.1128/IAI.00405-08
https://doi.org/10.1128/IAI.00405-08
http://www.ncbi.nlm.nih.gov/pubmed/18541660
https://doi.org/10.1111/j.1365-2958.2010.07212.x
http://www.ncbi.nlm.nih.gov/pubmed/20497507
https://doi.org/10.1016/j.cellimm.2018.08.008
http://www.ncbi.nlm.nih.gov/pubmed/30274839
https://doi.org/10.1128/IAI.69.7.4366-4372.2001
http://www.ncbi.nlm.nih.gov/pubmed/11401975
https://doi.org/10.1111/1751-7915.12155
https://doi.org/10.1111/1751-7915.12155
http://www.ncbi.nlm.nih.gov/pubmed/25154775
https://doi.org/10.14744/eej.2018.55264
https://doi.org/10.14744/eej.2018.55264
http://www.ncbi.nlm.nih.gov/pubmed/32161861
https://doi.org/10.1590/1678-7757-2018-0699
http://www.ncbi.nlm.nih.gov/pubmed/31411265
https://doi.org/10.1371/journal.ppat.1010829

PLOS PATHOGENS

Biofilm strengthening

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Sarantinopoulos P, Kalantzopoulos G, Tsakalidou E. Citrate metabolism by Enterococcus faecalis
FAIR-E 229. Appl Environ Microbiol. 2001; 67(12):5482-7. https://doi.org/10.1128/AEM.67.12.5482-
5487.2001 PMID: 11722896.

Taglialegna A, Navarro S, Ventura S, Garnett JA, Matthews S, Penades JR, et al. Staphylococcal Bap
Proteins Build Amyloid Scaffold Biofilm Matrices in Response to Environmental Signals. PLoS Pathog.
2016; 12(6):e1005711. https://doi.org/10.1371/journal.ppat.1005711 PMID: 27327765.

Rambo RP, Tainer JA. Characterizing flexible and intrinsically unstructured biological macromolecules
by SAS using the Porod-Debye law. Biopolymers. 2011; 95(8):559-71. https://doi.org/10.1002/bip.
21638 PMID: 21509745.

Whelan F, Lafita A, Griffiths SC, Cooper REM, Whittingham JL, Turkenburg JP, et al. Defining the
remarkable structural malleability of a bacterial surface protein Rib domain implicated in infection. Proc
Natl Acad Sci U S A. 2019; 116(52):26540-8. https://doi.org/10.1073/pnas. 1911776116 PMID:
31818940.

Li F, Leier A, Liu Q, Wang Y, Xiang D, Akutsu T, et al. Procleave: Predicting Protease-specific Substrate
Cleavage Sites by Combining Sequence and Structural Information. Genomics Proteomics Bioinformat-
ics. 2020; 18(1):52-64. https://doi.org/10.1016/j.gpb.2019.08.002 PMID: 32413515,

Ira P, Sujatha S, Chandra PS. Virulence factors in clinical and commensal isolates of Enterococcus spe-
cies. Indian J Pathol Microbiol. 2013; 56(1):24-30. https://doi.org/10.4103/0377-4929.116144 PMID:
23924554,

de Regt MJ, van Schaik W, van Luit-Asbroek M, Dekker HA, van Duijkeren E, Koning CJ, et al. Hospital
and community ampicillin-resistant Enterococcus faecium are evolutionarily closely linked but have
diversified through niche adaptation. PLoS One. 2012; 7(2):e30319. https://doi.org/10.1371/journal.
pone.0030319 PMID: 22363425.

Larson MR, Rajashankar KR, Crowley PJ, Kelly C, Mitchell TJ, Brady LJ, et al. Crystal structure of the
C-terminal region of Streptococcus mutans antigen I/l and characterization of salivary agglutinin adher-
ence domains. J Biol Chem. 2011; 286(24):21657—-66. https://doi.org/10.1074/jbc.M111.231100 PMID:
21505225.

Besingi RN, Wenderska I1B, Senadheera DB, Cvitkovitch DG, Long JR, Wen ZT, et al. Functional amy-
loids in Streptococcus mutans, their use as targets of biofilm inhibition and initial characterization of
SMU_63c. Microbiology (Reading). 2017; 163(4):488-501. https://doi.org/10.1099/mic.0.000443
PMID: 28141493.

Ma J, Cheng X, Xu Z, Zhang Y, Valle J, Fan S, et al. Structural mechanism for modulation of functional
amyloid and biofilm formation by Staphylococcal Bap protein switch. EMBO J. 2021; 40(14):e107500.
https://doi.org/10.15252/embj.2020107500 PMID: 34046916.

Ramsey M, Hartke A, Huycke M. The Physiology and Metabloism of Enterococci. In: Gilmore M, Clewell
D, Ike Y, Shankar N, editors. Enterococci: From Commensal to Leading Causes of Drug Resistant
Infection Boston: Massachusetts Eye and Ear Infirmary; 2014. p. 435-76. PMID: 24649510.

Barnes AMT, Dale JL, Chen Y, Manias DA, Greenwood Quaintance KE, Karau MK, et al. Enterococcus
faecalis readily colonizes the entire gastrointestinal tract and forms biofilms in a germ-free mouse
model. Virulence. 2017; 8(3):282-96. https://doi.org/10.1080/21505594.2016.1208890 PMID:
27562711.

Dressman JB, Berardi RR, Dermentzoglou LC, Russell TL, Schmaltz SP, Barnett JL, et al. Upper gas-
trointestinal (Gl) pH in young, healthy men and women. Pharm Res. 1990; 7(7):756—61. https://doi.org/
10.1023/a:1015827908309 PMID: 2395805.

Hojo S, Komatsu M, Okuda R, Takahashi N, Yamada T. Acid profiles and pH of carious dentin in active
and arrested lesions. J Dent Res. 1994; 73(12):1853-7. https://doi.org/10.1177/
00220345940730121001 PMID: 7814758.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010829  September 14, 2022 26/26


https://doi.org/10.1128/AEM.67.12.5482-5487.2001
https://doi.org/10.1128/AEM.67.12.5482-5487.2001
http://www.ncbi.nlm.nih.gov/pubmed/11722896
https://doi.org/10.1371/journal.ppat.1005711
http://www.ncbi.nlm.nih.gov/pubmed/27327765
https://doi.org/10.1002/bip.21638
https://doi.org/10.1002/bip.21638
http://www.ncbi.nlm.nih.gov/pubmed/21509745
https://doi.org/10.1073/pnas.1911776116
http://www.ncbi.nlm.nih.gov/pubmed/31818940
https://doi.org/10.1016/j.gpb.2019.08.002
http://www.ncbi.nlm.nih.gov/pubmed/32413515
https://doi.org/10.4103/0377-4929.116144
http://www.ncbi.nlm.nih.gov/pubmed/23924554
https://doi.org/10.1371/journal.pone.0030319
https://doi.org/10.1371/journal.pone.0030319
http://www.ncbi.nlm.nih.gov/pubmed/22363425
https://doi.org/10.1074/jbc.M111.231100
http://www.ncbi.nlm.nih.gov/pubmed/21505225
https://doi.org/10.1099/mic.0.000443
http://www.ncbi.nlm.nih.gov/pubmed/28141493
https://doi.org/10.15252/embj.2020107500
http://www.ncbi.nlm.nih.gov/pubmed/34046916
http://www.ncbi.nlm.nih.gov/pubmed/24649510
https://doi.org/10.1080/21505594.2016.1208890
http://www.ncbi.nlm.nih.gov/pubmed/27562711
https://doi.org/10.1023/a%3A1015827908309
https://doi.org/10.1023/a%3A1015827908309
http://www.ncbi.nlm.nih.gov/pubmed/2395805
https://doi.org/10.1177/00220345940730121001
https://doi.org/10.1177/00220345940730121001
http://www.ncbi.nlm.nih.gov/pubmed/7814758
https://doi.org/10.1371/journal.ppat.1010829

