B sy
Evidence for multiple modes of neutrophil
serine protease recognition by the EAP
family of Staphylococcal innate immune
evasion proteins

Daphne A.C. Stapels,' Jordan L. Woehl,? Fin J. Milder,! Angelino T. Tromp,’
Aernoud A. van Batenburg,! Wilco C. de Graaf,' Samuel C. Broll,2
Natalie M. White,2 Suzan H.M. Rooijakkers,' and Brian V. Geisbrecht>*

'Department of Medical Microbiology, University Medical Center Utrecht, 3584 CX Utrecht, The Netherlands
2Department of Biochemistry and Molecular Biophysics, Kansas State University, Manhattan, Kansas 66506

Received 10 August 2017; Accepted 2 November 2017
DOI: 10.1002/pro.3342
Published online 7 November 2017 proteinscience.org

Abstract: Neutrophils contain high levels of chymotrypsin-like serine proteases (NSPs) within their
azurophilic granules that have a multitude of functions within the immune system. In response, the
pathogen Staphylococcus aureus has evolved three potent inhibitors (Eap, EapH1, and EapH2) that
protect the bacterium as well as several of its secreted virulence factors from the degradative
action of NSPs. We previously showed that these so-called EAP domain proteins represent a novel
class of NSP inhibitors characterized by a non-covalent inhibitory mechanism and a distinct target
specificity profile. Based upon high levels of structural homology amongst the EAP proteins and
the NSPs, as well as supporting biochemical data, we predicted that the inhibited complex would
be similar for all EAP/NSP pairs. However, we present here evidence that EapH1 and EapH2 bind
the canonical NSP, Neutrophil Elastase (NE), in distinct orientations. We discovered that alteration
of EapH1 residues at the EapH1/NE interface caused a dramatic loss of affinity and inhibition of
NE, while mutation of equivalent positions in EapH2 had no effect on NE binding or inhibition. Sur-
prisingly, mutation of residues in an altogether different region of EapH2 severely impacted both
the NE binding and inhibitory properties of EapH2. Even though EapH1 and EapH2 bind and inhibit
NE and a second NSP, Cathepsin G, equally well, neither of these proteins interacts with the
structurally related, but non-proteolytic granule protein, azurocidin. These studies expand our
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understanding of EAP/NSP interactions and suggest that members of this immune evasion protein
family are capable of diverse target recognition modes.

Keywords: neutrophil serine proteases; neutrophil elastase; S. aureus; protease inhibitor; protein

interactions

Introduction

Neutrophils are the earliest acting cellular players
in innate immunity, and are best known for
their ability to destroy invading microorganisms.
Although neutrophils circulate in blood in a quies-
cent state, they respond quickly to pathogen (e.g.,
fMLP) and danger/damage-associated (e.g., Cba)
molecular patterns via high-affinity receptors on
their cell surface. This allows them to be the first
leukocytes to infiltrate sites of infection or damaged/
healing tissue.'™ Activation of neutrophils results in
remarkable changes in their morphology, and trig-
gers mobilization and secretion of their cytosolic
granules. Chief among these are the azurophilic
granules, which contain critical components of the
neutrophil’s anti-bacterial arsenal. Two of the most
abudant components of azurophilic granules are the
enzyme myeloperoxidase (MPO), which converts
hydrogen peroxide (Hy05) into cytotoxic hypohalous
acids (e.g., HOCI), and a series of chymotrypsin-like
serine proteases (NSPs), which can directly attack
the pathogen cell and its contents.’”” Though MPO
and NSPs initially act inside the phagolysosome,
they can also be secreted into the extracellular
milieu. Here, they physically associate with webs of
chromatin fibers known as Neutrophil Extracellular
Traps (NETs). As their name implies, NETs ensnare
bacteria, and help increase the local concentration of
antimicrobial MPO and NSPs in the environment.®®°
It is this concerted action of MPO and NSPs—both
in phagolysosomes and in NETs—that forms a
foundation of neutrophil-mediated defense against
bacteria.

Whereas neutrophils contribute to antibacterial
defense in a beneficial context, it is now recognized
that unregulated neutrophil activation also directly
correlates with the severity of various inflammatory
diseases. Under such circumstances, excessive
neutrophil-driven inflammation causes substantial
damage to host cells and extracellular matrices.* In
this regard, the lung is particularly susceptible to
damage by NSPs,*® since neutrophils can be acti-
vated by acute (e.g., pneumonia) or persistent pul-
monary infections (e.g., P. aeruginosa secondary to
Cystic Fibrosis), or other underlying pathologies
such as those seen in Acute Respiratory Distress
Syndrome (ARDS). insults (e.g.,
tobacco smoke) are also known to trigger neutrophil
activation, and NSP-mediated destruction of lung
elastin has been proposed as a major contributor to
morbidity and mortality in those suffering from

Environmental
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chronic obstructive pulmonary disease (COPD)/
emphysema.>!® Even though the human body pro-
duces many physiological serine protease inhibitors
(e.g., al-antitrypsin, secretory leukocyte protease
inhibitor®), hereditary loss of al-antitrypsin results
in early onset COPD/emphysema due to chronically
elevated levels of NSP activity in the lung.'! Thus,
targeted inhibition of NSP activity has been pro-
posed as a treatment route for these diseases.’

We recently discovered that the pathogen
Staphylococcus aureus secretes a family of previ-
ously unrecognized NSP inhibitors.? These so-called
EAP domain proteins are collectively required for
maximal bacterial virulence in murine models of
inhalational pneumonia and intravenous infection,'2
and expression of the genes that encode them is
upregulated by S. aureus in response to neutrophil
granule components.!> The EAP domain family is
composed of three distinct molecules: the ~50-70
kDa Extracellular Adherence Protein (Eap), and its
homologs, EapH1 (~12 kDa) and EapH2 (~13
kDa).'* Each of these proteins is comprised of either
one (e.g., EapH1 and EapH2) or multiple (e.g., Eap)
repeats of an approximately 100 residue domain
that adopts a B-grasp type fold.'* A co-crystal struc-
ture of the EapH1/NE complex determined at 1.85 A
limiting resolution indicates that the bacterially
derived inhibitor binds across the catalytic cleft of
the protease, and does so in a non-covalent man-
ner'? [Fig. 1(A)]. This observation strongly suggests
that EapH1 blocks NE activity by preventing access
of the enzyme to its various substrates. While this
type of steric hindrance mechanism appears to be a
common theme amongst serine protease inhibitors
(e.g., serpins, elafin, etc.), the fact that EAP domains
function non-covalently and share no obvious
sequence relationships with better understood regu-
lators argues that they represent a novel class of
physiological serine protease inhibitors.?

Through a series of functional studies, we
observed that Eap, EapH1, and EapH2 all inhibit
the three most abundant NSPs [i.e., neutrophil elas-
tase (NE), cathepsin G (CG), and proteinase-3
(PR3)1.12 Other more distantly related chymotryp-
sins found in the bloodstream, including plasmin,
thrombin, and plasma kallikrein, are not inhibited
by EAP domain proteins.'> To our knowledge, the
NSP-selective activity profile of EAP domain pro-
teins is unprecedented among biological serine
protease inhibitors. Such selectivity is even more
surprising considering that all individual EAP
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Figure 1. Structure/function relationships of EAP domains as deduced from the EapH1/NE structure. (A) (Left Panel) Crystal
structure of NE depicted as a grey molecular surface, with the sidechains of the catalytic triad colored yellow. (Left Center
Panel) Co-crystal structure of EapH1/NE (PDB Code 4NZL) represented as a molecular surface. EapH1 is shown in purple, with
the interfacial residues in cyan (site #1) and orange (site #2). Note that the orientation of NE has been rotated approximately 90°
clockwise in the viewing plane to better show the relationship of EapH1 to the NE active site. (Right Center Panel) EapH1 alone
is shown as a molecular surface with identical coloration as the left center panel. (Right Panel) Identical orientation to the right
center panel, except that EapH1 is shown as a ribbon diagram. The sidechains found at the EapH1/NE interface are depicted
as sticks. (B) Sequence alignment of EAP domains found in S. aureus strain Mu50. Identical residues are shown in reverse type-
face, while residues conserved in a majority of sequences are highlighted in a box. NE-interfacing residues are highlighted in
cyan (site #1) and orange (site #2). Residues in EapH2 that are required for binding to NE are highlighted in magenta (see Fig.
5). The secondary structure diagram and sequence numbering reflects values specific to EapH1 throughout the text for

simplicity.

domains potently inhibit NE even though they share
only 26-83% sequence identity as a group.'®'*
Examination of the EapH1/NE interface reveals
that the contacts between the inhibitor and protease
arise from two distinct regions within the EapH1
protein. Despite the fact that these regions are com-
prised of only 11 and five residues, respectively'?
[Fig. 1(B)], they exhibit an unexpectedly low level of
sequence identity across EAP domains (3/16 posi-
tions are invariant). This lack of strict conservation
is particularly noteworthy in those four positions
that correspond to Ala®®*-Arg® of EapH1, which
together contribute greater than half of the surface
area buried in the EapH1/NE interface (427 A? of
830 A?). This piece of information raises questions
about the quantitative contributions of various
EapH1 residues in forming the NE inhibitory com-
plex, and whether or not the corresponding residues
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in other EAP domain proteins are equally
important.
To address these and related issues, we

designed a series of studies to (i) investigate binding
of EapH1, EapH2, and various site-directed mutants
thereof to the prototypical NSP, NE, and (ii) corre-
late observed binding affinities with the ability of
these EAP domain variants to inhibit NE activity.
The results we present here establish a direct rela-
tionship between the affinities of EAP domains for
NE and their previously determined Ki values in
NE activity assays. While the outcome of our experi-
ments validates the functional importance of EapH1
residues found at the NE interface, we found that
loss of residues at a distal site was required to
diminish EapH2 function. Together, our results
imply that EapH1 and EapH2 recognize NE through
distinct binding modes, and suggest that EAP

PROTEIN SCIENCE ‘ VOL 27:509-522 3N
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Figure 2. Characterization of EapH1 and EapH2 binding to NE and CG by surface plasmon resonance. Binding of EapH1 (A,
C) and EapH2 (B, D) to surfaces derivatized with NE or CG, respectively, was assessed by SPR. The reference subtracted
sensorgrams are shown in black, while the results of curve fitting to a Langmuir binding model are shown in red. Curve fitting

parameters are found in Table I.

domains as a whole are capable of diverse physical
interactions with NSPs. These studies provide fun-
damental information that may be valuable for
future design of novel NSP-targeted protease inhibi-
tors using the naturally occurring EAP domain as a
template.

Results

EapH1 and EapH2 form kinetically stable
complexes with NE and CG
We previously demonstrated that the multi-domain
Eap protein, as well as EapH1 and EapH2, inhibit
NE, CG, and PR3 activity in assays using fluores-
cent substrates specific for each protease.'? The Ki
values for each inhibitor/NSP pair that could be
determined with statistical confidence ranged
between 0.2 and 20 nM, and were indicative of high-
affinity binding between EAP domain proteins and
NSPs. Consistent with this prediction, we used iso-
thermal titration calorimetry (ITC) to determine an
affinity of 25 nM for the EapH1/NE complex as a
prelude to co-crystallography studies.'? Unfortu-
nately, the costly nature of the ITC approach, partic-
ularly in terms of material, precluded a more
detailed analysis of the remaining inhibitor/NSP
pairs.

To circumvent the practical limitations of ITC,
we devised a surface plasmon resonance (SPR)
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approach for obtaining quantitative insight into the
stability of EAP domain/NSP complexes. We first
analyzed the EapH1/NSP interaction, since we had
pre-existing ITC data on this system to use as a
comparator. Since the NE protein lacks lysine resi-
dues, we oxidized its N-linked glycans with metaper-
iodate to generate NE-borne aldehyde groups,
derivatized these with a bifunctional amine (ethyle-
nediamine), and reduced the Schiff Base adduct
with cyanoborohydride to produce a stable primary
amine-containing NE, which was then successfully
immobilized on a biosensor surface. Subsequent
injections of an EapH1 dilution series over the NE
surface showed concentration-dependent binding,
which fit to a Kp value of 2.95 nM when analyzed
by single-site kinetic model [Fig. 2(A) and Table IJ.
An analogous dilution series of EapH2 injected over
the same surface likewise produced dose-dependent
binding, and fit to a Kp value of 24.7 nM when ana-
lyzed similarly [Fig. 2(B) and Table I]. The affinity
parameters we derived from kinetic fitting are in
good agreement with the Kp previously obtained for
EapH1/NE by ITC (Kp=25 nM).!? They are also
consistent with the experimentally observed Ki val-
ues for EapH1 (1.9 nM) and EapH2 (4.5 nM) in NE
activity assays.'? Importantly, the trend of EapH1
forming a higher-affinity complex with NE than
EapH2 was also reflected in these results.

Inhibition of Neutrophil Serine Proteases by EapH1 and EapH2



Table I. Surface Plasmon Resonance and Functional Assessment of EapH1, EapH?2, and Various Site-Directed
Mutants’ Interactions with Neutrophil Elastase and Cathepsin G

Analyte® Kp (M) ken M7's™Y)  errorken M7's™)  kop(s™h)  errorkep(s™)  x*  ICs (aM)P
EapH1 2.95 1.27%10° 1.60%10? 3.75%10 * 4.30¥10°° 2.210 5.7
EapH1° 0.191 3.67%10° 2.23%10° 6.44%10°° 1.51%¥10°7 0.212 n/a
EapH14 9.84 3.48*10* 2.89%10° 3.42%10°* 8.72¥10°6 0.108 n/a
EapH1A56-57 0.835 2.49%10° 3.59%10° 2.08%107* 6.93¥10 6 0.486 6.3
EapH1A59-61 1.65 5.55%10° 8.58%10° 9.17%¥10* 8.14%10 6 0.392 6.5
EapH1A56-61 6.75 9.99%10* 2.30%10° 6.74%¥10* 9.95%10 6 0.300 6.5
EapH1A89,94-95 14,200 6.09%10° 4.20%102 8.64%1072 5.70¥1073 0.207 >1,000
EapH1A119-128 43.3 6.80%10° 7.70%10° 2.95%10* 5.60%10 0.079 19
EapH2 24.7 6.03%10* 9.30%10! 1.49%10°2 3.90%10° 0.118 6.3
EapH2° 2.38 3.75%10° 3.27%10° 4.74%10°* 2.96%10°¢ 0.441 n/a
EapH2¢ 3.25 2.95%10° 7.52%10° 9.59%10 4 8.18%10°¢ 0.232 n/a
EapH2A56-61 0.643 5.66%10° 1.10%103 3.64%¥10°* 6.66%10 1.260 6.6
EapH2A89,94-95 4.97 2.16%10° 6.30%102 1.07%10°3 4.10¥10°6 0.043 6.4
EapH2A119-128 32,100 1.57%10% 1.90%10° 5.05%10 3 8.70%10® 0.006 >1,000

# Unless otherwise denoted, these values represent binding to immobilized Neutrophil Elastase (NE).
b Values correspond to inhibition of NE activity in a proteolytic assay.

¢ Values were obtained by single-cycle kinetic analysis.

4 These values represent binding to immobilized Cathepsin G (CG).

Since no direct binding data were available for
EAP domain interactions with other NSPs, we next
prepared a biosensor surface modified by random
amine-immobilized CG. Injections of an EapH1 dilu-
tion series over this surface yielded a series of sen-
sorgrams that fit to a Kp of 9.84 nM when analyzed
by a single-site kinetic model [Fig. 2(C) and Table I].
Injections of a corresponding dilution series of
EapH2 yielded sensorgrams that fit to a Kp of
3.25 nM [Fig. 2(D) and Table I]. Similarly to the
study of EapH1 and EapH2 binding to NE, these
observations are in agreement with the previously
determined Ki value of EapH1l in a CG activity
assay (4.2 nM).'2 The Ki of EapH2 for CG was not
confidently determined in that previous investiga-
tion due to a low signal-to-noise ratio of the specific
experimental series.

In addition to providing information on the
affinity of EapH1 and EapH2 for NE and CG, our
SPR studies also revealed important details regard-
ing the kinetics of EAP domain association/dissocia-
tion with these NSPs. Of particular interest were
the dissociation rates (ko) for these interactions
(Table I). We found that each of EAP domain/NSP
pair is characterized by a dissociation rate constant
on the order of ~10™* s !, which is indicative of a
long-lived complex. Dissociation rates in this range
can be difficult to measure accurately via traditional
kinetic analyses, however, because the change in
such sensorgrams during a typical SPR dissociation
phase (i.e., 3-5 min) is quite small with respect to
time. To investigate these interactions through an
independent approach, we measured the binding of
EapH1 and EapH2 to immobilized NE using single-
cycle kinetic methods. By following the dissociation
phase for a time period of 60 min, sufficient data
points were gathered to arrive at a more accurate
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determination of the dissociation rate constants for
these high-affinity interactions (Fig. S1 and Table I).
Replicate single-cycle injections of EapH1 over an
NE surface yielded a Kp of 0.191 nM, and a kg of
6.44 x 107° s~ A similar experimental series of
EapH2 over an NE surface yielded a Kp of 2.38 nM,
and a ko of 4.74 X 10 * s 1. Thus, in light of these
alternative determinations of the dissociation rate
constants, our data suggest that the Kp values for
both EapH1/NE and EapH2/NE may be up to one
order of magnitude higher in affinity than originally
suggested by ITC'2 or conventional SPR.

Site-directed mutagenesis identifies a critical
region for EapH1 function

Analysis of the EapH1/NE co-crystal structure pre-
dicted the involvement of two specific groups of
EapH1 residues in binding to NE'? (Fig. 1). To
directly investigate the importance of these residues,
we expressed a series of site-directed mutants in
EapH1, and characterized these proteins in terms of
their ability to bind NE and inhibit its proteolytic
activity. Since EapH1 residues Ile?®*-Arg®' account
for a majority of the buried surface area in the
EapH1/NE co-crystal, we constructed three mutants
wherein these positions were substituted for alanine:
EapH1A56-57 (as position 58 is an alanine already),
EapH1A59-61, and EapH1A56-61. CD spectra of
each mutant were essentially identical with that of
wild-type EapH1, and confirmed that there were no
global changes in protein folding as a result of the
mutagenesis procedure (Fig. S2). Surprisingly, we
found that none of these mutants displayed any sub-
stantial defect in NE binding, as judged by SPR
[Fig. 3(A—C) and Table I]. This lack of change in NE
binding properties was reflected in an NE activity
assay, which revealed that each of these mutants

PROTEIN SCIENCE ‘ VOL 27:603-522 313
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Figure 3. Residues Arg®®, Glu®, and Lys®® are required for EapH1 function. The contributions of residues found at the EapH1/
NE interface were probed by a combination of site-directed mutagenesis, NE-binding measurements, and functional assays.
Binding of EapH1 mutants EapH1A56-57 (A), EapH1A59-61 (B), EapH1A56-61 (C), and EapH1A89,94-95 (D) to an NE surface
was assessed by SPR. The reference subtracted sensorgrams are shown in black, while results of curve fitting to a Langmuir
binding model are shown in red. (E, F) The impact of site-directed mutations in EapH1 on NE activity was monitored by a fluo-
rometric activity assay. All data points were measured in duplicate, and error bars depict SD. A legend is inset.

had an ICsq practically indistinguishable from that
of wild-type EapH1 [Fig. 3(E) and Table I].

EapH1 positions Ala®-Gly®® are also found at
the NE interface (Fig. 1). Although we did not pursue
mutations in residues Ala®®-GIn®®, since they are
found in the long al-helix of the EAP domain and
changes here could potentially disrupt folding, we
noticed that several residues following this stretch
are also oriented toward the NE surface in the
EapH1/NE co-crystal. To probe this general region,
we constructed an additional mutant where positions
Arg®, Glu®%, and Lys®® were simultaneously mutated
to alanine (i.e., EapH1A89,94-95). After confirming
its structural integrity by CD (Fig. S2), we analyzed
the NE-binding properties of EapH1A89,94-95 by
SPR. Interestingly, the NE-binding activity of this
mutant was diminished by nearly 10*-fold (Kp=14.2
uM) when compared to wild-type EapH1 [Fig. 3(D)

514 PROTEINSCIENCE.ORG

and Table I]. Consistent with this observation, the
IC50 of EapH1A89,94-95 could not be accurately
determined, since the highest concentrations of pro-
tein included the NE activity assay resulted in only
~50% inhibition of proteolysis [Fig. 3(F) and Table IJ.
Together, these results indicate that the residues at
and following the C-terminus of the al-helix contrib-
ute to inhibition of NE by EapH1.

Evidence for an alternative NE-binding mode in
EapH2

Although all individual EAP domain proteins inhibit
multiple NSPs, only a single structure of an EAP-
inhibited NSP has been determined thus far (i.e.,
EapH1/NE).}2 This has raised questions as to
whether all EAP domains recognize NSPs simiarly,
or whether structural diversity exists within EAP-
inhibited NSPs. To begin addressing this issue, we

Inhibition of Neutrophil Serine Proteases by EapH1 and EapH2
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Figure 4. Residues Arg®®, Glu®, and Lys®® are not required
for EapH2 function. The contributions of EapH2 residues cor-
responding to positions required for EapH1 inhibition of NE
were probed by a combination of site-directed mutagenesis,
NE-binding measurements, and functional assays. Binding of
EapH2 mutants EapH2A56-61 (A) and EapH2A89,94-95 (B)
to an NE surface was assessed by SPR. The reference sub-
tracted sensorgrams are shown in black, while the results of
curve fitting to a Langmuir binding model are shown in red.
(C) The impact of site-directed mutations in EapH2 on NE
activity was monitored by a fluorometric activity assay. All
data points were measured in duplicate, and error bars
depict SD. A legend is inset.

constructed a panel of site-directed mutants in
EapH2 that altered residues corresponding to those
previously investigated for EapH1l. As with
EapH1A56-61, we found that EapH2A56-61 was
well-folded (Fig. S2), but displayed no defect in
either NE binding or inhibition of NE proteolytic
activity [Fig. 4(A,C) and Table I]. In contrast to
EapH1A89,94-95 however, the EapH2A89,94-95
mutant actually bound NE modestly better than
wild-type EapH2 (4.97 vs. 24.7 nM, respectively)
[Fig. 4(B) and Table I]. Since EapH2A89,94-95
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inhibited NE activity to an apparently identical
extent to the wild-type protein [Fig. 4(C) and Table
I], these results suggested that EapH2 might recog-
nize NE differently from EapH1.

Because there is no EapH2/NE co-crystal struc-
ture, we sought an alternative approach for gaining
physical insight into the nature of this complex. We
used the ClusPro server to generate plausible docking
models of NE bound to EapH1 or EapH2.'%1¢ The
highest scoring model of EapH1/NE correctly identi-
fied the Val®*~Tyr®? loop that contributes a majority
of the buried surface area in EapH1/NE co-crystal
structure, although the orientation of the EAP
domain in this model was flipped relative to the pro-
tease [Fig. 5(A)l. By contrast, the highest scored
model of EapH2/NE suggested that an altogether dif-
ferent region of EapH2 was involved in inhibiting NE
[Fig. 5(B)]. This region, which connects the B5 and
B6 strands, lies on the opposite side of the EAP
domain, and consists of residues Lys'°-Ile!?® in
EapH1 and Lys''°-Phe!?® in EapH2 [Fig. 1(B)].

To test whether this B5-f6 loop might contribute
to EapH2 function, we constructed a site-directed
mutant where the entire Lys''°-Ile!?® sequence had
been replaced with alanine (i.e., EapH2A119-128). A
CD spectrum of this mutant confirmed that no struc-
tural aberrations were induced by these changes (Fig.
S2). Injections of a dilution series of EapH2A119-128
over an NE surface revealed a >10%-fold decrease in
affinity (Kp=32.1 uM) when compared to wild-type
EapH2 [Fig. 5(C) and Table I]. Similarly, EapH2A119—
128 was greatly diminished in its ability to inhibit NE
activity [Fig. 5(E) and Table I]. In this case, an ICs,
value was not determined as only ~10% inhibition
was observed at the highest concentrations of
EapH2A119-128 tested.

To determine if the B5—B6 region has a similar
impact on EapH1 function, we expressed and puri-
fied the corresponding EapH1A119-128 poly-alanine
mutant. Again, the CD spectrum of EapH1A119-128
was in agreement that of wild-type EapH1 (Fig. S2).
Interestingly, injections of a dilution series of
EapH1A119-128 over an NE surface revealed a
slight change in its affinity for the protease when
compared to wild-type EapH1 (Kp=43.3 nM) [Fig.
5(D) and Table I]. The ICsq of this mutant in a func-
tional assay was measured at 19 nM, which com-
pares favorably to that of wild-type EapH1 (i.e.,
5.7 nM) [Fig. 5(F) and Table I]. When considered
together, these results indicate that EapH1 and
EapH2 recognize NE through different binding
modes, and rely on unique regions within their
structures to inhibit NE activity.

Sequence differences explain why EAP domains
fail to bind azurocidin

In addition to the NSPs, the azurophilic granules
of neutrophils contain significant quantities of
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Figure 5. Residues 119-128 are required for EapH2 but not EapH1 function. The ClusPro server was used to generate plausi-
ble models for the EapH2/NE complex. (A) The highest scored ClusPro model for EapH1/NE is shown with EapH1 in an indexed
color scheme (N-terminus in blue, C-terminus in red) and NE in the same orientation as Fig. 1A. Note that the loop correspond-
ing to EapH1 residues 56-61 is correctly identified as interfacing with NE in the ClusPro model, although the orientation of
EapH1 protein is flipped when compared to the EapH1/NE structure in Fig. 1A. (B) The highest scored ClusPro model for
EapH2/NE is shown with EapH2 in an indexed color scheme (N-terminus in blue, C-terminus in red) and NE in the same orien-
tation as Fig. 1A. Note that the loop from positions 119-128 is implicated in forming contacts with NE in this model. Binding of
mutants EapH2A119-128 (C) and EapH1A119-128 (D) to an NE surface was assessed by SPR. The reference subtracted sen-
sorgrams are shown in black, while the results of curve fitting to a Langmuir binding model are shown in red. The impact of the

EapH2A119-128 (E) and EapH1A119-128 (F) mutants on NE activity was monitored by a fluorometric activity assay. All data
points were measured in duplicate, and error bars depict SD. A legend is inset.

azurocidin (AZU). AZU adopts a chymotrypsin-like
fold,'” and sequence analysis reveals that AZU
shares a high level of identity with NE, CG, and
PR3. In contrast to NSPs, however, AZU lacks pro-
teolytic activity because alanines have replaced the
histidine and serine residues that are normally
found in the catalytic triad. Nevertheless, AZU has
been shown to elicit important immune and inflam-
matory activities. Among these are to directly kill
Gram-negative bacteria'®!® and to function as a che-
motactic signal for monocytes and macrophages.?°
Given these pro-inflammatory functions, it seemed
reasonable that S. aureus cells might gain a compet-
itive advantage within their host(s) by binding AZU
and blocking its action. In this regard, the high
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affinity of EapH1 and EapH2 for other NSP family
members (Fig. 2 and Table I) suggested that EapH1
or EapH2 might bind AZU.

We used both ITC and SPR approaches to test if
either EapH1 or EapH2 could bind to AZU purified
from human neutrophils. Surprisingly, neither assay
provided any evidence of an interaction between
these proteins (Data Not Shown). Given the signifi-
cant sequence homology between AZU and NSPs, we
sought a potential structural explanation for this
observation. We first superimposed the structure of
AZU (17) on that of NE as observed in the EapH1/
NE complex!? [Fig. 6(A,B)]. Consistent with the 46%
identity between AZU and NE across their serine
protease domains, 174 of the aligned Ca positions

Inhibition of Neutrophil Serine Proteases by EapH1 and EapH2



Figure 6. Sequence differences explain the failure of EapH1
and EapH2 to bind the NSP homolog, azurocidin. (A) Repre-
sentation of the EapH1/NE complex where EapH1 is drawn
as a teal ribbon and NE is shown as a grey molecular sur-
face. Residues of the NE catalytic triad are colored magenta
for the purposes of orientation. (B) Structural superposition of
NE and AZU, where NE is drawn a grey wire and AZU as a
purple wire. Note the extensive structural homology shared
by the chymotrypsin fold. (C) NE shown as a molecular sur-
face, where the EapH1 interfacing residues are colored in
orange. (D) NE shown as a molecular surface, where the resi-
dues that differ between NE and AZU are colored in purple.
(E) NE shown as a molecular surface where the residues that
differ between NE and AZU are colored purple, while those
residues that are the same and are found at the EapH1 inter-
face are colored orange. (F) An identical representation to
panel E, except that EapH1 is shown in cyan as it lies in the
EapH1/NE complex.

superimposed with a root—-mean-—square deviation
(RMSD) of only 0.558 A2 We then mapped the
known EapH1 binding surface on NE [Fig. 6(C)], the
sequence differences between NE and AZU [Fig.
6(D)], and combined these to identify the differences
between AZU and NE that impact the EapH1 bind-
ing surface [Fig. 6(E, F)]. Significantly, of the 36 NE
residues found at the EapH1 binding site, 20 of
these are changed in AZU. These changes modify
nearly 63% of the surface area at the EapH1 binding
site, and alter two residues of NE (Asn”™ and
Asn'®?) whose sidechains participate in hydrogen
bonds with EapH1. In light of this extensive alter-
ation at a known EAP domain binding site on an
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NSP, it seems reasonable that neither EapH1 nor
EapH2 can bind to AZU.

Discussion

In this study, we further analyzed the physical prop-
erties and sequence features that drive inhibition of
NSPs by staphylococcal EAP domain proteins. Given
that S. aureus strain Mub0 expresses six distinct
EAP domains (Fig. 1), and human neutrophils con-
tain four different NSPs, we chose to focus our
efforts here on a comparative analysis of EapH1 and
EapH2. Our initial experiments investigated the
affinity and kinetics of association/dissociation of
these two staphylococcal inhibitors for the canonical
NSP, NE, and its homolog, CG (Fig. 2 and Table I).
Using SPR approaches, we observed that both
EapH1 and EapH2 bind NE and CG with low to
sub-nanomolar affinities (Kp ~0.2-20 nM). This is
consistent with the potent inhibition by EAP
domains previously observed in NE- and CG-specific
proteolytic assays.'> Furthermore, each of these
complexes is characterized by a slow dissociation
rate in the range of 107%-107° s !, depending on
the experimental system used to derive the mea-
surement (Fig. 2 and Table I). It is interesting that
dissociation rates in a range similar to these have
been observed in both functional kinetic experiments
and SPR studies of other protease/inhibitor interac-
tions, most notably those of NSPs with the endoge-
nous protease inhibitor, elafin.?"?2 That being said,
it is equally important to note that while the dissoci-
ation rates of these complexes were low, they were
still measurable. This observation is in line with our
previous crystallographic analysis of EapH1/NE,'?
which indicated that NSPs are inhibited by EAP
domains in a non-covalent manner.

Work by others has shown that the genes encod-
ing Eap and EapH1 are induced following S. aureus
exposure to neutrophil granule components.!® This
suggests to us that the primary location for inhibi-
tion of NSPs by EAP domain proteins lies within the
neutrophil’s maturing phagolysosome. In this com-
partment, the concentrations of antimicrobial gran-
ule proteins are extremely high and have been
suggested to reach levels of ~1 mM for MPO.2525
This makes it likely that EAP domain proteins find
their NSP target almost immediately following
secretion, and inhibit these
almost irreversibly. Nevertheless, the high affinity of
EapH1 and EapH2 for their targets also raises the
possibility that these staphylococcal immune evasion
proteins can function extracellularly where the con-
centration of NSPs would be expected to be much
lower. In such scenarios, EapH1 and EapH2 could
act on NSPs associated with NETSs, or proteases that
have simply been released into the inflammatory
environment following neutrophil degranulation or

immune proteases
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death. Additional experiments might carefully exam-
ine and distinguish amongst these possibilities, per-
haps through the use of established mouse models of
infectious or inflammatory disease. In this regard,
our discovery that murine NSPs are also inhibited
by EAP domain proteins provides a solid starting
point for future investigations.!2

We used the EapH1/NE co-crystal structure as a
basis for examining the functional importance of res-
idues found at the EapH1/NE interface (Fig. 1).!2
Curiously, we observed that loss of the side chains
from Ile®® to Arg®' did not change the affinity of
EapH1 for NE, nor its ability to inhibit NE activity
(Fig. 3 and Table I). This result was unexpected, as
these six residues of EapH1 contribute a majority of
the buried surface area in the EapH1/NE complex.
They also form several side chain mediated hydro-
gen bonds with NE.'2 Consistent with this observa-
tion, however, we found that a linear synthetic
peptide corresponding to residues Gly®*-Tyr®3 of
EapH1 could only inhibit NE at concentrations some
10%-fold greater than needed for EapH1 (Data Not
Shown). This suggests that merely having a
sequence that can associate with NE is not enough
to bind NE and inhibit its activity. Instead, it seems
likely that such a sequence must be presented to the
protease in the appropriate structural context.

In contrast to residues Ile®*—Arg®, we found
that loss of Arg®®, Glu®%, and Lys®® had a dramatic
impact on EapH1 function (Fig. 3 and Table I). The
physical basis for this observation is not immedi-
ately obvious from the EapH1/NE structure, how-
ever. Sequence alignment of EAP domains from S.
aureus strain Mu50 reveals that Arg® is invariant
among in these proteins, while Glu®* and Lys® are
shared between EapH1 and EapH2 (Fig. 1). Remark-
ably, loss of these sidechains in EapH2 had no effect
on the ability of this protein to bind and inhibit NE
(Fig. 4 and Table I). The paradoxical nature of this
result prompted us to model the structure of EapH2
bound to NE (Fig. 5). Interestingly, this model sug-
gested that an altogether different region of EapH2
could be responsible for binding to NE. Indeed, loss
of the EapH2 side chains from Lys!''® to Phe'?® abro-
gated EapH2 function, while loss of corresponding
side chains in EapH1 had no effect (Fig. 5 and Table
I). Based upon the results of these mutagenesis
experiments, we conclude that EapH1 and EapH2
must form structurally distinct complexes with NE,
and presumably other NSPs as well. This outcome
was unexpected, given that EapH1 and EapH2 have
similar functions and share ~50% identity.

Even though our mutagenesis data confirmed
the importance of residues Lys'!-Phe!?® in EapH2
function, the accuracy of the structural model that
led us to test the involvement of this region remains
uncertain. As an independent test of the method
used, we also constructed a model of EapH1/NE
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(Fig. 5). Comparison of this model with the EapH1/
NE structure determined by X-ray crystallography'2
indicated that the computational approach correctly
identified the NE-binding site of EapH1, albeit in an
incorrect orientation. Whether a similar limitation
exists in our EapH2/NE model is difficult to know,
mostly since the results of the Lys''®-Phe'2® muta-
tional analysis would not be expected to change
much if this were true. Nevertheless, there is prece-
dent for this specific B5—p6 loop region of B-grasp
proteins (a superfamily to which EAP domains
belong) being a critical binding determinant. Specifi-
cally, a crystal structure of the staphylococcal B-grasp
superantigen SEC2 bound to a T-cell receptor 3-chain
shows extensive interactions made by the SEC2 p5—
B6 loop.'*?® These data, along with the mutagenesis
and functional data presented herein demonstrate
that EAP domains are capable of structurally diver-
gent modes of ligand recognition. Further structure/
function analyses of EAP domains’ complexes with
NSPs, and other known ligands such as complement
component C4b,2”2® should only serve to broaden our
understanding of the many interactions formed by
this diverse family of immune evasion proteins.

Aside from identifying distinct modes of NSP
binding between EapH1 and EapH2, our current
studies have also expanded upon the concept that
EAP domains can discriminate between a number of
closely related binding partners. Whereas previous
studies across a cohort of six chymotrypsins found in
human blood had suggested that EAP domain pro-
teins are selective for NSPs, we found here that nei-
ther EapH1 nor EapH2 bind to AZU. Although these
observations can ultimately be rationalized on the
basis of sequence/structure relationships (Fig. 6), the
results themselves are still intriguing when consid-
ered in their biological context. In this regard, the
failure of EapH1 and EapH2 to recognize AZU—
which is not only a structural homolog of the NSPs,
but also resident in the very same subcellular gran-
ules of neutrophils—is noteworthy. Despite the fact
that AZU is associated with diverse antibacterial
inflammatory functions,'®2°
reported to serve as a specific opsonin for S.
aureus,?® the structural basis for these various activ-
ities and how/whether this relates to AZUs NSP-like
fold remains poorly understood. Thus, while EAP
domain proteins initially appeared to be obvious can-
didates as AZU-targeted evasion molecules, our
results here suggest that any AZU inhibitor from S.
aureus (assuming one exists) is most likely not a
member of the EAP domain family.

Detailed knowledge of the minimally inhibitory
EAP sequence/structure is required to develop clini-
cal NSP inhibitors based on the non-covalent EAP/
NSP interaction. Moreover, to avoid the potential of
undesirable side effects, a full understanding of the
proteases that can be inhibited by EAP domains is

and and has been
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essential. Because neutrophils’ azurophilic granules
also contain a fourth NSP, termed PRSS57%° or
NSP-4,2! in addition to the more well-studied NE,
CG, and PR3, we tested whether any EAP domain
proteins might be able to inhibit NSP-4. Curiously,
while neither EapH1 nor EapH2 inhibited NSP-4,
we observed that full-length Eap appeared to be a
rather potent inhibitor NSP-4 activity (Fig. S3).
Although this experiment did not investigate the
NSP-4-inhibitory capacity of the individual repeats
of Eap, we believe it is consistent with our studies
here on AZU (Fig. 6) because it suggests that bona
fide target selectivity for various NSPs and NSP-like
proteins exists on the part of S. aureus EAP
domains. Additional structure/function analyses will
clearly be needed to explain why certain EAP
repeats are able to bind and inhibit NSP-4 whereas
others cannot.

Classification of immune proteases is typically
made based on the cell type in which they are pri-
marily expressed (e.g., neutrophils vs. mast cells),
yet the proteases themselves are very similar in
terms of both their primary and tertiary structures.
To determine if the selectivity of EAP domains
might extend beyond NSPs, we examined the phy-
logeny of all human members of the MEROPS S1A
class of chymotrypsin-like immune proteases (Fig.
S3).32 Those proteases most closely related to the
NSPs included cytotoxic lymphocyte granzymes A,
B, K, H, and M, along with chymase (MCC), which
is most typically associated with the granules of
mast cells. Intriguingly, we found that both EapH1
and EapH2 inhibit MCC (Fig. S3). While this result
was unexpected, our observation that S. aureus
secretes several high-affinity inhibitors of MCC sug-
gests a potentially important contribution of mast
cells in the innate immune response against S.
aureus infection. Indeed, roles in both phagocytic>*
and non-phagocytic killing of bacteria by mast cells
have been described.?>3¢ In the future, additional
work may provide the proper biological context for
understanding MCC inhibition by staphylococcal
EAP domain proteins and its impact on bacterial vir-
ulence and survival within the host.

Materials and Methods

Human proteases and proteins

Natively expressed NE (Elastin Products Corp.
#SE563) and CG (Elastin Products Corp. #SG623)
were isolated from purulent human sputum using
chromatographic methods. Chymase isolated from
human mast cells was obtained from Sigma-Aldrich
(#C9612). NSP-4 was a kind gift from Prof. Dieter
Jenne (Helmholtz Zentrum Miinchen). Azurocidin
isolated from human neutrophils was obtained from
Athens Research & Technology (#16-14-012621).
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Chemical modification of Asn-linked glycans to
amine-bearing derivatives was used to facilitate
immobilization of NE on biosensor surfaces. A solu-
tion of NE (0.1 mg/mL) was first prepared in oxida-
tion buffer [0.1 M sodium acetate (pH 5.5)]. Sodium
metaperiodate was then added to a final concentra-
tion of 10 mM, followed by a 30 min incubation at
RT. Excess oxidant was removed by dialysis against
PBS (pH 7.4) overnight at 4°C. Reductive amination
was carried out by incubating the oxidized NE with
500 uM ethylenediamine (Sigma) and 50 mM sodium
cyanoborohydride (Sigma) at RT for 6 h. The reac-
tion was quenched with 100 mM ethanolamine for
30 mins at RT, prior to exchanging the amine-
bearing NE into PBS (pH 7.4) for downstream use.

Construction of EapH1 and EapH2 mutants
Mutations were introduced into expression vectors
for wild-type EapH1 and EapH2 through a sequence
of three PCR reactions. First, one reaction was
started with a forward primer on the vector and the
reverse primer encoding the mutations in its 3'-
overhang. The second reaction was started with a
forward primer encoding the mutations in its 5'-
overhang and a reverse primer on the vector. Both
reaction products were used as starting material in
the third step with the non-mutagenic forward and
reverse primers to obtain the final DNA product.
Following a restriction digest with Sall and Notl,
the mutated DNA was subcloned into the prokary-
otic expression vector, pT7THMT.3” The presence of
desired mutations was confirmed by standard DNA
sequencing methods.

Protein expression and purification

EapH1, EapH2, and various site-directed mutants
thereof were expressed in E. coli strain BL21(DE3)
according to the methods described in previous
publications. 437

Circular dichroism analyses

Spectropolarimetry was used to assess the secondary
structure content of EapH1, EapH2, and various
mutants. Samples were dissolved in 20 mM HEPES
(pH 7.4), 140 mM NaCl at a concentration of 1 mg/
mL (~100 pM). A buffer control was also collected.
Spectra were collected across a 190-260 nm range,
! using 0.5 nm pitch, 1 s response
time, and a bandwidth of 1 nm. All data were col-
lected on a Jasco J-815 instrument using a cylindri-
cal small volume quartz cuvette (1 mm path length)
(Starna Cells, Inc., Atascadero, CA). CD signals at
wavelengths below 200 nm should be considered
unreliable, as the instrument was not equipped with
the hardware necessary to evacuate the sample
chamber.

at 50 nm min—
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Surface plasmon resonance

SPR measurements were collected using either a
Biacore 3000 or T-200 instrument at 25°C. Experi-
ments were carried out with a flow rate of 20 pL/
min in a mobile phase of HBS-T (20 mM HEPES
(7.4), 140 mM NacCl, 0.005% (v/v) Tween-20). Amine-
bearing NE and Cathepsin G were immobilized to
~600 RU via standard NHS/EDC coupling to either
CM-5 (GE Healthcare) or CMD-200M sensor chips
(Xantec Bioanalytics, GmbH). A reference surface
was generated by activation and ethanolamine
quenching of a separate flow cell.

For conventional kinetic dose/response studies,
a dilution series of EapH1, EapH2, and various
mutants was injected across the NE experimental
and control surface for 2 min, followed by a 4 min
dissociation phase. Regeneration of the NE surface
was achieved with a single, 30 s injection of 7.5 mM
glycine (pH 2.2), 1.5 M NaCl.

Regeneration of the CG surface could not be
achieved without loss of its activity. As a conse-
quence, experimental injections over the CG flow
cell were done using a single-cycle method. EapH1
and EapH2 concentrations ranging from 1.95 to
500 nM were injected over both the CG and control
surfaces for 2 min, followed by a 6 min dissociation
phase. This was immediately followed by the next
injection at a higher analyte concentration until the
entire series was complete. A similar approach was
used to investigate the dissociation rate of the NE
complexes of both EapH1l and EapH2, with the
exception that each injection phase was for 2 min
and the final dissociation phase was for 60 min.

Kinetic analysis of each reference subtracted
injection series was performed using BIAEvaluation
software (GE Healthcare). All sensorgram series
were fit to a 1:1 (Langmuir) binding model and a
local value for R, .

Protease activity assays

NE activity was measured in a total volume of 100
ul using a reaction buffer of PBS (pH 7.4) with
0.05% (v/v) Igepal-CA-630 (Sigma) to promote solu-
bility of the reaction components. The final composi-
tion of each reaction was 5 nM NE (Elastin Products
Corp.), 50 uM AAPV-AMC substrate (Sigma), and
various concentrations of EAP domain proteins as
inhibitors, or a structurally related, negative control
protein, CHIPs.?® NE was incubated for 15 min at
room temperature with various inhibitors across a
concentration series prior to addition of AAPV-AMC.
Residual proteolytic activity was measured at 37°C
using a Fluostar Omega microplate reader. Only
those data points reflecting linear substrate conver-
sion were used to determine relative protease activ-
ity. IC5o values were obtained by fitting the data to
a sigmoidal curve without constraints.
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CG activity was measured in a similar manner
to NE, except that the final concentration of prote-
ase in each reaction was 15 nM and the substrate
AAPF-AMC (Genecust, Luxembourg) was included
at 500 pM.!'? Chymase activity assays contained
6.3 nM protease and 500 uM substrate AAPF-AMC.

NSP-4 activity was assessed in a volume of 100
pL, with 10 nM protease and 5 pM substrate [Mca-
GIKPRSRP-Lys(Dnp)-rr (r=D-Arg)]l. The assay
buffer was either tris-buffered saline (20 mM tris
(pH 7.5), 150 mM NaCl) or PBS (pH 7.5), supple-
mented with 0.05% (v/v) Igepal-CA-630 (Sigma).
Fluorescence was measured in a FluoStar Omega
microplate reader with excitation at 320 nm and
emission at 420 nm.

Structural modeling & analyses

The ClusPro server was used to generate a struc-
tural model for the EapH2/NE complex.'® An analo-
gous model of EapH1/NE was constructed as a
benchmark, and compared to the EapH1/NE co-
crystal structure (PDB code 4NZL)'? as a means to
gauge the accuracy of the computational approach.
Briefly, the structures of EapH1 (PDB code 1YN4!%),
EapH2 (PDB code 1YN5'%), and NE (PDB code
1HNE??) were used as the inputs without experi-
mentally derived restraints on modeling calcula-
tions. The highest scored model was selected in each
case for further analysis.

Calculation of buried surface areas and identifi-
cation of hydrogen bonds were performed by the EBI-
PISA web server (http://www.ebi.ac.uk/msd-srv/prot_
int/). All structural superpositions and figure render-
ings were carried out using PyMol (Schrodinger).

Phylogenetic tree

Human serine proteases from the S1A clade were
selected from the MEROPS database.®® Protein
sequences were aligned using Clustal Omega. The
boundaries of the serine protease domain were taken
from the sequence of NE, and spanned from Ile®° to
the C terminus. The phylogenetic tree of serine pro-
teases was built using these protease domain
sequences in Clustal Omega and visualized using
EvolView.*°
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