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Abstract

Staphylococcus epidermidis is one of the primary bacterial species responsible for healthcare-
associated infections. The most significant virulence factor for S. epidermidis is its ability to form
a biofilm, which renders the bacteria highly resistant to host immune responses and antibiotic
action. Intercellular adhesion within the biofilm is mediated by the accumulation-associated
protein (Aap), a cell wall-anchored protein that self-assembles in a zinc-dependent manner. The C-
terminal portion of Aap contains a proline/glycine-rich, 135 amino acid-long region that has not
yet been characterized. The region contains a set of 18 nearly identical AEPGKP repeats. Analysis
of the proline/glycine-rich region (PGR) using biophysical techniques demonstrated the region is a
highly extended, intrinsically disordered polypeptide (IDP) with unusually high polyproline type 11
helix (PPII) propensity. In contrast to many IDPs, there was a minimal temperature dependence of
the global conformational state of PGR in solution as measured by analytical ultracentrifugation
and dynamic light scattering. Furthermore, PGR was resistant to conformational collapse or a.-
helix formation upon addition of the osmolyte TMAQ or the cosolvent TFE. Collectively, these
results suggest PGR functions as a resilient, extended stalk that projects the rest of Aap outward
from the bacterial cell wall, promoting intercellular adhesion between cells in the biofilm. This
work sheds light on regions of low complexity often found near the attachment point of bacterial
cell wall-anchored proteins.
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Introduction

Staphylococcus epidermidis is a human commensal that is also responsible for a significant
number of hospital-acquired infections, particularly device-related infections resulting from
the propensity of S. epidermidisto adhere to abiotic surfaces such as plastic and glass.
Examples of nosocomial infections resulting from S. epidermidis include bacteremia or
endocarditis after introduction of catheters, pacemakers, or prosthetics [1-4]. Although S.
epidermidis lacks many of the virulence factors expressed by its more pathogenic relative S.
aureus, S. epidermidis is highly capable of forming robust biofilms and causing infection
[5]. Biofilms provide a substantial degree of protection from antibiotics, the host immune
system, and environmental stresses [6]. Therefore, treatment of biofilm-associated infections
often requires removal of the contaminated device and prolonged antibiotic usage [7]. S.
epidermidis biofilms are typically encapsulated in an extracellular matrix composed of poly-
N-acetylglucosamine (PNAG) [8] along with protein components, teichoic acids, and
extracellular DNA [1]. One protein of particular importance for S. epidermidis biofilm
formation and infection is the accumulation-associated protein (Aap). The first
demonstration of the critical role of Aap came in the form of an Aap-negative mitomycin
mutant of S. epidermidis strain RP62A with minimal ability to accumulate on polystyrene
and glass. Antibodies raised against Aap inhibited wild-type RP62A accumulation on
polystyrene [9]. Another piece of evidence indicating Aap’s importance was a 2007 study
investigating PNAG and protein factors in S. epidermidis clinical isolates from prosthetic
infections. The study [10] found that 89% of these strains were agp”, while only 62% were
positive for icaA, the gene encoding an A-acetylglucosaminyl transferase critical for the
synthesis of PNAG [8]. Among the biofilm-positive strains, 27% did not contain the
icaADBC biosynthetic operon, and biofilm formation could be attributed to Aap in the
majority of isolates [10]. Furthermore, in a rat model, Aap, but not icaADBC, was required
for colonization of an intravenous catheter. Bacteria levels in blood were also significantly
lower in the Aaap strain and the AjcaADBC Aaap double mutant strain compared to the
wild-type and AicaADBC strains [11], again highlighting the importance of Aap in biofilm
formation and infection.

The accumulation-associated protein is a large, multi-functional, cell wall-anchored protein
found in dense tufts on the bacterial cell surface [12] that has been implicated in both the
initial attachment phase [13] and the accumulation phase [14-16] of biofilm formation. At
the N-terminus, the A-domain of Aap (Fig. 1a) contains 11 short 16-aa A-repeats and a
predicted globular lectin domain. This domain can initiate biofilm formation in some strains
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[13] and mediate adhesion to human corneocytes [17] and abiotic surfaces [11]. Downstream
from the lectin domain, the B-repeat superdomain of Aap contains 5-17 nearly identical 128-
aa B-repeats. Processing of Aap by an extracellular protease results in cleavage of the A-
domain and unmasking of the B-repeat region, which mediates accumulation of S.
epidermidis cells at early stages of biofilm growth [14]. The B-repeats of Aap are
responsible for intercellular adhesion via Zn2*-mediated self assembly in an anti-parallel
manner [15, 18]. The C-terminal portion of Aap is comprised of a proline/glycine-rich
region (PGR) (Fig. 1b) followed by the LPXTG motif that is covalently linked to the
peptidoglycan layer of the bacterial cell wall by the Sortase A enzyme [19, 20].

The PGR of Aap is classified as one of many low-complexity regions in cell wall-anchored
proteins, although little has been published regarding their structure or function [21-26]. The
focus of this work was to utilize biophysical techniques to elucidate the structural
characteristics and functional implications for the proline/glycine-rich region of Aap. The
PGR comprises 135 residues in a series of AEPGKP repeats (Fig. 1b). Although the repeat
sequence has some similarity to typical collagen triplet repeats, the presence of a non-
glycine in the third position of every other triplet would sterically preclude triple helix
formation by the PGR [27, 28]. Consistent with this expectation, our data reveal that the Aap
PGR is monomeric and intrinsically disordered. Intrinsically disordered regions of proteins
(IDPs) have been of growing interest to the scientific community over the past decade
[29-32]. IDPs are increasingly revealed to be quite common [33] and to play critical
biological roles [34], including in human diseases [35].

Not surprisingly, with the increased interest in understanding the functional roles of IDPs,
there is also interest in surveying the structural conformations available to these proteins.
This information is essential in order to understand the mechanism of how these disordered
polypeptides function. In some cases, IDPs undergo a conformational transition from
disordered to ordered, such as induced folding upon binding to a target protein [36].
However, disordered proteins do not necessarily require a transition from disorder to order
(or order to disorder) to effect their biological function. One category of intrinsically
disordered regions, known as “entropic chains,” includes IDPs that remain unstructured for
their normal function [37, 38]. In other words, the activity of these proteins relies on the
dynamic nature of the protein backbone in order to carry out the biological function.
Examples of these entropic chains include flexible linkers between two domains, entropic
springs such as the disordered PEVK domain of titin which exhibits variable conformations
contributing to the maintenance of muscle cell length [39, 40], and entropic bristles such as
neurofilament H and M which contain disordered C-terminal domains known as sidearms.
These sidearms occupy significant 3-dimensional space due to their ability to sample a large
number of conformations, maintaining appropriate spacing between neighboring filaments
[41].

Using a combination of circular dichroism and analytical ultracentrifugation, we
demonstrate that the Aap PGR is a highly extended polypeptide rich in polyproline type Il
(PPII) helix. These data are consistent with size-exclusion chromatography and dynamic
light scattering measurements that reveal an averaged hydrodynamic radius of 37.7 A,
compared to an expected value of ~20 A for a typical globular protein of equivalent length.
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These data are accurately predicted by a power-law scaling relationship [42] described for
IDPs and based upon intrinsic PPII propensities, which provides additional evidence that the
Aap PGR has an unusually high PPII content compared to other characterized IDPs.
Interestingly, we find that PGR resists the compaction typically induced in IDPs by elevated
temperature or cosolvents such as TFE and TMAO. Taken together, our data indicate that the
PGR forms a highly elongated stalk region that extends the functional B-repeat region of
Aap away from the peptidoglycan layer of the staphylococcal cell wall, enabling the
important intercellular adhesion events necessary for biofilm formation.

The proline/glycine-rich region shows aberrant mobility

To understand the role of the proline/glycine-rich region in Aap and how it might contribute
to S. epidermidis biofilm formation, we sought to express this region as a recombinant
protein and analyze it using biophysical techniques. The proline/glycine-rich region of Aap
(termed PGR) was expressed in Escherichia coli as a fusion protein with a hexahistidine-
maltose binding protein (His-MBP) tag. By SDS-PAGE (Fig. 1c), the fusion protein (His-
MBP-PGR) runs near the expected MW of 60 kDa. After cleavage of the His-MBP tag with
Tobacco Etch Virus (TEV) protease, a prominent band appears near 150 kDa in addition to
the 42.5 kDa MBP and 27 kDa TEV. After further purification by affinity and anion
exchange chromatography, a single band of high purity is observed by SDS-PAGE running
near 150 kDa. This putative PGR band exhibited highly aberrant migration by SDS-PAGE,
with an apparent molecular weight more than 10-fold higher than predicted (13.2 kDa).
Purified PGR was examined by electrospray ionization mass spectrometry to confirm the
presence of a single species with a molecular mass of 13,194 Da. Aberrant mobility during
SDS-PAGE has been observed as early as 1969 by Dunker and Rueckert [43], and more
recently several IDPs have shown aberrant mobility, although to a lesser extent than PGR
[44-46]. Under the denaturing conditions used for SDS-PAGE gels, the mobility of the
migrating protein species under the applied electric field is dependent on the number of SDS
molecules bound to the protein through interactions of the acyl tail of SDS and hydrophobic
regions of the protein. PGR includes very few hydrophobic residues—its GRAVY (GRand
Average of HydrophathY) hydropathy index score is —1.41 [47]—which should result in
very low SDS binding capacity and very low mobility under the electric field relative to
proteins of similar size with more typical amino acid distributions. This aberrant mobility
has been observed for other proteins with low GRAVY scores [48] and specifically for
collagen peptides, which exhibit high imino acid and glycine content but infrequent
hydrophobic residues [49], similar to the PGR. This aberrant migration due to diminished
SDS binding may be generally applicable to other IDPs, as low hydrophobicity is a common
attribute of IDPs [50].

PGR sediments as an elongated monomer

To determine whether PGR exists in solution as an extended monomer or a higher-order
assembly, we performed sedimentation velocity analytical ultracentrifugation (AUC) (Fig.
1d). This technique tracks the rate of protein sedimentation under an applied centrifugal
field, allowing for the characterization of the size and shape of the species in solution under
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native conditions. AUC experiments can provide additional hydrodynamic information about
macromolecules in solution compared to SDS-PAGE and size exclusion chromatography,
because the experimental analysis provides insight into both the size of the sedimenting
species (via the sedimentation coefficient) and its shape (via the frictional coefficient, which
depends on broadening of the sedimentation boundary due to diffusion). At 20° C and in
biologically relevant buffer, PGR was monomeric at concentrations ranging from 25 pM to
300 uM (0.33 mg/ml to 4 mg/ml). However, under all conditions, PGR sedimented slowly,
with a sedimentation coefficient of 1.0 S and an unusually high frictional ratio (greater than
2), indicating a highly elongated or non-globular conformation that results in increased drag
(Fig. 1e, Tables 1 and S1). These results support the hypothesis that PGR has aberrant
mobility due primarily to a preference for a set of extended conformations.

Determination of the hydrodynamic radius of PGR in solution

In parallel to the sedimentation velocity analysis, we determined the radius of hydration (/)
of PGR by size exclusion chromatography (SEC) [51]. A series of well-characterized
globular proteins were run over a G-100 Sephadex column to determine the linear
relationship between the thermodynamic retention factor (Kp) and R}, for control proteins
with known crystal structures [51, 52] (Fig. 2a). Based on the linear R, vs Kpplot, the Ry
for PGR was determined to be 37.06 + 1.1 A. This value is surprisingly high for a protein of
13.2 kDa, as can be seen in a plot of logMWvs K (Fig. 2b); PGR deviates significantly
from the linear relationship seen for the folded, globular control proteins bovine serum
albumin, chicken albumin, bovine carbonic anhydrase, and horse myoglobin (BSA, Alb, CA,
and Myo respectively). If PGR were a globular protein, its /4, would correspond to an
apparent MW of 53.6 kDa, nearly four times larger than its actual MW. Furthermore, a plot
of logRy, vs logN where Nis the number of residues, shows distinct linear trends for IDPs
[42] (Table S4) and globular proteins [51, 53] (Table S5); PGR clearly falls in the IDP
region in this plot (Fig. 2¢). The abnormal migration by SDS-PAGE, highly extended
conformation in solution by AUC, and aberrant R, compared to its MW all indicate that
PGR is likely to be an IDP.

Predicted disorder based on PGR primary sequence

To investigate the inherent propensity of PGR to form an intrinsically disordered
polypeptide, we submitted its amino acid sequence to several prediction servers. Figure Sla
shows the location of PGR on the Uversky plot, which segregates disordered proteins from
ordered proteins based on absolute mean net charge and mean scaled hydropathy [50].
Although PGR has a relatively low absolute mean net charge per residue of 0.052 due to the
alternating Glu and Lys residues, PGR still lies on the “disordered” side of the Uversky plot
due to the general lack of hydrophobic residues. IDPs are typically composed primarily of
“disorder-promoting” amino acids, which include Ala, Glu, Pro, Gly, and Lys (which
comprise the primary AEPGKP repeat in PGR), as well as Arg, Gln, and Ser. Similarly,
IDPs tend to lack bulky hydrophobic and aromatic residues that would promote the
formation of a hydrophobic core in a globular fold [54, 55]. Analysis of the PGR sequence
using the Database of Disordered Protein Predictions (D2P2) [56] showed unanimous
agreement among all predictions that this region is disordered (data not shown); the results
from several disorder-predicting servers [57-61] are shown in Figure S1b. Interestingly, such
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predictions indicated high probability of disorder in the A-repeats and B-repeats as well as
the PGR of Aap. While no data have been published regarding the structure of the A-repeats,
B-repeat constructs from Aap and its ortholog SasG have been crystallized and form an
elongated, non-globular fold with long 3-stranded p-sheets interspersed with regions of coil
or PPII helices [15, 18, 62][63].

Additional analysis of the PGR sequence was carried out using the CIDER (Classification of
Intrinsically Disordered Ensemble Regions) server developed by the Pappu Lab [64].
CIDER calculates a variety of parameters, such as fraction of charged residues (FCR), net
charge per residue (NCPR), and kappa [65] — a parameter describing charge segregation in
the linear sequence. PGR can be classified as a weak polyampholyte (FCR < 0.3) with a low
NCPR (-0.052). Based on the kappa value of 0.058, PGR lies in the transition region of
structures taking on a “self-avoiding random walk” set of conformations and a molten
globule-like set of conformations [65]. The relationship between the fraction of positively or
negatively charged residues defines PGR as a “Janus sequence,” which may be collapsed or
expanded depending on the context (Fig. S1c). In the case of PGR, the frequency and
distribution of proline residues may bias its conformation toward an extended state, rather
than a molten globule-like state.

PGR contains polyproline type Il helix content

We used circular dichroism (CD) spectroscopy to assess the presence of secondary structure
in PGR. The far-UV spectrum at 25° C showed a strong negative minimum near 200 nm and
a weak local maximum near 220 nm (Fig. 3a; see royal blue line). A minimum in the range
of 195-205 nm is typical for collagen [66], denatured proteins [67, 68], and IDPs [44-46],
and the positive peak near 220-228 nm is considered to be diagnostic for the polyproline
type Il (PPII) conformation [66], a highly extended left-handed helix with three-fold
rotational symmetry [69]. Both PPII and random coil secondary structures show a minimum
near 200 nm in their far-UV CD spectra, but this peak is notably less pronounced for random
coil than for PPII. The far-UV spectrum of PGR changed as a function of temperature
(ranging from 5° C in magenta to 95° C in red in Figure 3a). As temperature was increased,
the minimum near 200 nm became less negative and the band at 222 nm became more
negative. This suggests an increase in random coil as temperature increases, while lower
temperatures resulted in a more negative minimum corresponding to the stabilization of
PPII, as previously described [70]. A difference plot of the spectra between 210-240 nm as a
function of temperature more clearly illustrates the decrease in PPII as temperature
increases, based on the positive difference peak centered at 222 nm (Fig. 3b). These far-UVv
CD data are consistent with a non-cooperative transition between conformational states
containing PPII at low temperatures and random coil (‘denatured PPI11”) at high temperatures
[44]. This is supported by the linearity of the temperature dependence of the CD signal at
200 nm (Fig. 3a-inset) or 222 nm (Fig. 3b-inset), demonstrating non-cooperative thermal
denaturation.

Hydrodynamic behavior as a function of temperature

While CD provided information regarding temperature effects on the local backbone
structure of PGR, AUC was performed at multiple temperatures to examine thermal effects
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on the global conformation of PGR. IDPs often show a decrease in hydrodynamic radius
with increasing temperature, which has been described with temperature-dependent
solvation effects on structure [71], a collapse of the extended PPII conformation to more
compact random coil configurations [51, 52, 72], and a stronger hydrophobic effect at
elevated temperatures [55]. We conducted AUC sedimentation velocity experiments at 4°,
20°, and 37° C (the temperature extremes allowed for by the instrumentation). After
converting the data to the standardized sedimentation coefficient (s ) to account for
differences in viscosity and density at these temperatures, there was little difference between
the sedimentation coefficients or the frictional ratios (Fig. 4a, Table S2). To verify the
monodispersity of PGR in these sedimentation velocity experiments, we used the ¢(s, #fp)
analysis method to determine 2-dimensional size-and-shape distributions of PGR in terms of
sedimentation coefficient and frictional ratio (Fig. 4b) [73]. This is useful in distinguishing
two separate species with similar sedimentation coefficients [74]. These 2D distributions
confirmed that PGR sedimented as a single monomeric species with no evidence of higher-
order oligomers. Taken together, these AUC data show that the overall hydrodynamic
behavior of PGR does not appreciably change with temperature, indicating that PGR does
not undergo a significant collapse with increased formation of random coil.

Dynamic light scattering (DLS) provides information on particle size and diffusion
coefficients by measuring time-dependent scattering fluctuations due to the particles’
Brownian motion [75]. An advantage of using DLS techniques, when compared to SEC-
based methods for measuring particle size, is that data can be measured over a broad
temperature range. We measured the R, of PGR using DLS from 5° C to 45° C and observed
very little change in the Ry, similar to the AUC results (Fig. 4c, Table S2). The values range
from 38.9 A to 37.8 A and are in good agreement with the SEC-measured R, of 37.06 A
(Fig. 4c; see green square). Although we saw a temperature-dependent decrease in PPII
content (based on mean residue ellipticity at 222 nm) for PGR, the slope is shallow and the
CD data points are within the error bars of the DLS data. In the case of p53(1-93), a well-
known IDP, Langridge and colleagues co-plotted R values by DLS with PPII signal at 221
nm via CD (at the same scale as shown for PGR), revealing a strongly correlated linear
decrease in both R, and PPII content as a function of temperature between 5° and 75° C
[51]. Interestingly, the change in R, observed for p53(1-93) between 5-45° C was 3.66 A,
compared to only 0.84 A change in PGR (Fig. 4c, gray circles). The difference in CD signal
at 221 nm over the same temperature range for p53(1-93) was ~2,000 MRE, compared to
~1,000 MRE for PGR. These data suggest the /R, of PGR decreases with elevated
temperatures but to a lesser degree than observed for p53(1-93). These results suggest the
temperature-dependent local transitions from PPII to random coil observed by CD do not
correspond to large changes in the global conformations of PGR as observed by AUC or
DLS.

Effects of cosolvents on PGR conformation

A number of osmolytes and other cosolvents can provide insight into the configurational
space of polypeptides. By a combination of excluded volume effects and preferential
interactions of cosolvent with backbone or sidechain groups, these molecules can chemically
denature folded proteins or stabilize particular types of secondary structure. Likewise,
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cosolvents can favor formation of PPII conformations or even induce folding of
thermodynamically denatured proteins and IDPs. Thus, response of PGR to urea, guanidine
hydrochloride (GdnHCI), trimethylamine A-oxide (TMAO), and 2,2,2-trifluoroethanol
(TFE) was measured by far-UV CD spectroscopy at 4°, 25°, and 37° C (Fig. 5).

Urea is a denaturing osmolyte; it favors unfolded and extended protein conformations
through a combination of preferential interactions with the protein backbone and side chains
[76-81]. Urea may also exert an indirect effect on protein stability via alterations in the water
network surrounding the protein [82]. Guanidine hydrochloride (GdnHCI) is another
chemical denaturant that favors extended, unfolded protein conformations, by preferentially
interacting with the protein side chains and backbone [79, 83-86]. In general, GAnHCl is 2-
to 4-fold more efficient at denaturation than urea, although this is dependent on the target
protein’s sequence. Comparison of their ability to block hydrogen exchange revealed that
unlike urea, GdnHCI does not form H-bonds with the polypeptide but instead stacks against
planar groups in the backbone and side chains such as Asn or aromatic residues [86]. Both
urea and GdnHCI favor formation of the highly extended PPII conformation in IDPs and
denatured globular proteins, monitored by the far-UV CD signal near 220 nm [44, 68, 87,
88]. PGR shows an increase in PPII content at high concentrations of urea (Fig. 5a) and
GdnHCI (Fig. 5b), particularly at low temperatures where PPII is more stable. At higher
temperatures, urea and GdnHCI are less effective at inducing PPI1I structure, similar to
previous observations with p53(1-93) [44]. Interestingly, we observe that urea is more
efficient than GdnHCI at increasing PPII content of PGR, which is opposite to the typical
trends for denaturation of globular proteins. This may be due to the lack of any Asn or
aromatic sidechains in the PGR sequence, limiting the number of planar groups onto which
GdnHCI can stack [86].

TMAO is an osmolyte naturally found in many marine organisms that helps protect proteins
from denaturing environmental stressors often experienced by the cells of these organisms
[89, 90]. It has been shown that TMAO has an opposing effect to that of urea on IDPs [44],
and induces a native-like, compact conformation [90] in globular proteins. Similar to urea,
the effect of TMAO is an additive effect of contributions from backbone-solute interactions
and the sidechain-solute interactions. While the unfavorable backbone contributions drive
this osmolyte’s ability to fold proteins, sidechain contributions are in opposition, having
favorable free energy transfers into TMAQ from water [78]. In general, high concentrations
of TMAQO destabilize the unfolded state relative to the native state [91]. In IDPs, TMAO
tends to reduce PPII content and can even induce tertiary structure from thermodynamically
denatured globular proteins [90, 92, 93]. Surprisingly, addition of TMAQ up to 3 M final
concentration had no effect on the far-UV spectrum of PGR near 220 nm (Fig. 5c). Although
this is not a typical response, other IDPs have been reported that show essentially no change
in their far-UV spectra with increasing TMAQ, including myelin basic protein (MyBP) [94]
and starmaker-like protein (Stm-1) involved in biomineralization of otoliths [95]. Like PGR,
each of these proteins is highly charged (28-47% of the residues are charged), although
MyBP and Stm-1 have only 3-6% proline content compared to 29% for PGR. Interestingly,
favorable sidechain-TMAO interactions that counterbalance the backbone-solute effects are
most significant among charged residues, compared to polar or apolar side chains [78],
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offering an explanation for why PGR, MyBP, and Stm-1 may be relatively unaffected by
TMAO.

TFE is an organic cosolvent that is preferentially excluded from the polypeptide backbone
but interacts weakly with nonpolar sidechains, which strongly favors formation of a-helix, a
form of secondary structure with maximal intramolecular backbone H-bonding and exposed
sidechains. In fact, TFE can induce formation of a-helix even in proteins that are unlikely to
form such structures in vivo [96-99]. For many IDPs, addition of 15% TFE is sufficient to
induce significant spectral changes, with some IDPs already showing complete transition to
a-helix from a PPII or random coil native state [87, 100-104]. In contrast, 15% TFE had no
effect on PGR (Fig. 5d), while higher concentrations of 45 or 75% TFE led to significant
weakening of the minimum near 200 nm and slight loss of PPII signal near 220 nm.
However, none of the TFE conditions induced detectable formation of a-helix with the
characteristic double minima at 208 and 222 nm. Rather, addition of high concentrations of
TFE shifts PGR toward random coil, as seen for increased temperature. The conformation of
PGR at 75% TFE appears comparable to the protein incubated at 75° C (Fig. 3a). Thus, PGR
is quite resilient to the addition of either TMAO or TFE, and it has no propensity to form a-
helix, even at very high TFE concentrations. Given that the consensus PGR sequence repeat
(AEPGKP) contains a proline in every third position, it is not surprising that a-helical
conformations are inaccessible, given the well-known role of proline as a “helix-breaker’.

Electrostatic interactions do not affect local or global PGR conformations

PGR contains a high percentage of charged residues, with alternating charge at every third
position in the consensus AEPGKP repeats. It is plausible that these residues could form salt
bridges to stabilize the PPII helix. Indeed, Whittington and Creamer [105] showed using
Monte Carlo computer simulations that the orientation and spacing of the /— 7 + 3 lysine
and glutamate sidechains are such that a salt bridge could form. However, based on their CD
measurements of a PPPKPAEPPPGY peptide, there was no significant difference between
the spectra at pH 7 and those collected at either pH 2 or 12, where glutamate or lysine
respectively are uncharged. This led to the conclusion that salt bridges do not stabilize PPII
helices [105]. Tomasso et al. [42] have modeled the impact of coulombic interactions on the
radius of hydration (Rp). They reported modest effects on Ry, due to charge-charge
interactions, with the PPII propensity being the major factor on /5. When coulombic
interactions did produce notable deviations in R, it was in cases of similarly-charged
residues or charged clusters with little separation.

We observed no difference between the CD spectra of PGR in the presence of 30 mM or 1
M NaF, where electrostatic interactions should be completely screened [106], at any
temperature tested (Fig. 6a). Similarly, the PGR spectra were superimposable at pH values
of 7.4 and 12 at all temperatures tested, and were nearly identical at pH 2 (Fig. 6b). These
data confirm that salt bridges between the /— 7 + 3 charged residues in PGR do not appear
to stabilize the PP1I conformation. The effect of electrostatics on the global conformation of
PGR in solution was also analyzed using AUC. Sedimentation velocity experiments were
performed on PGR with varying NaCl concentrations. Between 30 mM and 300 mM NacCl,
the )0 ,» remained near 1.0, with a frictional ratio of 2.0-2.1 (Fig. 6¢c, Table S3). At 1 M
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NaCl, there was only a slight decrease in the s,g ,, value and a very slight increase in the
frictional ratio at 20° C and 37° C, indicating that fully screening electrostatic interactions
caused very little change in the global conformation of PGR in solution.

We also considered whether PGR could interact with divalent metal ions. There have been
numerous reports of disordered proteins undergoing a conformational transition upon
binding of a metal ligand [37, 55, 107, 108]. Due to the numerous charged residues in the
sequence of PGR, as well as the well-defined role of ZnZ* in the function of the Aap B-
repeat superdomain [15, 18], we were interested in testing biologically relevant, divalent
metal ions as potential ligands. Furthermore, Zn?* has been shown to increase the rigidity of
the S. aureus cell wall and plays a role in the extension of the Aap ortholog SasG away from
the cell wall [109]. We performed sedimentation velocity AUC experiments in the presence
of CaCl,, MgCls, and ZnCl,. When 2 mM of each divalent cation was added to PGR in 20
mM HEPES pH 7.4, 150 mM NacCl, there was no significant change in the sedimentation
coefficient or frictional ratio of PGR (Fig. 6d).

Predicting PPIl propensity and Ry from PGR primary sequence

Our data make it clear that PGR is a highly extended IDP in solution that is rather resistant
to conformational transitions. The primary sequence of PGR is comprised of a high
percentage of proline residues (29.6%), glycine residues (14.8%), and charged residues
(26.5%), with a net charge of —7. The inclusion of a proline at every 3 position throughout
the first 19 hextad repeats clearly contributes a strong propensity toward PP1l conformations
and places significant constraints on the conformational states available to PGR. In addition
to the high proline content, PGR is rich in disorder-promoting residues such Glu and Lys;
these residues are highly represented in experimentally proven intrinsically disordered
proteins [110]. Previously, it was shown that a simple power-law scaling relationship relates
the Ry, of IDPs to AV, the number of residues, and fppy,, the fractional number of residues in
the PPII conformation as estimated from intrinsic PPII propensities [42, 51] (Eq. 7).
Tomasso et al. compared experimental PPII propensity scales and found that the Hilser scale
[111] or a composite scale combining Hilser, Kallenbach [112], and Creamer [113] PPII
propensity scales could accurately predict experimental 7, values for a large dataset of IDPs
ranging from 73 to 260 residues in length and varying in sequence composition and net
charge (from 1 to 43) [42]. Another variation on the power-law scaling relationship was
proposed by Marsh and Forman-Kay, which takes into account the fraction of proline
residues and the absolute net charge [53]. The Marsh and Forman-Kay relationship (Eq. 9)
predicts an Ry, value of 38.78 A, while applying the Tomasso et al. relationship (Eq. 7) to the
PGR sequence predicts an Ry, value of 38.50 A, which are both remarkably close to the
experimentally determined values from SEC: 37.06 + 1.1 A (at 22° C), and DLS: 38.39
+0.9 A (at 25° C). The hydrodynamic size of PGR measured experimentally thus provides
additional support for the simulation-derived relationship between Rp, Nand 7pp;. An
interesting aspect of the Tomasso et al. approach to Ry, prediction for PGR is that 7ppy, the
fractional number of residues in the PPII conformation based on the Hilser propensity scale,
was 0.5350. This was a higher value of 7pp;,than observed for any of the IDPs in the test set
from the previous study [42]. Indeed, PGR was the only IDP among all proteins in the test
set with a PPII fraction greater than 0.5 (Table S4).
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Discussion

Many bacterial cell wall-anchored (CWA) proteins feature regions defined as ‘low
complexity’, although they vary greatly in size and amino acid content [21-26]. In addition
to Aap and its ortholog SasG, examples include the proline-rich region of the streptococcal p
protein [21], M6 protein of Group A Streptococcus [22], p antigen of the Ibc protein
complex [23], as well as the serine-aspartate repeat proteins found in many staphylococci
[24] and fibronectin-binding protein of S. aureus[25]. In many cases, these regions are
found just upstream of the LPXTG Sortase A anchoring motif. The proline/glycine-rich
region (PGR) of Aap is 135 residues in length and composed primarily of AEPGKP repeats.
The S. aureus ortholog SasG has a proline-rich region quite different from the Aap PGR,
spanning roughly half the number of residues and lacking the hextad repeats of Aap-PGR.
Nonetheless, the proline-rich region of SasG is predicted to have a high fraction of PPII
content (0.4711), surpassed only by Aap-PGR (0.5350) and p53(1-93) (0.4890) in the
Tomasso et al. database [42] based on the Hilser propensity scale [111]. Thus, the proline-
rich region of SasG is anticipated to function as a stalk similar to the Aap PGR. However,
the SasG proline-rich region has a relatively higher fraction of charged residues (0.362
compared to 0.259 for Aap-PGR), categorizing it as a strong polyampholyte that could
potentially sample coil-like or hairpin-like conformations according to the Das-Pappu phase
plot [65]. The serine-aspartate repeat (Sdr) proteins found in S. epidermidis and S. aureus
can contain as many as 558 SD repeats leading up to their LPXTG motif [24]. Proline-rich
regions less than 30 residues in length are commonly found among other gram positive
bacteria adjacent to the sortase A motif [26], though their role is not yet clear. In many cases,
these proline-rich regions appear to function as stalks that act to project adhesive protein
domains away from the cell wall. These can include rigid, highly structured stalks as
observed for the streptococcal adhesion antigen I/11, which features an elongated a-helix
intertwined with a long PPII helix [114]. In many other CWA proteins, proline-rich regions
appear to form semi-flexible stalks [115] that may act as entropic chains. For example,
Linke et al. solved a crystal structure of FctB, a minor pilin from Group A streptococci and
observed a short PPII helix formed by the C-terminal P.XPP XXP XXPXXP XXP tail that
extends outward from the Ig-like pilin domain [26]. Aap PGR, with its series of AEPGKP
repeats, appears to fall in the latter category. The PGR provides an interesting system both in
terms of its role in mediating biofilm-related infections and as a protein sequence with an
unusually high propensity for PPII structure.

We have demonstrated using a variety of biophysical techniques that the PGR of Aap is an
extended, intrinsically disordered polypeptide. Sedimentation velocity AUC revealed a
highly elongated monomeric species that was shown to have substantial PP1I helix content
by far-UV CD. In close agreement with the power-law scaling equation which relates the
amino acid sequence of an IDP to its /5 based on PPII propensity [42, 111], the R, of PGR
was measured to be 37.06 A by SEC. The power-law relationship shows that the large Ry, is
primarily the result of an 7pp;, value greater than 0.5, which was a higher fractional PPII
content than for any IDP in the test dataset. Another unusual feature of PGR was that both
AUC and DLS data indicated only small changes in the s , 0r R, values, respectively, of
PGR with increasing temperature. Typically, the R, of an IDP decreases as temperature
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increases, due to destabilization of PPII and conformational collapse [51, 70]. Likewise,
neither the osmolyte TMAQ (up to 3 M) nor the cosolvent TFE (up to 15%) had any effect
on the PPII content as judged by far-UV CD. Very high concentrations of TFE (45 to 75%)
reduced PPII content and increased random coil in a manner similar to high temperature, but
did not induce a-helix formation. Thus, our data show that PGR is unusually resilient to
conformational fluctuations or compaction and maintains a generally elongated
configuration even at elevated temperatures.

We propose that the basis for these phenomena is implicit in the repeat sequence of PGR and
depends on the local propensity of individual PGR residues to sample the PPII conformation
and the cis/trans isomerization state of the prolines in this region. The far-UV CD spectra of
PGR as a function of temperature (Fig. 3a) recapitulate the well-known behavior seen for the
transition of polymers of proline, hydroxyproline, and other proline derivatives from PPII to
PPI conformations (e.g., shifting from trans — cis proline isomers) [116]. Furthermore,
Cammers-Goodwin et al. demonstrated that TFE increased the rate of cis/trans proline
interconversion [117], which could explain why CD spectra for PGR at high (45-75%) TFE
concentrations (Fig. 5d) mimic the spectra for PGR at elevated temperature (Fig. 3a).
Finally, highly acidic conditions are also known to shift proline residues from #ransto cis
isomers [118], and our pH 2.0 data for PGR showed a similar loss of PPII content, albeit to a
much smaller degree (Fig. 6b).

Within the consensus hextad repeat (AEPGKP), all residues except glycine have high PPII
propensity on the Hilser scale [111] used for the power-law scaling relationship [42]. Two
residues per hextad are prolines, with the highest PPII propensity (1.00), followed by lysine
(0.56) and glutamate (0.42), which have the 2" and 4!-highest PPII propensity values. Even
alanine has a greater value (0.37) than average (0.35 over all 20 amino acids). In contrast,
glycine has the lowest PPII propensity of all (0.13). Thus, a repeating pattern occurs with
five PPII-prone residues separated by glycine (e.g., KPAEPG-KPAEPG). Taken together,
our data suggest a model for PGR in which the majority of residues can transition
independently between local random coil and PPII conformations, but with a bias toward
PPII. We propose that the primary determinant of compaction is the extent of fransto cis
isomerization of the proline residues. Overall, PGR contains 40 prolines, and on average
5-10% of prolines in IDPs are found in the cisisomer [110]. Thus, in the resting state (e.g.,
standard buffer at 25° C), we can anticipate that two to four of the prolines in PGR would be
found in the cisisomer at any given time. Increasing temperature, high TFE concentrations,
or very low pH will increase the net number of ¢/s-Pro isomers, resulting in compaction of
PGR, although minimal, under these conditions. An interesting aspect of PGR is the
demonstration that even under conditions of reduced PPII content (e.g., at high temperature),
the chain remains relatively elongated in solution. Similar sequences may prove to be useful
tools for engineering biomaterials.

These data support the hypothesis of PGR functioning as an extended stalk, pushing Aap out
and away from the bacterial cell wall. It is likely that the PGR accomplishes several
important functions by acting as an entropic chain. First, by extending away from the cell
wall, PGR prevents steric hindrance during self-assembly of the B-repeat region. We have
previously shown that the C-terminal G5 domain “half-repeat’ in the B-repeat region takes
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part in formation of an anti-parallel B-repeat dimer in the presence of Zn2* [15, 18]. The
engagement of an Aap B-repeat region from an opposing cell with this C-terminal G5
domain (which terminates immediately before the beginning of the PGR: see the EYGPT
sequence in Figure 1) would be occluded by other CWA proteins if not for the PGR
elevating the C-terminal G5 above the cell surface. In future work it will be of interest to
genetically engineer S. epidermidis to express an Aap variant lacking the PGR to validate its
biological function, and to further investigate similar low-complexity regions in other
bacterial CWA proteins. Given the significant health burden caused by recurrent, hard-to-
treat biofilm-related infections, a clearer understanding of the structural and functional
characteristics of such intrinsically disordered regions in Aap, SasG, and other key CWA
proteins will be important.

Materials and methods

Cloning

The PGR gene was synthesized by LifeTechnologies GeneArt® composed of amino acids
2225-2359 from S. epidermidis RP62A (UniProt accession no. Q9L470) and subcloned into
the pENTR221 vector for use in the Gateway cloning system (Invitrogen). The gene was
then transferred into a destination vector by LR clonase (Invitrogen) reaction. The
destination vector pHisSMBP-DEST was kindly provided by Dr. Artem Evdokimov and
contained an N-terminal maltose binding protein (MBP) and hexahistidine tag which are
cleavable by Tobacco Etch Virus (TEV) protease.

Protein Expression

BLR(DE3) Escherichia coli were transformed with pDEST-His-MBP-PGR plasmid.
Cultures were grown to an ODggg near 1.0 before cooling to 10° C in an ice bath. Ethanol
was added to 2% (v/v) and isopropyl p-D-1-thiogalactopyranoside (IPTG) to 200 uM, then
cultures were incubated at 20° C for 14-16 hours at 200 rpm [119]. The cultures were
centrifuged to pellet the bacteria, which were then resuspended in 20 mM Tris pH 7.4, 300
mM NaCl and frozen at —20° C.

Protein Purification and Storage

Frozen cells were thawed and lysed by sonication. His-tagged protein was isolated using a 5
mL Ni2*-charged HiTrap HP cartridge column (GE Healthcare) attached to an AktaPure M
chromatography system. The column was washed with 20 mM Tris pH 7.4, 500 mM NaCl, 5
mM imidazole and eluted with a linear gradient from 0 to 1 M imidazole. The eluted protein
was pooled and dialyzed into 20 mM Tris pH 7.4 and 150 mM NaCl before being cleaved
for 6-16 hours by His-tagged TEV protease. The mixture was run over a Ni2*-charged
HiTrap column to trap the cleaved His-tagged MBP and His-tagged TEV protease. The
flow-through contained nearly pure PGR, which was dialyzed into 20 mM potassium
phosphate pH 7.4 and 50 mM NaCl and purified by anion exchange (GE Healthcare) to
remove any remaining contaminants. Purity was evaluated by size exclusion
chromatography (Superdex 75 prep grade — GE Healthcare) and silver-stained SDS-PAGE
gels. Purified PGR was filtered using a 0.22 pm syringe filter unit with PES membrane
(EMD Millipore), which helped prevent degradation. After purification, PGR was stored at
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—-80° C to prevent degradation. CD and AUC experiments before and after freeze/thaw
cycles showed there were no adverse effects on protein structure or stability (data not
shown).

SDS-PAGE and Silver Staining

SDS-PAGE was conducted using 4-20% Mini-PROTEAN® TGX™ Precast Protein Gels
(BIO-RAD) at 175 V for 40 min at 25° C with running buffer containing 25 mM Tris, 250
mM Glycine, and 0.1% SDS (pH 10) running buffer. The samples were run under non-
reduced conditions in Laemmli sample buffer containing 65.8 mM Tris-HCI, pH 6.8, 26.3%
(w/v) glycerol, 2.1% SDS, and 0.01% bromophenol blue (BIO-RAD). Samples containing
sample buffer were heated at 95° C for 5 min before loading. Staining was performed using
the Pierce™ Silver Stain Kit (Thermo Scientific™).

Mass Spectrometry

Electrospray ionization mass spectrometry (ESI-MS) was performed on a sample of purified
PGR in a 50:50 solution of H,O:acetonitrile with 0.1% formic acid. Prior to mass analysis,
PGR was dialyzed against water and then diluted into the H,O:acetonitrile solution to a final
concentration of 10 uM. For molecular weight measurement, mass spectra were collected
using a Waters Synapt G2 ESI-Q-TOF Mass Spectrometer and analyzed with MassLynx.
The ESI-MS experiments were performed with the following conditions: ESI capillary
voltage, 3.5 kV; sample cone voltage, 35 V; extraction cone voltage, 3.5 V; source
temperature 150° C; desolvation temperature, 180° C; cone gas flow, 10 L/h; desolvation gas
flow, 700 L/h (N5).

Analytical Ultracentrifugation

Sedimentation velocity experiments were performed using an XL-I analytical ultracentrifuge
(Beckman Coulter) with absorbance optics at speeds of 45,000 or 48,000 rpm at 4, 20, or
37° Cin An-60 Ti or An-50 Ti rotors. Two-sector epon-charcoal centerpieces were used
with sapphire or quartz windows. Cells were scanned at a wavelength between 230-250 nm,
depending on the sample concentration. PGR concentration was 25 pM (0.33 mg/ml) for
experiments where concentration is not explicitly stated. Experiments were run for about 20
hours or until sedimentation progress slowed due to back-diffusion. Data were analyzed
using the ¢(s) model in Sedfit [120] (sedfitsedphat.nibib.nih.gov), with 100-150 total scans
loaded. Buffer densities and viscosities at 20° C were calculated using Sednterp [121]
(sednterp.unh.edu). The density and viscosity of buffers at temperatures other than 20° C
were calculated using Eq. 1, where 75 is the viscosity of the buffer b, or water w; at 20° C or
temperature 7. Eqg. 2 shows the equivalent formula for density, p. The viscosity and density
of water at 4, 20, and 37° C were obtained from the NIST Chemistry WebBook [122].

Ney = (naop) 2
' U M20w (1)
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pry = (pany) 2L
T,b * 0w @)

The partial specific volume of PGR was calculated to be 0.71703 based on amino acid
sequence using Sednterp. GUSSI [123] was used to produce a sedimentation velocity data-
fit-residual plot (Fig. 1d), as well as the c(s) distribution in Figure 1e. All other AUC data
displayed were plotted in Sigmaplot (systatsoftware.com). Apparent sedimentation
coefficients (s*) were converted to sy ,, (the sedimentation coefficient at standard conditions
of 20° C in water) in Sedfit based on Eq. 3, [124]

S20.w = (5%) - EEO,wﬂzo,w (UT,W > <7]T,b>
1-—- 120,w . @)

VrpPrp

where ;; is the partial specific volume of water (w) or buffer (6) at 20° C or the experimental
temperature, 7, while p and 7 are the solution density and viscosity respectively. The 5020, w
value was calculated from linear extrapolation of syg ,, values from a concentration series to
infinite dilution.

The ¢(s,1/fy) size-and-shape distributions were also determined using Sedfit [73]. A total of
100-150 scans were loaded. The sedimentation coefficient values spanned a range of 1.25 S
along the uncorrected sedimentation coefficient (s*) axis with a resolution of 20 or 25, while
the f/fyaxis ranged from 1-4 with a resolution of 10. The radial resolution was set to 0.003
to decrease processing time. The distributions were plotted in MATLAB (MathWorks.com).

Predictions of Disorder

The PONDR (Predictor of Natural Disordered Regions) (www.pondr.com) server was
utilized for determining the absolute mean net charge and mean scaled hydropathy values for
PGR in the Uversky Plot, as well as performing the VLXT prediction. The RONN v3.2
predictor was accessed at (www.strubi.ox.ac.uk/RONN). IUPred (iupred.enzim.hu) was used
with the long disorder prediction type selected. FoldIndex was accessed at (http://
bip.weizmann.ac.il/fldbin/findex) and the sequence was submitted with a window size of 10
and step size of 1. Additional disorder prediction programs were assessed through the
Database of Disordered Protein Predictions (www.d2p2.pro) [56]. CIDER was accessed at
pappulab.wustl.edu/CIDER/ which calculates parameters such as kappa (a description of
charged residue mixing [65]), fraction of charged residues (FCR), net charge per residue
(NCPR), hydropathy, and the fraction of disorder promoting residues. It should be noted that
CIDER does not predict if a sequence will be disordered; the service was utilized in this
work to provide parameters for classification of PGR and for investigating conformations
expected to be sampled by PGR.
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Circular Dichroism Spectroscopy

All CD experiments utilized an Aviv 215 circular dichroism spectrophotometer with an Aviv
peltier junction temperature control system to measure far-UV spectra at temperatures
between 5° C and 95° C. Samples were loaded into a 0.5 mm quartz cuvette (Hellma
Analytics). Wavelength scans were taken in 0.5 nm steps with a 10 s averaging time and
0.333 s settling time. For the 5° C — 95° C temperature experiments, nine wavelength scans
at each temperature were averaged together from three separate protein samples, each with
three scans. All other CD spectra were the average of three wavelength scans from one
protein sample. PGR in 20 mM potassium phosphate pH 7.4 and 50 mM NaF was measured
at 50 pM (0.66 mg/ml). The urea used was 8 M ultra-pure grade solution (Amresco), and
guanidine HCI was 8.0 M high purity solution (Pierce). Machine units in millidegrees, 6,
were converted to the mean residue ellipticity, [€], using Eq. 4:

0 x MRW

6] = 0xlxe (4)

where MRW s the molecular weight of PGR divided by the number of residues. /is the path
length in cm, and cis the concentration in mg/ml. The MRW value for PGR is 97.03 g mol™1
residue™. The mean residue ellipticity, [6], has the units of degrees cm? dmol~? residue™1.

Dynamic Light Scattering

A Malvern Zen 3600 Zetasizer Nano was used to measure the size of 1-1.5 mg/ml PGR in
20 mM potassium phosphate pH 7.4, 150 mM NacCl at different temperatures. Samples were
filtered using a 0.2 pm-pore size PVDF syringe-driven filter (EMD Millipore) immediately
prior to use. The diffusion coefficient was measured using 600 L samples in teflon-capped
quartz micro-cuvettes that were allowed to equilibrate at the set temperature for 15 minutes.
The number of runs per measurement was set to automatic. Measurements were made at 5°
C first, the sample temperature was then increased in 10° C steps to 45° C, followed by
cooling back to 5° C and repeating the cycle of measurements at different temperatures. The
reported values represent the average and standard deviation from 5 measurements at each
temperature.

The Stokes-Einstein equation (Eq. 5) was used to determine the apparent hydrodynamic
radius (Rp) based on the measured diffusion coefficient, D,

Ry, = KkT/(6mnD) (5)

where ks the Boltzmann constant, 7 is the temperature in Kelvin, and 7 is the viscosity of
the solvent. Solvent viscosity was estimated using the solvent builder software from Malvern
based on Sednterp [121].
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Size Exclusion Chromatography

Sephadex G-100 (GE Healthcare) was equilibrated in 20mM sodium phosphate pH 7.0, 100
mM NaCl. A Bio-Rad BioLogic LP System was used to monitor UV absorbance at 280 nm
to determine elution volumes (V4). 250 pL samples of PGR at concentrations of 3-4 mg/ml
were required to see an elution peak at 280 nm, due to the lack of aromatic residues in PGR.
To verify that this peak corresponded to PGR, a single tyrosine residue was added (PGR-
Tyr) to the C-terminus and measured by SEC at 1 mg/ml. To determine the void (1) and
total column volume (14), 10 uL of 3 mg/ml blue dextran and 0.03 mg/ml 2,4-dinitrophenyl-
L-aspartate were run through the column separately from the protein. The thermodynamic
retention factor (Kp) was calculated using Eq. 6:

Vo = (Ve = W)/ (Vi = Vo). (6)

To determine the hydrodynamic radius of PGR, R}, values based on crystal structures of
globular protein standards were plotted against the experimentally determined K values.
The Ry of the crystal structures were estimated as one-half the maximal C,-C, distance. A
linear regression was performed on these protein standards. The Kp of the protein sample
was inserted into the linear equation of best fit to determine the Ry The same protocol was
used to measure K for repeat experiments using Sephadex G-75.

Rh Prediction

The previously described algorithm utilizes information regarding the PPII propensity to
predict R, of an IDP based on the amino acid sequence [42]. The input sequence was amino
acid 2225-2359 of S. epidermidis Aap (UniProt accession no. Q9L.470). To predict the
hydrodynamic radius (Rp) of PGR based on intrinsic PPII propensities, a power-law scaling
relationship (Eg. 7) was used which is based on the number of residues () and the fraction
of polyproline type Il helix in the peptide chain (#ppy/ chain):

_ 0503 —  011n(1 = fpprrcnain)
R 2.16 - N )

h,PPII

The chain propensity for PPII structure, 7ppy; chain is based on the experimental scale from
Hilser [111] that utilized a peptide host-guest system in which the C. efegans Sem-5 SH3
domain binds a peptide in the PPII conformation. A non-interacting residue of the peptide
was substituted for each amino acid before binding was measured by isothermal titration
calorimetry. The value for 7ppy; cpain in EQ. 7 was determined by Eq. 8, where Nis the
number of residues and PP/l is the PPII propensity from the Hilser scale for each amino
acid in the sequence from 1 to M.

fPPII,ch,n,in, = {Z PPIIPTOP} /N (8)
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Predicting Ry, from Eq. 7 for PGR yields 38.50 A, based on o1y, chain found to be 0.5350 for
the PGR sequence.

Marsh and Forman-Kay have also published an equation for predicting hydrodynamic radius
[53], based upon the same power-law scaling relationship originally employed by Wilkens et
al. to describe folded and chemically denatured proteins [125]. The Marsh and Forman-Kay

equation is shown below:

Rh = (APpm + B)(O|Q| + D)Shz’s*RONU' (9)

This variation of the power-law scaling relationship includes the fraction of proline residues
(Ppro) and absolute net charge (|¢Y), as well as constants A-D. The Spjs«term is 1 in the case
of PGR, because no histidine tag is present. The constants Zpand vare 2.49 and 0.509,
respectively.

Multiple Sequence Alignment

The Clustal Omega [126] web server (v1.2.1) was accessed at The European Bioinformatics
Institute (www.ebi.ac.uk). Each sequence was obtained from the UniProt database [127] as a
complete sequence for the accumulation-associated protein in Staphylococcus epidermidis.
The UniProt accession number precedes each strain name in the alignment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Aap accumulation-associated protein
PGR proline/glycine-rich (region)
IDP intrinsically disordered protein
PPII polyproline type 11 (helix)

TMAO trimethylamine A-oxide
TFE 2,2,2-trifluoroethanol

PNAG poly-A-acetylglucosamine
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MBP maltose binding protein

TEV tobacco etch virus protease
AUC analytical ultracentrifugation
R radius of hydration

SEC size exclusion chromatography
Kp thermodynamic retention factor
BSA bovine serum albumin

Alb chicken albumin

CA carbonic anhydrase

Myo horse myoglobin

CD circular dichroism

DLS dynamic light scattering

GdnHCI  guanidine hydrochloride

MyBP myelin basic protein

CWA cell wall-anchored
Sdr serine-aspartate repeat
SasG Staphylococcus aureus surface protein G

ESI-MS electrospray ionization mass spectrometry
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Highlights

Intercellular adhesion in Staphylococcus epidermidis biofilms is mediated by
Aap

Aap’s C-terminal proline/glycine-rich region (PGR) is intrinsically disordered
PGR forms an elongated monomer with high polyproline type Il helix content

PGR is resistant to compaction by temperature or cosolvents such as TFE &
TMAO

PGR functions as an elongated stalk, projecting Aap functional domains
outward
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Figure 1. PGR shows aberrant mobility and exists as an elongated monomer in solution
(a) Schematic of Aap anchored to the peptidoglycan layer of the S. epidermidis cell wall by

the LPXTG Sortase A motif, with approximate domain boundaries shown for relative scale.
(b) Amino acid sequence of PGR flanked by the end of the B-repeat superdomain (EYGPT)
and the LPXTG motif (underfined) — note the repeating AEPGKP hextads. The amino acids
are numbered as they appear in Aap from S. epidermidis RP62A. Positively charged residues
in the PGR are colored b/ue, while negatively charged residues are colored red. Panel (c)
shows the aberrant mobility of PGR by silver-stained SDS-PAGE. Fusion refers to the His-
MBP-PGR fusion protein. +7EV/is 6hr after the addition of TEV protease to cleave the His-
MBP tag from PGR. PGR is post-ANX purification. While the His-MBP-PGR fusion
protein migrates as expected, cleaved PGR (13.2 kDa) migrates more than 10 times more
slowly than expected. (d) Sedimentation velocity AUC absorbance data (/markers) and best-
fit model (/ines) in the ypper panel. Residual error in the boffom panel, showing good fits to
the data. Panel (e) shows the ¢(s) distribution analysis of PGR at multiple concentrations (75
UM =1 mg/ml) indicating PGR does not self-assemble. The frictional ratio ranged from 2.1
to 2.3, indicating a highly elongated species. The calculated molecular weight was near that
of monomeric PGR, suggesting PGR exists as a highly elongated monomer under native
conditions across the concentration range tested. Standardized sedimentation coefficients
(520, are displayed representing sat 20° C and in water. A linear regression was performed
to determine the standardized sedimentation coefficient at infinite dilution (5020,,,,,) by
extrapolation of s , to zero concentration ((e), inset), yielding a value of 1.06 S. The
values used in the extrapolation are shown in white circles, while the 300 UM (4 mg/ml)
value shown as a filled circle was omitted. Detailed results can be found in Table S1.
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Figure 2. Size exclusion chromatography (SEC) confirms an extended conformation in solution
Panel (2) is a representative dataset from SEC experiments using G-100 resin. Folded protein

standards are displayed in empty circles with their linear regression plotted as a dotted line.
The Ry, of the folded proteins were estimated as the half-maximal C,-C, distance obtained
from X-ray crystallography structures of bovine serum aloumin (BSA — PDB ID: 4F5S)
[128], chicken albumin (Alb — PDB ID: 10VA) [129], carbonic anhydrase (CA — PDB ID:
1V9l) [130], and horse myoglobin (Myo — PDB ID: 2058) [131]. The SEC-measured K of
PGR (blue circle) was plotted along the linear regression of the protein standards to yield a
Ry, of 37.21 A (indicated by the dashed drop lines), or an average of 37.06 A across 4
independent experiments (2 using G-75 resin, 2 using G-100 resin), each with 3-9 replicates
of the training proteins and 2-3 replicates of PGR or PGR-Tyr. The addition of a Tyr to the
C-terminus of PGR did not appear to significantly affect the ~p, but it allowed
measurements to be performed at 1 mg/ml rather than at the 3-4 mg/ml required for PGR.
Panel (b) examines the linear relationship between Kpand logMW for the folded protein
standards. Clearly, PGR deviates from this trend. PGR has a Kp which would be expected
for a folded protein of 50.9 kDa (logMW'= 4.71), as indicated by the dashed drop lines
starting from PGR’s Kpand ending at the logMIW. Panel (c) shows the relationship between
logRyin A and log/NV/where Ais the number of residues. Folded proteins [51, 53] (empty
circles, dashed linear regression) trend differently than IDPs [42] (filled circles, solid linear
regression). PGR trends with IDPs and not folded proteins. Also shown for reference is the
IDP p53(1-93).
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Figure 3. PGR contains polyproline type Il helix
Panel (a) shows the CD spectra of PGR from 5° C in magentato 95° C in red, collected in

10° C increments. These spectra resemble those from PPII-containing peptides, showing
PPII transitioning to random coil at increasing temperatures. The mean residue ellipticity,
[6] (degrees cm? dmol~2 residue™1), in thousands is plotted against wavelength. The inset
shows the temperature dependence of the minimum at 200 nm. In panel (b), a difference plot
of the spectrum at each temperature subtracted from the 95° C spectrum is displayed. The
inset shows the temperature dependence of the local maximum at 222 nm, associated with
PPII content.
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Figure 4. PGR shows weak temperature dependence of Ry,
Panel (a) shows the calculated ¢(s) distributions of PGR, with little change in the

sedimentation coefficient at 25 UM between 4° C (purple line), 20° C (green), and 37° C
(red). Panel (b) shows the c(s,#fy) 2D size-and-shape distribution of PGR at 4° C (/ef?), 20°
C (middle), and 37° C (right) at 25 M, indicative of a single species in each case. Note that
the sedimentation coefficients in this panel are apparent (s*) values, which converge to
1.0-1.1 upon correcting for temperature effects on buffer viscosity and density. Panel (c)
displays the DLS-measured Ry, for PGR in blue circles. Measurements were taken at 10° C
increments between 5° C and 45° C. Error bars show = standard deviation for DLS
measurements. The open square marks the SEC-measured R}, (37.06 A at 22° C). The red
triangle along the y-axis (Ry) shows the predicted R, of 38.50 A from the power-law scaling
relationship. The black triangles show molar residue ellipticity at 222 nm at each
temperature, corresponding to PPII content. The CD data suggests a small temperature-
dependent decrease of PPII content, but this does not translate to the R, as much as would be
expected based on previous observations in the literature [51, 52]. As an example, the
temperature dependence of the Ry, of p53(1-93) is shown in gray circles, which also mirrored
its own molar residue ellipticity at 221 nm, the local PPIl maximum observed for p53 (re-
plotted from [51]). The linear fits of the DLS data for PGR and p53(1-93) are shown as solid
lines. The slope (m) of the line for the PGR fit (m = —0.015) is less steep than that of the fit
for p53(1-93) (m = -0.076), indicating a weaker temperature dependence of /R, compared to
p53(1-93).
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Figure 5. The local conformation of PGR shows resilience against chemical perturbants
(a) CD spectra showing PGR PPII induction at 0 M, 2 M, 4 M, 6 M urea (dark fill to light

filt. 0 M and 2 M spectra overlay at 37° C). (b) CD spectra of PGRin0M,2M,4 M, 6 M
GdnHCI (aark fillto light filf, 0 M and 2 M spectra overlay, while 4 M and 6 M overlay at 4°
C) showing a weaker induction of PPII than with urea. (c) CD spectra of PGR in 0 M (dark
fill) or 3 M (light fil) TMAQO, with no changes, indicating high resilience toward this
osmolyte. D, CD spectra of PGR in 0%, 15%, 45%, or 75% TFE (dark fillto light fill, 0%
and 15% TFE spectra overlay) at 4° C (purple circles), 20° C (green squares), or 37° C (red
triangles). Unexpectedly, no significant changes in the spectra from 0-15% TFE were
observed. Urea, GdnHCI, and TMAO data are shown only from 210-240 nm due to high

noise levels below 208 nm.
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Figure 6. Coulombic effects do not play a role in local or global conformations
The CD spectra in (a) show no differences in 30 mM, 100 mM, 300 mM, or 1 M NaF (dark

fill to light fill) at 4° C (purple circles), 20° C (green squares), or 37° C (red triangles). In
(b), the CD spectra of PGR at pH 2 (/ight fill) has a slightly less negative minimum near
200nm at all temperatures, but spectra at pH 7.4 (medium fill), or pH 12 (gark fill) show no
differences. Together, (a) and (b) indicate that charge interactions do not affect the local PPII
content. Panel (c) shows ¢(s) distributions from sedimentation velocity AUC experiments at
30 mM, 100 mM, 300 mM, or 1 M (solid, short dashed, long dashed, and dotted lines) NaCl
at 4° C (purple lines), 20° C (green), or 37° C (red), revealing only a slight change in the
$0,wat 20° C and 37° C at 1 M NaCl. These data demonstrate that coulombic effects have
little influence on the global conformations available to PGR. (d), ¢(s) distributions from
sedimentation velocity AUC experiments on apo-PGR (b/ack line), or PGR in the presence
of 2 mM CacCls, (purple), 2 mM MgCl, (green), or 2 mM ZnCl;, (red) at 20° C, showing no
change in global conformation due to interactions with divalent cations.
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Figure 7. Model of Aap on the surface of S. epidermidis
The gram-positive cell wall of S. epidermidis contains a peptidoglycan layer. Sortase A

covalently links the LPXTG motif of Aap to Lipid Il toward the outer side of the
peptidoglycan layer. The P/G-rich region forms an extended stalk with high polyproline type
11 helix propensity and high resistance to compaction. This region pushes the B-repeat
superdomain out and away from the cell surface where it can better interact with the B-
repeat superdomain of adjacent S. epidermidis cells in the presence of Zn2* ions and
contribute to biofilm formation.
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Table 1

Summary of hydrodynamic parameters determined in this study

Technique 5, D% f1f, a Ry
(Svedberg)  (cm?is) A
AUC 1.06 6.87 x 1077 2.14
SEC 37.06 + 1.1 (22° C)
DLS 7.09+0.4 x 1077 38.39£0.9(25° C)

aFrictionaI ratio from 25 UM PGR at 20° C in 20 mM KPOg4 pH 7.4, 150 mM NaCl
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