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Staphylococcus aureus is highly adapted to its host and has evolved
many strategies to resist opsonization and phagocytosis. Even after
uptake by neutrophils, S. aureus shows resistance to killing, which
suggests the presence of phagosomal immune evasion molecules.
With the aid of secretome phage display, we identified a highly
conserved protein that specifically binds and inhibits human myeloperoxidase (MPO), a major player in the oxidative defense of neutrophils. We have named this protein “staphylococcal peroxidase inhibitor”
(SPIN). To gain insight into inhibition of MPO by SPIN, we solved the
cocrystal structure of SPIN bound to a recombinant form of human MPO
at 2.4-Å resolution. This structure reveals that SPIN acts as a molecular
plug that prevents H2O2 substrate access to the MPO active site. In
subsequent experiments, we observed that SPIN expression increases
inside the neutrophil phagosome, where MPO is located, compared
with outside the neutrophil. Moreover, bacteria with a deleted gene
encoding SPIN showed decreased survival compared with WT bacteria
after phagocytosis by neutrophils. Taken together, our results demonstrate that S. aureus secretes a unique proteinaceous MPO inhibitor
to enhance survival by interfering with MPO-mediated killing.
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he bacterium Staphylococcus aureus is a rising threat to human
health. Thirty percent of healthy adults are colonized with this
bacterium, resulting in an increased risk for infections ranging
from abscesses to endocarditis (1). Neutrophils play a prominent
role in fighting staphylococcal infections (2), as their intracellular
granules contain numerous antimicrobial proteins and components for generating bactericidal reactive oxygen species (ROS).
After S. aureus is phagocytosed, neutrophils’ azurophilic granules
fuse with the phagosome and release their contents (3). The five
essential components of NADPH oxidase then assemble in the
phagosomal membrane and become active (4). Active NADPH
oxidase produces superoxide from O2, which converts to hydrogen
peroxide (H2O2) either spontaneously or by the action of superoxide dismutase. Myeloperoxidase (MPO) catalyses the reaction of
H2O2 with chloride to generate hypochlorous acid (HOCl), which
is a major effector in the oxidative defense of neutrophils (5).
MPO also forms radicals by oxidizing a wide range of substrates,
such as tyrosine, nitrite, nitric oxide, and phenols (6).
While the pathogen is taken up rapidly by phagocytes, mainly
neutrophils and macrophages, not all bacteria are killed and these
phagocytes can therefore act as so called “Trojan Horses” and distribute a pathogen away from the initial site of infection (7). To
counteract the manifold antimicrobial defenses of neutrophils,
S. aureus has evolved specific evasion molecules to inhibit intracellular killing (8). For example, the golden pigment staphyloxanthin
serves as an antioxidant and is known to protect S. aureus against
ROS (9). Catalase is yet another enzyme important for resistance
against oxidative stress. This enzyme converts H2O2 into H2O and
O2 and is considered to be a virulence factor. S. aureus also expresses an alkyl hydroperoxide reductase (ahpC) that contributes
www.pnas.org/cgi/doi/10.1073/pnas.1707032114

catalase-like activity. Whereas AhpC is believed to detoxify endogenously produced hydrogen peroxide, catalase appears more important for protection against external oxidative stress (10). Finally,
S. aureus produces specific evasion proteins that disrupt phagosomal
membranes, such as phenol-soluble modulins, hemolysin-α, and
leukocidin AB (8). Together, these evasion molecules are believed
to contribute to bacterial survival following phagocytosis.
Proteomic studies have shown that between 100 and 200 proteins are secreted from S. aureus, many with unknown functions
(11). Consequently, known evasion molecules are likely to represent only a small fraction of the total repertoire. Therefore, we
recently developed a phage display approach (12) as a nonbiased
high-throughput method to screen for new potential staphylococcal
immune evasion molecules. Since S. aureus can survive within the
phagosome, but also because recent work suggests that SaeR/S
regulated factors exist that inhibit neutrophil ROS production (13),
we screened this staphylococcal phage library against several intracellular proteins of neutrophils.
Through this approach, we identified the hypothetical protein
NWMN_0402 as an evasion factor. We have named this protein
“staphylococcal peroxidase inhibitor” (SPIN), as it is able to bind
and inhibit MPO. Here, we characterize SPIN and detail the
structural basis for MPO inhibition by SPIN. We further show that
the production of SPIN is up-regulated after phagocytosis of
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S. aureus by human neutrophils and that SPIN protects S. aureus
from MPO-mediated killing.
Results
Identification of SPIN. We designed a secretome phage display
strategy to screen for unidentified evasion molecules that target
neutrophil granule proteins, as described previously (12, 14). Isolated DNA of S. aureus strain Newman was randomly sheared and
the resulting fragments were cloned in the pDJ01 phagemid vector
for specific display of secretome proteins. Phages were produced
upon addition of the VCSM13 helper phage. Screening was performed
against total degranulate from TNF-primed, formylmethionineleucyl-phenylalanine–stimulated neutrophils. After four rounds of
selection, 48 clones were sequenced. The major hit was enriched in
36 clones and corresponded to the hypothetical ORF NWMN_0402
(accession no. BAF66674 strain Newman) (Fig. S1A). We named
this protein SPIN due to its ability to inhibit MPO, as described in
SPIN Binds and Inhibits MPO.
The gene encoding SPIN, denoted as spn, is located on genomic
island α, also known as νSaα. This island is found in all S. aureus
genomes and contains a cluster of genes encoding known evasion
molecules, most notably the staphylococcal superantigen-like (ssl)
proteins (8). spn is located downstream of the ssl cluster with the
coding sequence oriented in the reverse direction (Fig. S1B). The
genes in νSaα are often variable and each S. aureus lineage has a
unique combination of gene variants (15). However, spn is located
in the conserved region of νSaα (Fig. S1C). It was present in 83 of
84 clinical strains isolated from intensive care unit patients as well
as in all completed S. aureus genomes included in our analysis (15).
The amino acid sequence of SPIN is highly conserved among
almost all S. aureus clonal lineages, both human- and animal-associated
strains, with 92.4% of residues conserved (Fig. S1D). Only two
strains of clonal complex (CC)5 lineage, Mu3 and Mu50, encoded
a truncated version of SPIN, lacking 35 amino acids at the C terminus. To determine if SPIN is produced in vivo during colonization or
infection of the human host, sera from 20 healthy individuals were
tested for the presence of antibodies against SPIN. These sera showed
substantial amounts of antibody, and elicited values comparable to
CHIPS (chemotaxis inhibitory protein of S. aureus) (Fig. S1E).
CHIPS is a known S. aureus immune evasion molecule (16) that
yielded a mean fluorescence intensity value in a previous multiplex
assay indicative of high IgG levels, whereas the superantigens (e.g.,
SEI) did not (17). Because SPIN is highly conserved in S. aureus
strains, has a high prevalence, and is expressed in vivo, we further
investigated this protein as a potential evasion molecule acting on
one of the granular proteins of neutrophils.
SPIN Binds and Inhibits MPO. Since we identified SPIN as a potential

evasion protein, recombinant SPIN was coupled to CNBr-activated
Sepharose beads and used for affinity chromatography to probe
neutrophil degranulate for its binding partner. Eluted proteins
were visualized by silver-stained PAGE and identified by mass spectrometry. Although elastase, proteinase 3, cathepsin G, azurocidin,
lactoferrin, and MPO were all identified as potential binding partners,
a subsequent SPIN capture ELISA against these potential targets
only showed evidence for SPIN binding to MPO (Fig. 1A). Next,
we used conventional surface plasmon resonance (SPR) (Fig. 1B)
as well as AlphaScreen equilibrium competitive binding assays
(Fig. S2) to validate our ELISA result. Both SPR and AlphaScreen
were consistent with low nanomolar affinity binding between SPIN
and MPO, and yielded comparable KD values of 10 ± 0.6 nM and
2.0 ± 0.07 nM, respectively.
Since SPIN forms a high-affinity complex with MPO, we hypothesized that SPIN disrupts MPO function. Indeed, a colorimetric MPO activity assay demonstrated that SPIN inhibits MPO
in a dose-dependent manner (Fig. 1C) with an apparent IC50 of
∼7 nM. Subsequently, we investigated whether SPIN was secreted
as a functional protein in staphylococcal culture supernatant. Both
9440 | www.pnas.org/cgi/doi/10.1073/pnas.1707032114

Fig. 1. SPIN binds and inhibits MPO. (A) An ELISA-type binding assay of C-His
SPIN to all candidate proteins. AZU, azurocidin; CG, cathepsin G; LF, lactoferrin;
MPO, myeloperoxidase; NE, neutrophil elastase; PR3, proteinase 3. (B) Characterization of SPIN binding to MPO by SPR, where SPIN was injected over a
surface of native MPO. (C and D) Recombinant SPIN and S. aureus supernatant
inhibit MPO in a dose-dependent manner. ON is overnight culture. Bars express
SD with n = 3 for B–D.

WT strains Newman and USA300 accumulated increasing levels of
MPO inhibitory activity in conditioned culture medium over time.
Moreover, we also found that strain Newman supernatant showed a
higher degree of inhibition compared with USA300. To determine
whether this MPO inhibitory activity was caused by the SPIN protein, we generated isogenic KOs of the SPIN gene in both Newman
and USA300 backgrounds. Conditioned culture medium from both
KOs was completely devoid of MPO inhibitory activity (Fig. 1D).
We also performed a titration analysis on samples of conditioned
culture supernatant from WT S. aureus strains Newman and
USA300 (Fig. S3 A and B). The IC50 of these samples was 0.12%
and 0.30% supernatant for Newman and USA300, respectively. By
comparing this to the IC50 from recombinant SPIN (Fig. 1C), the
amount of SPIN present in the overnight supernatant could be
estimated. This appeared to be 5.9 μM for Newman and 2.4 μM for
USA300. Interestingly, the supernatant from the Mu50 strain,
which contains a truncated version of spn (Fig. S1D), showed no
detectable MPO inhibitory activity in its supernatant (Fig. S3C),
indicating a nonfunctional SPIN-variant. The slight inhibitory effect
observed at low dilutions of the conditioned media is due to the
inhibitory color of Todd Hewitt Broth (THB) itself (Fig. S3C).
Structural Basis for MPO Inhibition by SPIN. SPIN shares no significant sequence homology to other characterized proteins. Thus, we
sought structural information to better understand the physical
basis for SPIN binding to and inhibition of MPO. We succeeded
in crystallizing a complex of SPIN bound to a recombinant form
of MPO, collected X-ray diffraction data to 2.4-Å Bragg-limiting
resolution, and solved the structure by molecular replacement
(Table S1). Electron density maps calculated after the initial
placement of a model for human MPO revealed a strong, contiguous feature that could not be explained by the presence of MPO
(Fig. 2A). A model of the SPIN polypeptide was completed through
a combination of automated chain tracing and manual building,
and the structure of the complex was refined to final Rwork/Rfree
values of 18.4% and 24.1%, respectively (Table S1). The SPIN
de Jong et al.

Production of SPIN by S. aureus Is Up-Regulated After Phagocytosis
by Neutrophils. To better understand the biological context of

SPIN production by S. aureus, we compared SPIN gene expression
and promoter activity in bacteria that had been phagocytosed and
not phagocytosed by neutrophils. We used strain USA300, since
SPIN is constitutively expressed at low levels by strain Newman.
SPIN gene expression over time was monitored using qPCR, either with or without phagocytosis. We observed a highly significant, eightfold increase in spn expression following phagocytosis
compared with samples without neutrophils (Fig. 3A). This outcome is comparable to our earlier microarray study, where enhanced spn expression was detected after exposure to azurophilic
granule proteins (18). Importantly, we did not detect a similar
change in spn expression when we used bacteria lacking SaeR/S,
which regulates production of multiple evasion factors (19). As a
control, we found no significant change in agrA expression under
any of these conditions (20) (Fig. S4).
Next, we used GFP promoter-reporter USA300 bacteria in
a fibrin-thrombin matrix gel to immobilize cells. Time-lapse
imaging of the bacteria revealed up-regulation of the spn
promoter-driven GFP signal following phagocytosis by neutrophils (arrows, Fig. 3B). In contrast, the spn promoter appeared
inactive in those bacteria that had not been phagocytosed
(circles, Fig. 3B); this observation correlates with spn promoter
activity for THB-grown bacteria, which showed activity only
after 2 h of growth (Fig. S5). We further quantified the total GFP

Fig. 2. Structural basis for inhibition of MPO by SPIN. (A) Electron density maps (2.4-Å resolution) calculated after initial placement of an MPO model (Rfree =
28%). 2Fo–Fc density contoured at 1.5 σ (gray cage) is shown for the MPO model (purple wire), and Fo–Fc density contoured at 3.0 σ (green cage) is attributable
to SPIN. (B) Structure of the SPIN polypeptide depicted as a ribbon diagram. N terminus of the protein is indicated in indigo, the C terminus in red. The
orientation of SPIN has been maintained across A and B for clarity. (C) Representation of the final model for the SPIN/MPO complex. (Upper) SPIN is shown as
a cyan ribbon while MPO is depicted as a molecular surface. Residues comprising the first SPIN binding interface are colored orange, and residues lining the
MPO active site channel are colored gray. (Lower) SPIN is drawn with the residues found at the first interface colored orange, and residues interacting with
the MPO active site channel are colored gray. The sidechains of interfacing residues are depicted in ball-and-stick convention. Note the orientation of SPIN in
the Lower panel is flipped 180° in the viewing plane relative to the Upper panel. (D) Surface representations provide insight into the physical basis for MPO
inhibition by SPIN. (Upper) MPO is shown as a molecular surface with the residues lining the active site channel in gray. (Lower) SPIN is drawn as a cyan
molecular surface according to its position in the final model of the SPIN/MPO complex. The location of the reactive site heme from native human MPO (33) is
shown as a colored ball-and-stick. Note that the SPIN β-hairpin appears to completely occlude access of small molecules to the reactive site heme.
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protein consists of the common α-helix bundle fold found in other
staphylococcal evasion proteins, with a unique addition of a prominent β-hairpin at its N terminus (Fig. 2B). As there are no biochemical features that would promote stability of this β-hairpin in
the absence of ligand (e.g., a disulfide bond), we suspect that this
region of SPIN is disordered in the unbound state.
The interaction between SPIN and MPO buries 1,633 Å2 from
the bacterial inhibitor and is comprised of two conceptually distinct
interfaces (Fig. 2C). The first interface lies at the side of the peroxidase active site entrance, and accounts for 726 Å2 (∼45%)
buried in the complex. Sixteen of the 20 SPIN residues associated
with this site are found on either the first or second helix of the
inhibitor. The sidechains of five such residues form either hydrogen
bonds or salt-bridges with groups donated by MPO, and likely help
impart specificity for this enzyme. The second interface accounts for 907 Å2 (∼55%) of the area buried in the complex, and is
derived exclusively from residues within the SPIN β-hairpin. All
positions in this region of SPIN form extensive contacts with residues that line the MPO active site channel. We find the Gly residue
in the β-hairpin turn particularly noteworthy, since it not only allows
the second strand to complete the hairpin but also dictates the
extent to which this hairpin can penetrate the MPO active site. The
overall effect of this structural feature allows SPIN to act as a
molecular plug and thereby prevent access of the H2O2 substrate to
the reactive heme located deep within the MPO active site channel
(Fig. 2D).

model system (Fig. S6). We therefore set out to investigate how the
presence or absence of the SPIN gene influences S. aureus survival
following phagocytosis by human neutrophils. First, the contribution
of MPO to staphylococcal killing by neutrophils was investigated
using the membrane-permeable MPO inhibitor AZM198 (21). Incubation of intact neutrophils with this inhibitor before washing and
lysis was equally as effective as direct treatment of lysates, indicating
that AZM198 is membrane-permeable and completely inhibits
MPO (Fig. S7). We quantified bacterial killing by neutrophils with
and without AZM198 pretreatment, and observed a difference of
26% between neutrophils with active and inactive MPO. This illustrates the modest extent of MPO-dependent staphylococcal
killing by neutrophils in our experiments (Fig. 4C).

Fig. 3. Production of SPIN is up-regulated after phagocytosis inside neutrophils.
(A) Analysis of spn expression following exposure to human neutrophils. Bars
express SD with n = 3. Statistical significance was determined using one-way
ANOVA. (B) Time-lapse analysis of SPIN expression shown as GFP fluorescence
promoter-reporter USA300 in a fibrin-thrombin matrix gel. An overlay of brightfield and GFP (Upper) and GFP alone (Lower) is shown. (Magnification: 40×.) The
time indicates the duration after start of phagocytosis. Arrows indicate bacteria
inside neutrophils and the circle indicates a colony of bacteria growing outside
neutrophils. One representative experiment is shown from three independent
experiments. (C) Quantification of total GFP signal from neutrophil-resident or
free bacteria. Three different experiments with 44 neutrophils and 26 colonies
growing outside neutrophils were analyzed. Bars express SEM. Significance was
determined by two-way ANOVA with Bonferroni posttest correction for multiple
comparison. **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001; ns, not significant.

signal for either free or neutrophil-resident bacteria for 2 h, beginning at 20 min. We found that GFP intensity increased more
than twofold over time for phagocytosed, but not free-living bacteria (Fig. 3C).
Production of SPIN Promotes Survival Against Neutrophil-Derived
ROS. Since SPIN inhibits MPO and is up-regulated following

phagocytosis, we next investigated the relevance of SPIN to S. aureus
evasion of neutrophil killing mechanisms. First we used an artificial
system that mimics phagosomal ROS production using glucose
oxidase (GO), which forms H2O2 in the presence of glucose. We
evaluated bacterial survival after the addition of MPO and NaCl,
which generates the bactericidal reagent HOCl (Fig. 4 A and B).
Excessive quantities of GO result in bactericidal concentrations of
H2O2, which makes it impossible to evaluate MPO-mediated killing.
In limiting concentrations of GO, increasing MPO concentrations
led to killing of S. aureus Newman (Fig. 4A, Left) and USA300 (Fig.
4A, Right). Addition of SPIN restored the survival of bacteria (Fig.
4A). Moreover, adding increasing concentrations of SPIN (Fig. 4B)
resulted in a dose-dependent rescue from HOCl killing for both
Newman and USA300. This demonstrates clearly that the presence
of SPIN is important for protection from MPO-generated HOCl.
SPIN is neither able to bind nor inhibit mouse, horse, cow, or
rabbit MPOs, hampering the development of an in vivo animal
9442 | www.pnas.org/cgi/doi/10.1073/pnas.1707032114

Fig. 4. SPIN is important for evasion of MPO-dependent neutrophil killing.
(A) S. aureus strains Newman (Left) and USA300 (Right) were killed in a dosedependent manner by adding 0.7–7.0 nM MPO in a coupled glucose oxidaseMPO system. Addition of 120 nM SPIN prevented ROS killing. Statistical
significance was determined by two-way ANOVA with Bonferroni posttest
correction for multiple comparison. (B) SPIN provides dose-dependent protection from HOCl-mediated killing for strains Newman and USA300 relative
to 0 nM SPIN. Statistical significance was determined by one-way ANOVA with
Bonferroni posttest correction for multiple comparison. (C) Differential
bacterial survival of Newman WT from neutrophils with active or membranepermeable AZM198-inactivated MPO. (D) Supernatants of overnight culture of
strains WT PlukM-spn, Δspn PlukM-spn, Δspn PlukM-gfp were diluted, tested
for MPO activity, and compared with Newman WT. Bars express SD with n = 3
(A–D). (E) Effect of S. aureus survival from isolated neutrophils after 60 min of
phagocytosis. Statistical analysis determined by paired Student t test for C and
E. Bars express SEM with n = 6. *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001; ns, not
significant.
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Discussion
Here we describe SPIN as a component of the S. aureus immune
evasion arsenal that impairs bacterial killing by neutrophils. The
phagocytosed bacteria must confront numerous antibacterial systems within the phagosome. Considering this as a potentially important site for execution of an immune evasion strategy, we set out
to identify any previously unknown S. aureus proteins that inhibit
components within neutrophil granules. By using an innovative
phage-display approach that is limited to S. aureus secreted proteins
(Fig. S1), we discovered that SPIN binds MPO with low nanomolar
affinity and inhibits its activity (Fig. 1). Thus, together with the
recently characterized neutrophil serine protease inhibitors, Eap,
EapH1, and EapH2 (23), SPIN constitutes part of an elaborate
staphylococcal innate immune evasion program that specifically
targets the antibacterial enzymes stored within the azurophilic
granules of neutrophils.
From experiments using promoter-GFP reporter bacteria, we
observed that the promoter of spn is stimulated following uptake of
S. aureus by neutrophils compared with bacteria outside neutrophils
or in the first 2 h of growth in THB (Fig. 3 B and C and Fig. S5).
Thus, SPIN is specifically up-regulated intracellularly, where MPO
is located. A similar result was also observed when looking at
mRNA levels (Fig. 3A), where the production of SPIN was increased over eightfold 30 min after phagocytosis. Moreover, there
was no up-regulation observed when bacteria lacking the SaeR/S
two-component regulatory system were used. The SaeR/S system
plays an important role in neutrophil evasion (19) and regulates
factors that reduce neutrophil ROS (13). SaeR/S is up-regulated
comparably to spn (≈3- to 10-fold 30 min after phagocytosis) (20)
and the promoter of SPIN contains the binding consensus sequence
of SaeR (24). At least two of the 11 ssl genes (ssl5 and ssl8) are
regulated via the Sae system (25) and are located directly upstream
of the SPIN gene. Thus, we propose that SPIN is largely regulated via
the SaeR/S regulon and likely contributes to the SaeR/S-dependent
reduction of neutrophil ROS (13).
By using a simplified system consisting of an enzymatic H2O2generating system and Cl− as a substrate for MPO, we found that
SPIN had a clear dose-dependent and statistically significant effect
on S. aureus survival (Fig. 4 A and B). However, in the complex and
necessarily redundant process of bacterial killing within neutrophils, a
multitude of oxygen radicals, proteases, and other enzymes must
de Jong et al.

work in concert to ensure effective elimination of S. aureus cells.
Although the contribution of MPO and its main product, HOCl, to
S. aureus killing has been studied since the early 1970s (5), we and
others believe this process remains incompletely understood (26).
For example, it was previously believed that MPO is the main
component for killing S. aureus, because neutrophils from MPOdeficient patients showed a log difference in bacterial survival after
phagocytosis (5). Using the potent and cell-permeable MPO inhibitor, AZM198, we found that while untreated neutrophils kill
82 ± 5% of bacteria, MPO-depleted neutrophils are still able to
kill 56 ± 16% (Fig. 4C). Thus, under the specific test conditions in
our assays, roughly one-fourth of the staphylococcal killing is due
to MPO. Nevertheless, when a strain of S. aureus overexpressing
spn was compared with a spn-deleted counterpart (22) (Fig. 4D),
we observed a statistically significant difference in bacterial survival dependent on SPIN (Fig. 4E). This not only confirms the
relevance of SPIN-mediated inhibition of MPO in the physiological context, it also provides a starting point for reanalysis of
previous studies where the presence of SPIN may have adversely
affected data interpretation.
SPIN consists of a three α-helix bundle fold, which is commonly
found among S. aureus innate immune evasion proteins, including
Efb, Ecb (also called Ehp), Sbi, and SCINs (27). The triple-helix
motif is a thermodynamically stable structure which can accommodate high sequence diversity and adapt to binding a wide variety
of targets (28). However, this simple structural motif is typically
modified by an N-terminal extension that imparts specific function
to the protein in question (27). Indeed, this appears to be the case
for SPIN as well, as is suggested by the cocrystal structure of SPIN/
MPO (Fig. 2). To our knowledge, SPIN is unique as an example of
a pathogen-derived protein whose role is to specifically bind and
inhibit MPO. SPIN is not the only known inhibitor of MPO,
however, as it has previously been shown that the host serum
protein ceruloplasmin (CP) binds MPO with a KD of ∼30 nM (29)
and also blocks MPO activity (30). Examination of the crystal
structure of CP bound to MPO (31) indicates that the mechanism
through which CP inhibits MPO is conceptually distinct from that
of SPIN. Indeed, even though the MPO active site appears to remain partly solvent accessible in the CP/MPO complex, CP attenuates MPO activity by disturbing essential transitions between the
redox states of the peroxidase catalytic heme (32). In contrast, our
structure of SPIN/MPO shows that SPIN forms a molecular plug
that is likely to completely occlude access of substrates to the MPO
active site (Fig. 2). Separately, while CP and SPIN share partial
overlap in their binding sites on MPO and recognize their target
with similar affinities, they display no obvious homology to one
another at the sequence or structural levels. This suggests that the
MPO-inhibitory capacity of SPIN has arisen through independent
evolutionary processes from that of CP.
In conclusion, we identified an evasion protein called SPIN
which is able to bind and inhibit human MPO. By solving the
cocrystal structure of SPIN/MPO, we demonstrate the molecular
mechanism of inhibition, via insertion of an N-terminal hairpin
into the active site of MPO to block substrate access. We further
show the expression of SPIN is up-regulated inside the neutrophil,
where MPO is located, and that its presence helps in evading
MPO-mediated killing. Various proteins secreted by S. aureus are
known to be human-specific, which leads to restrictions in investigating this pathogen in animal models (8, 16). This seems to
account for SPIN as well since it inhibits only human MPO and
not MPO of other animals we have tested (Fig. S6). By adding this
evasion molecule to the arsenal of previously identified evasion
molecules, we can better understand the elaborate mechanism by
which S. aureus evades killing through a multifaceted strategy that
acts within the phagosomal compartment.
PNAS | August 29, 2017 | vol. 114 | no. 35 | 9443
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Given the contribution of MPO in killing of phagocytosed
S. aureus, we used the strong lukM promoter (22) and used the
Newman strain to increase intraphagosomal SPIN production (WT
PlukM-spn), thereby ensuring maximal levels of MPO inhibition in
our bactericidal assays (Fig. 4D). We used the same plasmid to
complement the isogenic spn KO (Δspn PlukM-spn) and prepared
a strain of the spn KO expressing GFP from the same plasmid
(PlukM-gfp) to serve as a negative control. Supernatants from
overnight cultures of these strains were compared with Newman
WT for their ability to inhibit MPO (Fig. 4D). As predicted, the
amount of SPIN produced in the WT PlukM-spn and Δspn PlukMspn was increased approximately fivefold relative to Newman WT,
as judged by IC50 values. Importantly, these strains grew with similar
kinetics in THB (Fig. S8A) and showed comparable phagocytosis by
neutrophils at both 15- and 60-min time points (Fig. S8 B and C).
Therefore, we used these three strains to detect differences in
bacterial survival at 60 min following phagocytosis (Fig. 4E). Indeed,
we observed a spn-dependent, significant difference in killing between the negative control strain Δspn and the complemented strain
that overexpressed spn. Although the difference between the Δspn
strain and the overexpressing WT strain was not statistically significant, it nevertheless showed a trend towards increased survival
similar to the complemented strain. Taken together, these data show
that SPIN is an important component to S. aureus survival of
the oxidative killing mechanisms deployed within the neutrophil
phagosome.

Materials and Methods
Bacterial Strains and Constructs. The bacterial strains and constructs used in
this study are described in detail in SI Materials and Methods.
Identification, Expression, and Purification of SPIN. SPIN was subsequently
produced in Escherichia coli and purified according to procedures described in
SI Materials and Methods. Primers used in this study are listed in Table S2.
Binding Studies. Detailed procedures about ELISAs, SPR, and the AlphaScreen
assay are described in SI Materials and Methods.
MPO Activity Assay. SPIN activity was determined by measuring the MPO activity via the redox indicator o-Dianisidine. For detailed procedures, see SI
Materials and Methods.

protocol 07–125/C approved on 1 March 2010). For detailed procedures, see
SI Materials and Methods.
Time-Lapse Microscopy and Phagocytosis Assay. Detailed information about
time-lapse microscopy of promoter reporter USA300 bacteria and phagocytosis
is described in SI Materials and Methods.
Bactericidal Assays. Bactericidal assays with MPO and GO or neutrophils is
described in detail in SI Materials and Methods.
Graphical and Statistical Analyses. MPO activity analyses and statistical analyses
were performed with Graphpad Prism v6. Statistical significance was calculated
using ANOVA and Student’s t test.

Analysis of spn and agrA Expression Following Exposure to Human Neutrophils.
Gene expression was assessed using TaqMan RNA-to-CT 1-Step Kit (Life Technologies). Informed consent for blood draw was obtained from all subjects, in
accordance with the Declaration of Helsinki. Approval from the medical ethics
committee of the University Medical Center Utrecht was attained (METC-
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