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The heme-containing enzyme myeloperoxidase (MPO) is
critical for optimal antimicrobial activity of human neutrophils.
We recently discovered that the bacterium Staphylococcus
aureus expresses a novel immune evasion protein, called SPIN,
that binds tightly to MPO, inhibits MPO activity, and contrib-
utes to bacterial survival following phagocytosis. A co-crystal
structure of SPIN bound to MPO suggested that SPIN blocks
substrate access to the catalytic heme by inserting an N-terminal
B-hairpin into the MPO active-site channel. Here, we describe a
series of experiments that more completely define the structure/
function relationships of SPIN. Whereas the SPIN N terminus
adopts a f-hairpin confirmation upon binding to MPO, the
solution NMR studies presented here are consistent with this
region of SPIN being dynamically structured in the unbound
state. Curiously, whereas the N-terminal f-hairpin of SPIN
accounts for ~55% of the buried surface area in the SPIN-MPO
complex, its deletion did not significantly change the affinity of
SPIN for MPO but did eliminate the ability of SPIN to inhibit
MPO. The flexible nature of the SPIN N terminus rendered it
susceptible to proteolytic degradation by a series of chymotryp-
sin-like proteases found within neutrophil granules, thereby
abrogating SPIN activity. Degradation of SPIN was prevented by
the S. aureus immune evasion protein Eap, which acts as a selec-
tive inhibitor of neutrophil serine proteases. Together, these
studies provide insight into MPO inhibition by SPIN and sug-
gest possible functional synergy between two distinct classes of
S. aureus immune evasion proteins.
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Neutrophils are the most abundant white blood cells in
human circulation and key players in the first line of defense
against invading bacteria (1). Upon activation, neutrophils
phagocytose pathogens whereby their various intracellular
granules fuse with the maturing phagosome (2, 3). Neutrophils’
azurophilic granules (sometimes referred to as primary gran-
ules) contain high concentrations of antibacterial peptides and
proteins/enzymes. The most abundant component of azuro-
philic granules is the enzyme myeloperoxidase (MPO).? In the
presence of halides, MPO converts hydrogen peroxide (H,O,)
into bactericidal hypohalous acids, such as HOCl and HOBr (4).
Azurophilic granules also contain high concentrations of chy-
motrypsin-like proteases (NSPs), which can directly attack cer-
tain bacterial cells and/or the secreted and surface-retained
proteins these cells produce (5-7). Although the activities of
MPO and NSPs are typically viewed as independent entities,
some studies have indicated that these two systems have syner-
gistic effects with one another inside the phagosome (8). Thus,
the concerted action of MPO and NSPs forms a foundation of
neutrophil-mediated defense against potentially infectious
bacteria.

Invading pathogens are subjected to a nearly instantaneous
assault by their host’s innate immune system. As a conse-
quence, there is heavy selective pressure for these organisms to
evolve the molecular wherewithal that provides for escape from
the innate immune response. Although extensive study of
various pathogens has cataloged an array of these so-called
immune evasion strategies, the Gram-positive bacterium
Staphylococcus aureus appears to be particularly adept at
attempting to block the events that lead to its opsonization with
complement components and subsequent phagocytosis by
neutrophils (9-12). Recent work has shown that a portion of
those S. aureus cells that undergo phagocytosis survive, leading

3 The abbreviations used are: MPO, myeloperoxidase; NSP, neutrophil serine
protease; rMPO, recombinant MPO; 4-ABAH, 4-aminobenzoic acid hydra-
zide; CG, cathepsin G; NE, neutrophil elastase; HBSS, Hanks’ balanced salt
solution; ANOVA, analysis of variance; EAP, extracellular adherence pro-
tein; CSI, chemical shift index; r.m.s.d., root mean square deviation; DSS,
2,2-dimethyl-2-silapentane-5-sulfonic acid; HSQC, heteronuclear single
quantum coherence; BMRB, BioMagResBank; MFI, mean fluorescence
intensity; DPI, diphenyleneiodonium; CFU, colony-forming unit; PMSF,
phenylmethylsulfonyl fluoride; GO, glucose oxidase; SPR, surface plasmon
resonance.
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to speculation that these leukocytes might serve as “Trojan
Horses” for bacterial dissemination ixn vivo (13). For this to be
the case, we believe that S. aureus must be engaged in an elab-
orate immune evasion program that acts intracellularly, and
likely within the maturing phagosome. Indeed, our discovery of
S. aureus extracellular adherence proteins (EAPs) as highly
selective NSP inhibitors that promote virulence is consistent
with this hypothesis (14).

We recently deployed a phage display strategy to identify
secreted S. aureus proteins that interact with putative evasion
targets found within neutrophils (15). Because MPO is the most
abundant component of azurophilic granules (4, 16), it repre-
sented a promising initial candidate for this approach. We suc-
ceeded in identifying a novel protein of 8.4 kDa that binds and
inhibits human MPO, and we named it SPIN, for staphylococ-
cal peroxidase inhibitor (17). Gene expression studies revealed
that spn transcription is up-regulated following phagocytosis of
S. aureus cells by neutrophils, suggesting that the SPIN protein
operates primarily within the phagosomal compartment (17).
Through subsequent studies, we found that SPIN protects
S. aureus from MPO-mediated killing and thereby established
SPIN as a novel immune evasion protein of S. aureus (17).

SPIN shows no sequence similarity to other characterized
proteins, which initially prevented understanding of its effects
on MPO. To circumvent this limitation, we solved a 2.4 A res-
olution crystal structure of SPIN bound to a recombinant form
of human MPO (i.e. rMPO) (17). This structure suggested that
SPIN acts by occluding the exchange of substrate, product, and
bulk solvent with the reactive heme that lies within the MPO
active site. Although a majority of the SPIN protein adopts a
three a-helical bundle fold (Fig. S1), inspection of the crystal
structure suggested that this helical bundle might not be
responsible per se for inhibiting MPO. Instead, an ~10-residue
extension at the SPIN N terminus assumes a 3-hairpin struc-
ture that almost completely occupies the MPO active-site
channel (17). Further examination of the SPIN structure sug-
gested that this N-terminal B-hairpin might not be intrinsically
stable in the absence of its MPO ligand, however, as it lacks
features such as disulfide bonds, etc., that would constrain these
two short B-strands into their MPO-bound conformation.

In this report, we present the outcome of a series of experi-
ments designed to assess the structure/function relationships
of SPIN. We initially carried out a solution NMR study to char-
acterize the SPIN N terminus in the absence of MPO. We then
prepared and characterized a panel of deletion and site-di-
rected mutants of SPIN to define the contributions of its two
discrete regions in MPO binding and inhibition. Together, our
results suggest that the SPIN N terminus is dynamically struc-
tured in the absence of MPO, but is absolutely required to
inhibit MPO activity even though it contributes only modestly
to binding. Intriguingly, we found that the SPIN N terminus is
susceptible to site-specific proteolysis by NSPs but is protected
in the presence of an S. aureus EAP protein. This suggests that
functional synergy may exist between these two distinct classes
of intracellularly-acting innate immune evasion proteins. Col-
lectively, our data provide insights into SPIN structure/func-
tion relationships and deepen our appreciation of the biomo-
lecular events that underlie S. aureus innate immune evasion.
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Results

N-terminal region of SPIN is dynamically structured in the
absence of MPO

Although we previously solved a 2.4-A resolution crystal
structure of SPIN bound to rMPO, our attempts to crystallize
SPIN on its own were unsuccessful. We therefore explored
solution NMR spectroscopy as an alternative approach to
obtain insight into the structure of SPIN in its unbound state.
Because the 'H-'>N HSQC spectrum of isotopically-enriched
SPIN exhibited excellent dispersion (Fig. S2), we collected a
standard suite of two- and three-dimensional NMR spectra to
permit assignment of the SPIN backbone resonances (18). Ini-
tially, 97% of the resonances identified in the "H-'>N HSQC
spectrum collected at 700 MHz were assigned, leaving only
those arising from Phe*® and Leu®® unaccounted for. These
chemical shift assignments have been deposited in the
BioMagResBank (accession number 27069) and are described
elsewhere (18).

We used the TALOS-N platform to calculate the secondary
structure of SPIN on the basis of backbone chemical shift values
(19), and we additionally determined both the longitudinal (R;)
and transverse (R,) relaxation rates for the backbone reso-
nances assigned in the 'H-'">N HSQC spectrum (Fig. 1, A-C).
Because the relaxation data were recorded on an 500-MHz
spectrometer, we collected an additional *H-*>N HSQC spec-
trum at this lower field strength (Fig. S2); due to the decreased
resolution at 500 MHz, the resonances of GIn®*” and Glu®° were
no longer detected. From these data, we inferred that the four
unassigned residues from the SPIN backbone (i.e. GIn®’, Phe*®,
Leu®, and Glu®) are all located within an apparently flexible
region that composes the N terminus up to the start of the first
a-helix (i.e. His®'~Asp®"). For internally rigid proteins, the val-
ues of R, and R, are expected to have homogeneous values.
However, we found that the N-terminal residues of SPIN dis-
played higher and lower values for R, and R,, respectively, when
compared with the entire protein on average. For these param-
eters, deviation from the average is often associated with sites
that present backbone flexibility and undergo fast internal
dynamics (20). In the case of SPIN, the overall average value for
R, was 2.49 = 0.58 with a value 0f 2.90 = 0.78 for the N-terminal
region, whereas R, rates overall averaged 8.97 * 1.29 with a
value of 7.64 * 1.33 in the N-terminal region. Similarly, the
overall average value of R,/R; was 3.72 = 0.73, whereas residues
in the N-terminal region averaged 2.76 = 0.59.

To gain further insight into the solution structure of SPIN,
we also collected three-dimensional HCCONH, CCCONH,
HCCH-TOCSY, "N HSQC-TOCSY, and '°N-edited NOESY
spectra to facilitate side-chain assignments. These efforts
resulted in assignment of 95% of the '*Ca resonances and 92%
of the *Cp resonances for SPIN (18). We compared the chem-
ical shift index (CSI) values for these SPIN resonances to the
BMRB statistical database values for CSI (Fig. 1, D and E). For
these parameters, residues that approach a neutral CSI value
are associated with a random coil-like structure (21); residues
within a-helical structure have positive values for Ca and neg-
ative values for CB, whereas residues within 3-strands are char-
acterized by negative values for Ca and positive values for Cf3
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Figure 1. N-terminal region of SPIN is dynamically structured in the absence of ligand. NMR spectroscopy was used to characterize the solution structure
of SPIN in the absence of MPO. A series of solution dynamics studies was performed following assignment of the resonances identified in a 'H-">N HSQC
spectrum of isotopically-enriched SPIN. A summary of >N longitudinal (R,) relaxation time constants (A), transverse (R,) relaxation time constants (B), and R,/R
values (C) are presented as a measure of site-specific rotational diffusion motion. The highlighted regions (light blue) illustrate the TALOS-N prediction of SPIN
secondary structure in the free form based upon NMR chemical shift data, as represented above the top of panel in rectangular boxes (a-helical regions). The
mean value for each parameter (R, R,, or R,/R,) for residues within either the N-terminal region or the protein overall is represented a dashed blue line. Chemical
shift index variance plots are shown for Ca (D) and Cp (E) resonances, respectively. The values were calculated as the difference between the experimentally
determined chemical shift and BMRB statistical chemical shift values for residues found in unstructured regions. F, three-dimensional superposition of
MPO-bound SPIN and a chemical shift-derived model for SPIN in the solution state. The model in blue represents the bound form of SPIN as determined by the
SPIN-rMPO crystal structure, whereas the model in orange represents the structure of SPIN calculated by the Chemical Shift Rosetta server derived from

solution NMR measurements.

(21). Significantly, the CSI variance for residues in the SPIN
N-terminal region was markedly lower than that of the protein
overall and was consistent with the absence of regular second-
ary structure.

Finally, we used the CS-Rosetta server to calculate an ensem-
ble of 40,000 three-dimensional structural models compatible
with the SPIN chemical shift data. Comparison of the entire
ensemble versus the lowest-energy structure gave an r.m.s.d. of
1.13 = 0.32 A. When we carried out similar calculations using
an option where flexible regions were truncated automatically
(i.e. residues 33—-53), the r.m.s.d. of the ensemble relative to the
lowest-energy structure was 0.80 = 0.16 A. Superposition of
this lowest-energy model onto the structure of MPO-bound
SPIN (17) yielded an r.m.s.d. of 1.47 A for all backbone atoms,

2262 J Biol. Chem. (2018) 293(7) 2260-2271

and it demonstrated otherwise good agreement between struc-
tural data obtained for the a-helical bundle region SPIN in solu-
tion versus the crystalline form (Fig. 1F). In summary, although
SPIN in the bound state displays a B-hairpin structure at its N
terminus, our studies presented here strongly suggest that this
region is dynamic and has a random coil character prior to
MPO binding.

N-terminal region of SPIN is dispensable for MPO binding

The crystal structure of SPIN bound to rMPO buries ~1600
A? of SPIN surface area (17), as judged by the EBI-PISA server
(22). Although the SPIN-rMPO interface is contiguous on the
SPIN surface, it is useful for purposes of analysis to consider it
composed of two distinct binding sites (17). The first site
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accounts for ~45% of the buried SPIN surface area and is
derived from residues within the a-helical bundle; the second
binding site accounts for the remaining ~55% of buried SPIN
surface area and arises from residues within the N-terminal
B-hairpin (17). The number of potential hydrogen bonds and
salt bridges at the SPIN-rMPO interface is distributed roughly
equally across these two binding sites, although the a-helical
bundle appears to contribute more hydrogen bonds and the
B-hairpin seems to predominate in salt bridges. Given the
inconclusive nature of this interface analysis, we determined
that structural information alone could not be used to establish
which binding site was more important for forming and/or
maintaining the SPIN-MPO interaction. However, because the
N-terminal B-hairpin of SPIN does not appear to form until
after MPO binding has occurred (Fig. 1), we hypothesized that
the a-helical bundle site might be of primary importance in
initially binding to MPO.

To test this hypothesis, we prepared and characterized both a
deletion and site-directed mutant that altered the SPIN N ter-
minus (Figs. S1 and S2). The deletion mutant removed the
entire N-terminal region and consisted of residues Ala**—
Lys'® inclusive (i.e. SPIN(46 —105)). The site-directed mutant
was prepared to assess the contributions of His*?, Asp**, and
Asp® and exchanged each of these residues for Ala in the full-
length SPIN background (i.e. SPIN**~**7AA4) These residues
are essentially invariant across SPIN sequences from non-au-
reus Staphylococcus spp. and also form polar interactions with
MPO side chains in the SPIN-rMPO co-crystal structure (17).

We examined the ability of these SPIN mutants to bind both
native MPO and recombinant human MPO (rMPO) using a
surface plasmon resonance approach (Fig. 2, A-C). We found
that SPIN(46-105) is ~3.2-fold weakened in its affinity for
native human MPO relative to full-length SPIN (Table 1). Sim-
ilarly, SPIN*3~*>—AAA i 3 4-fold diminished in its affinity for
native human MPO (Table 1). For both mutants, the decreased
affinity for MPO was associated with an enhanced dissociation
rate of the complex relative to wildtype SPIN. Nevertheless,
these mutants still bind MPO with low nanomolar K, values
near 30 nM and retain the potent MPO-binding capacity intrin-
sic to wildtype SPIN (17). This latter feature is reflected in a 2.3
A resolution crystal structure of SPIN(46—-105) bound to
rMPO, which we solved and refined to R, ., /Ry values 0of 17.9
and 22.9%, respectively (Fig. 2D and Table S1). In this regard,
the structure of SPIN(46 —105)-rMPO is largely indistinguish-
able from SPIN-rMPO, as the Ca positions from the two mod-
els superimpose upon one another with an r.m.s.d. of 0.16 A
(Fig. 2E).

Our studies with these SPIN mutants indicated that the
N-terminal region of SPIN is dispensable for MPO binding.
However, to examine this issue through an alternative
approach, we synthesized two short peptides designed to mimic
the SPIN N terminus (Fig. S1). The first such peptide corre-
sponded to the 13 N-terminal-most residues of SPIN (i.e. SPIN-
pl), flanked by two Ser residues. The second contained the
same residues as the first, plus a pair of Cys at the respective
termini (i.e. SPIN-p2) that were oxidized to constrain the pep-
tide into the B-hairpin conformation adopted by this region in
the SPIN-rMPO crystal structure (17). Because of the small
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size of these peptides, we examined their MPO-binding prop-
erties through both conventional SPR methods as well as a
competition-based assay wherein wildtype SPIN would be
impeded from binding to the immobilized MPO surface. We
found that neither SPIN-p1 nor SPIN-p2 gave evidence for
direct or competitive binding to MPO at concentrations up to
50 uM (Fig. 2F). Thus, the experiments with these synthetic
peptides were consistent with our mutagenesis and crystallo-
graphic studies in defining the a-helical region as the primary
MPO-binding site of SPIN.

N-terminal region of SPIN is necessary but not sufficient for
inhibition of MPO

Whereas the SPIN N terminus could be removed from the
protein with only an ~3-fold loss of affinity for MPO, the
SPIN-rMPO crystal structure implied that this region of SPIN
likely makes important contributions to inhibition of MPO
(17). Moreover, although the a-helical region of SPIN is
responsible for MPO binding (Fig. 2 and Table 1), it remained
unknown whether this portion of SPIN retained any MPO
inhibitory capacity on its own. To investigate these questions,
we characterized our SPIN mutants using an MPO activity
assay wherein H,O, reduction was linked to oxidation of o-dia-
nisidine (17). Because previous analysis of our SPIN mutants
showed that they have affinities within the 9-35 nm range for
MPO (Table 1), we used a single concentration for each poten-
tial inhibitor (i.e. 74 nm) sufficiently higher than the K, value to
ensure high occupancy of the respective complexes. Whereas
full-length SPIN significantly inhibited MPO activity under
these conditions, we found that SPIN(46 —105) failed to inhibit
MPO when compared with the negative control, BSA (Fig. 34).
Intriguingly, SPIN*?~ #5444 a]50 failed to significantly block
MPO activity, even though it binds MPO with a K, ~30 nm and
has a full-length N-terminal region (Fig. S1).

As an independent test of SPIN function, we examined the
effects of our mutants in an in vitro assay designed to replicate
HOCI-dependent killing of bacteria within the phagosomal
compartment (17, 23). In this model, the enzyme glucose oxi-
dase (GO) is employed as a surrogate H,O,-generating system
for MPO in lieu of the multipartite NADPH oxidase that assem-
bles within the phagosomal membrane. Whereas full-length
SPIN added in frams increased bacterial survival, neither
SPIN(46-105) nor SPIN**~*7AAA had any significant influ-
ence on the killing of S. aureus via bactericidal levels of HOCI
generated by MPO (Fig. 3B). By contrast, the MPO inhibitor
4-ABAH restored the survival of the bacteria to normal levels. A
similar trend was also seen in a neutrophil-bleaching assay,
which measures the loss of fluorescence by GFP-expressing
S. aureus cells following phagocytosis (24). Here, full-length
SPIN added in trans significantly preserved the bacterially-de-
rived GFP signal, whereas neither SPIN(46—105) (Fig. 3C) nor
SPIN*3~45—AAA (Fig 3D) added at an identical concentration
was significantly more effective than buffer control. The slight
reduction in bleaching observed for both SPIN(46-105) and
SPIN*3~#>AAA Jikely resulted from these proteins acting com-
petitively as a target for HOCI, rather than as inhibitors of MPO
activity per se (Fig. 3, A, Cand D). Together, these results estab-
lished that the N-terminal region of SPIN is necessary but not

J. Biol. Chem. (2018) 293(7) 2260-2271 2263
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Figure 2. N-terminal region of SPIN is dispensable for binding to MPO. The ability of SPIN proteins and SPIN-derived peptides to bind MPO was examined
using a combination of biochemical and structural methods. A 2-fold dilution series of SPIN proteins ranging from 1.35 to 2000 nm was injected over a biosensor
surface prepared from randomly immobilized MPO. Representative sensorgram series are shown for native MPO binding to full-length SPIN (A), SPIN(46-105)
(B), and SPIN**~45—AAA () Additional curve fitting and analysis parameters are presented in Table 1. D, representation of a 2.3 A resolution co-crystal structure
of SPIN(46-105) bound to a recombinant form of human MPO. SPIN(46-105) is depicted as a ribbon diagram and is colored with its N terminus in blue and its
C terminus in red, and MPO is rendered as a gray surface. The location of the MPO active-site heme is indicated by a green ball-and-stick for the purposes of
reference. E, superposition of the MPO-bound forms of SPIN(46-105) and full-length SPIN, as judged by X-ray crystallography. Proteins are depicted as wire
diagrams, where the N-terminal B-hairpin of full-length SPIN is shown at the top right. F, MPO-binding properties of two different synthetic peptides corre-
sponding to the SPIN N-terminal region were assessed by SPR. Peptide binding was investigated using both a direct binding approach (single injection at 50
um) and through a competition format where peptides were co-injected along with SPIN (50 nm). Neither approach showed any evidence for binding between
these peptides and MPO. A representative sensorgram series is shown.

Table 1
Surface plasmon resonance assessment of SPIN proteins binding to various forms of MPO
Analyte Surface K, ko Error k,, Koge Error K x>
nm M s M1t s! st

SPIN Native MPO 9.3 5.37 X 10° 3.5 X 10° 4,99 X 1073 3.0X10°° 0.148
SPIN Human rMPO 11.8 4.46 X 10° 1.5 X 10° 5.24e X 103 15X 10°° 0.128
SPIN(46-105) Native MPO 29.8 6.19 X 10° 2.3 % 10° 1.85 X 10> 3.0X 107° 0.102
SPIN(46-105) Human rMPO 35.1 4.30 X 10° 1.2 X 10° 1.51 X 1072 2.0 X 10°° 0.067
SPIN*3-45—>AAA Native MPO 31.4 5.27 X 10° 3.3 X 10° 1.65 X 1072 1.0X10°* 0.170
SPIN*3-45—>AAA Human rMPO 32.6 4.88 X 10° 1.2 X 10% 1.59 X 1072 1.8x10°° 0.043

sufficient for blocking MPO activity even though it makes only
relatively minor contributions to MPO binding.

azurophilic granules fuse with the phagosome whereby their
contents are released into its lumen. This results in the accu-
mulation of high levels of antimicrobial enzymes in the phago-

N-terminal region of SPIN is a target for degradation by NSPs  some, with concentrations of MPO estimated to approach 1

The phagosomal compartment matures in a stepwise fashion
following uptake of opsonized bacteria. Early on in this process,

2264 J Biol. Chem. (2018) 293(7) 2260-2271

mM (25). Concentrations in this range have also been proposed
for NSPs (7, 26 —28), which render the maturing phagosomal
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A Inhibition of MPO Activity by SPIN Proteins B Inhibition of MPO-Mediated Killing by SPIN Proteins
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Figure 3. N-terminal region of SPIN is necessary but not sufficient for inhibition of MPO. The functional consequences of deletion or mutation within the
SPIN N-terminal region were assessed using three independent assay formats. A, effect of SPIN proteins on MPO activity was investigated using a spectropho-
tometric assay. Various SPIN proteins (74 nm final concentration) were incubated with MPO for 1 h prior to addition of a substrate mixture. Peroxidase activity
was then measured at Az, ., relative to a negative control. Although full-length SPIN inhibits MPO activity, loss of either the entire N terminus (SPIN(46 -105))
or positions 43-45 (SPIN*3~#*—A4) rendered SPIN inactive. Significance relative to the negative control was determined by one-way ANOVA with Dunnett’s
post-test correction for multiple comparisons. Bars express S.D. with n = 3. B, influence of SPIN proteins on a coupled glucose oxidase-MPO system that kills
S. aureus strain Newman was also investigated. Whereas addition of full-length SPIN protects S. aureus from MPO-dependent killing, neither SPIN(46 -105) nor
SPIN*3-45—AAA retained this property, as judged by recovery of CFU counts compared with GO + MPO only. As a control, the MPO inhibitor 4-ABAH also led to
S. aureus survival. Significance relative to GO + MPO only (a negative control for inhibition) was determined by one-way ANOVA with Dunnett’s post-test
correction for multiple comparisons. Bars express S.D. with n = 3. C, S. aureus cells constitutively expressing a cytosolic form of GFP were opsonized by human
serum and incubated with 50 um SPIN, 50 um SPIN(46-105), or buffer alone (CTRL). The mixture of opsonized bacteria was added to freshly isolated human
neutrophils to allow for phagocytosis to occur. The geometric mean of MFI for each sample was determined by flow cytometry at 2 h following inception of
phagocytosis and normalized to the signal for DPI-treated neutrophils at time 0. Whereas full-length SPIN significantly protected the GFP-expressing S. aureus
cells from MPO-mediated bleaching, SPIN(46 -105) gave only slight but not significant protection against bleaching relative to control. Levels of significance
relative to buffer control were determined by one-way ANOVA with Dunnett’s post-test correction for multiple comparisons. Bars express S.D. with n = 6. D,
analogous experiment to that shown in C, except that the properties of 50 um SPIN, 50 um SPIN*3=4>—AAA or buffer alone (CTRL) were compared. SPIN*3-45—AAA
gave only slight but not significant protection against bleaching relative to control. Levels of significance relative to buffer control were determined by
one-way ANOVA with Dunnett’s post-test correction for multiple comparisons. Bars express S.D. with n = 4. Because SPIN(46-105) and SPIN**~#5—#AA do not
inhibit MPO in activity (A) or killing assays (B), the signal observed in Cand D likely reflects competition between the inactive SPIN protein and GFP for reaction
with HOCl generated in the phagosome, thereby blocking bleaching of GFP indirectly. Experiments in Cand D are presented separately due to variability in the
assay, as they were conducted with neutrophils isolated at different times from different donors. *, p < 0.05; **, p =< 0.01; ***, p =< 0.001; **** p =< 0.0001; ns,
non-significant.

compartment not only highly oxidizing but exceptionally diges- assay. We found that an excess of NE had to be incubated
tive in character. In light of this, the dynamically-structured with SPIN to restore MPO activity to appreciable levels (Fig.
nature of the SPIN N-terminal region suggested that it mightbe ~ 4A); this was due to incomplete cleavage by NE and residual
susceptible to proteolysis. As an initial test of this hypothesis, full-length SPIN present in the reaction (Fig. S4). By con-
we treated full-length SPIN with the relatively non-specific pro-  trast, we observed that incubation of SPIN with either CG
tease, subtilisin. Indeed, characterization of the reaction prod- (Fig. 4B) or PR3 (Fig. 4C) each resulted in loss of MPO-
ucts by SDS-PAGE and MALDI-TOF mass spectrometry inhibitory activity in a dose-dependent manner. Signifi-
revealed that the 10 N-terminal residues of SPIN were removed  cantly, analysis of the SPIN cleavage products after CG and
following a 30-min exposure to catalytic levels of enzyme PR3 treatment not only showed clear evidence of proteolysis
(Fig. S3). in the SPIN N-terminal region (Figs. S4 and S5), it was also
To examine the protease sensitivity of SPIN under more consistent with the established cleavage preference for these
biologically relevant conditions, we tested whether the three  NSPs (5).
canonical NSPs neutrophil elastase (NE), cathepsin G (CG), We previously showed that production of SPIN is up-
and proteinase-3 (PR3) might also degrade the SPIN N ter- regulated following phagocytosis of S. aureus cells (17). A
minus. Moreover, because this region of SPIN is required for similar increase in expression has also been reported for
SPIN to inhibit MPO (Fig. 3), we investigated the functional the genes encoding Eap and EapH1 following exposure of
consequences of such proteolysis using an MPO activity S. aureus to neutrophil granule components (29). Because
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Figure 4. N-terminal region of SPIN is subject to proteolysis by NSPs.
The influence of three proteases found in neutrophil azurophilic granules
on SPIN activity was investigated using a spectrophotometric assay. Four
different concentrations of NE (A), CG (B), and PR3 (C) were incubated with
purified SPIN for 1 h after which proteolysis was stopped by adding PMSF.
The reaction contents were serially diluted and incubated with MPO for
1 h further, prior to addition of a substrate mixture. Peroxidase activity was
then measured at A,s, ,m relative to a negative control for each set of
samples. Significantly, preincubation with all three NSPs examined
resulted in a dose-dependentloss of SPIN activity, although this effect was
far more pronounced for CG and PR3 when compared with NE. Subse-
quent characterization of the NSP digestion products of SPIN revealed
that loss of activity was due to specific cleavage of the functionally essen-
tial SPIN N-terminal region (Figs. S4 and S5). Bars express S.D. with n = 3,
and legends are at right.

both Eap and EapH1 act as specific inhibitors of NSPs (14),
we wondered whether these staphylococcal innate immune
evasion proteins might rescue SPIN from deleterious prote-
olysis by NSPs. To test this possibility, we repeated the assays
described above both in the absence and presence of saturat-
ing levels of recombinant Eap (14). Consistent with the pre-
viously described NSP-inhibitory function of Eap (14), as
well as prior results shown here (Fig. 4), we found that Eap
protected SPIN from degradation by all three canonical
NSPs (Fig. 5). Together, these results show that the N-termi-
nal region of SPIN is subject to proteolysis by NSPs but can
be protected from such degradation through the action of
the S. aureus NSP inhibitor Eap.
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Figure 5.S. aureus Eap protects the N terminus of SPIN from degradation
by NSPs. The consequences of including the S. aureus-derived NSP inhibitor,
Eap (14), in the SPIN-NSP proteolysis reactions were assessed using an assay
formatidentical to that presented in Fig. 4. The presence of Eap protected the
N terminus of SPIN from proteolysis by 18 ng/ml NE (A), 4.5 ug/ml CG (B), and
4.5 ng/ml PR3 (C). Importantly, although SPIN on its own inhibited MPO activ-
ity, the addition of Eap was required to fully restore SPIN function in the
presence the NSPs. Bars express S.D. with n = 3, and legends are at right.

Discussion

The last decade has witnessed tremendous growth in our
understanding of staphylococcal innate immune evasion. In
many respects, a majority of the functional, mechanistic, and
structural details have been elucidated for those S. aureus
secreted proteins that disrupt complement initiation and
amplification, neutrophil recruitment, and the initial steps of
phagocytosis (9 -12). Although the topic of intracellularly-act-
ing immune evasion proteins has received considerably less
attention, it is no less relevant; in fact, the ability of S. aureus
cells to resist killing within the neutrophil phagosome suggests
that additional evasion molecules remain to be discovered (12).
Recent work from our groups has led to identification of dis-
tinct S. aureus proteins that block function of NSPs (14) and
MPO (17), which are key antimicrobial enzyme systems of neu-
trophils that act primarily within the phagosome (3, 12).
Herein, we have further defined the structure/function rela-
tionships of the novel MPO inhibitor, SPIN (Figs. 1-3) (17). We

SASBMB


http://www.jbc.org/cgi/content/full/RA117.000134/DC1

have also provided evidence that suggests a potential functional
synergy between SPIN and the EAP family of NSP inhibitors
(Figs. 4 and 5) (14). Together, this work significantly furthers
our understanding of an only recently discovered aspect of
S. aureus immune escape.

Our previous crystal structure of SPIN-rMPO identified two
MPO-binding sites within the SPIN protein (17). Although the
relative contributions of each potential site to MPO binding
could not be parsed directly from the structure, the biochemical
data we present here have largely resolved this ambiguity. We
found that loss of the SPIN N-terminal region has a minimal
overall effect on its MPO-binding properties, as the K, of 29.8
nM for SPIN(46 —-105)-MPO compares favorably with that of
9.3 nM for SPIN-MPO (Fig. 2 and Table 1). Still, it is noteworthy
that the observed 3.2-fold decrease in MPO affinity of
SPIN(46 —105) relative to its full-length counterpart is attribut-
able almost entirely to a faster dissociation rate constant for its
complex (3.7-fold enhancement (Table 1)). This result might be
expected if the apparent interaction site involving the SPIN
N-terminal region only forms after an initial binding event has
occurred via the SPIN a-helical bundle. Consistent with this
premise, synthetic peptides corresponding to both linear and
constrained forms of the SPIN N-terminal region failed to bind
MPO, even at concentrations some 3 orders of magnitude
above the K, for SPIN-MPO (Fig. 2 and Table 1). These data,
along with successful determination of a co-crystal structure of
SPIN(46 —105) bound to rMPO, argue that the primary MPO-
binding site of SPIN lies within its a-helical bundle domain.

Although the a-helical bundle is responsible for driving SPIN
binding to MPO, we found that the SPIN N-terminal region
is absolutely required for inhibiting MPO activity (Fig. 3).
SPIN(46 —105) binds MPO with relatively high affinity (Fig. 2
and Table 1), yet it has no inhibitory capacity on its own (Fig. 3).
This result appears to eliminate the possibility that SPIN bind-
ing inhibits MPO via perturbation of its heme redox chemistry,
as has been described for the endogenous MPO inhibitor ceru-
loplasmin (30). In light of the data currently available, we favor
a two-step steric/competitive model for SPIN action, whereby
the initial MPO-binding event is driven by the a-helical bundle
region and then the inhibitory B-hairpin folds and inserts into
MPO-active site. In this manner, SPIN acts as a molecular plug,
as suggested by our initial SPIN-rMPO crystal structure (17).

Although deletion of the N terminus yielded a SPIN protein
that could not inhibit MPO, simply having these residues in the
context of full-length SPIN was not sufficient to manifest inhi-
bition on its own (Fig. 3). Our studies investigating residues
His**~Asp®® were particularly helpful in addressing this issue,
as loss of these conserved side chains caused only a 3.4-fold loss
of affinity for MPO, yet it rendered the SPIN*3~*> A4 mytant
incapable of inhibiting MPO (Fig. 3). Examination of the SPIN—
rMPO (17) structure reveals that both His** and Asp** form salt
bridges with Asp®”® and Arg®”"! of rMPO, respectively. Because
these SPIN residues do not seem to contribute significantly to
MPO binding (Fig. 2 and Table 1), we suggest that His**~Asp*®
might help guide insertion of the inhibitory N-terminal 3-hair-
pin into the MPO active-site channel.

It seems that SPIN faces a rather precarious existence inside
the phagosomal compartment. Although SPIN is absolutely de-
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pendent on its N terminus for function (Fig. 3), this region of
the protein is dynamic in the absence of its binding partner (Fig.
1) and sensitive to proteolysis by NSPs in a manner that yields
biologically inactive SPIN fragments (Fig. 4 and Figs. S4and S5).
Although the high concentration of MPO within the maturing
phagosome would appear to promote stability of SPIN by effec-
tively chaperoningits N terminus, the abundance of NSPs in the
same environment suggests that a significant portion of SPIN
molecules could be cleaved soon after secretion. In light of this,
our observation that S. aureus Eap preserves SPIN function by
inhibiting CG, NE, and PR3 is a potentially significant finding
(Fig. 5). All three S. aureus EAP domain-containing proteins act
as tightly binding, non-covalent inhibitors of NSPs (14), and
they have been shown to protect against NSP-mediated cleav-
age of key staphylococcal virulence factors in vitro and in vivo
(31). Although that previous study examined virulence proteins
that act in the extracellular environment (31), our results here
suggest that EAP domains can serve a similarly protective role
for SPIN and perhaps other molecules whose primary sites of
action lie within the phagosomal compartment. Although these
results highlight the potential for functional synergy among
various S. aureus immune evasion proteins, much work
remains to be done if we are to truly understand the complex
relationships of these proteins with one another. In this regard,
long-standing evidence describing functional synergy between
MPO and NSPs (8) serves as an important reminder that the
numerous biochemical events inside the phagosome are best
considered as part of an overall process, rather than reactions in
isolation.

Experimental procedures
Human neutrophil protein preparations

Forms of human MPO were purchased from various com-
mercial sources. For structural studies, a recombinant form of
MPO bearing a C-terminal His,, tag (catalogue no. 3174-MP-
250) was obtained from R&D Systems (Minneapolis, MN). For
biochemical and functional analyses, native MPO isolated from
purulent human sputum (catalogue no. MY862) was obtained
from Elastin Products Corp. (Owensville, MO). The neutrophil
serine proteinases neutrophil elastase (catalogue no. SE563),
cathepsin G (catalogue no. SG623), and proteinase-3 (catalogue
no. ML734) were likewise isolated from purulent human spu-
tum and obtained from Elastin Products Corp. (Owensville,
MO). All materials were reconstituted and handled according
to the manufacturer’s suggestions unless otherwise noted.

Recombinant protein expression and purification

A codon-optimized form of the S. aureus SPIN open reading
frame from strain Newman that lacks the N-terminal signal
sequence was synthesized using gBlocks Gene Fragments (Inte-
grated DNA Technologies). This coding fragment was sub-
cloned into the Sall and EcoRI sites of a modified form of the
prokaryotic expression vector pT7HMT (32). All other expres-
sion vectors for site-directed mutants of SPIN were derived
from this parental plasmid and were constructed using stan-
dard mutagenic PCR approaches. Each plasmid was verified by
DNA sequencing prior to use.
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All recombinant SPIN proteins were expressed as N-termi-
nally His.-tagged precursors and prepared according to stan-
dard techniques. Briefly, recombinant strains of Escherichia coli
BL21(DE3) bearing a plasmid of interest were grown in 1 liter of
selective Terrific Broth at 37 °C, prior to inducing protein
expression with 1 mm isopropyl 1-thio-B-p-galactopyranoside
at 18 °C overnight. Cells from the induced culture were har-
vested by centrifugation, resuspended, lysed by microfluidiza-
tion, and processed for nickel-nitrilotriacetic acid—affinity
chromatography as described previously (33). Following initial
purification, the recombinant SPIN proteins were digested with
tobacco etch virus protease to remove the affinity tag as
described elsewhere (32). Final purification was achieved by
gel-filtration chromatography in a buffer of PBS (pH 7.4) using
a Superdex 75 26/60 column connected to an AKTA FPLC sys-
tem (GE Healthcare).

Uniformly >N and '">N/"*C double-labeled SPIN proteins
were prepared for NMR spectroscopy studies. Both forms of
wildtype SPIN were expressed in E. coli BL21(DE3) cells grown
in minimal medium (M9) enriched with **NH,Cl and [**C]glu-
cose as described before (34).

Samples of recombinant Eap (S. aureus strain Mu50) were
expressed and purified from E. coli strain BL21(DE3), as
described previously (35).

Synthetic peptide mimics of the SPIN N terminus

Peptides SKVYSQNGLVLHDDS (i.e. SPIN-p1) and CKVYS-
QNGLVLHDDC (i.e. SPIN-p2) were synthesized at >90%
purity by GenScript (Piscataway, NJ). Peptide SPIN-p2 was
chemically oxidized to form a disulfide bond between its two
cysteine residues. The identity of each product was confirmed
by MALDI-TOF prior to use. Peptide stock solutions were pre-
pared at 5 mM in double distilled H,O.

Solution NMR spectroscopy

All NMR measurements were performed at 25 °C on either a
Varian 500 NMR (499.84 MHz for 'H frequency) or a Bruker
Avance (700.11 MHz for 'H frequency) spectrometer, both of
which were equipped with cryogenic probes. The 'H chemical
shifts were referenced to the external standard 2,2-dimethyl-2-
silapentane-5-sulfonic acid (DSS) at 25 °C, and the **C and '°N
chemical shifts were referenced indirectly from DSS. The puri-
fied, isotopically enriched SPIN proteins were dissolved at
0.75-1.0 mM final concentration in 50 mM sodium phosphate
(pH 6.5) supplemented with 5% (v/v) D,O as alock solvent prior
to spectral collection.

Backbone and side-chain resonances for SPIN were assigned
through standard double and triple resonance spectra. Triple-
resonance NMR spectra corresponding to HNCA, HN(CO)CA,
HNCACB, CBCA(CO)NH, and HNCO were recorded on uni-
formly 'N/'*C-labeled SPIN samples to facilitate backbone
assignment. Two-dimensional '>*C HSQC and three-dimen-
sional HCCONH, CCCONH, HCCH-TOCSY, '*N HSQC-
TOCSY (T,, = 80 ms) and *°N-edited NOESY (T, = 100 ms)
spectra were recorded for side-chain assignment. NMR data
were processed using NMRPipe (35), and spectra were analyzed
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and visualized using CARA (http://www.nmr.ch/)* (36). The
chemical shift assignments have been deposited in the
BioMagResBank under the accession number 27069, and
described in more detail elsewhere (18).

Longitudinal (R;) and transverse (R,) relaxation time
constants for "N amide atoms were determined using the
steady-state, inversion-recovery, and Carr-Purcell-Meiboom-
Gill methods, respectively (37, 38). For R, determination, '°N
HSQC spectra with the following relaxation delays were col-
lected: 0.03, 0.05, 0.07, 0.12, 0.15, 0.23, 0.35, 0.80, 1.00, 1.20,
15.0, and 1.80 s. For R, determination, *>N HSQC spectra with
the following delays were collected: 0.03, 0.05, 0.07, 0.13, 0.15,
0.17, 0.19, 0.21, and 0.23 s. The R, and R, time constants were
calculated by measuring the intensity of the peak correspond-
ing to each assigned 'H-'°N pair from the >N HSQC spectra
and fitting the resulting decay as a function of time delay (£) to a
two-parameter exponential decay described by I(f) = Ie %,
where I(2) is the intensity of the peak as a function of relaxation
delay time ¢. I, is the normalized peak intensity at £ = 0. All such
calculations were performed using the rate analysis feature of
NMRView 9.2 (One Moon Scientific, Westfield, NJ) (39).

The experimentally-derived chemical shift values for SPIN
resonances were used to determine solution structural features
of SPIN in the absence of MPO. The secondary structure of
SPIN was predicted using the TALOS-N platform (18, 19).
Likewise, the CS-Rosetta Server (Rosetta version 3.8, CS-Ro-
setta Toolbox version 3.3) was used to generate 40,000 indepen-
dent models for three-dimensional structure of SPIN (40, 41)
consistent with the chemical shift data. This approach was used
because the NMR spectra collected on SPIN were not sufficient
to permit experimental determination of its structure.

Surface plasmon resonance

Direct binding of SPIN proteins to various forms of MPO was
assessed by SPR using a Biacore T-200 instrument (GE Health-
care) at 25°C (17). All experiments used a running buffer of
HBS-T (20 mm HEPES (pH 7.4), 140 mm NaCl, and 0.005% (v/v)
Tween 20) and a flow rate of 20 ul min~'. Experimental biosen-
sors were created on CMD 200M sensor chips (XanTec Bioana-
lytics GmbH; Diisseldorf, Germany) by coupling native human
MPO (1183 resonance units) and rMPO (1718 resonance units)
to separate flow cells using random amine chemistry, whereas a
reference surface was prepared by activation followed by imme-
diate inactivation with ethanolamine. A concentration series of
each SPIN protein was injected over the surfaces for 3 min and
allowed to dissociate for 4 min. Regeneration to baseline was
achieved by three consecutive 30-s injections of 100 mm glycine
(pH 10.0). Kinetic analysis of each reference-subtracted injec-
tion series was performed using Biacore T-200 Evaluation Soft-
ware version 3.0 (GE Healthcare) using a 1:1 binding model and
fitting R, locally.

The ability of SPIN peptides to compete with SPIN-MPO
complex formation was assessed using an SPR-based competi-
tion assay. All experiments were performed on a Biacore T-200
at 25 °C using a flow rate of 30 ul min™" in HBS-T running

“Please note that the JBC is not responsible for the long-term archiving and
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buffer. Injections were performed for 1 min, and dissociation
was monitored for 3 min at which point baseline regeneration
was achieved as described above. SPIN (50 nMm) or SPIN pep-
tides (50 um) were injected either alone or as a mixture (i.e.
SPIN + peptide) over the MPO surface, and the response was
monitored. Residual response of SPIN during co-injections was
calculated by subtracting the response of the peptide-only
injections. Sensorgram overlays were prepared using Biacore
T-200 Evaluation Software and GraphPad Prism.

Crystallization, structure determination, refinement, and
analysis

A sample of SPIN(46-105) bound to recombinant human
MPO (R&D Systems) was prepared by mixing stoichiometric
amounts of each protein and concentrating to 5 mg/ml total
protein in a buffer of 5 mm Tris (pH 7.4), 50 mm NaCl. Crystals
were obtained as initially described for the SPIN-rMPO com-
plex (17). Single crystals were harvested and cryopreserved in
precipitant solution supplemented with an additional 10% (v/v)
PEG-400.

X-ray diffraction data were collected at 1.0 A wavelength
using beamline 22-BM of the Advanced Photon Source
(Argonne National Laboratory). The reflections were pro-
cessed using the HKL-2000 package (42), and the structure was
solved by molecular replacement using the refined coordinates
of full-length SPIN-rMPO (PDB code 5UZU) as a search model
(17) and PHASER (43) as implemented within the PHENIX
software suite (44, 45). The final model was constructed by both
automated and manual rebuilding, followed by refinement
using PHENIX.REFINE (44, 45). 94.26% of the modeled poly-
peptide residues lie in favored regions of the Ramachandran
plot, with only 1.26% of residues found in areas classified as
outliers. A quantitative description of the cell constants, dif-
fraction data quality, and properties of the final model for the
SPIN(46 —105)-rMPO complex can be found in Table S1.

The rMPO used for these structural studies binds SPIN sim-
ilarly to native human MPO (Table 1), but it has a lower occu-
pancy of the heme prosthetic group when compared with MPO
produced by human neutrophils. This resulted in weak electron
density for the heme in the SPIN(46 —105)-rMPO co-crystal
structure, and it precluded inclusion of heme in the final crys-
tallographic model. When necessary, the location of the heme
prosthetic group was inferred from the coordinates of halide-
bound, native human MPO (PDB code 1CXP) (46). All struc-
tural analyses, including calculation of buried surface areas and
identification of potential hydrogen bonds, were performed
using EBI-PISA. Representations of protein structures were
generated by PyMOL.

MPO activity assays

MPO activity in the presence of H,O, as a substrate and
o-dianisidine as a redox indicator were monitored at 450 nm
(17). Briefly, either 0.2 unit/ml MPO isolated from human spu-
tum (Elastin Products Co.) was incubated with 74 nMm of various
SPIN proteins for 1 hat 37 °C in 96-well plates to allow protein—
protein interactions to form. A substrate mixture composed of
45 mm phosphate buffer (pH 6.0), 0.5 mm H,0O,, and 15 ug of
o-dianisidine dihydrochloride (Sigma catalogue no. D9154) was
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then added. The A5, .., Was measured continuously every 45 s
for 1 h at 37 °C using a FLUOstar Omega microplate reader.
The slope of each trial before saturation was calculated via
GraphPad Prism 6 and defined as MPO activity. BSA was used
as a negative control for inhibition.

The influence of NSPs on MPO inhibition by SPIN was also
examined through a similar approach. Specifically, full-length
SPIN (1200 nm) was preincubated for 1 h at 37 °C with either 18
pg/ml NE, 4.5 ug/ml CG, or 4.5 ug/ml PR3 after which 1 mm
PMSF was added to stop protease activity. The SPIN digestion
reaction was then serially diluted and assayed for MPO activity
as described above. Where indicated, NSPs were also preincu-
bated for 5 min at room temperature with 37.5 ug/ml EAP prior
to adding this mixture to full-length SPIN.

MPO bactericidal assay

S. aureus cells were grown to logarithmic phase (A4, ~0.5)
in Todd Hewitt Broth (THB), washed twice, and resuspended
to an A4, ~0.5 in sterile Hanks’ balanced salt solution (HBSS).
100 wl of bacterial suspension were diluted into 10 ml of sub-
strate solution containing 300 mm glucose in HBSS. 50 ul of this
mixture were diluted with an equal part of enzyme solution
containing 4 ng/ml glucose oxidase from Aspergillus (Sigma)
and 2.3 nm MPO with or without the addition of 40 nm SPIN
proteins. 4-ABAH was included in a separate sample at a final
concentration of 500 uMm and served as a control for MPO-
inhibited conditions. The enzyme/bacteria mixture was incu-
bated for 1 h at 37 °C, and peroxidase activity was stopped by
addition of 10 mg/ml catalase from bovine liver (Sigma). Sam-
ples were serially diluted in PBS and plated onto Todd Hewitt
Agar (THA) plates. The final number of colony-forming units
(CFU) was counted the next day following an overnight incu-
bation at 37 °C.

Photobleaching of GFP-expressing S. aureus by neutrophils

The capacity of SPIN proteins to inhibit MPO activity within
neutrophil phagosomes was examined. Human neutrophils
were isolated from venous blood, as described previously (47).
Written consent was obtained from each volunteer in accord-
ance with both the Declaration of Helsinki and a protocol
approved by the Institutional Review Board for Human Sub-
jects at the University of lowa. Isolated neutrophils were then
fed opsonized cells of S. aureus strain USA300 expressing
superfolded GFP (multiplicity of infection 1:1) as described pre-
viously (24), either in the absence or presence of 50 um SPIN
proteins. Samples identical to these except for the presence of
10 uMm diphenyleneiodonium (DPI) were run in parallel and
were included to inhibit NADPH oxidase-dependent bleaching
of GFP (48). After 10 min of phagocytosis, undigested bacteria
were removed, and neutrophils laden with S. aureus were incu-
bated at 37 °C for 0 or 120 min. Samples were analyzed by flow
cytometry for loss of GFP fluorescence, as reported previously
(24). The mean fluorescence intensity (MFI) for each sample
was calculated as the geometric mean of the GFP-positive pop-
ulation multiplied by the percent of cells gated. The percent
MFI was normalized to values obtained for DPI-treated
neutrophils.
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