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Sepsis is a systemic immune response responsible for
considerable morbidity and mortality. Molecular modeling
of host-pathogen interactions in the disease state repre-
sents a promising strategy to define molecular events of
importance for the transition from superficial to invasive
infectious diseases. Here we used the Gram-positive bac-
terium Streptococcus pyogenes as a model system to
establish a mass spectrometry based workflow for the
construction of a stoichiometric surface density model
between the S. pyogenes surface, the surface virulence
factor M-protein, and adhered human blood plasma pro-
teins. The workflow relies on stable isotope labeled refer-
ence peptides and selected reaction monitoring mass
spectrometry analysis of a wild-type strain and an M-pro-
tein deficient mutant strain, to generate absolutely quan-
tified protein stoichiometry ratios between S. pyogenes
and interacting plasma proteins. The stoichiometry ratios
in combination with a novel targeted mass spectrometry
method to measure cell numbers enabled the construc-
tion of a stoichiometric surface density model using pro-
tein structures available from the protein data bank. The
model outlines the topology and density of the host-
pathogen protein interaction network on the S. pyogenes
bacterial surface, revealing a dense and highly organized
protein interaction network. Removal of the M-protein
from S. pyogenes introduces a drastic change in the net-
work topology, validated by electron microscopy. We pro-
pose that the stoichiometric surface density model of S.

pyogenes in human blood plasma represents a scalable
framework that can continuously be refined with the
emergence of new results. Future integration of new re-
sults will improve the understanding of protein-protein
interactions and their importance for bacterial virulence.
Furthermore, we anticipate that the general properties of
the developed workflow will facilitate the production of
stoichiometric surface density models for other types
of host-pathogen interactions. Molecular & Cellular
Proteomics 16: 10.1074/mcp.M116.063966, S29–S41, 2017.

Bacterial infections present an important healthcare chal-
lenge with a wide spectrum of disease severity. One of the
most severe bacterial diseases is sepsis, a systemic immune
response mainly caused by bacteria entering the bloodstream
(1). Sepsis is among the leading cause of deaths in hospitals
(2, 3), with a mortality rate ranging from 20% to 50% (1, 4) and
a worldwide incidence of 200 to 300 per 100,000 every year
(4). Furthermore, patients surviving sepsis have a drastic re-
duction in life quality and life expectancy (5–7), and in the
United States alone, the cost associated with sepsis is 17
billion dollars (3). A growing concern in sepsis treatment is
that even though the mortality rate of sepsis cases has been
decreasing over the last decades, the total number of deaths
is increasing (1, 8). In addition, antibiotic resistant bacteria
constitute an increasing problem for the healthcare system
(9–11), making bacterial infections harder to treat. In the tran-
sition from superficial to severe disease, bacterial pathogens
have devised a multitude of defense strategies. Some of these
defense strategies include protein-protein interactions to pre-
vent for example complement deposition, avoiding antibody
binding and phagocytosis (12). The complex nature of the
host-pathogen interaction network calls for new strategies to
integrate and visualize these interactions at a molecular level
preferably using systems wide analysis with as accurate
measurements as possible. In particular, there is an unmet
need to determine stoichiometric relationships between inter-
acting proteins at the level of a biological system and visualize
these interactions in an accurate model to support the devel-
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opment of new preventive, diagnostic and treatment strate-
gies for severe infectious disease.

The accurate analysis of host-pathogen interactions to de-
termine the stoichiometric relationship between pathogen,
surface proteins and interacting host proteins is an important
step toward understanding bacterial immune evasion strate-
gies. In the work presented here, we used the Gram-positive
bacterium Streptococcus pyogenes as a model pathogen and
human blood plasma as a model for interacting host proteins.
S. pyogenes is one of the most important human pathogens
responsible for a wide spectrum of superficial and severe
diseases such as pharyngitis and sepsis (13). The bacteria
have a well-characterized human blood plasma interaction
proteome (14) of critical importance for the transition to inva-
sive diseases. S. pyogenes is divided into serogroups based
on the sequence variation of the most abundant and impor-
tant surface bound virulence factor, the M-protein (15). So far
there are more than 200 different types of M-proteins identi-
fied (16, 17), where the most common is the M1 serogroup for
both pharyngitis and invasive S. pyogenes disease (18, 19).
The M1-protein is a coiled-coil dimer of a 453 amino acid long
protein, anchored in the bacterial cell wall (20, 21). The M1-
protein has several known human plasma protein interac-
tions, such as serum albumin (22, 23), fibrinogen (21, 24, 25)
and immunoglobulin gamma (IgG)1 (12, 23, 26). In combi-
nation with the cell wall and surface associated proteins of
the bacterium, the interactions between pathogen and host
give rise to a complex network of bacterial and host protein
interactions.

Mass spectrometry (MS) is the method of choice when
measuring the complex dynamics of pathogen surface pro-
teins and their interactions with host proteins (14, 22, 27–30).
In bottom-up MS based proteomics techniques, trypsin is
usually used to digest proteins into peptides that are sepa-
rated using liquid chromatography (LC) and coupled online for
MS analysis (31, 32). In targeted MS techniques, such as
selected reaction monitoring (SRM), transitions for selected
proteotypic peptides are exclusively and reproducibly meas-
ured using triple quadruple mass spectrometers (33, 34). To-
gether with stable isotope labeled peptides (29, 35, 36), SRM
can provide absolute protein quantification for several pro-
teins present in the same sample. The isotope-labeled pep-
tides behave the same as the unlabeled peptides in LC-MS
(35), and because the labeled peptide is of known concentra-
tion, the unlabeled peptide concentration can be calculated
and hence absolutely quantified. The protein concentration is
then extrapolated from the concentration of the proteotypic
peptides measured for that protein (37).

In this article, we have performed a comprehensive study of
the stoichiometric relationship between adhered host proteins

and a bacterial surface. The stoichiometric relationship in
combination with a new technical improvement for counting
the number of bacteria using SRM enabled the construction of
the first model of S. pyogenes surface interaction network in
a host environment. This model includes the stoichiometric
relations between host proteins, surface proteins, and the
surface of the pathogen and it visualizes the density of this
plethora of interactions in a stoichiometric surface density
model.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions—The S. pyogenes strains
that were used for the construction of the stoichiometric density
model are: SF370, a clinical isolate of the M1 serotype; and an
isogenic M1-mutant of SF370, �M1 (38). Strains used for cell count-
ing of S. pyogenes are: JM50, JM57, JM59, JM62, JM67, JM72,
JM81, and JM85 are all of the M1 serotype and isolated from health-
care clinics in Sweden during 2012 (39). Single colonies were grown
at 37 °C and 5% CO2 to exponential and stationary phase (only the
strains used for cell counting) in 30g/L Todd-Hewitt broth (BD,
Sparks, MD) and 6g/L yeast extract (BD). The cells were then har-
vested by centrifugation and resuspended in 20 mM Tris-HCl, 150 mM

NaCl, pH 7.6 (TBS tablet, Medicago, Uppsala, Sweden), to an ap-
proximate concentration of 2 � 109 CFU/ml.

Selection of Reference Method for Bacterial Cell Counting—Four
commonly used methods for counting bacteria, optical density, col-
ony forming units (CFU), microscopy and flow cytometry, were eval-
uated. The first two methods are simple well-established methods of
estimating cell count in a dilution series, optical density at 620 nm and
counting the number of colonies (CFU) on an agar plate after 24-hour
incubation. The third method, light field microscopy with phase con-
trast was performed using an Olympus CKX41 (Olympus Corporation,
Tokyo, Japan) equipped with an INFINITY1 camera (Lumenera Cor-
poration, Ottawa, ON, Canada), together with a Petroff-Hausser
counting chamber and tryphan blue staining (Sigma-Aldrich, Stein-
heim, Germany). Microscopy images were analyzed automatically
using a custom Adobe Photoshop CS6 procedure, in which the area
of the dark bacteria is calculated in a selected area of the counting
chamber, after removing the counting chamber reference lines. The
method has an estimated Pearson’s product-moment correlation of
0.989 (p � 3e-11), compared with manual counting. The fourth
method, flow cytometry was performed using a BD Accuri C6 Flow
Cytometer with a 488 nm filter, gating in FL1-A (488 nm) versus
FSC-A, with a flow rate of 35 �l/min and a core size of 16 �m.
Samples were stained using a fluorescent dye (SYTO™ BC, Thermo
Fisher). Samples were collected until 30 �l or 30000 bacterial events.
The bacterial population in FSC-A/FL1-A was moved toward higher
FL1-A in the more concentrated dilutions. This higher dye absorbance
could indicate aggregated bacteria, but no compensation was made
for this.

Plasma Adsorption—Human blood plasma (pooled healthy human
plasma [Na-citrate], Innovative Research, Novi, MI) was mixed with
bacteria, in a ratio 3:1, and the samples were incubated for 30 min at
37 °C, allowing plasma proteins to adsorb to the bacterial surface.
This bacterial to plasma ratio is 10 times lower than the original
plasma adsorption protocols (40, 41), but because the detection
techniques have improved and to better replicate the disease state,
the bacterial ratio was kept as low as possible. Bacteria were har-
vested after several washes in 20 mM Tris-HCl, 150 mM NaCl, and pH
7.6 through centrifugation (5000 � g). All samples were prepared in
eight biological replicates.

1 The abbreviations used are: IgG, immunoglobulin gamma; LC,
liquid chromatography; SRM, selected reaction monitoring; CFU, col-
ony forming units; MS, Mass spectrometry.
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Glycine Elution and Bacteria Digest—To elute the adsorbed pro-
teins, the final cell pellets were prepared using two protocols. The
first, glycine elution, has been described (12). Briefly, the bacterial
pellet was resuspended in 0.1 M glycine (Sigma-Aldrich), pH 2.0,
followed by incubation for 10 min, and the supernatants were neu-
tralized to pH 7–8 with 1 M Tris (Ultrapure, Saveen Werner AB,
Limhamn, Sweden). In the second protocol, bacteria digest, the pellet
was resuspended in water (HPLC-graded, Sigma-Aldrich) and trans-
ferred to tube containing 0.1 mm Silica beads (Lysing Matrix tubes,
Nordic Biolabs #6911100, Täby, Sweden). The bacteria were lysed
with a cell disruptor (FastPrep96, MP Biomedicals, Santa Ana, CA).
The in solution digestion (see below) was performed without trans-
ferring the liquid to new tube to minimize sample loss and enhance
surface protein yield.

In-solution Digestion—Samples were dried completely through
vacuum evaporation (miVac Duo, Genevac, Ipswich, UK) and resus-
pended in 8 M urea (Sigma-Aldrich) to denature the sample. The
protein sample was reduced using tris (2-carboxyethyl)-phosphine
(Sigma-Aldrich), at a final concentration of 10 mM and the samples
were incubated at 37 °C for 60 min. The samples were incubated for
30 min in the dark at room temperature with 2-iodoacetamide (Sigma-
Aldrich) at a concentration of 20 mM as the alkylating agent. Samples
were diluted with 100 mM ammonium bicarbonate (Sigma-Aldrich) to
a urea concentration of 0.73 M and digested with a final concentration
of 3.6 ng/�l trypsin (Sequence grade modified trypsin Porcin, Pro-
mega, Madison, WI) over night (18 h). The reaction was stopped by
adding formic acid (Sigma-Aldrich) to a final sample pH of 2–3.

C18 Peptide Clean Up—Vydac UltraMicroSpin® silica C18 300Å
columns (#SUM SS18V, The Nest Group, Inc., Southborough, MA)
was used for sample desalting, clean-up and concentrating peptides
according to the manufacturer’s instructions. To remove silica beads
and cell debris, the samples prepared by bacteria digest were cen-
trifuged at 15,000 � g for 10 min, and supernatant was used for C18
peptide clean-up.

Liquid Chromatography (LC) and Selected Reaction Monitoring
(SRM)—Chromatographic separations of peptides were performed
on an Easy-nLC II system (Thermo Fisher Scientific, San Jose, CA)
with a nonlinear 30-min gradient of 5–10% acetonitrile (ACN, with
0.1% formic acid, UHPLC-graded, Fluka Analytical, Sigma-Aldrich)
over 5 min, 10–20% ACN over 20 min, and 20–30% ACN over 5 min,
using 15 cm 3 �m columns (Thermo Fisher Scientific). The SRM
measurements were performed on a TSQ Quantiva triple quadrupole
mass spectrometer (Thermo Fisher Scientific) equipped with a nano
electrospray ion source (EASY-spray, Thermo Fisher Scientific). TSQ
global parameters were: polarity: positive; spray voltage: 2000V; and
transfer tube temperature: 325 °C. TSQ scan parameters were: qua-
drupole resolution: 0.7 FWHM in both Q1 and Q3; cycle time: 1.7 s;
CID gas (argon) 2mTorr; source fragmentation: 10V; Chrom filter: 3 s;
and 788 transitions were measured simultaneously. The 788 transition
consist of 76 peptides, using 4–6 assays per peptide, with a com-
plementary labeled peptide making up a total of 768 transitions and
with 20 additional transitions for retention time calibration peptides.
The human proteins monitored by SRM are based on previous pub-
lications (14). A full list of proteins, peptides, transitions selected for
monitoring, charge, and collision energy is listed in supplemental
Table S1.

Isotope Labeled Peptides for Absolute Quantification—Peptides
selected for targeted analysis was selected for the enriched binding,
shown in a previous investigation (14), to the surface of S. pyogenes.
Stable isotope labeled peptides (SpikeTides, JPT, Berlin, Germany;
and AQUA QuantPro, Thermo Fisher Scientific) was used for absolute
quantification of peptides. The linear range of the isotope labeled
peptides were determined including the detection limit and the coef-
ficient of determination (R2), listed in supplemental Table S1. The R2

was calculated between the log10 intensity and log10 peptide concen-
tration. The log10 transform was used because of the large concen-
tration range of the analyzed peptides, which would otherwise
cause the correlation to be dominated by the high concentration
peptides. The maximum measured value was 1 pmol/injection,
which is within the linear range and higher than any value in the
data.

Experimental Design and Statistical Rationale—The SRM data was
analyzed in the software Skyline v3.1.0.7382 (University of Washing-
ton, Seattle, WA). Only peptides with stable performance of the iso-
tope labeled standard across all samples were analyzed. The Skyline
result value used for analysis was; ratio to standard value, where the
standard is the isotope labeled peptide. Statistical analysis of the data
is carried out by eight biological replicates for each sample; statistical
significance was calculated using a Wilcoxon rank sum test with a
probability less than 1% (p � 0.01). The raw data available at the
server: http://www.peptideatlas.org/PASS/PASS00972. All Skyline
data is publicly available in Panorama (University of Washington, WA)
(42), at the server: https://panoramaweb.org/labkey/surface_density_
model.url. The S. pyogenes cell-counting model was based on 8 M1
strains, harvested in both stationary and exponential phase, and
diluted to five concentrations. The flow cytometry derived bacterial
counts were used as reference value, whereas the intensity of each
Baccus peptide was used as input data. First, both flow cytometry
counts and MS intensity were log10 transformed. For each Baccus
peptide, we estimate the number of bacterial cells (Apep) as,
log10(Apep) � Wpep * log10(Spep), where Spep is the SRM peptide
intensity and Wpep is a peptide-specific response factor. The Wpep

values were calculated using R 3.0.1 and the function “rlm” in R-pack-
age MASS (version 7.3–29) using default parameters. The final bac-
terial estimation A, is computed as the median of the measured
peptides; log10(Apep) � median(log10(Apep1), log10(Apep2), …, log10

(ApepN)) where N corresponds to the number of Baccus peptides
successfully measured during the analysis.

Generating the Stoichiometric Surface Density Model—The surface
model was generated using the program Maya (Autodesk, San Rafael,
CA) with the plugin mMaya. The proteins are visualized as meshes,
with the mesh quality set to high and the scale in all dimensions set
to 0.1. The Protein Data Bank (PDB) identifiers of the proteins used in
the model are listed in supplemental Table S3. As there is no full
tertiary structure for any M-protein, we generated a model for the
full-length protein. We assumed a uniform coiled-coil conformation
over the length of the M1 homodimer; this allowed us to use the M1
fragment experimental crystal structure from PDB.id; 2XNX, (21) as a
generic template for the length of the molecule. To constrain the
modeling optimally, we repeatedly aligned the M and N chains of
2XNX (template) with the full-length M1-protein, UniProt id: Q99XV0,
so that it partially overlapped with the proceeding alignment and
minimized the sequence divergence between the sequence of the
template and the query protein. Finally, we used the Rosetta multi-
template modeling protocol (43) produce a total of 350 homology
models. We selected models based on minimal Rosetta energy and
an extended confirmation in agreement with Phillips et al. (44).

Electron Microscopy—Pelleted bacterial cells were resuspended in
fixative (1.5% glutaraldehyde and 1.5% paraformaldehyde in 0.1 M

Sörensen’s phosphate buffer pH 7.2) and left at room temperature for
1h. After fixation, bacterial cells were rinsed in 0.1 M Sörensen’s
phosphate buffer pH 7.2, postfixed in 1% osmium tetraoxide (OsO4)
for 1h, dehydrated using increasing concentration of acetone and
embedded in Polarbed 812 (Polaron). Ultrathin sections (50–60 nm)
were cut using a Leica EM UC7, and placed on thin-bar copper grids
(Maxtaform H5) and stained with 4% uranyl acetate at 40 °C and
0.5% lead citrate at room temperature. The samples were examined
with a Technai G2 Spirit electron microscope (FEI, Eindhoven, The
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Netherlands), operating at an excitation voltage of 100kV, and
equipped with a Veleta (Olympus) 2kx2k CCD-camera. Size meas-
uring of the bacteria was made using the Veleta software.

RESULTS

Determining Bacterial Concentration Using MS—The con-
struction a stoichiometric surface density model of a host-
pathogen interaction network in an ex vivo host environment,
relies on reproducible protein quantification methods associ-
ated with high recovery. Here, we propose a targeted MS
based workflow to capture and absolutely quantify the host
proteins adhered to the bacterial surface along with the bac-
terial surface proteins and intracellular proteins. Absolute
quantification provides the stoichiometric relationships be-
tween the surface proteins and the adhered host proteins,
critical for constructing the model. The intracellular proteins
are used to determine the bacterial cell numbers injected into
the MS based on measured peptide intensities to calculate
the protein copy numbers per cell (see Fig. 1A for a schematic
overview of the experimental strategy).

To determine bacterial cell numbers using measured pep-
tide intensities requires a set of calibration samples with
known bacterial cell numbers. We constructed a calibration
set that was strain unspecific by serial dilution of eight differ-
ent M1 S. pyogenes strain samples and growth phase unspe-
cific by harvesting them in both exponential and stationary
phase. Four widely used bacterial counting techniques were
used to accurately determine the number of bacteria in these
samples; optical density at 620 nm, colony forming units
(CFU), light field microscopy with phase contrast using try-
phan blue staining and flow cytometry with a bacterial DNA
staining. We compared the bacterial concentrations in the
diluted bacterial samples using the four techniques and found
that optical density and CFU counts correlated poorly to the
other methods (Pearson correlation coefficient from 0.249 to
�0.487) (Fig. 2A). In contrast, the results from microscopy and
flow cytometry techniques correlated reproducibly with each
other (Pearson correlation coefficient of 0.86). Of the two
reference methods, flow cytometry is easier to automate for a
large number of samples and omits the manual interpretation
associated with the microscopy technique. Hence, flow cytom-
etry was selected as the reference bacterial counting technique.

In the next step, we analyzed lysates from all samples in the
calibration set using SRM. The construction of the bacterial
counting method required the selection of tryptic peptides
with high signal to noise ratios. As a starting point, we se-
lected peptides based on their detectability in previously es-
tablished large-scale MS repositories of S. pyogenes pro-
teome data (27) and then ranked according to a previously
published SRM-peptide assay score (27). Based on that
score, 85 peptides with 6 transitions each were selected
yielding a total of 510 transitions. Based on the peptide de-
tectability, preservation and stability the 85 peptides was
further refined to a final selection of 6 peptides, termed Bac-

cus peptides (supplemental Table S1). All the diluted bacterial
samples in the calibration set were spiked with corresponding
isotope labeled reference peptides for the Baccus peptides,
serving as internal standards, and re-analyzed using SRM. We
observed a linear trend between the peptide intensities and
the cell numbers previously determined with flow cytometry
from the same samples (Fig. 2B and 2C). This linearity de-
creased at low amounts of bacteria, roughly 102 bacteria/�l,
representing the limit of detection of the techniques. The
mean intensity values of the measured peptides were fitted
across a linear regression of known intensities and corre-
spond to bacterial concentrations (Fig. 2D). The correlation
between Baccus peptide intensities and the number of cells
makes it possible to estimate bacterial cells injected into the
MS from S. pyogenes derived samples.

Optimization of Samples Preparation Protocol for Absolute
Protein Quantification—The standard method for recovering
surface bound proteins from bacteria, referred to as glycine
elution, relies on low pH for protein elution followed by re-
moval of the intact bacteria. The glycine elution protocol has
however, the disadvantage of only recovering surface bound
host proteins, whereas covalently attached host proteins,
bacterial surface proteins and the intracellular bacterial pro-
teins are lost. We modified the elution protocol to achieve the
highest level of recovery for all surface attached host proteins
together with all the bacterial proteins. In the modified proto-
col, referred to as bacterial digest, cells with adhered human
plasma proteins are directly lysed followed by denaturation,
reduction, alkylation and digestion (Fig. 1B). The modified
protocol retains both surface and intracellular bacterial pro-
teins as well as all attached host proteins, including any
potentially covalently bound host proteins. To determine the
recovery of human proteins, we adhered plasma proteins to
the S. pyogenes surface and prepared samples in eight bio-
logical replicates in three different sets; glycine elution (tradi-
tional protocol) of the wild-type SF370 strain, the bacterial
digest protocol of SF370, and the bacterial digest protocol of
a M1-protein deficient isogenic mutant strain (�M1) (Fig. 1B).
All sample sets were analyzed with SRM using a single tran-
sition list (supplemental Table S1). The host proteins included
in the transition list were selected based on previously pub-
lished MS analysis of adhered plasma proteins to the surface
of S. pyogenes (14). A particular focus was placed on proteins
that were enriched on the bacterial surface compared with
their normal levels in healthy blood plasma as these proteins
are likely to represent specific protein interactions to the S.
pyogenes surface (14). In addition, several known surface
associated virulence factors and intracellular bacterial pro-
teins used for counting the number of bacterial cells were
included in the transition list. The final transition list contained
1–3 proteotypic peptides per protein and 4–6 fragment ions
per peptide, and comprised of 788 transitions associated to
76 peptides and 56 proteins (supplemental Table S1). All
samples were spiked with an absolutely quantified stable
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FIG. 1. Schematic overview of the workflow. A detailed overview of the proposed workflow, from sample preparation to data handling and
data analysis is shown. A, The selection of the Baccus peptides used in the bacterial cell counting method. B, Sample preparation methods
and data analysis for the absolute quantification of proteins. The colors of proteins in the sample preparation: blue, plasma proteins; green,
intracellular bacterial proteins; red, M1-protein, the main S. pyogenes surface proteins. C, Outline of the steps used for determining of the
stoichiometric density model from the absolutely quantified data (B) and final construction of the surface density model.
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isotope labeled peptide standard of all targeted 76 selected
peptides. Only peptides with consistent intensity between
samples were considered for further analysis, because the
spiked amount of a specific labeled peptide was the same for
all samples.

Overall, the bacterial digest protocol performs similar to the
glycine elution protocol for the majority of proteins even
though the bacterial digest protocol results in a considerably
more complex peptide mixture (supplemental Table S2). How-
ever, the bacterial digest protocol also improves significantly
(p � 0.01) the recovery of six adhered human proteins, such
as the potentially covalently attached complement compo-
nent 3 (C3) (45–47) and C4, with a 9.89- and 3.69-fold in-
crease respectively (Fig. 3A). In contrast, there were four
statistically significant proteins with a minor decrease, such
as IgG3 and C5, with a 1.48- and 1.70-fold increase in the

glycine elution protocol compared with the bacterial digest
protocol. We conclude that there are relatively small differ-
ences in the recovery between the two protocols. Further-
more, the bacterial digest protocol can improve the recovery
of covalently attached host proteins and importantly recovers
the intracellular and surface attached bacterial proteins as
shown in supplemental Table S2.

M1-protein Dependent Interactions with Human Plasma
Proteins—The M-protein is the most important virulence fac-
tor attached to the surface of S. pyogenes, responsible for the
binding of several well-characterized plasma proteins (12,
21–26). To determine M1-protein dependent protein interac-
tions at the surface of S. pyogenes, we used SRM to analyze
the eight biological replicates of the bacterial digest protocol
for the wild-type strain, SF370 and the M1-protein deficient
isogenic mutant �M1 (38). The SRM results confirm that the

FIG. 2. Bacterial cell counting using SRM. Construction of a stoichiometry density models relies on measurement of the number of cells
injected into the MS to determine copy numbers per cell. A calibration set of samples was constructed based on serial dilutions of eight
different strains and the cells counted using four established counting methods followed by SRM analysis and refinement using isotope labeled
reference peptides. A, Comparison of cell counts from four standard bacterial counting methods, where the red numbers are the respective
Pearson’s correlation coefficient. B, Visualization of the flow cytometry, microscopy and SRM data. C, Correlation of the intensity values
between flow cytometry and intensity values obtained via SRM for each of the 6 Baccus peptides. D, Performance of predicted versus
measured amount of bacterial cells, based on the median intensity of the Baccus peptides measured.
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most abundant adhered plasma proteins on the wild-type
strain are fibrinogens (134 fmol/injection), IgG subclasses 1–3
(77–30 fmol/injection), and serum albumin (58 fmol/injection),
followed by complement protein C3 and members of the
complement system membrane attack complex (C5–9) (sup-
plemental Table S2). The protein binding to the surface of the
�M1 strain was drastically reduced compared with the wild-
type strain, as shown in Fig. 3B, where human proteins with
statistically significant (p � 0.01) differences are shown. There
was as expected a significant decrease of the known M1-
protein binding human plasma proteins such as fibrinogen,
fibronectin, all subclasses of IgG and serum albumin (Fig. 3B).
For fibrinogen and albumin, the differences were drastic with
a more than 100- and 15-fold reduced binding to the �M1
strain compared with the wild-type SF370, whereas the dif-
ferences in IgG subclasses 1, 2, and 4 binding were more
moderate with an increased binding to the wild-type strain of
1.59, 1.58, and 1.85-fold, respectively. This can be expected

as antibodies from these IgG subclasses can be specifically
bound to other surface proteins than the M1-protein. In con-
trast, IgG3 binds 14.8-fold less to the surface of the wild-type
strain, indicating a stronger correlation between the M1-pro-
tein and IgG3 subclass antibodies. In addition, we observe
several additional proteins that bind in decreased amounts to
the surface of the �M1 strain, such as all proteins of the
complement membrane attack complex (C5–9). Only three
proteins are found in higher amounts on the mutant strain, �M1;
complement factor H and complement protein C3 and C4, all
with a 2.48- to 2.07-fold increase. Complement factor H and C4
are found at low amounts at the surface of the wild-type strain
as well as the mutant strain (�6.1fmol/injection), whereas com-
plement protein C3 is found at relatively high amounts on the
surface of both strains (�25fmol/injection).

Construction of a Stoichiometric Surface Density Model of
S. pyogenes—In the final step of the workflow (Fig. 1C), we
used the absolute quantified S. pyogenes surface proteins,
their stoichiometric relationship to interacting host plasma
proteins and the proteins tertiary structure obtained from the
Protein Data Bank (PDB). In addition, electron micrographs for
validation purposes were used to construct a host-pathogen
interaction model, referred to as a stoichiometric surface den-
sity model, as shown in Fig. 4. The model was created in the
3D visualization program Autodesk Maya. Known and pro-
posed host-pathogen interactions for the measured proteins
were used as binding sites of host proteins to bacterial sur-
face (supplemental Table S3). In this model, we estimated the
thickness of S. pyogenes peptidoglycan layer to 20 nm as
previously shown (48). Furthermore, we assumed even distri-
bution of the M1-protein in the peptidoglycan layer, based on
the EM micrographs in Fig. 5, and from previously published
work (12, 44, 49). In our surface model, we only include pro-
teins with an available atomic model deposited in the PDB.
The M1-protein is the only surface bound streptococcal
protein for which part of the structure has been determined.
As the deposited atomic model for the M1-protein only en-
compasses one third of the full-length protein, we use a
computational model of the full-length protein based on ho-
mology modeling to generate an accurate surface model.
Consequently, the surface of S. pyogenes is simplified in that
it only has one surface protein, the M1-protein and hence the
�M1 strain without any plasma bound to surface has a
smooth appearance (Fig. 4C). The stoichiometry of protein
and bacteria was calculated using the absolute quantified
protein values, femtomole per injection, multiplied with
Avogadro’s constant to gain the number of proteins per in-
jection, which was transformed to copy numbers per cell based
on the cell numbers obtained via measuring the Baccus pep-
tides as outlined above (Fig. 1A). To measure the protein density
on the bacterial surface we measured the average diameter of
the bacterium to 560 nm in the electron micrographs, and
assumed that streptococci are spherical, thus the surface area

FIG. 3. Significant differences in protein abundance levels in the
SRM data. The absolute quantification of the plasma proteins binding
to the surface of S. pyogenes, measured using SRM. A, Two methods
were used to elute surface bound human plasma proteins from the
SF370 strain; bacteria digest (gray bars) and glycine elution (white
bars). B, Wild type strain SF370 (gray bars) and an M1-deletion
mutant �M1 (white bars). Only human proteins with significant differ-
ence (p � 0.01) between the two elution methods are shown in (A) or
the two strains shown in (B) are included in the figure. The y-axis
displays the absolute quantified value of each protein in femtomole
per injection into the MS. The error bars represent the standard
deviation of the eight replicates.
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of a bacterium is 9.85e5 nm2. For representation purposes, 1/32
of the streptococcal surface is shown in Fig. 4.

Validation of the Models Using Electron Microscopy—The
distinct differences in the protein density between the wild-
type strain SF370 and the mutant �M1 were validated using
electron micrographs of the surface of both strains with and
without plasma. The micrographs from the wild-type strains
reveal the protruded M1-protein (44) extending from the cell
wall (Fig. 5A), which is absent on the surface of �M1 (Fig. 5C).
In addition, there is a clear change in the appearance of the
bacterial surface when plasma proteins are adsorbed to
SF370 (Fig. 5B) and �M1 (Fig. 5D). There is a dense outer
layer of human plasma proteins mostly consisting of proteins
such as fibrinogen, IgG and serum albumin surrounding the

wild-type strain SF370 confirming the model (Fig. 4B). The
outer layer of the �M1 strain has a distinctly different, less
compact appearance, because of removal of the M1-protein
and the almost complete removal of the M1-binding proteins.
These electron micrographs support the overall network to-
pology shown in the model. In addition, previously published
work (12) can validate that the distribution of the M1-protein
on the bacterial surface demonstrating the accuracy of this
SRM-based bacterial cell counting method. Collectively, our
MS measurements provide absolute protein quantities in
combination with thin-section electron micrographs show that
known S. pyogenes virulence factors and attached human
plasma proteins form a dense structure around the bacterium
and that this structure is dependent on the presence of the

FIG. 4. Molecular anatomy of bacterial surfaces using SRM data. Appearance of the stoichiometric surface density models of S.
pyogenes with or without plasma proteins adsorbed to the surface: A, The wild-type strain SF370; B, SF370 with plasma adsorbed to surface;
C, The SF370 M1-deletion mutant �M1; D, �M1 with plasma adsorbed to surface. A 1/32 piece of the surface, 30800 nm2, 3% of total bacterial
area, is represented in the figures (inserts). In order to visualize the 3D image a close-up figure for each of the inserts is provided, depicting
a smaller part of the image. A legend with the colors of the visualized proteins can be found in C and is consistent throughout the other panels.
Scale bars, 20 nm (close-ups) and 100 nm (inserts).
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M1-protein. This classical view with electron micrographs of
the bacterial surface providing relatively limited information of
protein localization is further enhanced by the introduction
of computational modeling using the precise data produced
by SRM and quantified isotope labeled peptides.

In conclusion, the results presented in this work demon-
strate a first stoichiometric surface density model of host-
pathogen interactions using data from absolute protein quan-
tification. The model captures the large differences in network
topology between the surface structure of the wild-type and
�M1 strain revealing a dense and a highly organized protein
interaction network between S. pyogenes and human plasma
proteins. Further improvement of this model, with new emerg-
ing data, will further facilitate the understanding the interac-
tions between the host and the pathogen, which is essential

for understanding the progression of S. pyogenes from su-
perficial to severe disease.

DISCUSSION

In this article, we present a novel strategy for constructing
a stoichiometric surface density model of a pathogen in a
relevant host location by using stable isotope labeled pep-
tides and SRM in combination with electron microscopy and
advanced modeling. The model is based on S. pyogenes as a
model system for the pathogen and human blood plasma as
a model system for the host, to simulate a host-like ex vivo
environment of sepsis. The samples were measured using
SRM because of the high dynamic range, specificity and
sensitivity associated with this technique. To further increase
the analytical sensitivity, we used quantified and isotope la-

FIG. 5. Electron micrographs of the S. pyogenes surface with and without adsorbed human plasma proteins. S. pyogenes cells from
the same samples used for SRM were fixed and protein interaction networks is shown using electron microscopy: A, The wild-type strain
SF370; B, SF370 with plasma adsorbed to surface; C, The SF370 M1 deletion mutant �M1; D, �M1 with plasma adsorbed to surface. The
electron micrographs show a close-up of the bacterial surface, whereas the inserts depict one complete bacterium. Scale bars, 100 nm
(close-ups) and 200 nm (inserts).
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beled peptides for absolute quantification of proteins. We
show that the bacteria digest protocol performs similarly to
the standard protocol, glycine elution, for eluting the surface
bound host proteins. This modified digestion method is spe-
cifically developed for bottom-up MS, as both interacting
human proteins along with surface bound bacterial proteins
are cleaved off into peptides using trypsin, at the same time
as intracellular bacterial proteins is cleaved into peptides. In
addition to the host proteins, the bacteria digest protocol
provides all the bacterial surface and intracellular proteins
required for constructing a stoichiometric surface density
model of the host-pathogen complex (listed in supplemental
Table S2).

Our study demonstrates that the method for capturing the
intracellular and surface bound bacterial proteins along with
the interacting host proteins enables measuring of the host
interaction profile in the tested model system. As presented in
Fig. 3A, one of the major improvements with bacteria diges-
tion in contrast to the standard protocol, glycine elution, is the
9.89-fold increase of recovered complement component 3
(C3). It is likely that C3 binds to the streptococcal surface so
tightly that the protein does not elute when using low pH and
harsher methods are required to capture it. C3 is known to
upon activation by C3 convertase bind covalently to saccha-
rides on the cell wall of microorganisms (45–47), which would
explain why C3 is not eluted by using low pH. C3 is also one
of three proteins found to bind to higher extent on �M1 (the
M1-deletion mutant) compared with SF370 (the wild-type
strain), along with complement factor H and component 4.
The increase in factor H on the surface of �M1 is contradic-
tory to the studies stating that M1-protein and complement
factor H binds to each other (50, 51). This increase of com-
plement factor H could be explained by another observation
made in literature, which states that complement factor H can
bind to C3 (52, 53). This is also the case for C4 (54). Hence, it
is possible that the increase of C3 results in increased binding
of factor H and C4. The increase in C3 can potentially be
further explained by the increase of surface accessibility be-
cause of lack of M1-protein and M-protein associated pro-
teins such as fibrinogen (55), where these proteins may steri-
cally hinder binding, as indicated in Fig. 5A and 5C. There are
two advantages with the implementation of the bacterial di-
gestion method. First, the method facilitates detection of the
change in binding for C3; such change would be difficult or
even impossible to detect using the standard method with low
pH, because of the covalent binding of C3. Second, the
method retains bacterial intracellular and surface associated
proteins that are important for the construction of the model.

Even if C3 is found at higher concentration on the M1-
protein deficient strain �M1, there are several important
plasma proteins that are found at higher concentrations on
the surface of the wild-type strain SF370. M1-protein is the
most abundant surface bound virulence-factor of S. pyogenes
(56). The amount of M1-protein on the surface of the wild-type

strain versus the mutant is displayed in Fig. 4A and 4C,
respectively, and in supplemental Table S3. Using absolute
quantification and bacterial counting, we estimate that the
M1-protein, a dimer, has over 8700 dimeric copies per bac-
terium on average, which is within the same range as have
been detected before (57). Previously defined M1-protein in-
teractions such as fibrinogen (21, 24, 25) and serum albumin
(22, 23) are found to bind SF370 to a higher extent, this with
higher quantitative accuracy than previously used. The results
show that there is a ratio of 0.66 and 0.29, respectively,
between fibrinogen and serum albumin, and the M1-protein
on the wild-type strain, indicating that at least two thirds of the
M1-proteins are associated with fibrinogen and/or serum al-
bumin. A slightly higher ratio of 0.83 is observed for all sub-
classes of IgG. In contrast to fibrinogen and serum albumin,
which are almost completely absent on the surface �M1, the
reduction of IgG is considerably less dramatic for the mutant
strain. The higher binding of all subclasses of IgG to the
wild-type strain is expected, as most individuals have anti-M1
specific antibodies present in the plasma (12). In addition, the
M1-protein harbors an IgG Fc binding domain (58). Conse-
quently, the stoichiometric differences observed in IgG levels
between the wild-type and the �M1 strain can be explained
by antibodies associated with the M1-protein via a combina-
tion of Fab and Fc binding. The larger differences observed of
IgG3 binding; 14.8 times more to SF370 than �M1, whereas
the other subclasses bind only 1.58 to 1.86 times more, is
interesting. These results imply that IgG3 does seemingly
have a higher likelihood of binding epitopes on M1-protein
than the other subclasses, as no differences in Fc binding
affinity has been reported for the different subclasses (12).
This phenomenon was previously observed (12), but the rea-
son is not yet fully understood and it requires additional
experimental work.

One of the conclusions that can be drawn from the data
presented in this article is that a stoichiometric surface den-
sity model is a promising strategy to summarize and visualize
all the data and that it represents in an intuitive way to display
MS data (59), and for the first time with absolutely quantified
data. It is interesting to note that the protein network is highly
dense and highly organized around the M1-protein. Fig. 4 and
the supplemental Figs. S1–13 illustrate how the M1-protein
enables the subdivision of interacting proteins into layers
based on the location of the protein binding interfaces. How-
ever, when designing the stoichiometric surface density
model there were several parameters that we were required to
simplify. Computational capacity has to be considered be-
cause this is correlated to the size models meshes; hence,
1/32 of the bacterium was used for model. Only proteins with
known tertiary structure can be used in the model, this ex-
cludes proteins like the complement C9 from the model, even
though it binds to the S. pyogenes surface. This is also the
case for most streptococcal surface proteins; hence, we sim-
plify the model of the streptococci so that it only includes the
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M1-protein on the surface. The binding sites of host proteins
to the streptococcal surface is approximated from previous
knowledge (21, 26), this could however be improved in the
future and used to update the model. One example on how to
find binding sites between host and pathogen proteins is
cross-linking MS (60). Even though there are many different
ways to improve the correctness this model, we are able to
reproduce most of the features observed in the electron
micrographs, for example, the tight layer on the surface of
SF370 in plasma. Overall, we note that the modeling of the
plasma interaction network for the wild-type strain resembles
the structure shown in the electron micrographs. In contrast,
the density without plasma (Fig. 5A) does not appears as the
modeled surface (Fig. 4A), this is probably because of the thin
section modeled or the resolution of the electron micrographs
and the lack of S. pyogenes surface proteins other than M1-
protein. However, the distribution of the M1-protein on the S.
pyogenes surface is supported by previously published work
(12) where higher magnification in the electron micrographs
reveal a M1 distribution similar distribution in the model. In
addition, visualizing a stoichiometric surface density model
using Autodesk Maya provides the possibility to group the
molecules, and to visualize the binding pattern of separate
interactions (supplemental Figs. S1–13). The visualization also
demonstrates that the absolute quantification in combination
with the bacterial counting gives reliable values in proteins per
bacterium, because steric hindrance is not an issue and that
the proteins form a dense layer similar to the micrographs.

The current version of the stoichiometric surface density
model of S. pyogenes and human blood plasma represents a
first draft of a host-pathogen interaction network model. Fu-
ture work is required to improve the accuracy of the model
when. These improvements include for example more precise
knowledge regarding binding sites of proteins to the bacterial
surface and structural characterization of additional proteins,
which to date have an unknown tertiary structure. The method
presented here is not exclusive for the model system of S.
pyogenes and human blood plasma. The method could pos-
sibly be extended to organelles and cytoplasm; virus and
saliva or human cells and plasma, the list can be made long of
biologically interesting units that interacts with its surrounding
with an unknown surface interaction density model. However,
if a new model of host and pathogen was selected other
protein interactions occur and new peptides must be selected
for SRM analysis. Furthermore, analysis of a new pathogen or
organism (other than S. pyogenes) would demand a new
method to estimate the cell count, preferably by MS. We
believe that the analytical accuracy of the analyzed proteins
along with the stoichiometric density model provided in this
article outlines a novel attempt to visualize the complexity of
host-pathogen interactions to enhance the understanding
of these complex interactions involved in the development of
severe and invasive infectious diseases.
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