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Abstract

Group A Streptococcus pyogenes (GAS) is a causative agent of pharyngeal and dermal infections
in humans. A major virulence determinant of GAS is its dimeric signature fibrillar M-protein (M-
Prt), which is evolutionarily designed in modules, ranging from a hypervariable extracellular N-
terminal region to a progressively more highly conserved C-terminus that is covalently anchored to
the cell wall. Of the >250 GAS isolates classified, only the subset of skin-trophic Pattern D strains
expresses a specific serotype of M-Prt, PAM, that directly binds to host human plasminogen (hPg)
via its extracellular NH,-terminal variable A-domain region. This interaction allows these GAS
strains to accumulate components of the host fibrinolytic system on their surfaces to serve
extracellular functions. While structure-function studies have been accomplished on M-Prts from
Pattern A-C GAS isolates with different direct ligand binding properties from PAM, much less is
known regarding the structure-function relationships of PAM-type M-Prts, particularly their
dimerization determinants. To examine these questions, PAMs from seven GAS strains with
sequence variations in the NH,-terminal ligand binding domains, as well as truncated versions of
PAM, were designed and studied. The results from bioinformatic and biophysical analyses show
that the different domains of PAM are disparately engaged in dimerization. From these data, we
propose an experimentally-based model for PAM secondary and quaternary structures that is
highly dependent on the conserved helical C-terminal C-D-domains. In addition, while the N-
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terminal regions of PAMs are variable in sequence, the binding properties of hPg and its activated
product, plasmin, to the A-domain, remain intact.
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1. Introduction

Group A Streptococcus pyogenes (GAS) is a spherical Gram-positive B-hemolytic pathogen
that selectively infects humans, causing a range of infections, from currently antibiotic-
sensitive pharyngitis and impetigo to serious invasive diseases, such as necrotizing fasciitis
and streptococcal toxic shock, with a mortality >25%. In addition, immune sequela of these
infections, such as acute rheumatic fever (ARF), are common causes of heart disease
worldwide (Lee et al., 2009a). Thus, the morbidity and sometimes mortal GAS infections
represent serious burdens to human health.

Numerous virulence factors are present in GAS, ranging from those present on the bacterial
chromosomal to those expressed by incorporated bacteriophages (Bao et al., 2014). The
GAS genome is very plastic with many integration sites, and horizontal transfer with
recombination of genetic materials between GAS strains (Bao et al., 2014) and between
GAS strains with other p-hemolytic streptococcal strains (McNeilly and McMillan, 2014)
lead to new isolates with variable properties that result from selective pressures from the
immune system of human hosts.

All known GAS isolates contain a signature high copy number M-Protein (M-Prt), encoded
by the emmm gene. This is the most widely recognized virulence determinant of GAS.
Approximately 250 different antigenically distinct M-Prt-types of GAS isolates have been
identified through sequencing ~90 nucleotides in the hypervariable region (HVR) of the
emm gene (Beall et al., 1996; Bessen, 2016). M-Prts contain ~350-450 amino acids
arranged in a modular fashion (Hollingshead et al., 1986). The N-terminus is HVR, which is
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sequentially followed by variable A- and B- domains and highly conserved C-, D-, and Pro/
Gly-modules (Fischetti, 1989; Fischetti, 1991). The C-terminus of mature M-Prts includes a
sortase A (LPXTG)-sensitive membrane spanning site, which, when fully processed, is
covalently linked to cell wall peptidoglycans. Conformationally, the mature M-Prt is a
fibrillar protein consisting primarily of a-helices interrupted by loops, with its N-terminal
regions (HVR-A-B-C-D) protruding through the cell wall into extracellular solutions. This
provides GAS with a hair-like surface and allows the binding of many different types of host
proteins to variably interact with strain-specific M-Prts.

The emm geneis located within a virulence-determining region of the bacterial
chromosome, viz., the multiple gene activator (Mga) regulon (Hondorp and Mclver, 2007),
which can contain up to five other sortase A-anchored proteins (Liang et al., 2013). This
entire regulon is situated between the /mgaand laminin binding protein (/mb) genes in
Pattern D strains. Thus, the environmentally-sensitive transcriptional factor, Mga, is an
important regulator of M-Prt expression (Mclver and Scott, 1997; Mclver et al., 1995). The
number and arrangement of the genes in the Mga regulon is used to type the pattern of this
chromosomal region. Five patterns (A-E) have been identified with different gene
arrangements in this regulon (Bessen et al., 1996). The characterization of this region of the
chromosome is important for association of the subject GAS strain with the epidemiology of
GAS infections, as well as their tissue selectivities and virulences.

In many pattern A-C strains, GAS utilizes M-Prts for adherence and colonization on oral and
skin epithelial cells (Berge and Sjobring, 1993; Walker et al., 2014) to provide the
inflammatory response accompanying infection. In addition to direct causation of the
infection, GAS has evolved survival mechanisms in different host niches to assist the
organism in evasion of the host innate immune response. For example, several Pattern A-C
M-Prts interact with hemostasis system proteins, e.g., fibrinogen (Ghosh, 2011; Glinton et
al., 2017), to provide fibrin that encapsulates the bacteria to allow their colonization. This
serves as an initial protective antiphagocytosis mechanism. Some other M-Prts of the Pattern
A-C class react with complement binding proteins, e.g., C4BP, and Factor H (FH), through
the HVR- region, and inhibit C3b deposition on GAS cells (Berggard et al., 2001;
Gustafsson et al., 2013).

Pattern D GAS strains are unique with regard to binding of host proteins and are the only
GAS subtype that directly interacts with human plasma plasminogen (hPg), a key
component of the fibrinolytic system, through their M-Prts (PAM). This specific and very
tight interaction occurs v/athe variable A-domains of PAM (Ringdahl et al., 1998; Rios-
Steiner et al., 2001; Wang et al., 2010b; Wistedt et al., 1995). The hPg-PAM interaction is
central to the pathogenesis of this microorganism (Sanderson-Smith et al., 2006b). PAM-
bound hPg is activated by a secreted subtype (2b) of streptokinase (SK2b), produced only by
Pattern D strains (Zhang et al., 2012; Zhang et al., 2013). This process results in formation
of a serine protease plasmin (hPm) (Lahteenmaki et al., 2001), that remains bound to GAS,
thereby providing GAS with a surface-bound protease that is employed to solubilize host
fibrin that encapsulates the GAS cells to permit ultimate dissemination. In addition, cell-
bound hPm serves to degrade extracellular matrix (ECM) components and cellular tight
junctions thereby facilitating the invasion of GAS into deep tissues of the host (Sumitomo et
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al., 2016; Wong et al., 1992). Thus, the exclusive PAM-hPg interaction generally favors
virulence of GAS (Sanderson-Smith et al., 2008; Sun et al., 2004).

Isolated M-Prts are generally believed to exist as non-ideal coiled-coil dimers in solution
(Ghosh, 2011; Phillips et al., 1981), but limited experimental biophysical evidence lies at the
basis of this conclusion. Nonetheless, the relative population of dimeric M-Prts on the cell
surface is not known but would be expected to be limited by spacing constraints of the
covalently bound monomers. While the functions of M-Prts bound to GAS cells have
received much attention, M-Prts are also released from the cell surface during invasive
infections, principally by a bacterial secreted cysteine protease, SpeB (Berge and Bjorck,
1995), and by neutrophil proteases (Herwald et al., 2004). The soluble forms of these M-Prts
retain much their functional N-termini and thus possess important functions as soluble
proteins. Thus, the structure-function relationships of M-Prts in solution are equally
important to a fuller understanding of these virulence factors. In this regard, Pattern D M-
Prts are not nearly as well studied as Pattern A-C M-Prts (Cedervall et al., 1997; Ghosh,
2018), but we know that PAM dimers are present in solution and possess functional
properties (Agrahari et al., 2013; Agrahari et al., 2016; Bhattacharya et al., 2014). However,
some Pattern D GAS strains possess PAMs with significant sequence differences in their
hPg-binding sites of the A-domain (Sanderson-Smith et al., 2007). It is of central importance
to understand whether natural variations in these PAMs result in conformational differences
that could affect their structure-function properties, since it is also not expected that the
highly variable number of amino acids in the N-terminal domains of M-Prts (Cedervall et
al., 1997; Fischetti, 1989; Fischetti et al., 1988; Ghosh, 2011; McNamara et al., 2008; Nilson
et al., 1995; Stewart et al., 2016) are compatible with a generalization that these regions all
exist as a-helical parallel coiled-coils of similar stability, even in solution. Thus, the
determinants for secondary and quaternary structures of PAM, as well as functional
interactions of PAMs, were investigated herein, using PAMs from different GAS isolates
with variable N-terminal sequences.

Materials and methods

Bacterial strains and cultures

The GAS strains investigated are listed by their isolate names (and emm serotypes): AP53
(emm53), NS88.2 (emm38.1), NS223 (emm91), NS455 (emm52), SS1448 (emmé86.2),
SS1572 (emmZ223), SS1574 (emmZ224). The AP53 strain was provided by G. Lindahl (Lund,
Sweden), strains NS88.2, NS223, and NS455 were gifts from M. J. Walker (Queensland,
Australia) (Sanderson-Smith et al., 2006a), and strains SS1448, SS1572, and SS1574 were
obtained from the Centers for Disease Control and Prevention. These GAS isolates were
cultured at 37° C, 5% CO, on sheep blood agar plates (Teknova, Hollister, CA) or in Todd-
Hewitt broth (BD Bacto, Franklin Lakes, NJ) supplemented with 1% (w/v) yeast extract (BD
Bacto) (THY).

DNA manipulations, cloning constructs, and protein purification

Genomic DNAs of the GAS isolates described above were extracted as previously reported
(Ward and Leigh, 2002). To construct pam expression plasmids, the coding sequence of each

J Struct Biol. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qiu et al.

2.2.

Page 5

PAM, excluding the N-terminal signal peptide and C-terminal LPXTG membrane insertion
region, was amplified viathe polymerase chain reaction (PCR). PCR was conducted using
Phusion high-fidelity DNA polymerase (New England Biolabs, Ipswich, MA). The forward
primer was designed specifically for each PAM, which was necessitated by their 5’-
variabilities, while the reverse primer was the same for each pam and contained a sequence
that encoded a Hisg-tag for subsequent protein purification (Table S1). The PCR products as
well as the plasmid, pET-28a (EMD4Biosciences, Darmstadt, Germany), were digested with
Nco | and EcoR | (New England BioLabs) at 37° C. The digested PAM inserts and the
vector were purified using the Wizard SV Gel and PCR Clean-Up System (Promega,
Madison, WI). The digested PCR products and plasmid pET-28a were next ligated at 14° C
overnight using T4 DNA ligase (New England BioLabs). Escherichia coli DH5a
(Invitrogen, Carlsbad, CA) cells were transformed with ligated mixtures employing the
MicroPulser Electroporation System (Bio-Rad, Hercules, CA). The transformed cells were
then cultured on Luria Bertani (LB) agar plates supplemented with 40 pug/mL kanamycin.
The plasmid DNAs of the surviving colonies were extracted for PCR screening, and
sequence analysis using the EZNA plasmid DNA Midi Kit (Omega, Norcross, GA). The
same cloning strategy was applied to truncated PAMaps3, ViZ.,, PAMaps3 snort (residues 42—
175), PAMaps3_medium (residues 42-207), and PAMaps3_|ong (residues 42-338) (Zhang et
al., 2012).

Protein expression and purification

An engineered vector pET-15b (Novagen, Gibbstown, NJ) was employed to construct
plasmids for expression of shortened peptides, including AGL55psgg 2 (residues 95-149 of
PAMngglz), KTI155551448 (residues 85-139 of PAM551448), and VEK75ap53 (residues 97—
171 of PAMaps3). Standard digestions and ligations were carried out as above. Colony
screening was conducted on LB agar plates containing 100 pg/mL ampicillin. The final
expression plasmid sequentially contains an ATG initiation codon, a Hisg-tag, the GB1
subunit of the GABA receptor used for enhanced solubility, a 9-residue linker, a thrombin
cleavage site (LVPRIGS), the peptide coding sequence, and a translation stop codon.
Consequently, all recombinant peptides contained residual Gly-Ser at their N-termini. Tyr
present in the sequences was used for concentration determinations by Asgonm
measurements (Bhattacharya et al., 2014).

E. coli BL21/DE3 cells (New England BioLabs) were transformed with the expression
plasmids. Protein expression and purification procedures for r-PAMSs, unlabeled shortened
peptides, and 13C/15N-labeled peptides have been described previously (Yuan et al., 2017).

2.3. Protein identification and concentration determinations

The integrity of all proteins and peptides was confirmed by MALDI-TOF mass spectrometry
on an Autoflex 111 spectrometer (Bruker Daltonics) (Tables 1, 2). To obtain accurate
extinction coefficients at 280 nm of all full-length PAMs, as well as PAMaps3_jong, the
Aogonm refractive index increments at 670 nm were measured on an Optima XL-1 analytical
ultracentrifuge (Beckman Coulter, Brea, CA) using a synthetic boundary centerpiece (Babul
and Stellwagen, 1969). The cell was loaded in one chamber with 400 pL sodium phosphate,
pH 7.4, and 190 pL and the protein sample was placed in the connecting chamber. The
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rotational speed at 20° C was increased to 3,000 rpm to allow a sharp boundary to be formed
between solvent and protein and the refractive increment measured at 670 nm. All
measurements were completed in ~10 min in order that diffusion of protein at the boundary
was limited. The number of interference fringes at the boundary is proportional to the
protein concentration (4.1 fringes = 1 mg/mL) (Babul and Stellwagen, 1969). The protein
concentration was accordingly determined from fringe displacement data and this, along
with the Agonm Of the protein solution, provided accurate extinction coefficients (Table S2).
This method has not been verified with shorter peptides. Thus, these extinction coefficients
were calculated with EXPASY based upon Trp or Tyr residues in the sequences.

2.4. Circular dichroism (CD)

Far-UV CD spectra were collected for r-PAMs for secondary structure analyses.
Measurements were made on an Aviv model 202 SF Spectrometer (Aviv, Lakewood, NJ) in
10 mM sodium phosphate/50 mM NaCl, pH 7.4. CD spectral data were continually recorded
from 195 to 250 nm in the wavelength scan mode. Ellipticities were also monitored at 222
nm in the temperature scan mode, and collected from 4° C to 90° C. The spectra represented
the average of three scans in both applications. An average buffer reference scan was
subtracted from that of each sample. The mean residue ellipticities ([&]) of the protein/
peptides were calculated using: [6] = (8 x MRW)/(1 x c), where @is the original signal in
mdeg, MRW is the mean residue weight in g/mol, I is the path length in mm, and c is the
protein concentration in mg/mL (Greenfield, 2006). The a-helical content was estimated
from [G]222 nm = — 30,300/, — 2,340, in which £ refers to the fraction of helices in the
protein (Chen et al., 1972). The data were plotted using GraphPad Prism 7.

2.5. Analytical ultracentrifugation (AUC)

Sedimentation equilibrium analytical ultracentrifugation was performed at 25° C using an
Optima XL-1 analytical ultracentrifuge (Beckman Coulter). The proteins/peptides were
dissolved in 10 mM sodium phosphate/50 mM NaCl, pH 7.4, and diluted to Aygonm ~ 0.1
prior to loading. Three channels of a six-channel centerpiece were loaded with the buffer as
a reference solution and protein samples were added to the adjacent channels. Three cell
housings, containing one centerpiece each, were assembled and placed into a Beckman
An-60 Ti rotor, together with the counterbalance (Bhattacharya et al., 2014). Samples were
rotated individually at the speeds of 18,000 and 20,000 rpm for all full-length PAMs;
28,000, 32,000 and 36,000 rpm for PAMaps3 short; 24,000, 28,000 and 32,000 rpm for
PAMAaps53_medium; 18,000, 21,000, and 24,000 rpm for PAMaps3 ong- SCans were recorded
hourly at 280 nm until three scans overlapped, at which point equilibrium was attained. The
partial specific volume of each protein or peptide was calculated from the amino acid
compositions using Sednterp (Table S2). The density of the buffer was 1 g/mL. Apparent
weight average molecular weights for the whole sample were calculated from non-linear
fitting of the data with Optima XL-A/XL-1 data analysis software (Beckman Coulter), using
concentration data from the meniscus (cp,) to the cell bottom (cy) (Schuck et al., 2014). AUC
sedimentation equilibrium assays were conducted in triplicate for each peptide or protein.
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2.6. Helical wheel modeling

2.7.

2.8.

Helical wheel diagrams (Schiffer and Edmundson, 1967) for each domain in different PAMs
were constructed in the parallel mode through the online server DrawCaoil 1.0.

Nuclear magnetic resonance (NMR)

NMR spectra were recorded at 25° C on a Bruker AVANCE 800 spectrometer, equipped
with a 5 mm triple resonance (TCI, 1H, 13C, 15N) cryoprobe, for both resonance assignments
and NOE identifications. All 13C/15N-labeled peptides, viz. AGL55ysgs 2, KT15541448, and
VEKT75pp53, were dissolved in 20 mM BisTris-d19/2 mM 4,4-dimethyl-4-silapentane-1-
sulfonic acid (DSS)/0.1% NaNs, and 5% 2H,0/95% H-,0, pH 6.7. The NMR data were
processed with Bruker TopSpin 3.5 and analyzed with Sparky (Lee et al., 2009b). 1H
chemical shifts were referenced to internal DSS, whereby C and N chemical shifts were
indirectly referenced to DSS (Markley et al., 1998). For resonance assignments of the
peptide backbone and side chains, the following pulse sequences were used: 1°N-HSQC
(Kay et al., 1992; Mori et al., 1995), HNCO/HN(CA)CO (Clubb et al., 1992; Kay et al.,
2011), HNCA (L6hr and Ruterjans, 2002), HNCACB/CBCA(CO)NH (Wittekind and
Mueller, 1993), (H)CC(CO)NH, and H(CC)(CO)NH (Léhr and Ruterjans, 2002). For
intramolecular NOE distance restraints, both 1°5N-NOESY-HSQC (Talluri and Wagner,
1996) and 13C-NOESY-HSQC (lkura et al., 1990) spectra were obtained.

NMR solution structures

The TALOS-N program was applied to predict the secondary structures of AGL55, KTI55,
and VEKT75 in their apo-forms based on assigned backbone chemical shifts (Shen and Bax,
2013). The CS-Rosetta program (Shen et al., 2009; Shen et al., 2008) was applied to
generate the starting template for each peptide based on the chemical shifts. Structural
calculations were then carried out with combined dihedral angle restraints (¢ and ) from
TALOS-N and the NOE restraints observed from 2D-NOESY and 3D-NOESY-HSQC
experiments. Approximately 200 structures were generated through a simulated annealing
protocol in the program Xplor-NIH 2.37 (Schwieters et al., 2006; Schwieters et al., 2018;
Schwieters et al., 2003). Ten conformers with the lowest restraint energy values, and without
distance and angle violations, were further refined with implicit water. The validity of the
structures was analyzed PSVS version 1.5 with also integrates PROCHECK version 3.5.4
(Laskowski et al., 1993) in a single interface (Bhattacharya et al., 2007). Visualization of the
structures was performed using PyMOL.

2.9. Surface plasmon resonance (SPR)

The binding kinetics of r-PAMs to hPg were measured via refractive index changes upon
analyte/ligand binding in real-time using a BIAcore X100 Biosensor system (GE
Healthcare). All binding experiments were conducted at 25° C. The running buffer was
HBS-EP (10 mM Hepes, 0.15 M NaCl, 3 mM EDTA, 0.005% polysorbate 20, pH 7.4)
flowed at 30 pL/min. hPg (30 pg/mL) in 10 mM sodium acetate, pH 4.5, was adsorbed onto
flow cell-2 of a CM5 sensor chip (GE Healthcare), to a level of ~1,000 response units (RUS),
using an amine coupling kit (GE Healthcare) (Bhattacharya et al., 2014; Chandrahas et al.,
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2015; Glinton et al., 2017). Non-bound sites on the gold surface of sensor chip were
subsequently blocked by injection of 1 M ethanolamine, pH 8.5.

In the binding experiments, various concentrations of analytes in HBS-EP buffer were
injected for a 120 sec association time and a 360 sec dissociation time with hPg-coupled
CMb5 (Yuan et al., 2017). The gold surface was regenerated between cycles using 10 mM
glycine, pH 2. The responses in flow cell-2 were subtracted from the background response
of the analyte in the reference cell (flow cell-1) which does not contain immobilized ligand.
The sensorgrams were analyzed using BIA evaluation software 2.0.1 (GE Healthcare).
Equilibrium dissociation constants (Kp) were calculated from the ratio of the dissociation
(koff) and association rates (ko). Nonlinear fitting of the association and dissociation curves
with a 1:1 binding model was employed. Binding curves were presented in GraphPad Prism
7.

2.10. Flow cytometric analysis (FCA)

GAS cells were grown in THY media to an O.D.600nm of ~0.6 at 37° C, after which they
were washed with phosphate-buffered-saline (PBS, pH 7.4) and then resuspended in PBS
plus 1% ovalbumin for blocking. The cells were then incubated with hPg (ERL, South Bend,
IN), after which the primary antibody, mouse-anti-hPg (ERL), was incubated with the cell
suspensions. For detection of bound hPg, a secondary antibody, AlexaFluor 488-donkey-
anti-mouse 1gG (Invitrogen), was incubated with the cells. FCA was conducted using a
FACSAria 111 (BD Biosciences) cytometer with the 488 nm laser at a flow rate of 10 pL/min,
with 10,000 events recorded for analysis. Data were collected by gating on fluorescence
(FITC-A) and on side-scatter.

The histograms obtained were then analyzed using FCS Express Version 4 software (De
Novo Software, Los Angeles, CA). The median fluorescence intensity for each histogram
was used to calculate the events accepted by the gating formula that fall within the specified
marker. The percentage of anti-PAM or hPg-binding for each strain was normalized to strain,
AP53, which was set at 100%. FCA of each GAS strain was conducted in triplicate, and all
data were plotted using GraphPad Prism 7.

3. Results

3.1
PAMs

Homology increases from N-termini to C-termini among different recombinant (r)

We selected seven recombinant (r)-PAMs from Pattern D GAS isolates to examine how the
sequence variability affects the conformations, propensity to dimerize in solution, and the
ligand binding properties of this class of M-Prt (Fig. 1A). PAM from the GAS AP53

(PAM pps3) isolate was chosen as the prototype PAM for this work since most of our
structure-function studies on Pattern D M-Prts have been performed on PAMaps3 and
PAMAP53 fragments (Cnudde et al., 2006; Ringdahl et al., 1998; Ringdahl et al., 1998;
Wang et al., 2010a; Wang et al., 2010b), thus allowing facile comparisons with the present
work. Amino acid sequence alignments show that these seven PAMs contain similar modular
structures and sequence variabilities decrease from the extracellular N-terminus to the C-
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terminus, which is closer to the bacterial capsule (Fig. S1). The HVR and A-domains of
PAMs, that direct many of their functional properties, are the most diverse regions in the
entire protein in terms of their lengths and amino acid sequences. Importantly, because al-
and a2-repeats within the A-domain are the binding loci for hPg, the variabilities in this
domain directly relate to the function of PAMs. On the basis of the differences within the A-
domain, seven full-length PAMs were categorized into three structural classes in this study
(Fig. 1A). Class | contains intact al- and a2-repeats, each of which harbors one Arg-His
dipeptide (simply referred to as RH1 in repeat al and RH2 in repeat a2). These RH regions
have been shown to be essential residues for hPg binding (Fig. 1B) (Rios-Steiner et al.,
2001; Sanderson-Smith et al., 2006b; Schenone et al., 2000; Wang et al., 2010a; Wang et al.,
2010b). PAMaps3 and PAMss1574, Which are very similar in sequence to each other, were
classified as Class | PAMs. Class Il PAMs encompassed those lacking the al-repeat and only
containing the single RH2 binding locus in the a2-repeat. These PAMs included PAMysgg.2
and PAMgg1448. Class 111 PAMs, PAMNs223, PAMNs455, and PAMss1572, also contained
intact ala2-repeats as shown in Class I, but were interrupted by V-H-D or D-H-D tripeptide
insertions at the end of the al-repeat.

Progressively more limited variability has been observed throughout the B-, C-, D- and Pro/
Gly-domains of these PAMs (Fig. S1). It is noteworthy that PAMsgs1574 is devoid of the third
C-repeat, resulting in a significantly smaller protein compared to other PAMs (Fig. S1).
Because PAMgs1574 lacks one C-domain, it is possible to generate a fourth class of Pattern D
PAMS when considering this aspect of the structure. Our three classifications were based
strictly on the ala2 domains.

3.2 The a-helix is the predominant secondary structure of PAMs

All full-length proteins and truncated peptides were readily purified by affinity
chromatography employing the Hisg adduct, as described earlier (Bhattacharya et al., 2014;
Chandrahas et al., 2015), and were of high purity as shown by MALDI-TOF, which
displayed the values nearly identical to the expected molecular weights (Tables 1, 2).

Despite extensive variations in the N-terminal sequences of rams, all full-length proteins
displayed overall high a-helix contents, ranging from 30%-70% at 25° C, as determined by
Circular Dichroism (CD) measurements. Specifically, a-helices were comprised of ~30% of
overall secondary structures in PAMnsgg. 2, PAMss1448, and PAMaps3, While PAMss;574
demonstrated a more moderate a-helical content. More strikingly, PAMps223, PAMps4ss,
and PAMgs1572 contained an a-helical fractional amount of >60% (Fig. 2A, Table 1). Since
sequence variabilities progressively decrease from the N- to the C-terminus and the C-D-
Pro/Gly domains of PAMs are the most conserved domains, we designed truncated versions
at the N-terminus for the prototype PAMaps3 to assess the helical contents of the individual
regions. The truncated PAMs were constructed from Asn*2, the first residue downstream of
the signal peptide. The polypeptides, PAMaps3 short;s PAMAPs3_medium: @1d PAMaps3 jong,
extend to Lys1’> (the beginning of C1-domain), Ala2%7 (the end of the C1-domain), and Lys
(the middle of D-domain), respectively (Fig. 1B).

CD spectra of the truncated PAM aps3 polypeptides were first obtained using the wavelength
scan mode. At 25° C, both PAMaps3 and PAMaps3 jong Showed troughs at 208 nm and 222

J Struct Biol. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qiu et al.

Page 10

nm, a strong signature of a.-helix motifs (Fig. 2B). The highest relative percentage of a-
helices, at ~50%, was observed from PAMaps3_jong, rather than full-length PAMaps3, which
has the Pro/Gly helical destabilizing domain at C-terminus (Table 2). Under the same
conditions, PAMaps3 short and PAMaps3_medium displayed a spectral pattern with a single
trough at 208 nm, demonstrating a low propensity of a-helices (Fig. 2B).

The temperature scan mode was then employed to evaluate changes of a-helical content
with temperature. For all full-length (Fig. 2C) and truncated (Fig. 2D) r-PAMs, temperature
scanning revealed that the mean residue ellipticity (MRE) at 222 nm increased at increasing
temperatures, corresponding to a decreased a-helical content. Of note, the MRE values of all
the full-length PAMs, together with PAM aps3_jong, Showed sigmoidal temperature-
dependent curves, while the MRE of PAMaps3_short and PAMaps3_medium increased
hyperbolically with temperature changes (Fig. 2C, D).

3.3. The C-repeats mediate the dimerization of PAM

Previous data have shown that PAMaps3 exists as a dimer at room temperature
(Bhattacharya et al., 2014). Similarly, at 25° C, as shown by molecular weight
determinations v/a analytical ultracentrifugation (AUC) (Table 1), all full-length r-PAMSs
were monodisperse throughout the concentration gradient established at two different rotor
speeds and were found to be dimeric (Table 1). On the other hand, the AUC results of
truncated r-PAMs demonstrated that PAMaps3_short; With only the HVR, A(ala2)-, and B-
domains, and PAMaps3 medium, With the HVR-A(ala2)-B-, and one of three c-repeats (c1) in
the C-domain, were also monodisperse and existed as monomers. PAMaps3 |ong, €Xtended
to contain all three c-repeats in the C-domain and part of the D-domain, dimerized similarly
to the full-length r-PAMs (Table 2).

To further reveal the domains essential for dimerization, heptad registers of the amino acid
sequences within these seven different PAMs were analyzed and organized according to the
classical helical wheel representation (Fig. S2). The Pro/Gly region was not included in
these analyses since Pro and Gly would not be expected to exist in helical conformations.
Because there are only scattered amino acid substitutions in the three c-repeats and in the D-
domain among various naturally occurring PAMs, PAMaps3 Was chosen as a representative
to illustrate the arrangement of amino acids in the helical wheel model of all PAMs (Fig. 3),
and to correlate with function-studies accomplished on this PAMaps3. The requisite for such
an alignment is a dominance of a-helices and the presence of hydrophobic residues
throughout the sequences represented. Optimally, heptad positions aand d'are mainly
occupied by Leu and Val residues, and face the inner surfaces in a coiled-coil dimer, while
positions 4, ¢, e £, and gare exposed to the outer surfaces. The three c-repeats (c1-c3) of all
PAMs, except for PAMss574, contain a total of 119 residues, rendering the C-domain as the
longest of all the PAM domains (Fig. S1). Considering their amino acid compositions, Leu
and Val account for over 50% of positions aand 'in the C-domain, thereby providing the
opportunity to form hydrophobic clusters in the inner surface of a helical coiled-coil.
Additionally, Leu residues were found at positions aand d'in regions of HVRs, as well as
A-, B-, and D-domains (Fig. S2), but these domains are shorter than the C-domain. Notably,
the typical seven-residue hydrophobic periodicities were interrupted by sequences in ala?
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containing hPg-binding motifs, viz., the Arg-His binding site dipeptides (RH1 and RH2),
thus generating flexibility in the a-helices, perhaps providing spacing between the chains for
binding of hPg.

Alignments, using heptad registers, were then applied to other domains of PAMs to
investigate how the non-polar residues existing in each region form dimers. While highly
diverse among PAMs, the HVR also contained some nonpolar residues, é.g., Leu and Val.
These residues occupied nearly one-third of positions aand d'in this domain, making it
possible to create a portion of a hydrophobic coiled-coil interface (Fig. 4). In this regard, it
has been shown that while HVRs of M-Prts from Pattern E strains, viz., M22, M28, and
M49, contained even fewer apolar residues at positions g and dthan PAMs, they nonetheless
formed canonical dimeric coiled-coils at 4° C (Buffalo et al., 2016), a temperature that
stabilized coiled-coil formation. All PAMs, except PAMss144g, CONtain a negatively charged
cluster in the HVRs at position cand/or g in the helical wheel. Accordingly, PAMgs144g has
a significant higher isoelectric point (pi ~9.3) than the other PAMSs (pi ~7.5).

Thus, from the heptad register analyses and the AUC results presented above, we propose
that the complete C-domain is essential for PAMs to form stable dimers, confirming an
assumption solely based on high sequence conservation for several M-Prts (not of the
Pattern D type) (Cedervall et al., 1997; Nilson et al., 1995). Further, hydrophobic residues in
other domains can also contribute, albeit to a lesser degree, to the energetics of dimerization.
However, it was not known prior to this study whether other highly variable domains could
destabilize the C-domain helices. This does not appear to be the case.

3.4. The hPg binding motifs in PAMs readily form mobile loops rather than rigid helices

The homologous ala2-repeats in PAMSs are responsible for binding hPg with very high
affinity, and residues in such tandem repeats are not strictly aligned in heptad registers (Fig.
S2). Therefore, NMR experiments were performed for three peptides harboring hPg-binding
modules (Fig. 5A). Specifically, AGL55psgs 2 and KT155g5144g both originate from the N-
terminal region of the HVR of the PAMpsgs 2 and PAMss144g (Ala® and Lys8,
respectively) to the middle of the B-domain (Y149 and Y139, respectively). These two
peptides contain a single Arg-His (RH2) motif in the a2 region, due to the natural loss of the
al-repeat in corresponding full-length PAMs. VEK75aps3 begins with V97 in the HVR
region of the N-terminus of PAMaps3 and extends to the last residue of B-domain, Q171,
This latter peptide contains two Arg-His motifs (RH1 and RH2) present in the al and a2
regions, respectively. The MALDI-derived molecular weights of these peptides (Table 2)
attest to their high purity. Further, the sedimentation equilibrium data (Table 2) clearly
shows that these three peptides exist as monomers in solution and were monodisperse at all
points in the concentration gradient at two different rotor speeds. We employed these
peptides to determine their 3D structures by NMR in solution to determine how these
functional regions are initially conformationally presented to hPg.

Initial NOESY experiments for these peptides show that residues in the N- and C-terminal
regions only have sequential connectivities, suggesting a lack of defined secondary structural
elements at the termini. Additionally, the VEK75aps3 structure presented a long
unstructured tail from residue D*° to Q7° at the C-terminus, corresponding to the majority of
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the B-domain (E133 to Q171) in PAMps3. Nonetheless, a significant fraction of a-helical
conformations is predicted in the central regions of the peptides based on chemical shifts
using TALOS-N and CS-Rosetta (Shen et al., 2010), and confirmed by non-sequential NOEs
observed from 2D-NOESY and 3D-NOESY-HSQC experiments. Using the predicated
structure from CS-Rosetta as the template, the XPLOR-NIH program was performed to
generate structure clusters (Fig. S3) with the lowest energies and without violations in
dihedral angle and distance restraints. The structural statistics for each peptide are provided
in Table S3. Small average pairwise root mean square derivatives (RMSD) were observed
for structured residues indicating that these truncated peptides exist as an ensemble
consisting of defined secondary structures. Accordingly, from the ensembles of ten solution
structures for AGL55, KTI55, and VEK75, overlaid according to the longest helical
structure in each (Fig. S3), the lowest energy structure of each of the three uncomplexed
peptides is illustrated in Fig. 5B-D.

In AGL55Nsss 2, two a-helical segments, from R8 to E24, and from D27 to D*0, are
connected with a mobile loop consisting of the R25H26 dipeptide (Fig. 5B). Similarly, both
RH1 and RH2 dipeptides (R17H18 and R39H31) of VEK75 are also located in mobile loops.
Thus, the structures of AGL55ysgg 2 and VEK75ap53 demonstrated flexible hPg-binding
modules flanked by rigid helices (Fig. 5B, D). It is noted that the N-terminus of KT155¢51448
contains two short helical segments, and the RH2 dipeptide of KT155g5144g IS Situated in a
loop region consisting of eight residues (K23-D30) (Fig. 5C). The larger portion of loops
upstream of the hPg-binding motif made KT155g5144g a less compact conformation than the
other single-Ri2-containing peptide, AGL55NS88.2. On the basis of solution structures
obtained here, we conclude that the RH1 and RH2 hPg-binding motifs readily breach rigid
helical structures and become flexible, which likely aids in the binding of hPg. Also, helices
are not readily observed in the B-domain of VEK75xp53, thereby rendering this region as a
mobile structural element (Rios-Steiner et al., 2001; Wang et al., 2010b).

It was also found that in the AGL55ysgg 2 sequence, oppositely charged residues are
staggered every three positions, i.e., Glu’-Argl0-Glul3-Lys6-Glul®-Arg?2. This staggered
alignment can stabilize the a-helix through side-chain electrostatic attractions, but such a
feature nonetheless is not present in KT15555144g, rendering this region as less structured
than AGL55yNsgg.2.

r-PAMs demonstrate tight binding to hPg

SPR experiments were next performed to evaluate hPg-binding affinities of the r-PAMs.
Class I and 111 PAMs were similar in their tight binding to hPg, with relatively slow off-rates
and resultant Kp values of ~10 nM (Fig. 6 A—E, Table 3). However, two members of C | ass
Il PAMs somewhat diverged regarding their hPg-binding patterns. Binding of PAMpsgg.» t0
hPg was as strong as Class | and Class 1l PAMs (Fig. 6F), but PAMgs144g €xhibited a Kp of
~30 nM, due to its relatively fast dissociation rate (Fig. 6G, Table 3). But, on the whole, in
spite of the variability in ala2-repeats among different r-PAMs, these dimeric full-length
PAMs all tightly associated with hPg with Kp values at the low nM scale. Three truncated
variants of Class | PAM, /.., PAMaps3 shorty PAMapP53_medium, and PAMaps3 jong, also
show tight binding to hPg at the nM scale, suggesting that for PAM aps3, dimerization is not
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a determining factor for its binding to hPg, which is consistent with the previous report on
this subject (Bhattacharya et al., 2014).

3.6. hPg binding to PAM-containing GAS strains is a measure of surface exposure of PAM

After assuring that all r-PAMS fully bound to hPg, we examined the binding of to the seven
PAM-positive GAS cells by flow cytometry in order to assess the PAM protein expression
levels on these cell lines. In this assay, the negative control was AP53Apam. In contrast to
the relatively very similar Ky values for hPg to the purified r-PAMs, these GAS strains
displayed diversity in their abilities to capture hPg (Fig. 7). SS1574, one of Class | PAM
expressing strains, bound the highest amount of hPg, at <2-fold than that of the AP53. Both
strains harboring Class 1l PAMSs, viz.,, NS88.2 and SS1448, associated with hPg at a level
comparable to that of AP53. Nevertheless, in Class 111 PAM-expressing strains, SS1572 only
presented a very low constitutive association with hPg, Collectively, we have found that
PAM-positive GAS strains diverged in PAM expression, as evaluated by hPg binding.

4. Discussion

The GAS surface-protruding rod-like M-Prt, composed entirely of secondary structure
elements, is considered as an essential virulence factor in the pathogenesis of this microbe
(Fischetti, 1989; Ghosh, 2011; Smeesters et al., 2010). Recruitment of host proteins to
suppress innate immune pathways is a major virulence mechanism of M-Prt and other M-
like proteins. Thus, these surface proteins interact with several components of the human
host, e.g., hemostasis factors (Loof et al., 2014; Oehmcke et al., 2012), complement
inhibitors (Agrahari et al., 2013; Agrahari et al., 2016), and epithelial cell receptors (Frick et
al., 2003; Siemens et al., 2011; Tamura and Nittayajarn, 2000), and the great variability of
M-Prts in different GAS serotypes allows GAS to display different abilities to colonize
and/or invade. Previous research has unveiled structure-function relationships of M-Prts with
virulence properties in Pattern A-C and Pattern E strains (Buffalo et al., 2016; Cedervall et
al., 1997; Fischetti, 1989; Ghosh, 2011; McNamara et al., 2008; Nilson et al., 1995;
Smeesters et al., 2010; Stewart et al., 2016), but more limited research has been
accomplished on M-Prts expressed by Pattern D strains. Among the major properties of
Pattern D M-Prts (PAMS) is that they serve as the major direct receptors for tight binding to
host hPg, a property not shared by other M-Prt pattern types. Genetic linkage of PAM with a
specific subtype of SK produced only by Pattern D strains, SK2b, that selectively activates
hPg bound to PAM has been established (Zhang et al., 2012). The net result of these
interactions is to provide a surface bound protease (hPm) that GAS can employ for release
from initially protective fibrin nets and ultimate dissemination via degradation of innate
immune barriers. Based on studies with a large peptide region of M1, a M-Prt of the Pattern
A-C group which does not directly bind hPg, it is believed that M-Prts exist as parallel
kinked coiled-coils with significant exposure of its N-terminal domains on the GAS surface
(Buffalo et al., 2016; Ghosh, 2011; McNamara et al., 2008). But, PAMs possess large
differences in their hPg binding N-termini (the A-domain, composed of homologous ala2
repeats) as compared to M1, and do not directly bind to fibrinogen, and secondary structural
predictions of the N-termini of PAM do not suggest the presence of stable helical structures.
However, studies with isolated r-PAM aps3 show that it does, in fact, dimerize (Bhattacharya
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et al., 2014). Thus, we have addressed in this report the extent to which the important protein
binding N-terminus of PAM stabilizes dimerization of PAM and dictates the tight binding of
PAM to hPg.

Different domains are disparately engaged in PAM dimerization

Three truncated PAMAP53 proteins, PAMAF’53_Sh0rt1 PAMAP53_mediumv and PAMAPSB_Iongv
were constructed and expressed (Fig. 1B) to evaluate the contributions to the dimerization of
PAM from each domain. The results demonstrated that PAMaps3_|ong, as a result of
containing the three c-repeats in the C-domain, displayed a higher fractional a-helix (49%)
than the other two shortened PAMaps3 peptides, PAMaps3 short (39%) and PAMaps3 medium
(32%), indicating that c-repeats stabilized the a-helical content. PAMap53 (29%), which
extended the C-terminus further than PAMaps3_jong also contains the Pro/Gly-region, which
not unexpectedly disrupted helical structures. PAMaps3 short and PAMaps3_medium
demonstrated a transition from partly folded to well-folded peptides at low temperatures
(Fig. 2D). These three truncated PAMs demonstrated a transition from partly folded a-
helical segments to well-folded dimeric proteins (Fig. 2D). At lower temperatures (4° C),
PAMaps3_short and PAMaps3_medium also showed dimerization (C. Q., unpublished data),
suggesting that Leu residues in domains upstream of the C-repeats had a propensity to form
a hydrophobic core in dimers. However, limited numbers of such residues in a single c-
repeat could not facilitate PAMaps3 medium to dimerize at 25° C, whereas PAMaps3 ong,
incorporating three intact C-repeats, exhibited complete and stable dimerization at 25° C.
This implies that the length of C-repeats dominates the balance between monomer and
dimer.

In this investigation, it is shown that naturally occurring pAMs from seven different GAS
strains are dimeric without exception, as shown by AUC experiments at 25° C (Table 2).
Related conclusions can be made from CD temperature scan spectra. The MREs of all the
full-length pAMs, as well as pAMaps3 |ong, increased sigmoidally as the temperatures were
increased, reminiscent of cooperative transitions of DNA melting curves with disruption of
helical stacking occurred followed by disruption of the dimeric structures. Thus, these CD
results suggested that coiled-coil dimerization is a key feature of those pAMs that harbor
intact c-repeats. In contrast, PAMaps3_short and PAMaps3_medium displayed hyperbolic
shapes in their melting curves, indicating that helical disruption, but not dissociation,
occurred as a function of temperature, which probably preceded dissociation. These
hyperbolic melting patterns support the AUC data showing that these latter two peptides
existed as monomers at 25° C.

Previous work has demonstrated that the B-domain of M1, from Pattern A-C strains, contain
residues that disrupted segments of the coiled-coil helices, allowing kinks in the helices that
are important in the binding of M1 to fibrinogen (McNamara et al., 2008). Further, the B-
domain of Pattern A-C M6 protein show interruptions in the seven-residue periodicity, thus
making this region more flexible (Fischetti et al., 1988). Whether PAMs form kinked dimers
to allow hPg binding is not known. However, the NMR studies indicated that an extensive
mobile loop in the B-domain has been observed from solution structure of VEK75aps3,
suggesting that this region is predominantly unstructured in the unbound form. If rigid
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helical structures predominated in the B-domain, recruitment of the large hPg, v/iaala2-
repeats, would require conformational changes, possibly destabilizing the coiled-coil dimer
at the adjacent C-repeats. In this sense, the B-domain can serve as a cushion to release
potential torsional forces generated from association of PAMs with hPg.

It is clear that the c-repeats are the major contributors to the coiled-coil dimerization of
PAM. In this region, Leu and Val residues from two helical chains generate a hydrophobic
core to stabilize the dimeric conformation. On the other hand, Arg and Lys residues are
scattered along C-domain, which would destabilize dimerization through electrostatic
repulsions. However, it has been demonstrated that the alkyl group of Arg3? in the protein,
C4BPal, contributed to a hydrophobic nook and clustered with apolar side chains in the
HVRs of M2, M22, M28, and M49 proteins (Buffalo et al., 2016). While, in the case of
PAMs, the HVR does not bind to C4BPal (Agrahari et al., 2013), we can nonetheless infer
that in PAM c-repeats, the Lys and Arg residues at positions @and d'in the heptads have the
potential to produce an internal hydrophobic niche through their alkyl groups. Once the
inner hydrophobic core forms, most of the charged residues align at the solvent surface (/.e.,
positions 4, ¢, e, £, and g in the heptad). Of importance, positions aand e of the heptads are
mainly occupied by positively charged residues, while predominant amino acids of position
g are negatively charged Asp or Glu, which are positioned to provide charge attractions.

4.2. A model of PAM structures

We herein propose a secondary structural model to describe the dimerization pattern for
PAMs (Fig. 8). Based upon AUC results and the helical wheel modeling, the C-domain has
been shown to be the most important region for dimer formation, and hence proposed as the
hinge part of the model. To a lesser extent, the D-domain and HVR contribute to
dimerization. Contrarily, the a-helices of the ala2-repeats of the A-domain in different
PAMs are disrupted by the hPg binding Arg-His motifs, upstream of the B-domain, which
mainly consists of mobile loops. Accordingly, these two coiled-coil destabilizing domains
constitute separated concave rings in the illustrated model.

It has been shown that coiled-coil oligomers exist in proteins in both eukaryotes and
prokaryotes, é.g., tropomyosin (Sodek et al., 1972) and tropocollagen (Bianchi et al., 1966).
It has also been reported that the minimum length of a chemically synthesized
polyheptapeptide, Ac-(Lys-Leu-Glu-Ala-Leu-Glu-Gly),-Lys-amide, required for the coiled-
coil dimerization, was 29 residues (Lau et al., 1984). It therefore seems plausible for bacteria
to synthesize such polyheptapeptides only up to 30-40 residues when they express dimeric
surface virulence factors, such as PAMSs. Thus, the polar or charged residues, which are
substituted for Leu, lle, or Val at positions aand din heptad registers, interrupt the coiled-
coil oligomer. Therefore, to accomplish the formation of functional PAM dimers in solution,
GAS strains synthesize significantly more amino acids in each chain at the expense of
energy. This strategy encompasses the long dimeric C-domain, together with the D-domain,
to maintain ala2-repeats distant from the cell surface, which would otherwise interfere with
binding of PAMs to hPg and other proteins.

Next, residues at position aand din heptad registers, other than Leu or Val, may function to
create a hydrophilic niche, especially at higher temperatures. In this case, the aliphatic side
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chains of Leu or Val residues are exposed to an aqueous environment, and the potential of a
rod-like conformation would be high. It is thus suggested that to achieve the most
energetically favorable format, the hydrophilic heads of Lys, Arg, and Ser of the C-domain
become coiled-coil destabilizing residues and interact with the aqueous environment to
retain the apolar environment in the interior.

4.3. Regulation of PAM expression in different GAS strains

Although it has been reported that hPg binds to streptococcal enolase and GAPDH,
metabolically necessary enzymes present in all GAS strains (Pancholi and Fischetti, 1998;
Winram and Lottenberg, 1996), the binding affinities of hPg to these receptors are much
weaker than that of PAM. Because all naturally occurring PAMs bind to hPg with similar
affinities at 25° C, divergence in whole-cell binding among pam-positive GAS strains will
depend on the PAM expression levels on the cell surface. Thus, hPg binding to Pattern D
GAS cells is a determinant for the integrity of PAM on these same cells.

5. Conclusions

The significance of this study is the proposal of an experimentally-based model that depicts
the dimerization of PAMs. Biophysical methods were employed to reveal the manner in
which dimerization of PAMs has occurred, mainly stabilized by the C-domain with three c-
repeats. The HVR and D-domain are also engaged to a lesser extent in the stabilization of
PAM dimers. Coiled-coil disrupting regions, including the ala2 repeats and the B-domain,
are relevant to allow high affinity binding of PAMs to hPg.

From the evolutionary perspective, it is necessary for GAS to develop a strategy that permits
synthesis of a long rod-like region of PAM, which maintains the functionally-relevant N-
terminus distant from the cell surface. On the other hand, charged or polar residues at
positions aand d'in the C-repeats, which seemingly destabilize coiled-coil dimerization,
provide PAMs and GAS cells with the ability to remain well-tuned to the higher
temperatures in which they operate.
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Highlights
Group A S. pyogenes (GAS) is a causative agent in pharyngeal and dermal infections.
A major virulence determinant of GAS is the signature dimeric modular M-protein.

Host human plasminogen binds to the A-domain of all Pattern D M-proteins and governs
virulence.

The determinants of Pattern D M-protein dimerization reside in its helical C-domain.

The modular nature of M-proteins are evolutionarily designed for bacterial survival in
hostile host niches.
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Fig. 1.

chhematics of full-length r-PAMSs and truncated r-PAMaps3 peptides. All recombinant
proteins start with the first residue (#42) immediately after the signal peptide. (A) Within all
naturally occurring PAMs, homology progressively increases from their N- to C-termini.
Domains align in the following order from the N-terminus: hypervariable region (HVR), A-
domai n containing ala2- or a2-repeats, B-domain, C-domain containing c1-c3 repeats, D-
domain, and the Pro/Gly (P/G)-rich region. (B) Three truncated PAMaps3 proteins were
prepared that terminated at different locations in the PAMaps3 sequence. The ala2-repeats
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are zoomed in to manifest the variability of this domain among different r-PAMSs. Residues
in red refer to the sequence of ala2-repeats, and residues in blue indicate the Arg-His (RH)
motifs that specifically binding to hPg (Rios-Steiner et al., 2001; Sanderson-Smith et al.,
2006b; Schenone et al., 2000; Wang et al., 2010a; Wang et al., 2010b). Dashes are applied to
increase the homology of alignment when necessary. The schematic is drawn to relative
scale, and numbers indicate the first and last residue of each domain.
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CD spectra of naturally occurring r-PAMs and truncated r-PAMaps3 peptides. Mean residue
ellipticities (MRE) of each protein and peptide were calculated from their CD signals. The
MRE is plotted as a function of wavelength from 195 nm to 250 nm at 25° C (A and B), and
as a function of temperature from 4° C to 90° C at 222 nm (C and D). The results are shown
as data points that represent the average of triplicate scans at a given wavelength or

temperature.
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Fig. 3.

Hglical wheel representations of the highly conserved C- and D-domains of PAMaps3.
Construction of helical wheels for (A) c1-c3 repeats of the C-domain and (B) the D-domain
was performed on the server, DrawCoil 1.0 (http://www.grigoryanlab.org/drawcoil/). The
position of each residue is identical to that from the heptad register alignment (Fig. S2).
Residues are categorized and highlighted in colored circles: grey, apolar residues; blue,
positively charged residues; red, negatively charged residues; orange, polar residues. The
blue and red dash lines indicate potential electrostatic attractions and repulsions,
respectively, between residues at positions eand g (Mason et al., 2008).
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A

Fig. 4.

Hglical wheel representations of the hypervariable region (HVR) in different r-PAMs.
Construction of helical wheels for the HVR in (A) PAMaps3, (B) PAMpsgs 2, (C)
PAMns223, (D) PAMNs4s5, (E) PAMss1448, (F) PAMss1572, and (G) PAMss574 was
performed using DrawCoil 1.0 (http://www.grigoryanlab.org/drawcoil/). The position of
each residue is identical to that from the heptad register alignments (Fig. 3). The residues are
categorized and highlighted in colored circles: grey, apolar residues; blue, positively charged
residues; red, negatively charged residues; orange, polar residues. The blue and red dash
lines indicate potential electrostatic attraction and repulsion, respectively, between residues
at positions eand g, respectively.
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Fig. 5.

NI%/IR solution structures of AGL55ysgg. 2, KT155551448, and VEK75p53. (A) Coding
sequences of three peptides were cloned from their corresponding naturally occurring PAMs,
viz., PAMpsgs.2, PAMgs144g, and PAMaps3. PAM-specific hPg-binding ala2-repeats or the
a2-repeat of the A-domain are shown in red. The Arg-His hPg-binding residues are shown in
blue. The ribbon diagram of the lowest energy structure is presented for (B) AGL55nsgs.2,
(C) KTI55551448, and (D) VEK75aps3. The Arg-His motifs are shown as sticks, and the N-
and C-termini of the peptides are labeled.
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Fig. 6.
Binding assays of full-length r-PAMs to hPg. All binding experiments were conducted by

SPR at 25° C. Kinetic analyses were performed for (A) PAMaps3, (B) PAMgs1574, (C)
PAMNs223, (D) PAMNs4ss, (E) PAMss1572, (F) PAMpsgg 2, (G) PAMgs1448. The data were fit
using a 1:1 Langmuir binding model. The corresponding binding constants (Kp) for these
curves were calculated from the average values of Kqyf/Kqp, are provided in Table 3.
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Fig. 7.
Whole cell PAM expression. After incubation of hPg with GAS, the cells were sequentially

incubated with mouse anti-hPg (primary antibody) and Alexa Fluor 488-donkey anti-mouse
IgG (secondary antibody). The cells were washed with PBS, pH 7.4, between incubation
steps. The median fluorescence intensity at 488 nm of original histograms was used to
determine the amount of cell-bound hPg. The capacity of binding to hPg for each strain was
normalized to AP53, which was set at 100%. AP53/Apam was used as the negative control.
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— a2-repeat

. B-domain
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= D-domain

- P/G-region

The structural model of r-PAMs. Models were drawn to scale in ChemDraw Professional
16.0. According to the results from CD, AUC, and heptad register alignments, the c-repeats
of the C-domain, together with partial HVR and D-domain regions, form helical coiled-coil
dimers in a rod-like conformation in solution. But ala2-repeats and most of the B-domain
manifest coiled-coil disrupting properties. (A) Class | and 111 PAMs, except PAMss1574,
encompass three c-repeats and intact ala2-repeats. (B) PAMgs1574 is the shortest among all
naturally occurring PAMs due to the loss of one c-repeat, despite the complete ala2-repeats
as other Class I and 111 PAMs. (C) Class Il PAMs, viz. PAMysgg.2 and PAMgs44s, lack the
whole al-repeat but express three c-repeats. In the C-domain.
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Table 1.

Molecular weights and a-helical contents of naturally occurring PAMs

, _ a b Mol. wt. AUC®

Protein a-helical content® | Mol. Wt. calcd. (MALDI-TOF)

18,000 rpm | 20,000 rpm
PAMysgs.2 | 33% | 40,004 (40,020) | 81,900 + 300 | 81,900 + 1,200
PAMus223 | 61 % | 41,728 (41,760) | 83,700 + 1,000 | 84,800 + 1,000
PAMusass | 72 % | 41,916 (42,055) | 83,400 + 1,200 | 80,200 + 1,700
PAMss144 | 33% | 38,544 (38,644) | 77,700 + 400 | 76,200 £ 900
PAMas1572 | 59 % | 41,529 (41,635) | 83,200 + 900 | 84,000 + 500
PAMss1574 | 54 % | 37,266 (37,401) | 78,800 + 1,200 | 72,300 £ 300

Page 32

a . . . . .
CD spectroscopy was conducted at 25° C, and the a-helix content was calculated for each protein employing the mean residue ellipticities at 222

nm.

b - . .
Calculated molecular mass from the protein linear sequence calculated by ExPASy and the (experimentally determined molecular masses from

MALDI-TOF).

cMoIecuIar weight (Mol. Wt.) of protein in solution from AUC at 25° C. In all cases, single molecular weight species was observed throughout the

concentration gradient in the cell. Data from the top, top, and top channels were collected and presented as the mean + S.D.
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Table 2.

Molecular weights and a-helical contents of PAMaps3 and its derivative truncated peptides
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Protein a-helical content® Mol. Wt. calcd.b Mol. W, AUC”
(MALDI-TOF)
PAMaps3 <hor 39% 16,845 (16,917) 28,000 rpm | 32,000 rpm 14,800 + 2,000 | 36,000 rpm 14,400
B 15,200 + 1,000 + 2,300
PAMaps3 medium 32% 20,498 (20,348) 2224%%%0 F%I’SO 28,000 rpm 21,500 * 600 32.0 rpm 18.0 + 200
+
PAMApS3_fong 49% 35,232 (34,937) 18,000 pm | 21,000 rpm 67,600 +3,800 | 24,000 rpm 67,500
- 67,600 + 2,500 + 4,500
PAM sps 27 % 40,941 (41,083) 61 5077
VEKT75,553 9,119 (9136) 40,000 rpm 9,700 + 300 46,000 8,800 + 100
AGL55ys55.2 6,726 (6,733) 40,000 rpm 6,400 + 200 46000 1pm 6,700
+
KT155651448 6,784 (6,791) 40,000 6,900 +120 46,000 6,400 + 100

a . . . . T
CD spectroscopy was conducted at 25° C, and a-helical content was calculated for each protein employing the mean residue ellipticities at 222

nm.

b - . .
Calculated molecular mass from the protein linear sequence calculated by ExPASy and the (experimentally determined molecular masses from

MALDI-TOF).

Molecular weight (Mol. Wt.) of the proteins in solution from AUC at 25° C. In all cases, single molecular weight species was observed throughout
the concentration gradient in the cell. Data from the top, top, and top channels were collected and are presented as the mean + S.D.

dFrom (Bhattacharya et al., 2014).
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Binding kinetics of naturally occurring PAMs and truncated PAMaps3 to hPg at 25° C

Table 3.

Protein Kon (x10% Ms™1) | Kyg (1074 s71) Kp (nM)a
Class 1 PAMs
PAMps 34+15 56+1.1 1.6+0.8
PAMgg1574 10+3 1.1+02 1.1+04
Class I PAMs
PAMpsss.2 204 23+03 1.2+03
PAMsg1a48 36+07 10+1 28+6
Class 111 PAMs
PAMps223 24+9 33+04 1.4+05
PAMpsass 54+ 12 1.7+0.2 0.3+0.07
PAMss1572 12+6 59+0.1 49+24
Truncated PAMpps3
PAMaps3 short 4007 7.7+1.6 1905
PAMaps3 medium 23+0.1 54+09 23+04
PAMaps3_tong 0.9+04 1.3£0.1 14+06

a .
Kp values were calculated from the average values of koff/kon in the Table.
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