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Abstract 22 

Streptococcus pyogenes is known to cause both mucosal and systemic infections in humans. In 23 

this study, we used a combination of quantitative and structural mass spectrometry techniques 24 

to determine the composition and structure of the interaction network formed between human 25 

plasma proteins and the surface of different S. pyogenes serotypes. Quantitative network 26 

analysis revealed that S. pyogenes form serotype-specific interaction networks that are highly 27 

dependent on the domain arrangement of the surface-attached M protein. Subsequent structural 28 

mass spectrometry analysis and computational modelling on one of the M proteins, M28 29 

revealed that the network structure changes across different host microenvironments. We report 30 

that M28 binds secretory IgA via two separate binding sites with high affinity in saliva. During 31 

vascular leakage mimicked by increasing plasma concentrations in saliva, the binding of 32 

secretory IgA was replaced by binding of monomeric IgA and C4BP. This indicates that an 33 

upsurge of C4BP in the local microenvironment due to damage of the mucosal membrane drives 34 

binding of C4BP and monomeric IgA to M28. The results suggest that S. pyogenes has evolved 35 

to form microenvironment-dependent host-pathogen protein complexes to combat the human 36 

immune surveillance during both mucosal and systemic infections. 37 
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Introduction 38 

Bacterial pathogens have evolved to express a multitude of virulence factors on their surface to 39 

establish versatile host-pathogen protein-protein interactions (HP-PPI)1. These interactions 40 

range from binary interactions between two proteins to the formation of multimeric interspecies 41 

protein complexes that enable bacterial pathogens to hijack and re-wire molecular host systems 42 

to circumvent host immune defenses. One prominent example is Streptococcus pyogenes, a 43 

gram-positive and beta-hemolytic bacterium. This bacterium causes diverse clinical 44 

manifestations such as mild and local infections like tonsillitis, impetigo and erysipelas as well 45 

as life-threatening systemic diseases like sepsis, meningitis and necrotizing fasciitis2. Globally, 46 

700 million people suffer from S. pyogenes infections every year leading to an estimated 47 

160,000 deaths3, thus making S. pyogenes one of the most widespread bacterial pathogens in 48 

the human population. S. pyogenes abundantly produce a prominent surface antigen, the M 49 

protein, known to enable bacterial invasion into human cells, prevent phagocytosis 4,5 and 50 

promote survival in infected tissues6,7. These M proteins are dimeric α-helically coiled-coil 51 

proteins covalently attached to the S. pyogenes cell wall and extending approximately 500 Å 52 

into the extra-bacterial space to form a dense fibrillary coat on the bacterial surface8. The M 53 

proteins consist several protein domains, some of which are repeat regions (Fig 1A). The N-54 

terminal 50 amino acid residues constitute the hypervariable region (HVR)9,10. Sequence 55 

variation within the HVR is used to classify the M protein and till date >220 distinct S. pyogenes 56 

serotypes have been reported8. The HVR is followed by a stretch of 100-150 amino acids that 57 

forms the semi-variable domain of the M proteins and encompasses the A domain and the B 58 

repeats. The subsequent C repeats and the D domain form the conserved C-terminal part of the 59 

M proteins. The M proteins are classified into different emm-patterns e.g. A-C, D and E based 60 

on the arrangement of the A, B, C and D domains. The emm pattern A-C represent long M 61 

proteins with A, B, C and D domains, the emm pattern D includes M proteins with B, C and D 62 

domains, while the emm pattern E only includes the C and D domains11,12 (Fig 1A). It has been 63 

reported that the emm pattern A-C mainly includes S. pyogenes strains associated with throat 64 

infections, the emm pattern D includes S. pyogenes strains responsible for skin infections, while 65 

the E pattern includes generalist S. pyogenes strains typically infecting both sites12, indicating 66 

that the M protein domain composition correlates with host tissue tropisms. Furthermore, 67 

comparative sequence analysis of the M proteins enables classification of the M proteins into 68 

clades. Clade X includes the E pattern and clade Y the A-C pattern, while pattern D seem to 69 

fall into both clades X and Y13.  70 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 9, 2021. ; https://doi.org/10.1101/2021.02.09.430411doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.09.430411
http://creativecommons.org/licenses/by/4.0/


 4 

The diverse domain arrangement and partially high sequence variability of the M proteins 71 

enables S. pyogenes to form protein interactions with various human proteins14,15,16. A recent 72 

chemical cross-linking mass spectrometry and structural modelling study showed that the M1 73 

protein of the emm pattern A-C is capable of forming a large 1.8 MDa interspecies protein 74 

complex with up to 10 different human proteins17. The model by Hauri et al. show that the 75 

interacting human proteins are precisely placed along the α-helically coiled-coil structure of 76 

the M1 protein. In this way, the M protein can form a highly organized human plasma protein 77 

interaction network on the bacterial surface consisting of both human-human and S. pyogenes-78 

human protein interactions18. One example is the binding of fibrinogen to the B repeats of the 79 

M protein10,14,19, where fibrinogen in turn mediates binding to factor thirteen (F13). Fibrinogen 80 

binding to the M protein prevents deposition of opsonizing antibodies to inhibit phagocytosis20-81 
22. Several copies of human serum albumin (HSA) have been proposed to bind the C repeats of 82 

the M proteins to facilitate the uptake of fatty acids and promote growth during stationary phase 83 
14,20,23,24. Additionally, certain S. pyogenes serotypes can bind immunoglobulin G (IgG). The 84 

orientation of IgG binding i.e., whether Fab- or Fc-mediated is governed by the concentration 85 

of IgGs in the host niche15,25. The binding to the IgG-Fc is mediated by the S region found in 86 

some M proteins and located between the B and C repeats and the HVR region14,26. Other M 87 

proteins such as M4 and M22 of the emm pattern E, have been shown to bind immunoglobulin 88 

A (IgA)15,27. This binding occurs between the N-terminus of M proteins 28,29 and the inter-89 

domain region of IgA-Fc, which is also the known binding site of human IgA receptor CD8930. 90 

Binding of M proteins to IgA-Fc is believed to block the binding of IgA to CD89 and thus 91 

prevent IgA-effector functions, inhibit phagocytosis and promoting bacterial virulence30,31. In 92 

addition, many different emm pattern M proteins bind complement system C4b-binding protein 93 

(C4BP) to the N-terminal HVR domain32-36. C4BP bound to the M protein sequesters C4b from 94 

plasma, and acts as a co-factor for the degradation of C4b by complement factor I33,37,38, thereby 95 

inhibiting the classical complement pathway and phagocytosis of the bacterium31. 96 

Collectively, these previous studies indicate that the domain arrangement of different M 97 

proteins impacts the HP-PPI networks that are formed around the streptococcal surface. 98 

However, the large variability between different M proteins, the difficulty to pin-point exact 99 

binding interfaces and the formation of human-human protein interactions at the streptococcal 100 

surface makes it challenging to determine the structure and composition of such interspecies 101 

protein networks. More detailed understanding of how the domain arrangement determines the 102 

composition of M protein-centered interspecies proteins complexes could help explain 103 
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differences in tissue tropism observed between different emm types. Here we applied 104 

quantitative and structural mass spectrometry techniques in an unbiased fashion to show that 105 

different serotypes form highly distinct emm pattern-specific HP-PPI networks. These 106 

interaction networks depend to a large extent on the type of M proteins expressed by a given 107 

strain. Furthermore, by in-depth structural mass spectrometry and structural modelling analysis, 108 

we demonstrate that the M proteins are capable of altering the composition of the protein 109 

complexes depending on the local microenvironments to enable critical immune evasion 110 

strategies in different ecological niches.  111 
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Methods 112 
 113 
Cloning, expression and purification of recombinant proteins 114 

The M proteins were cloned, expressed and purified at the Lund Protein Production Platform 115 

(LP3; Lund, Sweden) and at the University of Oslo (Norway). The recombinant M proteins 116 

used in this study lacked the signal peptide and the LPXTG cell wall-anchoring motif. The open 117 

reading frames corresponding to the mature M proteins - M1 (Uniprot ID: Q99XV0; aa 42-448, 118 

gene name: emm1), M3 (Uniprot ID: W0T370; aa 42-545, gene name: emm3), M5 (Uniprot ID: 119 

P02977; aa 43-456, gene name: emm5), M28 (Uniprot ID: W0T1Y4; aa 42-358, gene name: 120 

emm28), M49 (Uniprot ID: P16947; aa 42-354, gene name: emm49) and M89 (Uniprot ID: 121 

W0T3V8; aa 42-360, gene name: emm89) were cloned into a pET26b(+)-derived vector 122 

carrying 6xHis-HA-StrepII-TEV (histidine- hemagglutinin- StrepII-tobacco etch virus protease 123 

recognition site)tag. The protein sequences are provided in supplementary table 1 (ST1). These 124 

proteins were expressed in E. coli Tuner (DE3) induced with 1mM isopropyl β-D-1-125 

thiogalactopyranoside (IPTG) at an OD600 of 0.6 at 18°C, 120 rpm after 18 hours. The cells 126 

were harvested by centrifugation at 8000 g at 4°C for 20 min, and the pellets were re-suspended 127 

in 50 mM NaPO4, 300 mM NaCl, 20 mM imidazole, pH 8 (buffer A) supplemented with EDTA 128 

free complete protease inhibitor tablets (Roche). The cells were lysed using a French press at 129 

18000 psi. The cell lysate was cleared by ultra-centrifugation at 45000 rpm for 60 min at 4°C 130 

with subsequent passing through a 0.45 µm syringe filter. The cell lysate was loaded onto a 131 

HisTrap HP column (GE Healthcare), followed by washing with 20 column volumes of buffer 132 

A and the bound proteins were subsequently eluted with a 0-100% gradient of buffer B (50 mM 133 

NaPO4, 300 mM NaCl, 500 mM imidazole, pH 8). The fractions containing the protein of 134 

interest were pooled and dialyzed against 1x phosphate-buffered saline (1xPBS; 10 mM 135 

phosphate buffer, 2.7 mM KCl, 137 mM NaCl, pH 7.3) and stored at -80°C until further use. 136 

The expression and purification of sfGFP have been described elsewhere16.  137 

 138 
Removal of the M28 affinity-tag by TEV-protease digestion  139 

For SPR, targeted cross-linking mass spectrometry (TX-MS) and hydrogen-deuterium mass 140 

spectrometry (HDX-MS), M28 without the affinity-tag was used. For removal of the affinity-141 

tag, the M28 protein was treated with TEV-protease at an enzyme: substrate mass ratio of 1:20. 142 

Dithiothreitol (DTT) was added to a final concentration of 1mM and the digestion mixture was 143 

transferred to a dialysis membrane (6-8000 molecular weight cut-off) and dialyzed against 144 

buffer A supplemented with 1 mm DTT at 16°C 18 hours. The mixture was passed through a 145 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 9, 2021. ; https://doi.org/10.1101/2021.02.09.430411doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.09.430411
http://creativecommons.org/licenses/by/4.0/


 7 

HisTrap column (GE Healthcare) at room temperature with the same gradient and buffer as 146 

used earlier. Fractions containing the cleaved M28 protein were collected, and passed through 147 

a 0.2 µm syringe filter before loading on a 26/600 Superdex 200 pg column (GE Healthcare) 148 

run with 1xPBS (pH 7.4) at 2.5 ml/min at 6°C. Fractions with TEV-cleaved, purified M28 were 149 

pooled together and stored at -80°C until further use. 150 

 151 
Commercial proteins and human plasma and saliva 152 

Pooled human plasma (LOT number 18944 and 27744) and pooled human saliva (catalog 153 

number IR100044P) was purchased from Innovative Research, USA. Pooled saliva was 154 

centrifuged at 1500 x g for 15min at 4°C followed by sterile filtration using 0.22 µm Steriflip 155 

filtration units (Millipore) and stored -20°C until further use. IgA from human serum (LOT 156 

number 0000085362) was purchased from Sigma-Aldrich, Germany. Purified human 157 

complement C4BP (catalog number A109, Lot number 4a) was obtained from Complement 158 

Technology, USA. Recombinant human IgA-Fc domain (catalog number PR00105) was 159 

purchased from Absolute Antibody, UK.  160 

 161 
Bacterial culture  162 

S. pyogenes serotype M1 (SF370) was obtained from the American Type Culture Collection 163 

(ATCC; strain reference 700294), which was originally isolated from an infected wound. The 164 

other S. pyogenes serotypes M3, M5, M28, M49 and M89 used in this study were clinical 165 

isolates obtained from the blood of GAS infected patients at Lund university hospital and 166 

serotyped by clinical microbiology department of the hospital. These bacteria were grown on 167 

blood agar plates, and single colonies were isolated and grown in Todd-Hewitt (TH) broth 168 

supplemented with 0.6 % yeast extract at 37°C, in 5% CO2 16 hours. Bacteria from the 169 

overnight culture were sub-cultured in TH broth with 0.6% yeast extract at 37°C, in 5% CO2 170 

till mid-logarithmic phase (OD600 nm 0.4-0.5). The cells were harvested by centrifugation at 171 

3500 g for 5 min. The pellets were washed in HEPES-buffer (50mM HEPES, 150 mM NaCl, 172 

pH 7.5) twice and re-centrifuged at 3500 g for 5 min. The washed cells were re-suspended in 173 

HEPES-buffer to a 1% solution. These cells were further used for SA-MS experiments. 174 

 175 
Bacterial surface adsorption of human plasma proteins 176 

To capture human plasma proteins on S. pyogenes surface 400 µl of pooled normal human 177 

plasma was added to 100 µl of 1% bacterial solution in six biological replicates for each strain. 178 

The samples were vortexed briefly, and incubated at 37°C at 500 rpm for 30 min. Cells were 179 
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harvested by centrifugation at 5000 g for 5 min, and washed three times with HEPES-buffer 180 

followed by centrifugations of 5000 g for 5 min, respectively. The cells were finally re-181 

suspended in 100 µl HEPES-buffer. For limited proteolysis of surface-attached bacterial and 182 

human proteins, 2 µg of 0.5 µg/µl sequencing grade trypsin (Promega) was added, and the 183 

digestion was allowed to proceed at 37°C, 500 rpm for 60 min. The reaction was stopped on 184 

ice, and the supernatant collected by centrifugation at 1000 g for 15 min at 4°C. Any remaining 185 

bacteria in the supernatants were heat-killed at 85°C at 500 rpm for 5 min, prior to sample 186 

preparation for mass spectrometry.  187 

 188 
Affinity purification of human plasma and saliva proteins  189 

For affinity purification (AP) reactions 20 µg of recombinant affinity-tagged M proteins was 190 

charged on Strep-Tactin Sepharose beads (IBA) equilibrated in 1x PBS. Affinity-tagged sfGFP 191 

was used as a negative control in all experiments. Pooled normal human plasma (100 µl) or 192 

saliva (200 µl) was then incubated with the protein-charged beads at 37 °C, 800 rpm, 1 h. Every 193 

1ml of saliva was complemented with 10 µl protease inhibitor (Sigma). For saliva-plasma 194 

mixed environment experiments 100 µl saliva-plasma dilutions were made for 100% saliva, 1% 195 

plasma (99µl saliva + 1µl plasma), 10% plasma (90µl saliva + 10µl plasma) and 100% plasma 196 

and incubated with the protein-charged beads at 37 °C, 800 rpm, 1 h. The beads were washed 197 

with 10 ml ice-cold 1x PBS (for plasma) and 4 ml ice-cold 1xPBS (for saliva and saliva-plasma 198 

dilutions) at 4 °C, before eluting the proteins with 120 µl 5 mM biotin in 1xPBS at room 199 

temperature (RT). To remove biotin from the eluted protein mixture tri-chloro acetic acid 200 

(TCA) was added to a final concentration of 25% and incubated in -20C for 16hours. The 201 

protein mixture was centrifuged at 13000 rpm for 30 min at 4 °C. The pellets were washed two 202 

times in 500 µl and once in 200 µl ice-cold acetone by centrifuging at 13000 rpm 10 min at 4 203 

°C. These pellets were then prepared for mass spectrometry.  204 

 205 

Crosslinking IgA-Fc and C4BP with M28 206 

10 µg of C4BP and 10 µg of IgA-Fc was incubated separately with 10 µg of M28 in a final 207 

volume of 100 µl in 1X PBS for 30 minutes at 37°C and 800rpm. To cross-link IgA-Fc or C4BP 208 

to M28 heavy/light disuccinimidylsuberate crosslinker (DSS-H12/D12, Creative Molecules 209 

Inc, www.creativemolecules.com) resuspended in 100% dimethylformamide (DMF) was added 210 

to final concentrations of 0, 100, 250, 500, 1000 and 2000 µM. The cross-linking mixture was 211 

then incubated at 37°C, 800 rpm for 60 minutes. Before preparing the sample for MS analysis 212 
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the reaction was quenched by adding ammonium bicarbonate to a final concentration of 50mM 213 

and incubating for 15 min at 37°C and 800 rpm.  214 

 215 

Sample preparation for mass spectrometry  216 

To denature the proteins 8M urea-100 mM ammonium bicarbonate was added to the SA-MS 217 

AP-MS and cross-linked samples. The disulfide bonds were reduced with 500 mM TCEP at 218 

37°C for 60 min, and then alkylated with 500 mM iodoacetamide in the dark at room 219 

temperature for 30 min. The samples were diluted with 100 mM ammonium bicarbonate for a 220 

final urea concentration <1.5 M, and then 0.5 µg/µl sequencing grade trypsin (Promega) was 221 

added for protein digestion at 37°C for 18h. Mass spectrometry samples for cross-linking 222 

reactions were prepared in a similar fashion as stated above with an additional step of digestion 223 

with 0.5 µg/µl lysl endopeptidase (Wako) at 37°C, 800 rpm for 2 hours after treatment with 224 

iodoacetamide followed by dilution with ammonium bicarbonate and trypsin digestion.  The 225 

digestions were quenched with 10% formic acid to a final pH of 2-3. The peptides were purified 226 

in SOLAµ HRP 2mg/1ml 96 well plate (Thermo Scientific) according to manufacturer’s 227 

protocol. The eluted peptides were dried in a speedvac, and resuspended in 2% acetonitrile - 228 

0.1% formic acid with iRT peptides39 (retention time peptides-as internal reference), followed 229 

by 5 mins sonication and brief centrifugation before mass spectrometry.  230 

 231 

Liquid chromatography tandem mass spectrometry (LC-MS/MS)  232 

The peptides were analyzed using data-dependent mass spectrometry analysis (DDA-MS) and 233 

data-independent mass spectrometry analysis (DIA-MS) on a Q Exactive HFX (Thermo 234 

Scientific) connected to an EASY-nLC 1200 (Thermo Scientific). The peptides were separated 235 

on a Thermo EASY- Spray column (Thermo Scientific 50cm column, column temperature 45 236 

°C) operated at a maximum pressure of 800 bar. A linear gradient of 4% to 45% acetonitrile in 237 

aqueous 0.1% formic acid was run for 65 min for both DDA and DIA. For DDA analysis, one 238 

full MS scan (resolution 60,000 for a mass range of 390-1210 m/z) was followed by MS/MS 239 

scans (resolution 15,000) of the 15 most abundant ion signals. The precursor ions with 2 m/z 240 

isolation width were isolated and fragmented using higher-energy collisional-induced 241 

dissociation at a normalized collision energy of 30. The automatic gain control was set as 3e6 242 

for full MS scan and 1e5 for MS/MS. For DIA, a full MS scan (resolution 60,000 for a mass 243 

range of 390-1210 m/z) was followed by 32 MS/MS full fragmentation scans (resolution 244 

30,000) using an isolation window of 26 m/z (including 0.5 m/z overlap between the previous 245 
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and next window). The precursor ions within each isolation window were fragmented using 246 

higher-energy collisional-induced dissociation at a normalized collision energy of 30. The 247 

automatic gain control was set to 3e6 for MS and 1e6 for MS/MS. The cross-linked peptides 248 

were analysed in DDA. For DDA analysis of cross-linked peptides one full MS scan (resolution 249 

60,000 for a mass range of 350-1600 m/z) was followed by MS/MS scans (resolution 15,000) 250 

of the 15 most abundant ion signals within an isolation width of 2m/z. 251 

  252 

SA-MS and AP-MS data analysis  253 

MS raw data were converted to gzipped and Numpressed mzML40 using the tool MSconvert 254 

from the ProteoWizard, v3.0.5930 suite41. All data analyses were stored and managed using 255 

openBIS42. SA-MS DDA data acquired spectra were analyzed using the search engine X! 256 

Tandem (2013.06.15.1-LabKey, Insilicos, ISB)43, OMSSA (version 2.1.8)44 and COMET 257 

(version 2014.02 rev.2) against an in-house compiled database containing the Homo sapiens 258 

and S. pyogenes serotype M1 reference proteomes (UniProt proteome IDs UP000005640 and 259 

UP000000750, respectively) complemented with common contaminants from other species, 260 

yielding a total of 22 155 protein entries and an equal amount of reverse decoy sequences. AP-261 

MS DDA data was analyzed using the same search engines as above, against an in-house 262 

compiled database containing the Homo sapiens and S. pyogenes serotype M1 reference 263 

proteomes (UniProt proteome IDs UP000005640 and UP000000750, respectively) 264 

complemented with the all of the affinity-tagged M proteins and the sfGFP sequences as well 265 

as common contaminants from other species, yielding a total of 22162 protein entries and an 266 

equal amount of reverse decoy sequences. Fully tryptic digestion was used allowing two missed 267 

cleavages. Carbamidomethylation (C) was set to static and oxidation (M) to variable 268 

modifications, respectively. Mass tolerance for precursor ions was set to 0.2 Da, and for 269 

fragment ions to 0.02 Da. Identified peptides were processed and analyzed through the Trans-270 

Proteomic Pipeline (TPP v4.7 POLAR VORTEX rev 0, Build 201403121010) using 271 

PeptideProphet45. The false discovery rate (FDR) was estimated with Mayu (version 1.07) and 272 

peptide spectrum matches (PSMs) were filtered with protein FDR set to 1% resulting in a 273 

peptide FDR < 1%.   274 

 275 

The SA-MS and AP-MS DIA data were processed using the OpenSWATH pipeline46. For DIA 276 

data analysis, spectral libraries from the above DDA dataset were created in openBIS42 using 277 

SpectraST (version 5.0, TPP v4.8.0 PHILAE, build 201506301157-exported (Ubuntu-x86_64)) 278 

in TPP47. For DIA data analysis, raw data files were converted to mzXML using msconvert and 279 
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analyzed using OpenSWATH (version 2.0.1 revision: c23217e). The RT extraction window 280 

was ±300 s, and m/z extraction was set at 0.05 Da tolerance. RT was then calibrated using iRT 281 

peptides. Peptide precursors were identified by OpenSWATH (2.0.1) and PyProphet (2.0.1) 282 

was used to control the false discovery rate of 1% at peptide precursor level and at 1% at protein 283 

level. Then TRIC48 was used to align the runs in the retention time dimension and reduce the 284 

identification error by decreasing the number of missing values in the quantification matrix. 285 

Further missing values were re-quantified by TRIC48. Resulting DIA data sets were analysed 286 

using Jupyter Notebooks (version 3.1.1). For the DIA data analysis proteins identified by more 287 

than 3 peptides and enriched with a log2 fold enrichment of >1 (two-fold) with an adjusted P-288 

value <0.05 using the Student’s t-test were considered has true interactors. However, for the 289 

saliva-plasma dilution DIA data TRIC was not enabled. The intensities of the proteins were 290 

estimated by summing the intensities of the most intense three peptides for each protein relative 291 

to the total peptide intensities (without iRT) for that protein.  292 

 293 

 294 

Surface Plasmon Resonance (SPR) analysis of M protein  295 

Binding experiments were performed on Biacore X100 (Cytiva Life Sciences, Uppsala, 296 

Sweden) with a control software version of v.2.0. All the assays were carried out on a Sensor 297 

CM5 gold chip (Cytiva Life Sciences, Uppsala, Sweden) at 25 °C.  For the covalent 298 

immobilization of M1 and M28 molecules via amine groups on the gold surface Amine 299 

coupling kit (Cytiva Life Sciences, Uppsala, Sweden) containing EDC [1-Ethyl-3-(3-300 

dimethylamino-propyl)carbodiimide] (75 mg/mL), NHS (N-hydroxysuccinimide) (11.5 301 

mg/mL) and ethanolamine (1 M, pH: 8.5) was used.  302 

The CM5 chip was docked into the instrument and the chip surface was activated following 303 

EDC/NHS protocol with PBS buffer as the running buffer before the immobilization procedure. 304 

The ligand (M1/M28) was injected for 7 min (flow rate: 10 µL/min) at a concentration of 0.01 305 

mg/mL (in 10 mM acetate buffer, pH: 5.0) followed by an injection of 1.0 M ethanolamine for 306 

7 min (flow rate: 10 µL/min) in order to deactivate excess reactive groups. Once the targeted 307 

immobilization level (≈ 2500 RU) was achieved no further immobilization was carried out. The 308 

flow channel_2 (active channel) was used for the ligand immobilization while the flow 309 

channel_1 (reference channel) was used as a reference to investigate non-specific binding. 310 

Response units were recorded from the subtracted channel (flow channel_2 – flow channel_1) 311 

which was then used to evaluate the results of analysis. For the IgA as analyte, concentration 312 

series including 0, 0.009375, 0.01875, 0.0375, 0.075, 0.15 and 0.3 µM were prepared. For the 313 
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C4BP as analyte, concentration series between 0 and 96 nM were prepared. The analytes were 314 

injected into the active (Fc_2) and reference channels (Fc_1) at the same time. Triplicate 315 

injections were done for each concentration series. The association time was set to 120 s while 316 

the dissociation time was kept as 600 s.  For the regeneration of the surface, 10 mM glycine-317 

HCl (pH: 2.5) was used at a flow rate of 10 µL/min.  318 

 319 

 320 

Evaluation of SPR Analysis:  321 

For the evaluation of the analysis, the kinetic parameters were determined by Biacore 322 

Evaluation Software (v.2.0) in binding analysis based on curve-fitting algorithms which 323 

employs global fitting. 324 

The data collected for each experiment was analysed according to 1-1 fitting model using the 325 

kinetic fitting programs that yields ka, kd and KD values and also fitting the data to 326 

heterogeneous binding model. Equilibrium binding analysis were performed by plotting the RU 327 

values measured in the plateau versus each concentration series. 328 

 329 

First the binding was tested for the simplest 1-1 Langmuir binding model, which follows the 330 

equation: 331 

𝐴𝐴 + 𝐵𝐵 
𝑘𝑘𝑘𝑘
↔

 𝑘𝑘𝑘𝑘
 𝐴𝐴𝐴𝐴                                                                                                                             (1) 332 

where A is the analyte, B is the ligand, AB is the complex. The ka (rate of association, M-1s-1) 333 

is measured from the reaction in the forward direction while the kd (dissociation rate, s-1) is 334 

measured from the reverse reaction.  335 

The binding was also tested for heterogeneous ligand model where the same analyte binds 336 

independently to multiple ligands or to several binding sites on the same ligand. Heterogeneous 337 

ligand model follows the equation:  338 

𝐴𝐴 + 𝐵𝐵1
𝑘𝑘𝑘𝑘1
⇌
𝑘𝑘𝑘𝑘1

 𝐴𝐴𝐴𝐴1  339 

𝐴𝐴 + 𝐵𝐵2
𝑘𝑘𝑘𝑘2
⇌
𝑘𝑘𝑘𝑘2

 𝐴𝐴𝐴𝐴2                                              (2) 340 

where A represents the analyte, B1 and B2 represent two different ligands or two different 341 

binding sites on the same ligand, respectively, AB1 and AB2 represent the first and second 342 

complexes formed after the binding of the analyte to the surface, ka1 and ka2 are the association 343 

rates of the first and second complexes while kd1 and kd2 represent the dissociation rates. 344 

 345 
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TX-MS data analysis and computational modelling 346 

The UniProt accession numbers used for the S. pyogenes M28 protein, human C4BPa, C4BPb, 347 

IGHA1, and IGHA2 were W0T1Y4, P04003, P20851, P01876, and P01877, respectively. The 348 

tertiary structure of the M28 protein was characterized using Rosetta comparative modeling 349 

(RosettaCM) protocol49 from Rosetta software suit 50 based on the previously generated full-350 

length model of the M1 protein26 as the homologue structure. For IgA and C4BP, PDB ids 351 

6LXW, and 5HYP have been used, respectively. To analyze the interactions of M28 with IgA 352 

and C4BP, the TX-MS protocol has been employed17 through which computational docking 353 

models were generated and filtered out using distance constraints derived from MS-DDA data. 354 

A final round of high-resolution modeling was performed on the top selected models to repack 355 

the sidechains using RosettaDock protocol51. 356 

 357 

HDX-MS sample preparation and data acquisition 358 

 359 
HDX-MS was performed in two separate runs on M28 with IgA-Fc and M28 with C4BP. In 360 

each experimental run HDX-MS was first performed on pure untagged M28 (1 mg/mL). Then 361 

a mixture of M28 with the different ligands were prepared in PBS as described below and 362 

subjected to HDX.  363 

M28: IgA(Fc)- 1:1 molar ratio: Each sample consisted of 1 µl of M28 (75 pmol/µl) mixed with 364 

1 µl PBS and 3 µl IgA(Fc) at concentration of 20 pmol/µl.  365 

M28: IgA(Fc)- 2:1 molar ratio: Each sample consisted of 2 µl of M28 (75 pmol/µl) mixed with 366 

3 µl IgA(Fc) at concentration of 20 pmol/µl.  367 

M28 (pure): In this run each sample consisted of 1 µl of M28 (75 pmol/µl) mixed with 4 µl 368 

PBS. 369 

M28:C4BP: In this run each interaction sample consisted of 2 µl of M28 (75 pmol/µl) mixed 370 

with 5 µl C4PB (1-2 pmol/µl).  371 

M28 (pure): each sample consisted of 2 µl of M28 (75 pmol/µl) mixed with 5 µl PBS. 372 

 373 

The HDX-MS analysis was performed using automated sample preparation on a LEAP H/D-X 374 

PAL™ platform interfaced to an LC-MS system, comprising an Ultimate 3000 micro-LC 375 

coupled to an Orbitrap Q Exactive Plus MS. Samples of M28 with and without ligand were 376 

diluted with 25 µl 10 mM PBS pH 7.4 (for t = 0 samples) or with 25 µl HDX labelling buffer 377 

comprising dPBS same composition prepared in D2O, and pH adjusted to pH(read) 7.0 with DCl 378 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 9, 2021. ; https://doi.org/10.1101/2021.02.09.430411doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.09.430411
http://creativecommons.org/licenses/by/4.0/


 14 

diluted in D2O. The HDX reactions were carried out for t = 30, 300, 3000 at 20°C. The labelling 379 

was quenched by dilution of the labelled sample with 30 µl of 1% TFA, 0.4 M TCEP, 4 M 380 

Urea, at 1°C, 50 µl of the quenched sample was directly injected and subjected to online pepsin 381 

digestion at 4 °C on an in-house packed (POROS AL 20 µm immobilized pepsin) pepsin 382 

column, 2.1 x 30 mm. The online digestion and trapping was performed for 4 minutes using a 383 

flow rate of 50 µL/min with a running buffer of 0.1 % formic acid, pH 2.5. The peptides 384 

generated by pepsin digestion were subjected to on-line SPE on a PepMap300 C18 trap column 385 

(1 mm x 15mm) and washed with 0.1% FA for 60s. Thereafter, the trap column was switched 386 

in-line with a reversed-phase analytical column, Hypersil GOLD, particle size 1.9 µm, 1 x 50 387 

mm, and separation was performed at 1°C using a gradient of 5-50 % B over 8 minutes and 388 

then from 50 to 90% B for 5 minutes, the mobile phases were 0.1 % formic acid (A) and 95 % 389 

acetonitrile with 0.1 % formic acid (B). Following the separation, the trap and column were 390 

equilibrated at 5% organic content, until the next injection. The needle port and sample loop 391 

were cleaned three times after each injection with mobile phase 5%MeOH and 0.1%FA, 392 

followed by 90% MeOH and 0.1%FA and a final wash of 5%MeOH and 0.1%FA. After each 393 

sample and blank injection, the Pepsin column was washed by injecting 90 µl of pepsin wash 394 

solution 1% FA /4 M urea /5% MeOH. In order to minimize carry-over a full blank was run 395 

between each sample injection. Separated peptides were analysed on a Q Exactive Plus MS, 396 

equipped with a HESI source operated at a capillary temperature of 250 °C. For undeuterated 397 

samples (t = 0s) 1 injection was acquired using data dependent MS/MS HCD for identification 398 

of generated peptides. For HDX analysis (all labelled samples and one t= 0s) MS full scan 399 

spectra at a setting of 70K resolution, automatic gain control 3e6, Max IT 200ms and scan range 400 

300-2000 Da were collected. 401 

 402 
HDX-MS Data analysis  403 
 404 
PEAKS Studio X. (Bioinformatics Solutions Inc., Waterloo, Canada) was used for peptide 405 

identification after pepsin digestion of undeuterated samples (i.e. timepoint 0 s.). The search 406 

was done on a FASTA file comprising the only the sequences of the analysed proteins, search 407 

criteria was a mass error tolerance of 15 ppm and a fragment mass error tolerance of 0.05 Da 408 

and allowing for fully unspecific cleavage by pepsin.  409 

Peptides identified by PEAKS with a peptide score value of log P > 25 and no modifications 410 

were used to generate  peptide lists containing peptide sequence, charge state and retention time 411 

for the HDX analysis. HDX data analysis and visualization was performed using HDExaminer, 412 
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version 3.01 (Sierra Analytics Inc., Modesto, US). Due to the comparative nature of the 413 

measurements, the deuterium incorporation levels for the peptic peptides were derived from the 414 

observed mass difference between the deuterated and non-deuterated peptides without back-415 

exchange correction using a fully deuterated sample. HDX data was normalized to 100% D2O 416 

content with an estimated average deuterium recovery of 75%. The peptide deuteration was 417 

determined from the average of all high and medium confidence results, with the two first 418 

residues of each peptide set to be unable to retain deuteration. The allowed retention time 419 

window was set to ± 0.5 minutes. Heatmaps settings were uncoloured proline, heavy smoothing 420 

and the difference heatmaps were drawn using the residual plot as significance criterion (±1 421 

Da).  The spectra for all timepoints were manually inspected; low scoring peptides, e.g. obvious 422 

outliers and peptides were retention time correction could not be made consistent were 423 

removed.  424 
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Results 425 

Human plasma protein interaction networks with S. pyogenes surface proteins 426 

M proteins are long extended surface attached proteins with various combinations of A, B, C 427 

and D domains (Fig. 1A) that allow the M proteins to engage in numerous protein interactions 428 

simultaneously. While the protein interaction network formed around A-C patterns is relatively 429 

well described16, less is known about the protein interaction network organized around E pattern 430 

strains. Here, we combined quantitative and structural mass spectrometry techniques, to 431 

determine how the different M protein domains within E and A-C patterns influence the 432 

composition and structure of the human plasma-S. pyogenes interaction network (Fig. 1B). 433 

First, we selected three representative clinical isolates from emm pattern type A-C (M1, M3 434 

and M5) and three from type E (M28, M49 and M89) and performed bacterial surface 435 

adsorption mass spectrometry analysis (SA-MS)16 as schematically shown in Figure 1B. In this 436 

analysis, the intact clinical isolates were incubated with pooled normal human plasma. Surface 437 

adhered proteins were enriched via centrifugation and quantified by data-independent mass 438 

spectrometry analysis (DIA-MS). The data was stringently filtered, resulting in the 439 

identification of in total 92 surface bound plasma proteins which were further grouped into six 440 

major protein families according to their functional roles, i.e., apolipoproteins, cell adhesion 441 

and cytoskeleton proteins, coagulation, complement, immunoglobulins and other plasma 442 

proteins (Fig. 2A). The quantitative data matrix across each strain show that there are marked 443 

differences in the HP-PPI networks formed on the streptococcal surface between the serotypes 444 

producing A-C or E type M proteins (Fig. 2A). The A-C pattern strains typically bind fibrinogen 445 

and components of the complement system, whereas the E pattern typically bind with various 446 

apolipoproteins, immunoglobulins and components from the complement and coagulation 447 

system such as C4BP and vitamin K-dependent protein S (PROS) (Fig. 2A). The analyzed 448 

strains were furthermore capable of forming distinct serotype-specific interaction networks, 449 

also within their respective A-C or E patterns. To objectively determine the major components 450 

of these networks, we used co-expression network analysis (Fig. 2B). This analysis revealed 451 

four highly connected protein clusters (highlighted using semi-transparent circles) of strongly 452 

correlating human proteins (blue lines, r2 > 0.9) that bind to one or two of the strains. The 453 

highest correlating proteins associated with M49 and M89 networks were several 454 

apolipoproteins such as APOH and APOC4 (Fig. 2B). In contrast, M3, M5 and to some degree 455 

M1, bound fibrinogen whereas M28 predominately associates with several proteins such as 456 

C4BP, PROS, APOB and IgA (Fig. 2B). Interestingly, the network view also shows that there 457 
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are several proteins that are negatively correlated (r2 < -0.6) as indicated by the red lines in 458 

Figure 2B. To further visualize these binding patterns, correlation plots were plotted for 459 

selected proteins pairs from each protein cluster (Fig 2C). As expected, strong correlations were 460 

observed between proteins belonging to the same protein cluster in Figure 2B such as APOH-461 

APOC4, FIBB-FIBA, C4BPA-C4BPB, APOB-PROS, IGHA1-IGHA2, CO3-CO4A, C4BPA-462 

PROS and IGHA1-C4BPA. In contrast, other proteins appear to bind significantly more to some 463 

strains such as fibrinogen and C4BP, where M1, M3 and M5 bind fibrinogen but not C4BP, 464 

while M28, M49 and M89 bind C4BP but not fibrinogen (Fig. 2C). Moreover, high levels of 465 

fibrinogen were related to low levels of several other proteins of the M28, M48 and M89 466 

network such as IgA, PROS and components of apolipoproteins such as APOH (Fig. 2C). These 467 

results demonstrate that each strain can assemble strain-specific HP-PPI network and that there 468 

are substantial differences in the interaction networks between emm types.  469 

Human plasma protein interaction networks with S. pyogenes - M proteins 470 

To understand to what degree differences in the domain arrangement of the M proteins (Fig. 471 

1A) mediates the differential binding patterns of human proteins to the S. pyogenes strains, we 472 

applied protein affinity purification mass spectrometry (AP-MS)16 as schematically shown in 473 

Figure 1B. Based on the different S. pyogenes strains screened above, six M proteins (M1, M3, 474 

M5, M28, M49 and M89) were recombinantly expressed with an affinity tag. The tagged M 475 

proteins were used to affinity purify interacting plasma proteins followed by DIA-MS and 476 

filtering. Only proteins enriched log2 > 1 times (two-fold) and having an adjusted statistical p 477 

value of 0.05 when compared to GFP enriched proteins were considered as interactors (see Fig. 478 

3A for an example and Fig. S2). This filtering strategy generated a final list of 32 high confident 479 

non-redundant interactions with M1, M3, M28, M49 and M89, categorized into the same 480 

functional categories as above. As M5 had a poor protein stability and yield, it could not be 481 

used in AP-MS and was excluded from the study. The heatmap of the significant interactions 482 

in Figure 3B reveals five predominant column clusters and again demonstrates that the M 483 

proteins are involved in distinct protein interactions with human plasma proteins. Fibrinogen 484 

binding was prominent to M proteins of emm type A-C (M1 and M3), and C4BP binding to M 485 

proteins emm type E (M28, M49 and M89) (Fig. 3B) in a similar fashion as observed in the 486 

SA-MS results above and as previously suggested by Sanderson et. al.13. To detail the properties 487 

of the differential binding patterns, we constructed another correlation network plot for the 32 488 

proteins across the five different M proteins (Fig. 3C). Similar to the SA-MS results, the 489 

network view shows several correlating proteins clusters (r2 ≥ 0.5) typically associated to the 490 
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one or two of analyzed M proteins. Several of the serotype specific proteins shown above such 491 

as fibrinogen, apolipoproteins, C4BP and IgA, are strongly associated with particular M 492 

proteins. In addition, we can confirm that binding of some proteins seems to result in lower 493 

binding of other proteins (r2 < -0.5) such as fibrinogen-PROS and fibrinogen-C4BPα, 494 

demonstrating that the interactions captured above using SA-MS are to a large degree mediated 495 

by the M proteins. To visualize the core-interaction network between the analyzed M proteins, 496 

we selected the highly enriched protein interactions (log2 > 3 compared to GFP) to plot a 497 

schematic interaction network graph (Fig. 3D). The network graph reveals that albumin, IgG1 498 

and IgG4 are equally associated with all analyzed M proteins. Albumin is known to bind the 499 

conserved C-repeats 14,20,23,24 of the M protein, thus making the association of albumin with all 500 

M proteins logical. In addition, IgA2 is enriched in all M proteins although significantly more 501 

enriched to M28, which is also coupled to C4BPα, IgA1, alpha-1-antitrypsin (A1AT) and to 502 

lesser degree PROS. The cysteine residue on the C terminus of α chain of monomeric IgA has 503 

been shown to form disulfide bonds with A1AT52 and C4BP is known to form complex with 504 

PROS53. We speculate that these proteins form a larger complex mediated via human-human 505 

protein interactions on M28. In contrast, M1 and M3 typically bind fibrinogen and fibronectin, 506 

whereas M49 binds several components of the complement system, and both M49 and M89 507 

bind PROS. In conclusion, the results from the AP-MS analysis demonstrate that M proteins 508 

play a major role in shaping the serotype-specific HP-PPI networks observed in SA-MS. 509 

Although the E type M proteins are substantially smaller compared to A-C types, their 510 

interaction networks with human plasma proteins are still surprisingly complex. As there are 511 

no structural model for any E type M interspecies protein complex, we selected M28 for further 512 

structural characterization with a particular focus on the binding with IgA and C4BP as outlined 513 

in Figure 1B.  514 

Characterization of the M28 IgA-C4BP interaction in different local microenvironments 515 

As we observed that IgA was significantly enriched on M28, we measured the affinity between 516 

M28 and IgA by using surface plasmon resonance (SPR). The binding of M28-IgA was 517 

compared to M1-IgA binding, which according to our observation showed very low or no IgA 518 

binding. We immobilized the M proteins (ligand) on the sensor chip and injected IgA (analyte) 519 

over them to mimic the M proteins protruding out from the bacterial surface and the 520 

immunoglobulins floating in the plasma. The kinetic analysis showed the best fit to a 521 

heterogeneous ligand model compared to a 1-1 model (Fig. S3, A & B). Surface heterogeneity 522 

(heterogeneous ligand) models are observed if the ligand has multiple binding sites for an 523 
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analyte. Thus, an explanation for the deviations from a 1-1 fitting model could be that IgA has 524 

multiple binding sites on M28. Calculated affinity constants showed that IgA had a 3 log higher 525 

affinity for M28 as compared to M1 (KD1≈10-10 M and KD2≈10-8 M for M28 and KD1≈10-7 M 526 

and KD2≈10-7 M for M1) (Fig. 4A- I & II). The differences in KD1 and KD2 values of IgA 527 

towards M28 support two different binding sites on M28 for IgA, one with high and the with 528 

lower affinity. We also performed SPR analysis of the interaction with C4BP and M28 since 529 

C4BP was significantly enriched on M28 in our SA-MS and AP-MS experiments above. In this 530 

case, kinetic analysis showed a better fitting to a 1-1 model (Fig S3, C). Affinity constants 531 

calculated from the sensorgrams resulted in a KD of 1.88 x 10-10, suggesting one single binding 532 

site with a high affinity between M28 and C4BP (Fig. 4A-III). 533 

Most IgA produced in the human body is secreted into the mucus membrane thereby acting as 534 

a first line defense against infections27. To understand how an IgA rich microenvironment alters 535 

the S. pyogenes M28 protein network, we quantified the protein interaction network of M1 and 536 

M28 in pooled normal human saliva by AP-MS. These experiments showed that IgA binding 537 

from saliva only occurs on M28 but not on M1 (Fig. 4B). Additionally, we observed co-538 

enrichment between IgA and polymeric immunoglobulin receptor (PIGR) and IGJ (Fig. 4B). 539 

PIGR is known to bind polymeric IgA and IgM at the basolateral surface of epithelial cells. 540 

PIGR bound polymeric IgA undergoes transcytosis to the luminal surface where cleavage by 541 

one or more proteinases result in secretory IgA (sIgA)52. The J chain forms a disulfide bridge 542 

between the cysteine residues of the IgA heavy chain giving rise to multimeric IgA52.  543 

Polymeric IgA is known to be prevalent in saliva while monomeric IgA and C4BP are 544 

predominantly present in plasma. S. pyogenes typically induce vascular leakage when localized 545 

in the upper respiratory tract54 thereby altering the protein composition in the host 546 

microenvironment55. To understand how saliva or plasma alters the S. pyogenes M28 protein 547 

interaction network, we quantified the protein interactions of M28 in a mixed saliva-plasma 548 

environment. These AP-MS experiments were performed using 100% saliva, 1% plasma, 10% 549 

plasma in saliva and 100% plasma to mimic conditions during a local infection followed by a 550 

systemic infection. The results show that M28 can enrich IgA1 to similar levels across all saliva 551 

or plasma mixtures, although the concentration of IgA1 is lower in plasma (Fig 4C-I). In 552 

contrast, IgA2 binding to M28 predominantly occurs in saliva and decreases with the decreasing 553 

IgA2 concentration in plasma (Fig. 4C-II). The levels of PIGR and IGJ binding to M28 (Fig. 554 

4C-III & IV) follows a similar trend, although we note proportionally higher levels of these 555 

two proteins enriched on M28 in 10% plasma compared to the input concentration (Fig 4C-III 556 
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& IV). These results imply that M28 can bind IgA in both sIgA and monomeric form where 557 

the former is pronounced in saliva. The higher levels of AP-purified IGJ and PIGR compared 558 

to the input pool in 10% plasma environment, with nearly 18 times higher plasma protein 559 

concentration compared so saliva, suggest that the sIgA binds with high affinity which is in 560 

contrast to previously published results56. The mixed saliva-plasma enrichment comparison of 561 

M28 additionally revealed elevated levels of C4BP on M28 only at high plasma concentrations 562 

(Fig. 4C-V). Interestingly, although there were detectable levels of C4BPA in 1% plasma, there 563 

was no strong enrichment of C4BPA to M28 at this low plasma concentration. These results 564 

are surprising as the SPR analysis showed that the affinity between M28 and C4BPA was in 565 

the sub nanomolar range. Possibly this could be accounted to the fact that the levels of secretory 566 

IgA were still high at 1% plasma. The levels of IgG1 enriched on M28 seemed to increase with 567 

increase in plasma concentration (Fig. 4C-VI). Collectively, these results show that M28 binds 568 

secretory IgA in saliva and C4BP binding on M28 only becomes accentuated in the absence of 569 

secretory IgA. 570 

Structural determination of M28 with IgA and C4BP 571 

To understand how the shorter E type M28 binds secretory IgA in saliva and monomeric IgA 572 

and C4BP in plasma, we performed targeted cross-linking mass spectrometry (TX-MS17) and 573 

hydrogen-deuterium mass spectrometry (HDX-MS) of M28 in complex with C4BP or the Fc-574 

domain of IgA. As the input for TX-MS-based structural modelling, we first generated a 575 

computational model of the full-length M28, which was determined using the Rosetta 576 

comparative modeling protocol49 based on the previously reported model of the M1 protein26. 577 

This model was further used to provide protein-protein docking decoys using structures 578 

deposited in protein data bank for IgA (PDB 6LXW) and C4BP (PDB 5HYP).  For TX-MS, 579 

the affinity-tag of M28 was removed, and the untagged protein was cross-linked individually 580 

in solution to either C4BP or the Fc-domain of IgA. The cross-linked peptides observed 581 

between M28 and C4BP overlapped with the interaction interface resolved using X-ray 582 

crystallography57 (Fig. 5A-B, Fig. S4, ST2). These cross-links were observed between two 583 

C4BP residues (K28 and K67 in PDB 5HYP; corresponding residues K72 and K111 in the full-584 

length C4BPα chain) and K50 on our M28 construct (Fig. 5A-B, ST1). No cross-links from 585 

C4BP were observed to the crystallized M28 segment (Fig. 5A-B), most likely due to the lack 586 

of stereo chemical favorable lysine residues at the interaction interface. For IgA, we identified 587 

two different cross-linked sites by TX-MS, the first one was supported by four inter-protein 588 

cross-links and overlaps with the previously identified M22-based IgA-binding SAP-peptide 27. 589 
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(Fig. 5A, C-I, Fig. S4 & ST2). In addition, TX-MS also identified a novel IgA-Fc interface in 590 

the middle of M28 supported by eight high-confident inter-protein cross-links (Fig. 5C-II, Fig. 591 

S4, ST2). The two binding sites between IgA and M28 could result in the binding of either two 592 

single IgA-Fc’s (Fig. 5CI-II) or one sIgA molecule, where a dimeric IgA is bridged by a J-593 

chain and a secretory component (Fig. 5C-III). Using a recently determined structure for sIgA58 594 

as input for TX-MS, we showed that the binding between sIgA and M28 is supported by five 595 

unique inter-protein cross-links (Fig. 5C-III). The binding of sIgA onto two separate and 596 

possibly synergistic binding sites on M28 could explain why sIgA binding was more 597 

pronounced in the AP-MS experiments compared to C4BP as shown above (Fig 4C). 598 

Complementary to the TX-MS analysis, bottom-up HDX-MS experiments were performed to 599 

track solvent protection of the interaction interface of M28 when bound to either C4BP or IgA-600 

Fc. HDX-MS identified a 14-amino acid stretch (23-36 aa) in the HVR domain of M28 601 

interacting with C4BP (Fig. 5A, D), enclosed between the C4BP-binding site in the crystallized 602 

complex (PDB 5HYP), and the cross-linked site (K50) identified by TX-MS (Fig. 5A). HDX-603 

MS analysis of the M28-IgA Fc-domain interaction showed strong protection to deuterium 604 

uptake at two distinct sites. At an M28 to IgA ratio of 1:1 the reduction in deuterium uptake 605 

was observed at the SAP-peptide and the overlapping region identified by TX-MS (Fig. 5A, C-606 

I, E-I). A reduction in deuterium uptake was furthermore observed for residues 112-128 at an 607 

M28 to IgA ratio of 2:1, especially at short labeling times (Fig. 5A, E-II), indicating a lower 608 

affinity site as suggested by the SPR data (Fig 4B). Importantly, this latter M28 site protected 609 

to deuterium uptake overlaps with the IgA-Fc interface identified by TX-MS (Fig. 5A, C-II). 610 

Taken together, our AP-MS data in combination with the integrative structural mass 611 

spectrometry approach, allowed us to propose two distinct models for the M28 interactions. In 612 

one model two single IgA Fc-monomers and a C4BP-moculecule would simultaneously bind 613 

to M28 (Fig. 6A) and in the other one the IgA-binding sites would be occupied by sIgA alone 614 

(Fig. 6B).  The results suggest that the domain arrangement of M28 enables S. pyogenes to form 615 

host microenvironment dependent protein interactions. The ability to alter the protein 616 

interaction network depending on the host microenvironment allows S pyogenes to initiate 617 

critical immune evasion strategies in different ecological niches of relevance for both mucosal 618 

and systemic infections. 619 
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Discussion  620 

The clinical manifestations of S. pyogenes are diverse3. This bacterium presents itself on skin 621 

and throat causing localised infections, but can also breach the cellular layer to cause systemic 622 

infections. This forces S. pyogenes to adapt to different host microenvironments. In this study, 623 

we used a combination of MS-based methods to demonstrate that different streptococcal 624 

serotypes bind specifically to distinct sets of human proteins depending on serotype and local 625 

microenvironment. These interactions were in turn mediated by one of the most abundant and 626 

widely studied surface attached virulence factors, the M proteins. The newly established M-627 

centred interaction networks recapitulated many of the previously identified M protein–human 628 

interactions and in addition highlights several so far functionally uncharacterized protein 629 

interactions. Interestingly, we note that the binding interactions were highly divergent between 630 

the analysed emm types. A prominent example is the binding of fibrinogen to A-C pattern and 631 

of C4BP to the E pattern M proteins. Fibrinogen is known to bind to the B repeats of the M 632 

protein10,14,19 and C4BP to HVR domain32-36 confirming that serotype-specific networks are 633 

highly dependent on the M protein domain arrangement. The binding of C4BP further strongly 634 

correlates with the binding of vitamin K-dependent protein S (PROS). As there is a possible 635 

functional redundancy between PROS and fibrinogen it cannot be excluded that E type M 636 

proteins that do not bind fibrinogen require the enrichment of an anticoagulant on their surface 637 

to evade being trapped in clots. A notion that requires further investigations. The results imply 638 

that sequence variability and the domain arrangement of M proteins can result in affinity 639 

differences to facilitate recruitment of human proteins that maximizes the chances for 640 

successful immune evasion in different microenvironments. These interactions can mediate 641 

immune evasion through different and sometimes complementary pathways. Our data suggests 642 

that once an interaction has been established with a particular protein, other plasma protein 643 

interactions are not readily formed to the same emm type. Possibly since some of the interacting 644 

proteins participate in similar immune evasion functions.  645 

Both the SA-MS and AP-MS data revealed strong IgA interaction with M28, while no other 646 

serotype of M protein investigated in this study was observed to bind IgA to the same degree. 647 

The SAP peptide derived from M2227 was previously shown to harbor an IgA binding site. In 648 

our study, M28 is the only M protein which contains the SAP-peptide sequence (Fig. S1). IgA 649 

is the most abundant immunoglobulin on the mucosal surface. As S.pyogenes are known to 650 

localize in mucosal surfaces, hence strong binding of IgA to M28 could be warranted and likely 651 

playing a role in facilitating the bacteria to evade the first line of immune defense on the 652 
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mucosal surface. In fact, the M28 serotype has been reported to be one of the leading causes of 653 

puerperal sepsis59-62. Persistent infections of the mucosal membrane by S.pyogenes can induce 654 

vascular leakage thereby providing access of the bacterium to human plasma. Here we mimic 655 

a localized infection condition followed by a systemic infection and we observe that under such 656 

circumstances, the M28 interaction network gradually changes its composition from 657 

predominant binding of secretory IgA in saliva to monomeric IgA and C4BP in plasma. This 658 

change is driven by the differences in protein concentration in the host microenvironment. 659 

However, even at higher plasma concentrations (10% plasma), secretory IgA is enriched to a 660 

higher extent to M28 compared to the input sample, whereas C4BP is not enriched to the same 661 

extent under these conditions. Typically, bacteria–host relationships are well-balanced. Sepsis 662 

is a relatively rare condition compared to uncomplicated local infections, implying that the 663 

evolution of bacteria–host relationships is predominately taking place in local host 664 

microenvironments and not in blood as previously proposed25 . In local microenvironments, 665 

secretory IgA is the major immunoglobulin. Our results support the following three models in 666 

a mucosal niche: i) one dimeric IgA occupying both the IgA binding sites on M28; ii) two 667 

dimers binding separately to the two sites and lastly; iii) one dimer and one monomer could be 668 

engaged on M28 (Fig. 6C). However, the stoichiometry of the IgA dimer binding in such a 669 

condition still remains unexplored. During the course of an infection there can be local damage 670 

of the mucosal membrane causing leakage of plasma exudate thus creating an upsurge of C4BP 671 

in the local environment33. Under such circumstances the bacterium is known to encounter IgG 672 

from plasma but S. pyogenes have many well described virulence factors like EndoS63, SpeB64, 673 

IdeS65 to circumvent IgG effects.  This change in local microenvironment may therefore drive 674 

binding to C4BP along with monomeric IgA (Fig. 6C). It has been reported that binding of both 675 

IgA and C4BP to a M protein is crucial in inhibiting phagocytosis31. C4BP is known to bind to 676 

the HVR of the M proteins and IgA binds a semiconservative domain adjacent to the HVR 677 

site31, which makes concomitant binding of C4BP and monomeric IgA to M28 plausible as 678 

previously suggested27. As M proteins are known to be imperfectly coiled66, there might also 679 

be a real possibility that the binding of one protein at a certain site might introduce 680 

conformational changes in other parts of the coiled-coil thereby affecting the affinity of proteins 681 

on another site. In this case, binding of monomeric IgA might induce a conformational change 682 

that promotes binding of C4BP to the HVR of M28, in a manner similar to what has been shown 683 

for increased C4BP-binding to the streptococcal surface mediated by IgG67,68. This could also 684 

explain the strong coupling seen between IgA and C4BP in the SA-MS and AP-MS 685 

experiments. We propose that M28 binds either secretory IgA or monomeric IgA and C4BP 686 
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depending whether they cause a localized infection or a systemic infection (Fig. 6C). The 687 

structural model presented here is consistent with our finding of M28’s dimeric IgA binding 688 

and concomitant binding to monomeric IgA and C4BP but in different ecological niches.  689 
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Figure legends 706 

 707 

Figure 1. M protein (naïve and mature) structure and the experimental overview to 708 

identify S. pyogenes-human protein interactions. A) The arrangement of the different 709 

domains in M proteins. SS: signal sequence; HVR: hyper-variable domain, which is unique 710 

amongst different M proteins thereby giving rise to the numerous S. pyogenes serotypes; A 711 

domain and B repeats forming the semi-variable domain; C repeats and D domains including 712 

the LPXTG anchor sequence forming the conserved domain. Cleavage of the SS leads to a 713 

mature M protein and LPXTG helps the M protein anchor the bacterial surface. The S region 714 

of certain M proteins are not represented in this figure. M proteins are classified into A-C 715 

pattern harboring A domain, B and C repeats and the D domains, D pattern comprising the B- 716 

C repeats and the D domains and E type harboring only C repeats and the D domain. The M 717 

proteins are not drawn to scale. B) Schematic overview of the integrative approach used to 718 

characterize the protein network and complex around S. pyogenes. In SA-MS, pathogens are 719 

incubated with complex biological mixtures to capture proteins interacting with the bacterial 720 

surface which are then identified and quantified by MS. In AP-MS, recombinant bait proteins 721 

are expressed which are then made to capture prey proteins from complex biological mixtures 722 

followed by identification and quantification by MS. TX-MS is used to cross-link the protein 723 

partners to map the binding site while HDX-MS identifies the binding site based upon the 724 

exchange of H2O and D2O. Computational modelling is then used to generate protein 725 

interaction models based on the identified protein interaction sites.  726 

 727 

Figure 2. Human plasma proteins interacting with different S. pyogenes serotypes 728 

identified by SA-MS. A) Cluster analysis of 92 human plasma proteins interacting with six 729 

different S. pyogenes serotypes M1, M3, M5 (clade Y) and M28, M49 and M89 (clade X). SA-730 

MS data is represented for n= 6 independent replicates for each strain. Human plasma proteins 731 

were categorized into six protein families, i.e., apolipoproteins, cell adhesion and cytoskeleton 732 

proteins, coagulation, complement, immunoglobulins and other plasma proteins. The proteins 733 

colored in red are discussed in the text. B) Person correlation network analysis of human plasma 734 

proteins across six different serotypes. Each sphere represents a protein cluster. M3-M5 and 735 

M49-M89 share protein clusters, while M1 and M28 fall into individual clusters. Blue lines 736 

represent strongly correlating proteins (r2 > 0.9), while red line lines represent mutual exclusive 737 

proteins or negatively correlating proteins (r2 < -0.6). Protein dots are colored according to the 738 
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protein family. C) Correlation plots for some representative proteins from each protein cluster 739 

across different strains. Strains are represented by dots with different colors.  740 

 741 

Figure 3. Human plasma proteins interacting with different M proteins identified by AP-742 

MS. A) A volcano plot analysis of M1 with GFP. The DIA data was filtered against sfGFP 743 

using a log2 fold enrichment of > 1 with an adjusted P-value of 0.05 using the student t-test. 744 

The red dots represent high-confident interactors while the grey did not pass the above filtering 745 

criteria. Volcano plots for other M proteins and GFP are provided in Supplementary Figure 2 746 

(S2). B) Cluster analysis of 32 human plasma proteins across five different M proteins for n=6 747 

replicates. C) Person network analysis for r2 value of ≥ 0.5 for of 32 proteins across five M 748 

proteins. Each sphere represents a protein cluster. Blue lines represent positively correlated 749 

proteins while red lines represent mutually exclusive ones. D) Network analysis of highly 750 

significant 21 human plasma proteins across five different M proteins. These 21 proteins were 751 

log 2 > 3 enriched in M proteins as compared to GFP. The thickness of the line represents fold-752 

change compare to GFP.  753 

 754 

Figure 4. M-protein saliva-plasma interaction. A) Sensorgrams that show the response unit 755 

(RU, Y-axis) plotted as a function of time (in second, X-axis) for the interaction - (I) of M28 756 

with IgA (KD1 = 3x10-10 and KD2 = 3.38x10-8), (II) of M1 with IgA (KD1 = 5.13 x10-7 and KD2 = 757 

3.57x10-7), and (III) M28 with C4BP (KD of 1.88 x 10-10). The different color of the lines in the 758 

sensorgrams represents different concentrations of IgA and C4BP. For IgA red-0 µM, orange-759 

0.009375, grey-0.01875, yellow-0.0375, light blue-0.075, green-0.15 and dark blue-0.3 µM. 760 

For C4BP red-0, orange-3, grey-6, yellow-12, light blue-24, green-48 and dark blue-96nM. B) 761 

A volcano plot for AP-MS of saliva with M1 and M28 to identify true human saliva proteins 762 

interacting with M28. The data was filtered using a log2 fold enrichment > 1 with an adjusted 763 

P-value of 0.05 using the student t-test. Proteins marked with stars have a non-adjusted p-764 

values. Red dots represent high-confident interactors while grey dots did not pass the filtering 765 

criterion. C) Relative intensity of peptides (Y-axis) plotted against 0, 1, 10 and 100% plasma 766 

concentration (X-axis) mimicking vascular leakage for IGHA1 (I), IGHA2 (II), PIGR (III), IGJ 767 

(IV), C4BPA (V) and IGHG1 (VI). Green represents input samples and purple represents 768 

pulldown with M28. 769 

 770 
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Figure 5: Identified interaction interfaces of C4BP and IgA on M28 A) Schematic depicting 771 

the binding regions of C4BP and IgA on M28 as identified by TX-MS and HDX-MS. B) A 772 

close-up view of the cross-linked site identified between M28 (grey helix) and C4BP (blue). 773 

The interaction interface on the crystallized M28 segment (PDB 5HYP) is shown in cyan, and 774 

the SAP-peptide interacting with the IgA Fc-domain in yellow. Cross-links are observed 775 

between lysine residues K72 and K111 (numbered based on the full-length C4BPα chain) and 776 

K50 on our M28 construct. The cross-links are depicted as dotted lines, with the labels 777 

corresponding to a given spectrum in Figure S4 and supplementary table 2 (ST2). Due to the 778 

dimeric nature of M28, several combinations of the cross-links are possible C) Close up view 779 

of the IgA-Fc binding interface on M28 identified by TX-MS. (I) The cross-linked site 780 

overlapping with the identified C4BP interaction interface and the previously identified M22-781 

based IgA-binding SAP-peptide between the M28 (grey helix) SAP-region (yellow) and the 782 

IgA Fc-domain (red) viewed down along the helix. The cross-links are depicted as dotted lines, 783 

with the labels corresponding to a given spectrum in Figure S4 and supplementary table 2 784 

(ST2). (II) The novel interaction site between M28 (grey helix) and the IgA Fc-domain (red). 785 

The cross-links are depicted as dotted lines, with the labels corresponding to a given spectrum 786 

in Figure S4 and supplementary table 2 (ST2). (III) The possible secretory IgA-Fc (Red) M28 787 

model. The purple represents the J chain, and the secretory component is represented in green. 788 

The cross-links are depicted as dotted lines, with the labels corresponding to a given spectrum 789 

in Figure S4. (III) and supplementary table 2 (ST2). D) Deuterium uptake graph for the amino 790 

stretch 23-36 on M28 alone (black) and M28 and C4BP (red). E) Deuterium uptake graph for 791 

M28 and IgA – (I) 40-59 aa acid stretch on M28, the suggested high-affinity site and (II) 112-792 

128 amino acid stretch on M28 the suggested low affinity site. Black represents M28 alone, red 793 

is M28 IgA-Fc (1:1 ratio) and green represents M28 IgA-Fc (2:1).  794 

 795 

Figure 6: Overview of IgA-Fc and C4BP binding to M28. The homology model for the E-796 

type M protein M28 is depicted in grey helix. Cyan represents the X-ray crystallized M28 797 

domain while yellow is the known IgA-Fc binding SAP peptide. A) M28 model depicting the 798 

concomitant binding of C4BP (blue) and two IgA-Fc monomers (red). B) M28 model with the 799 

secretory IgA-Fc (red). Green represents the secretory component and purple represents J chain 800 

respectively. C) A schematic overview of M28 binding secretory IgA, monomeric IgA and 801 

C4BP in different microenvironment’s in case of a localized and systemic infection. 802 

 803 

 804 
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Supplementary figure 1. Multiple sequence alignment of mature M proteins. Multiple 805 

sequence alignment of the amino acid sequence of M1, M3, M28, M49 and M89 proteins 806 

recombinantly expressed and used for APMS experiments. The yellow highlighted region 807 

represents the SAP peptide sequence on M28. The red region represents the novel identified 808 

IgA-Fc binding site on M28. 809 

 810 

 811 

Supplementary figure 2. Volcano plot for APMS of M proteins with human plasma. 812 

Volcano plot analysis of different M proteins with GFP with a filtering criterion of log2 fold 813 

enrichment > 1 with an adjusted P value of 0.05 using the student t-test. A) GFP and M3, B) 814 

GFP and M28, C) GFP and M49 and D) GFP and M89.  815 

 816 

Supplementary figure 3. Kinetic analysis of IgA binding to immobilized M28 and M1 and 817 

C4BP binding to M28 fitted to different models. A) IgA binding for immobilized M28 fitted 818 

to (I) 1-1 model and (II) heterogeneous ligand model. B) IgA binding for immobilized M1 fitted 819 

to (I) 1-1 model and (II) heterogeneous ligand model. C) C4BP binding for immobilized M28 820 

fitted to (I) 1-1 model and (II) heterogeneous ligand model. 821 

 822 

Supplementary figure 4. Individual spectra for identified cross-linked peptides. Spectra 823 

A-B) are for the M28 – C4BP interface, spectra C-D) M28 – IgA interface overlapping with 824 

the identified C4BP interaction interface and the previously identified M22-based IgA-binding 825 

SAP-peptide and spectra E-L) for the novel M28 – IgA interface. The cross-linked peptides are 826 

indicated at the top of each spectrum. The fragments indicated in red and blue are from the 827 

individual parent peptides, whereas the fragments in green arise from a fragmented cross-linked 828 

peptide. The intensity for each spectrum is shown on the y-axis and the m/z ratio on the x-axis.        829 

 830 

Supplementary table 1 (ST1). M protein sequences and UniProt IDs. Protein sequences of 831 

different M proteins expressed recombinantly along with their UniProt IDs are represented in 832 

the table. The initiating methionine residue is marked in red and the colored sequence represents 833 

the tag incorporated in the protein. 834 

 835 

Supplementary table 2 (ST2). Cross-linked peptide list. List of peptides from M28 cross-836 

linked to peptides from either C4BP or IgA-Fc. The cross-linked lysine residues (K) are bolded. 837 

 838 
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