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Very few studies have so far been dedicated to the sys-
tematic analysis of protein interactions occurring be-
tween surface and/or secreted proteins in bacteria.
Such interactions are expected to play pivotal biological
roles that deserve investigation. Taking advantage of
the availability of a detailed map of surface and secreted
proteins in Streptococcus pyogenes (group A Strepto-
coccus (GAS)), we used protein array technology to de-
fine the “surface interactome” in this important human
pathogen. Eighty-three proteins were spotted on glass
slides in high density format, and each of the spotted
proteins was probed for its capacity to interact with any
of the immobilized proteins. A total of 146 interactions
were identified, 25 of which classified as “reciprocal,”
namely, interactions that occur irrespective of which of
the two partners was immobilized on the chip or in
solution. Several of these interactions were validated by
surface plasmon resonance and supported by confocal
microscopy analysis of whole bacterial cells. By this
approach, a number of interesting interactions have
been discovered, including those occurring between
OppA, DppA, PrsA, and TIpA, proteins known to be in-
volved in protein folding and transport. These proteins,
all localizing at the septum, might be part, together with
HtrA, of the recently described ExPortal complex of
GAS. Furthermore, Spel was found to strongly interact
with the metal transporters AdcA and Lmb. Because
Spel strictly requires zinc to exert its function, this find-
ing provides evidence on how this superantigen, a major
player in GAS pathogenesis, can acquire the metal in the
host environment, where it is largely sequestered by
carrier proteins. We believe that the approach proposed
herein can lead to a deeper knowledge of the mecha-
nisms underlying bacterial invasion, colonization, and
pathogenesis. Molecular & Cellular Proteomics 11:
10.1074/mcp.M111.015206, 1-13, 2012.

From the fNovartis Vaccines, Via Fiorentina 1, 53100 Siena, ltaly
and the |Department of Molecular Biology, University of Siena, Via
Fiorentina 1, 53100, Siena, Italy

Received October 18, 2011

Published, MCP Papers in Press, December 22, 2011, DOI
10.1074/mcp.M111.015206

Surface proteins play a fundamental role in bacterial adap-
tation, survival, and proliferation. They sense the chemical
and physical conditions of the external environment and send
appropriate signals to the cytoplasmic compartment, control
the in/out trafficking of a plethora of molecules and ions, serve
as anchoring tools for adhesion, and promote biofilm forma-
tion. In pathogenic bacteria, they also participate in tissue
colonization and invasion and contribute considerably to
counteract the defense mechanisms of the host. As a conse-
quence of their role in key biological processes, surface pro-
tein identification has become instrumental not only for the
definition of the mechanisms underlying bacterial physiology
and pathogenesis but also for the development of new anti-
microbial therapeutic and prophylactic products.

The precise elucidation of bacterial surface proteomes
(“surfome”) is experimentally challenging. Contamination of
the surface/membrane protein preparations with cytoplasmic
proteins can prevent accurate proteome characterization both
in qualitative and quantitative terms. Furthermore, functionally
important complexes that may form on the bacterial surface
can remain largely undetected because the experimental con-
ditions used for sample preparation and analysis usually de-
stroy noncovalent protein-protein interactions.

In the last few years, new effective protocols for the iden-
tification and quantification of surface-associated proteins
have been developed. They include in silico analysis of ge-
nome sequences combined with the use of antibodies spe-
cific for each predicted surface protein to confirm its surface
exposure on whole bacterial cells (1-4), in vivo labeling of
surface proteins coupled to mass spectrometry (5), protease
“shaving” of bacterial surfaces and analysis of proteolytic
peptides by mass spectrometry (6-9), and mass spectrome-
try analysis of outer membrane vesicles (10, 11).

In regard to the identification of surface protein complexes,
several experimental methods exist (12), the most commonly
used being the yeast two-hybrid system (13, 14), the tandem
affinity purification (tagging) approach combined with protein
identification using mass spectrometry (15, 16) and protein
microarray (17, 18). However, none of them have so far been
exploited to decipher the interactions taking place at the
bacterial surface. Therefore, whereas the number of bacterial
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“surfomes” determined with a sufficiently high degree of ac-
curacy is growing, the characterization of “surface interac-
tomes” remains a field almost completely unexplored.

The aim of this study is to further our understanding of this
field. Using Streptococcus pyogenes (group A Streptococcus
(GAS))" as a model system and taking advantage of the avail-
ability of its surfome at a good level of resolution (6),? protein
arrays of 83 surface-exposed proteins have been produced.
The ability of these proteins to form complexes has then been
investigated by probing the array with biotin-labeled deriva-
tives of each of the spotted proteins. Some of the identified
interactions have been validated by determining the kinetic
and thermodynamic constants of interactions using surface
plasmon resonance and by demonstrating co-localization of
some the interacting proteins on the bacterial surface by
confocal microscopy. Overall, the approach has unraveled a
network of interactions taking place at the surface of GAS,
interactions that might explain some fundamental mecha-
nisms of the biology and virulence of this important human
pathogen.

EXPERIMENTAL PROCEDURES

Selection of GAS Surface Proteins—Computer programs included
in the GCG Wisconsin Package version 11.1, in combination with the
PSORT program, were used to analyze the sequences from different
GAS strains. A subset of predicted surface-associated proteins was
selected from the analysis of the genome of S. pyogenes strain
SF370, with the exception of SpyM3_0104 (nomenclature and se-
quences based on MGAS315) that was selected from strain 3040
(M3); SpyM6_0157 (nomenclature and sequence from MGAS10394)
selected from strain 2724 (M6); and gi-19224134 and gi-19224141
(nomenclature and sequence from A715) selected from strain 2728
(M12).

Cloning and Protein Purification— After PCR amplification, genomic
DNA coding for the mature portion of the selected proteins was
cloned into the pET21b expression vector (Novagen) using Esche-
richia coli BL21(DE3) as a host (Novagen). Recombinant proteins,
obtained as C-terminal His tag fusions, were purified using an auto-
mated AKTAxpress system on a nickel affinity column, followed by a
desalting step and an ion exchange column (19). Proteins purified in
a tagless form were obtained as described by Klock et al. (20). Briefly,
the PCR product of the portion of the gene coding for the mature
protein was cloned into plasmid pSpeedET, which encodes an ex-
pression and purification tag followed by a tobacco etch virus prote-
ase site (MGSDKIHHHHHHENLYFQG) at the N terminus of the pro-
tein. Protein expression was performed in an arabinose-containing
medium using the E. coli strain HK100 [F— mcrA (mrr-hsdRMS-
mcrBC) 80lacZM15 lacX74 recA1 endA1 araA139 (ara-leu)7697 galU
galK rpsL(StrR) nupG]. At the end of growth, lysozyme was added to
the culture to a final concentration of 1 mg/ml, and the cells were
harvested. After one freeze/thaw cycle, the cells were lysed in B-PER
Buffer (bacterial protein extraction reagent; Pierce), and the lysate
was clarified by centrifugation at 35,000 X g for 30 min. The soluble
fraction was loaded onto a nickel-chelating resin pre-equilibrated with
wash buffer (300 mm NaCl, 50 mm sodium phosphate, pH 8.0). The

" The abbreviations used are: GAS, group A Streptococcus; MFI,
mean fluorescence intensity; PLA, proximity ligation assay; SPR, sur-
face plasmon resonance.

2 N. Norais and G. Grandi, unpublished observation.

resin was washed with wash buffer containing 20 mm imidazole, and
the protein was eluted with the same buffer containing 500 mm
imidazole. The eluate was buffer exchanged with HEPES buffer (50
mmM HEPES, pH 8.0, 1 mm tris(2-carboxyethyl)phosphine) using a
HighTrap desalting column and digested with 1 mg of tobacco etch
virus protease/10 mg of eluted protein for 10 min at room temperature
followed by overnight incubation at 4 °C. The digested eluate was
passed over a nickel-chelating resin pre-equilibrated with HEPES.

Construction of the GAS Surface Protein Microarray—The GAS
protein array was generated by spotting purified recombinant pro-
teins (0.5 mg/ml) in four replicates on nitrocellulose-coated slides
(FAST slides; Schleicher & Schuell) using the contact-printing spotter
Chipwriter Pro (Bio-Rad), fitted with quill pins, resulting in spots of
~150 wm in diameter. As experimental controls, three curve repli-
cates of biotinylated BSA and mouse IgG(s) (from 0.008 to 1 mg/ml)
were spotted on the arrays. PBS buffer was spotted in at least twice
the number of the protein spots and used to detect nonspecific
signals caused by cross-contamination during spotting. Fewer than
5% of the PBS spots showed signal intensity higher than the back-
ground value +3 standard deviation values. Array spotting was vali-
dated by confirming the presence of all immobilized proteins using
mouse antisera raised against the recombinant proteins and a Cy3-
labeled a-mouse IgG secondary antibody for detection of positive
signals. For protein interaction experiments, protein probes were bio-
tinylated using the amine-reactive biotinylation reagent EZ-Link Sulfo-
NHS-LC-LC-Biotin (Pierce) in a reagent:protein molar ratio of 3:1.

Nonspecific binding was minimized by preincubating arrays with a
blocking solution containing 5% Top Block (Fluka-BioChemiKa) and
0.05% Tween 20 in PBS buffer (TPBS). After washing with TPBS,
biotinylated proteins were diluted in 3% Top Block-TPBS and overlaid
on the arrays (10—20 pmol in 100 wl) at 20 °C for 1 h. Interactions were
detected by incubating the arrays with Streptavidin-Cy3 (1:100) at
20 °C for 1 h. All of the incubation steps were conducted under
agitation using the HS 4800 hybridization station (TECAN). Image
fluorescence signals were detected with a ScanArray 5000 scanner
(Packard, Billerica, MA), and the 16-bit images were generated with
ScanArray™ software at 10 um/pixel resolution and spot fluores-
cence intensities were determined using ImaGene 6.0 software (Bio-
discovery Inc.). Microarray data analysis was performed using in-
house developed software. For each protein, the mean fluorescence
intensity (MFI) of replicated spots was determined, after subtraction
of the background value surrounding each spot. Signals were con-
sidered as positive when their MFI value was higher than 5,000,
corresponding to the MFI of protein spots after detection with
Streptavidin-Cy3 alone, plus 3 standard deviation values.

Protein Immobilization for Surface Plasmon Resonance Analysis—
Experiments were performed at 25 °C with a BIACORE T100 instru-
ment (Biacore AB, Uppsala, Sweden). All of the reagents were pur-
chased from GE Healthcare, when not specified. The Spel, AdcA, and
Lmb proteins were immobilized on a carboxymethylated dextran-
coated (CM5) sensor chip by amine coupling. Briefly, a mixture of
0.2 M 1-ethyl-3-diaminopropyl-carbodiimide and 0.05 m N-hydroxy-
succinimide was used for sensor chip surface activation. Proteins
preconcentrated in 0.01 M sodium acetate, pH 4.5, were injected at 50
rg/ml for 7 min, and then 1 M ethanolamine pH 8.5 was used to block
any remaining activated groups. Approximately 2000 resonance units
of immobilized material were obtained for the three proteins. In all of
the experiments, an empty flow cell was used as a blank reference,
and subtracted sensorgrams were used for evaluation.

Influence of Zn* on Binding—Binding on immobilized proteins was
investigated either in the absence or in the presence of zinc ions. 10
mm HEPES, 150 mm NaCl, 0.05% p20, pH 7.4 (HBS-N) with increas-
ing ZnCl, (Sigma-Aldrich) concentrations, ranging from 100 nm to 50
M, was used as running buffer. Proteins diluted in the same buffer at
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50 and 25 ug/ml were injected for 3 min at a flow rate of 20 wl/min,
and regeneration of sensor chip surface was achieved with a 30-s
pulse of 500 nm NaCl and 10 mm EDTA. HBS-EP+ was used as
running and dilution buffer for the same experiments without Zn>*.

K, Ranking— Selected proteins were diluted at 25 pg/ml in HBS-
N/5 um Zn?* and then injected over the three proteins simultaneously
for 3 min at a flow rate of 20 wl/min. Dissociation was followed for
400 s, and regeneration was performed as already described. Disso-
ciation rate constants were calculated with BiaEvaluation 4.1
software.

Kinetics Characterization— The proteins Spel, AdcA, and Lmb were
further characterized for their association rate and affinity constants
at equilibrium versus immobilized proteins. Kinetics experiments were
performed by injecting an increasing concentration, from 2 nm to 1
uM, of the proteins in HBS-N/5 uM Zn?" over the sensor chip surface
for 3 min at a flow rate of 20 ul/min. Complexes were left to dissociate
for 500 s, and regeneration was obtained with a 30-s pulse of 500 nm
NaCl and 10 mm EDTA. Each protein was diluted shortly before
injection to minimize potential aggregation. kg, k. and K, were
calculated with the 1:1 Langmuir model using BiaEvaluation 4.1.

Confocal Immunofluorescence Microscopy—To visualize proteins
on the bacterial surface, strain 3348 was grown in 5 ml of Todd Hewitt
Yeast Extract (THYE) up to Agoo = 0.4 and washed in PBS. Bacterial
pellets were resuspended in 0.5 ml of a PBS, 0.025% Tween 20
solution containing sequencing grade trypsin (Promega) at a final
concentration of 40 ug/ml and incubated for 30 min at 37 °C. Bacteria
were then washed with PBS and reinoculated in 5 ml of fresh THYE for
times from 30 min to 2 h at 37 °C. Paraformaldehyde was added to
the culture medium to a final concentration of 2%. The cells were
fixed for 20 min at room temperature and spotted onto POLYSINE™
slides (Menzel-Glaser). The slides were then blocked with PBS con-
taining 10% normal goat serum and 3% BSA for 30 min and incu-
bated with a mix of rabbit antibodies and biotinylated wheat germ
agglutinin diluted in PBS with 1% BSA for 15 min at room tempera-
ture. The bacteria were then stained with goat anti-rabbit Alexa Fluor-
conjugated antibodies and streptavidin (excitation at 488 and 568 nm,
respectively) (Molecular Probes) for 10 min at room temperature.
ProLong Gold Antifade reagent (Molecular Probes) was used to
mount coverslips. The slides were analyzed with a Zeiss Observer
LSM 710 confocal scanning microscope.

PLA was performed according to the manufacturer instructions
(Duolink Il PLA; Olink Bioscience, Uppsala, Sweden) (21-24). The
assay is based on dual binding by a pair of proximity probes (anti-
bodies with attached DNA strands) to a target protein complex,
followed by the addition of oligonucleotides designed to produce a
circular DNA molecule after being joined by ligation. The circular DNA
molecule is then amplified by rolling circle amplification primed by one
of the proximity probes, thus creating a concatemeric amplification
product that remains covalently attached to the proximity probe. The
rolling circle amplification product can subsequently be detected by
hybridization of fluorescence-labeled oligonucleotides.

RESULTS

Microarray Design—To identify interactions between sur-
face-exposed or secreted S. pyogenes proteins, we used
protein microarrays carrying 83 GAS proteins. All of the GAS
proteins printed on the arrays were selected using a com-
bined bioinformatics and proteomic approach (6, 25). In ad-
dition to a signal peptide, the selected proteins carry either a
lipoprotein signature, an LPXTG cell surface anchor motif, or
host cell-binding domains such as RGD. Finally, some of the
selected proteins have sequence similarity to known surface

proteins or known virulence factors from other bacteria (Table
). All of the selected proteins belong to the S. pyogenes M1
strain SF370 except for one M3 (strain MGAS315), one M6
(strain MGAS10394), and two M12 (strain 2728) proteins an-
notated as fibronectin binding (26) and used as controls of
binding conditions.

The mature form of each GAS protein was expressed in
E. coli as a C-terminal His tag fusion protein and purified from
the bacterial soluble fraction using a high throughput three-
step purification system that yields proteins at 70-90% purity
(19) (Fig. 1A). After purification, the proteins were printed on
nitrocellulose-coated glass slides in quadruplicate, and pro-
tein immobilization was confirmed by incubation with mouse
antisera raised against the recombinant proteins and the His
tag, followed by detection with a Cy3-labeled a-mouse IgG
secondary antibody and fluorescence scanning (see “Exper-
imental Procedures”).

Biotinylated BSA (BSA-Biotin) was also spotted on the array
at different concentrations (from 0.008 to 1 mg/ml, four rep-
licates) and used as a detection control. Mean fluorescence
intensities of BSA-Biotin spots obtained after detection with
Cy3-conjugated streptavidin were fitted best by sigmoid
curves, showing a signal dynamic range of about 2 logs of
fluorescence intensity values and a lower detection limit cor-
responding to ~0.03 ng (Fig. 1B). Other samples were printed
on the array and used as controls for spotting and detection,
including mouse IgGs and PBS buffer, which was spotted on
either side of each protein spot and used to detect protein
carryover during spotting. Fewer than 5% of PBS spots
showed signal intensities higher than the background value.

Interactions with proteins immobilized on the array were
identified by using biotinylated proteins as probes. Each pu-
rified GAS protein was biotinylated using an amine-reactive
biotinylation reagent at a 3:1 molar ratio (3 mol of biotin/mole
of protein) to avoid modification of all exposed lysine resi-
dues, thus hampering the accessibility of putative sites of
interaction with other proteins. Ten of the biotinylated proteins
were analyzed by mass spectrometry, and their biotin-linked
residues were mapped. A representative example of such an
analysis is given in Fig. 1C, which shows that for our experi-
mental conditions Spy1007 (Spel), which contains 21 lysine
residues in its sequence, was biotinylated only at one, two, or
three lysine residues per protein molecule, and biotin was
linked only to Lys'® and/or Lys?°” and/or Lys?2°. Analogous
results were obtained for the other proteins analyzed by mass
spectrometry. In all cases, between one and three lysine
residues were biotinylated, and the modification was ob-
served to occur at a restricted number of sites.

Each biotinylated protein was used to probe the protein
microarrays. Protein-protein interactions were detected by
the addition of fluorophore-conjugated streptavidin, and pos-
itive spots were visualized by fluorescence scanning. In each
experiment, arrays probed with labeled streptavidin only were
run in parallel as negative controls, giving always negligible
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TABLE |
Annotation and predicted localization of proteins used for microarrays

Protein predicted localization Number Annotation (SF370 NCBI) Locus
Lipoprotein 23 Energy metabolism Imb; mtsA; tipA; SPy0163; SPy1228
Transport and binding proteins fhuD; oppA; pstS; SPy0317; SPy1274; SPy1795
Cell envelope dppA; SPy0604; SPy1290
Unknown function inlA; malX; prsA; SPy0210; SPy0252; SPy0457;
SPy0778; SPy1294; SPy1390
Energy metabolism Imb; mtsA; tipA; SPy0163; SPy1228
Membrane 36 Amino acid biosynthesis cysM
Cell envelope isp; prtS; SPy0793; SPy0843; SPy1326
Cell wall/membrane biogenesis SpyM3_0104
Cellular processes hlyA1
Central intermediary metabolism glmS; SPy0380
Energy metabolism guaA; pulA
Fatty acid and phospholipid metabolism accA
Protein fate SCPA
Transport and binding proteins SPy2009; SPy2033; M6_Spy0157
Unknown function cbp; emm1; fabK; ftsZ; gid; grab; mf; pepQ;
prgA; SPy0128; SPy0130; SPy0838;
SPy0872; SPy1054; SPy1686; SPy1874;
SPy1939; gi-19224134; gi-19224141
Outside 20 Cell envelope isp2; muri.2
Cellular processes hylA; ska; speC; speG; spel; sped
Central intermediary metabolism SPy1718
Unknown function adcA; mif3; sic; slo; SPy0019; SPy0925;
SPy1037; SPy1491; SPy1733; SPy1813;
SPy2066
Cytoplasm 2 Cell envelope fop
Energy metabolism eno
Unknown 2 SPy0652; SPy1959

fluorescence signals (Fig. 1B). Validation of the experimental
conditions used for detecting protein-protein interactions was
obtained by probing the arrays with biotinylated human fi-
bronectin. As shown in Fig. 1D, the four proteins on the
microarrays annotated as fibronectin-binding (supplemen-
tal Table S1) were positive for binding to human fibronectin
under our experimental conditions.

Protein-Protein Interactions—On the basis of the results of
the validation experiments, we arbitrarily set as a constraint
for scoring a positive result as a real interaction that the MFI
values be greater than 5000 (equal to the mean signal of
protein spots after detection with Streptavidin-Cy3 alone, plus
three standard deviation values). Overall, 146 interactions in-
volving 71 proteins were scored as positive. A representation
of the network of all of the interactions showing MFI values
higher than 5000 is given in Fig. 2. The interactions include 38
networks comprising at least three interactors. Among the
“nodes” involved in interactions with more than a few pro-
teins, only seven have been annotated with an assigned func-
tion: OppA, DppA, PrsA, Mur1.2, Lmb, TIpA, and Spel. In
Gram-positive bacteria, the oligopeptide permease OppA and
the dipeptide permease DppA are membrane-associated li-
poproteins that belong to the ABC-transporter family respon-
sible for the uptake of oligopeptides and dipeptides, respec-
tively (27). Under our experimental conditions, biotinylated
OppA binds seven proteins including PrsA (Fig. 2). In B.

subtilis, PrsA is an essential lipoprotein component of the
protein secretion pathway, where it functions on the trans side
of the cytoplasmic membrane as a post-translocational fold-
ing factor (28). B. subtilis PrsA has been shown to exhibit
peptidyl prolyl cis/trans-isomerase activity, a function essen-
tial for the stability and secretion of several exoproteins (29),
and in S. pyogenes PrsA was found to be required for the final
maturation steps of SpeB, a pluripotent cysteine protease and
an important virulence factor (30). Another interesting network
of interactions is that of TIpA, a chaperone of the thiol-disul-
fide isomerase and thioredoxins family, that binds PrsA and,
at the same time, the virulence factors Spel and Lmb. These
data suggest that PrsA and TIpA may form a complex involved
in the folding of several virulence factors. Similarly, the S.
pyogenes homologue of Mur1.2, a peptidoglycan hydrolase of
the Flgd family whose activity in Salmonella has been shown
to be required for penetration of the peptidoglycan layer by
the flagellum (31), was found to interact with important viru-
lence factors secreted into the extracellular space (HylA, Ska,
Slo, and Spel), as well as with C5A peptidase (ScpA), with a
fimbrial structural subunit (M6_Spy0160) and with two F2-like
fibronectin-binding proteins (SpyM3_0104 and gi-19224141)
(26, 32, 33). All of these factors need to make their way
through the bacterial peptidoglycan layer to reach the extra-
cellular space where they can come into contact with their
targets. Thus, it is plausible that an association with the
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Fic. 1. Protein analysis and microarray validation. A, high throughput three-step protein purification using an AKTAxpress chromatog-
raphy system yields proteins at 70-90% purity. Coomassie-stained SDS-PAGE gel of proteins was purified by AKTAxpress chromatography
and used for microarray experiments. B, graphic representation of the BSA-Biotin control curve. Dots correspond to the different BSA-Biotin
concentrations indicated on the x axis, whereas the continuous line corresponds to the interpolated resulting curve. MFI values are reported
on the y axis. The graphic representation of the distribution of MFI values measured after incubation with Cy3-labeled streptavidin alone
(negative control) is shown in the right panel. C, analysis of the biotinylated recombinant protein Spy1007 by mass spectrometry. MALDI-TOF
MS spectra of the modified/unmodified protein are reported in the left panel. Spectra of unmodified (lower spectrum) and modified recombinant
Spy1007 (upper spectrum) were acquired in linear mode. The singly charged monomer [MH]" (1) observed from the unmodified protein is in
agreement with the theoretical mass of the protein (26.8 kDa). After the biotinylation reaction, the protein was observed with singly charged
monomers [MH]* in agreement with the masses of the unmodified protein and with the mass of the protein increased by one, two, or three
biotinylation adducts. The mass difference between the [MH]* species is in agreement with the biotinylation adduct (669.75 Da). The peptide
mass fingerprint of the biotinylated protein is reported in the right panel. The protein was digested with the endoprotease LysC, and the
generated peptides were analyzed by MALDI-TOF MS in reflectron mode. The biotinylated peptides are assigned with a dot, the mass shift
caused by the biotinylation adduct is indicated with an arrow. The three biotinylated lysines identified are indicated in red in the protein
sequence reported in the lower panel. The identified peptide sequences are assigned in bold type. D, validation of protein-protein interaction
experiments. A microarray was probed with biotinylated human fibronectin, and interactions were visualized by incubating the array with
Cy3-labeled streptavidin and fluorescence scanning. After data processing, four proteins had signals above background.

Mur1.2 homologue may facilitate their becoming more readily
exposed to the extracellular environment.

Finally, Spel is one of the potent toxins secreted by GAS
that belong to the family of superantigens, proteins that share
a high degree of structural similarity (34) and whose primary
function is to induce antigen-independent T cell activation.

Spel showed a surprisingly complex network of interactions,
involving ~70% of all the proteins analyzed in this work. The
“sticky” property of Spel can be explained considering the
unique capacity of superantigens to interact with different
MHC molecules and T cell receptors. However, SpeC, SpeG,
and Sped, the other three superantigens secreted by the
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Fic. 2. Interactions between S. pyogenes surface-exposed or secreted proteins. The networks of interactions were visualized using
Cytoscape (52). The nodes represent proteins, whereas each edge represents an interaction between the two proteins. Nodes of reciprocal

interactions are indicated by blue-filled circles joined by red lines.

SF370 strain and included in our protein arrays, showed a
very restricted binding capacity involving three proteins only.
All three bound Spel and the hypothetical protein Spy1037,
whereas SpeG and Sped, but not SpeC, were also capable of
recognizing Lmb.

Validation of Protein Interactions—The 146 identified inter-
actions are expected to include both low and high affinity
bindings. Protein array is a semi-quantitative platform that
cannot precisely discriminate one type of interaction from the
other. However, the chip analysis provides two sets of data
that can be used to tentatively rank protein complexes on the
basis of their affinity of interaction. First, because the exper-
imental design is such that each protein is tested twice for its
capacity to bind to a possible partner (in one case the protein
is fixed on the nitrocellulose surface and the partner is in
solution, and in the other case, the protein is in solution and
the partner immobilized), interactions detected for both situ-
ations (“reciprocal” interactions) are expected to generate
relatively stable complexes. Overall, 25 of the 146 two-protein
complexes were detected irrespective of which of the proteins
were in solution or immobilized. The 23 proteins participating
in the 25 reciprocal interactions included Spel, which was
involved in most of the interactions, 11 proteins classified as
hypothetical or with unknown function, and 12 well charac-

terized proteins. Altogether, they formed a total of six net-
works/complexes (Fig. 3). Second, as we have recently shown
in a study aimed at identifying new host-pathogen interac-
tions (35), MFI appears to directly correlate with affinity con-
stants of protein-protein interaction. In this context, it is note-
worthy that reciprocal interactions showed significantly higher
MFI values compared with the unilateral interactions (MFI:
15118.93 versus 7973.24) (supplemental Fig. S1).

Several of the Spel interactors belong to the molecular
chaperone or protein folding catalyst families and, presum-
ably, are involved in the secretion and folding of the superan-
tigen. Spel contains a single cysteine residue at position 80
involved in intermolecular disulfide bond formation and has
been shown to exist in monomer-dimer equilibrium (36). In
fact, we found interaction of Spel with itself and, also, with the
protein disulfide reductase SPy1558/TIpA and with SPy0925,
a putative oxidoreductase. Moreover, one of the Spel inter-
actors was SpeG, suggesting that these two superantigens
may form heterodimers as well as homodimers. In addition,
the substrate binding subunits of two transition metal trans-
porters (AdcA and Lmb) were found to interact with Spel. This
finding is particularly important because Spel has been shown
to bind MHC-II molecules in a zinc-dependent manner (34),
and AdcA is an orthologue of the high affinity zinc uptake
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SPy0293 OppA Oligopeptidepermease

SPy0130 Hypothetical protein

SPy0212 SpeG Exotaxin G precursor

SPy0317 Hypothetical protein

SPy0604 Hypothetical protein

SPy0714 AdcA Zinc-binding protein adcA/ putative adhesion protein
SPy0793 Hypothetical protein

SPy0838 Hypothetical protein

SPy0857 Mur1.2 Putative peptidoglycan hydrolase
SPy0925 Putative oxidoreductase

SPy1007  Spel
SPY1032  HylA

Streptococcal exotoxin |
Extracellular hyaluronate lyase

SPy1037 Hypothetical protein

SPy1054 Putative collagen-like protein
SPy1228 Putative lipoprotein

SPy1326 Outer surface protein

SPy1520 FtsZ Cell division protein

SPy1558 TIpA Thioredoxin®

SPy1743  AccA Acetyl-C0A carboxylase alpha subunit
SPy2000 DppA Dipeptide-binding protein

SPy2007  Lmb
SPY2037  PrsA
SPy2066

Putative laminin adhesion
Foldase protein (peptidylprolyl isomerase)
Putative dipeptidase

*(88)

Fic. 3. Networks representing all the reciprocal interactions identified. The table on the left reports the NCBI annotation for each protein

involved in a reciprocal interaction.

system protein ZnuA, whereas Lmb belongs to the general
transition metal transporter TroA family that binds iron, Mn?™,
and Zn?* with similar affinities (37).

Fourteen of the protein-protein interactions identified with
microarrays were analyzed using surface plasmon resonance
(SPR). Twelve of the interactions belong to the group of re-
ciprocal interactions (including two proteins forming ho-
modimers), and two were unilateral interactions. To avoid
interference of the His tags present in the proteins purified for
the microarrays, for the SPR experiments the proteins were
re-expressed using an N-terminal translational fusion of the
Hisg purification tag followed by a tobacco etch virus protease
cleavage site for subsequent TAG removal after the first af-
finity purification step. Thus, all of the proteins chosen for SPR
analysis were purified as tag-less forms. SPR experiments
were performed at 25 °C with a BIACORE T100 instrument.
Ligand proteins were immobilized on a carboxymethylated
dextran-coated (CM5) sensor chip by amine coupling. Binding
to immobilized proteins was investigated either in the absence
or presence of zinc ions. Analyte proteins were diluted in
running buffer (10 mm HEPES, 150 mm NaCl, 0.05% p20, pH
7.4, 5 um ZnCly,) and injected for 3 min at a flow rate of 20
wl/min. As shown in Table I, all of the interactions identified
using protein microarrays were also detected by SPR with
dissociation rates (k) typical of stable interactions, ranging
from 1.4 X 107%t0 3.9 x 1073s™ .

TasLE Il
SPR analysis of dissociation kinetics (k.;) between interactors

In solution Immobilized  kog(s™' 1074  kyu(s™' 107%)
Reciprocal
SpeG Spel 8.2
AdcA Spel 18.0 8.1
SPy_1054 Spel 2.8
SPy_1054 Lmb 2.0
DppA Spel 4.5
DppA Lmb 1.4
Lmb Spel 35.0 7.4
SPy_2066 Spel 3.4
SPy_1326 Spel 2.7
SPy_0925 Spel 2.0
Unilateral
SpeG Lmb 8.7
SPy_2066 Lmb 3.2
Spel Spel 10.0
Lmb Lmb 38.7

A more detailed SPR analysis was carried out for the inter-
actions of Spel with the two zinc transporters. Because it is
known that Zn®" is required for Spel activity (34), similar to the
previous experiments involving Spel, SPR analysis was carried
out in the presence and absence of 5 um ZnCl,. The results
shown in Fig. 4 clearly demonstrate that the superantigen inter-
acts strongly with both transporters in the presence of 5 um
Zn?*, and both display higher association constants with Spel

Molecular & Cellular Proteomics 11.4
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Fic. 4. SPR analysis of Spel interactions with AdcA and Lmb. The Spel, AdcA, and Lmb proteins purified in a tag-less form were
immobilized on a carboxymethylated dextran-coated (CM5) sensor chip by amine coupling. Kinetics experiments were performed by injecting
an increasing concentration of analyte protein in HBS-N in the presence of 5 uM Zn?" over the sensor chip surface for 3 min at a flow rate of
20 pl/min. Complexes were left to dissociate for 500 s. The curves corresponding to three intermediate concentrations of analyte protein are

shown. The presence of 10 mm EDTA abrogated binding for all samples. k,,, ko, and K, were calculated with the 1:1 Langmuir model using

BiaEvaluation 4.1.

than Spel with itself. AdcA binds the superantigen with the
highest affinity (K, = 3.3 nv) when in solution, whereas similar
affinities were found for both AdcA and Lmb with Spel in solu-
tion (Fig. 4). Finally, the affinity constant of Spel dimer formation
for our experimental conditions was K, = 18 nm, the same value
reported for Ras-GTP binding of RafRBD (38), the benchmark of
protein-protein interactions. All of these interactions were abro-
gated by the addition of 10 mm EDTA (Fig. 4).

Localization of Interactors on the Bacterial Surface—To ver-
ify whether proteins interacting in vitro on the protein chip are
found in vivo at the same bacterial district, the localization of
a number of Spel interactors was analyzed by confocal mi-
croscopy. Two approaches were used: (a) synchronizing bac-
teria with trypsin and staining proteins as soon as they are
re-exported and (b) highlighting the close proximity of the
interactors by PLA technology.

Cells were treated with trypsin to remove proteins exposed
on the bacterial surface and then allowed to resume growth in
rich medium before fixation and staining with specific anti-
bodies. The export of several interactors (AdcA, TIpA, Lmb,

Mur1.2, FtsZ, and SpeG) was monitored by visualizing their
reappearance on the surface at different time points. M pro-
tein, one of the best characterized surface proteins of S.
pyogenes, was used as a control. Representative results of
this analysis are given in Fig. 5. Immediately after trypsin
treatment (top panel at time 0 in Fig. 5) no M protein could be
detected, whereas 30 min after growth recovery protein M
was clearly visible at foci localized at regions coincident with
the cell septum, where it is known to anchor to newly synthe-
sized cell wall (39-41). Ultimately, 60 min after the removal of
trypsin, M protein became distributed over the entire cell
surface (top panel at time 60 min in Fig. 5). Staining with
antibodies specific for Spel, TIpA, AdcA, or the other interac-
tors tested at 30 min after the removal of trypsin showed a
distribution of these proteins to foci at septal regions, as
observed for M protein at the same time point. However, at 60
min they were still localized at the septum, where they were
seen to remain until the end of the observation time (120 min).
Unlike M protein, which, after being covalently linked to pep-
tidoglycan at the septum, is distributed over the whole cell
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M protein

Fic. 5. Spel and its interactors local-
ize to similar districts of the bacterial
surface. S. pyogenes strain 3348 cells
were treated with trypsin, washed, and
inoculated in medium without trypsin for
0, 30, or 60 min before fixation (see “Ex-
perimental Procedures”). The cells were
stained for M protein, Spel, TIpA, or
AdcA using goat anti-rabbit antibodies
(green) and for cell wall peptidoglycan
with biotinylated wheat germ agglutinin
(red). For each sample, merging of the
two images is shown in the bottom
panel.

Spel

surface during progression of cell wall synthesis, these pro-
teins after translocation become associated with the cell
membrane and remain located at specific foci. Similar results
were also obtained for OppA, Lmb, Mur1.2, HtrA, and SpeG
(data not shown).

The close proximity of interactome proteins in vivo was
confirmed by use of the in situ proximity ligation assay (in situ
PLA) (42). Briefly, this assay allows the detection of protein
proximity localization by using antibodies attached to oligo-
nucleotide probes that allow the detection of two specific
antigens only when they are in a narrow spatial range (=40
nm). For the detection of interactors situated in close proxim-
ity at specific bacterial districts, we used pairs of antibody-
conjugated oligonucleotides that were joined by ligation only
if they have been brought in proximity by the interacting
antigens. The DNA ligation products were then amplified by in
situ PCR, and a fluorescent complementary DNA probe was
used for detection of the PCR product. We tested the inter-
actors shown in Fig. 6 and found that they localize at the
bacterial septum. In particular, we used Spel as the bait
protein and AdcA (Fig. 6B), TIpA (Fig. 6C), and OppA (Fig. 6D)
for proximity localization. As shown in Fig. 6, the three pro-
teins were all close enough to Spel to be revealed by the PLA

TipA

AdcA

assay. As a negative control, we used a single primary anti-
body, and detection of any signal was revealed by the respec-
tive secondary antibodies (+ and —), or we used secondary
antibodies without preincubation with specific primary anti-
bodies. No signal was observed under these conditions (Fig.
6A). These data support our hypothesis for a close associa-
tion of such interactors, as indicated by the in vitro microarray
results.

Moreover, to prove that the localization of interactome pro-
teins to the cell septum is driven by specific interaction of the
protein with elements present at this district, bacteria were
grown until they reached the exponential phase, and then
recombinant forms of Spel, SpeC, and GraB were added
ectopically to the bacterial cultures. These were chosen be-
cause they represent proteins known from the microarray
analysis to have no (SpeC and GraB) or many (Spel) interac-
tors. Also, we used strain MGAS5005 (43) because it lacks
genes coding for SpeC and Spel and does not express GraB
during the exponential phase of growth. This allowed us to
add recombinant exogenous forms of such antigens without
the interference of endogenously expressed SpeC, Spel, and
GraB. As expected, Spel redirected to the septum after 10
min of incubation with bacteria (supplemental Fig. S2A). When

Molecular & Cellular Proteomics 11.4
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Fic. 6. Spel and its interactors local-
ize in close proximity at the bacterial
septum. PLA staining of complexes was
performed as described under “Experi-
mental Procedures.” A, control bacteria;
B, Spel-AdcA; C, Spel-TIpA; D, Spel-
OppA. For each sample, merging of the
two images is shown in the right panel.

we added recombinant exogenous SpeC (supplemental
Fig. S2B) and GraB (supplemental Fig. S2C), known to have
no interactors from the microarray analysis, we did not ob-
serve any association of these proteins with the bacterial
surface. These data confirm the specificity of the interaction
of Spel with its cellular target and allow us to conclude that
Spel seems to be exported to the same districts of the bac-
terial surface as TIpA, AdcA, Lmb, Mur1.2, FtsZ, and SpeG. In
particular, double staining of the same cells using anti-Spel
and anti-AdcA antibodies demonstrated that the two proteins
localize to the same foci (data not shown).

DISCUSSION

As the tools for determining the composition of the cell
surface of bacteria develop into increasingly more advanced
approaches, it is now important to pursue methods that allow
the definition of the architecture of the bacterial cell surface.
Indeed, although high resolution visualization of viruses and
subcellular organelles has become technically feasible, and
this has enormously improved the knowledge of their biology
and functions, our understanding of bacterial cell surface
structure in tridimensional space is still very rudimentary. In an
attempt to provide a general approach to better define the

topological organization of bacterial cells, herein we have
taken advantage of the availability of a quite detailed map of
surface and secreted proteins of S. pyogenes to address the
question regarding whether such proteins are involved in suf-
ficiently stable interactions that might enable us to explore
novel biological mechanisms and functions.

Eighty-three recombinant proteins were analyzed for their
possible interactions using protein microarray technology. Of
this group of proteins, 36 carry membrane spanning domains
and, among these, 15 have an LPXTG cell surface anchor
motif, and three have the RGD host cell binding domain. Of
the remaining 47 proteins, 43 contain a signal peptide se-
quence and are exported to the outside, 23 of which become
attached to the membrane as lipoproteins.

Our microarray analysis revealed that this selected group of
proteins gives rise, at least in vitro, to 146 different binary
protein-protein interactions, suggesting that the bacterial sur-
face is quite a dynamic environment, with complexes being
formed among surface proteins and between surface and
secreted proteins. On the basis of the MFI values obtained,
which in some cases approach the saturation threshold, a
non-negligible number of these interactions appear to be
sufficiently strong, with affinity constants =107 m~"'. Such
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values have, in a few cases, been experimentally calculated
using SPR and, for most interactions, have been extrapolated
on the basis of our recent work on another protein-protein
interaction study (35), in which a direct correlation between
MFI and K, was found.

Our analysis is designed to test each protein-protein inter-
action twice, with each protein partner being used both in the
solid (immobilized on the chip) and liquid phases. Therefore,
those interactions that appear to be “reciprocal” (binding
between two proteins occurs irrespective of which of the two
partners was immobilized on the chip or in solution) are ex-
pected to be particularly strong. Twenty-five of 146 interac-
tions were identified as reciprocal (Fig. 3), and in fact, their
average MFI values are significantly higher than the MFI val-
ues of nonreciprocal interactions. We have classified recipro-
cal interactions as “first priority” and will be the first to be the
object of our future functional and structural studies.

A legitimate question is why most (~82%) of the interactions
identified here are unilateral. Although we cannot exclude that
some of them represent false-positive signals, considering the
stringency of our experimental conditions, we believe that this is
instead largely due to the fact that protein absorption on a solid
surface can result in conformational changes sufficiently pro-
nounced to prevent proper docking of the partner protein.

Protein interactions can generate complexes that are either
stable or short-lived, as is the case for enzyme-substrate
interactions. It is expected that many interactions occurring at
the membrane/surface level are transient, and an interesting
high throughput method to specifically single out transient
interactions has been recently developed (44). We have not
investigated yet the nature of the interactions found in the
present study. This would require a systematic investigation
of the kinetic constants (k.,, and k) of each interaction and
stability studies of protein complexes. Preliminary data using
gel filtration chromatography indicate that at least some of the
reciprocal interactions do not form stable complexes, sug-
gesting that our approach is also suitable for detecting tran-
sient interactions.

The data generated in this study pave the way for new
investigations aimed at understanding the biological signifi-
cance of the newly identified protein-protein interactions. Al-
though these studies are in progress, inspection of the pre-
dicted and/or experimentally demonstrated roles of the
proteins involved in the interactions can prompt interesting
questions that deserve urgent confirmatory experimental
analysis. Two examples are particularly attractive.

Translocation of proteins across the cellular membrane in
S. pyogenes has been reported to occur at a unique site, the
ExPortal, located adjacent to the area where the septum will
form (45). The existence of a single route through which
proteins destined to the outside are translocated implies that
the extracellular factors involved in folding of secreted pro-
teins are also clustered in the region surrounding the ExPortal
(reviewed in Ref. 46). So far, HtrA (Spy2216), a protease with

a)

Zinc-binding protein
Spel

binding
protein D

Fic. 7. Model of the acquisition of zinc ions by Spel. a) Cartoon
showing how interaction of Spel with the substrate binding subunit of
the Zn?" transporter could occur at the site of Spel export. b) Acqui-
sition of Zn?* ions by Spel would subsequently result in Spel dimer
formation and binding to MHC Il and TcR (36).

a chaperone function (47), is the only protein that has been
unequivocally shown to belong to the ExPortal complex. Our
interactome analysis revealed that other proteins involved in
protein folding and transport mechanisms, including OppA,
DppA, PrsA, and TIpA form complexes, and some of them
also interact with HtrA (not shown). In view of our confocal
microscopy analysis, which indicates that these proteins all
localize at the cell septum, it is plausible that at least some of
them might be part of the ExPortal complex.

The second interesting example is the identification of the
interaction between Spel and the substrate binding subunit of
two transition metal transporters with different metal specific-
ities: AdcA and Lmb. In particular, AdcA is a high affinity Zn®*
transporter, whereas Lmb belongs to the general transition
metal transporter TroA family, which binds iron, Mn®*, and
Zn?* with similar affinities (37, 48). Transition metals in mam-
malian body fluids are sequestered by carrier proteins and
have very low bioavailability (49, 50). For this reason, acqui-
sition of transition metals is a crucial task for a bacterial
pathogen during infection, because iron, Mn®*, and Zn®* are
essential for the correct structure and catalytic function of
numerous proteins (51). The observation that the Spel supe-
rantigen, which requires Zn®* for binding to MHC-Il molecules
(34), shows a high affinity interaction with both transporters
suggests that, in addition to their known role in survival in the
host environment, they are also essential for pathogenicity.
This finding opens a new perspective on the current under-
standing of how superantigens are modified by the bacterial
cell to become major players in causing disease. A model of
how Spel may acquire zinc ions through the interaction with
the substrate binding subunit of the Zn®* transporter is pre-
sented in Fig. 7. In conclusion, a better definition of the
topology of surface protein complexes ultimately would lead
to a deeper knowledge of the mechanisms underlying inva-
sion, colonization and, in general, pathogenesis.
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