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ABSTRACT: Members of the CA class of cysteine proteases have multifaceted roles in
physiology and virulence for many bacteria. Streptococcal pyrogenic exotoxin B (SpeB) is
secreted by Streptococcus pyogenes and implicated in the pathogenesis of the bacterium through
degradation of key human immune effector proteins. Here, we developed and characterized a
clickable inhibitor, 2S-alkyne, based on X-ray crystallographic analysis and structure−activity
relationships. Our SpeB probe showed irreversible enzyme inhibition in biochemical assays and
labeled endogenous SpeB in cultured S. pyogenes supernatants. Importantly, application of 2S-
alkyne decreased S. pyogenes survival in the presence of human neutrophils and supports the
role of SpeB-mediated proteolysis as a mechanism to limit complement-mediated host defense.
We posit that our SpeB inhibitor will be a useful chemical tool to regulate, label, and quantitate
secreted cysteine proteases with SpeB-like activity in complex biological samples and a lead
candidate for new therapeutics designed to sensitize S. pyogenes to host immune clearance.

Streptococcus pyogenes is a human-specific Gram-positive
bacterial pathogen that expresses several virulence factors
that counteract key aspects of the innate and adaptive immune
response.1,2 Streptococcal pyrogenic exotoxin B (SpeB), a
cysteine protease secreted by the majority of S. pyogenes strains,
has been implicated in different aspects of disease pathogenesis
since its discovery nearly 60 years ago.3−5 The MEROPS
Protease Database6 categorizes SpeB as a C10 protease
belonging to the papain-like clan CA. Although sequence
similarity between SpeB and papain is only ∼20%, the three-
dimensional organization of the SpeB catalytic residues
(Cys192, His340, and Asn356) superimpose with those of
papain (Cys25, His159, and Asn175). Additional highly
homologous amino acids shared between the two proteases
near their active sites are involved in substrate recognition.4,7,8

S. pyogenes causes approximately 700 million cases of
pharyngitis annually and can spread systemically to cause
severe invasive diseases including sepsis, necrotizing fasciitis,
and streptococcal toxic shock syndrome (STSS). Including its
role as the immunological trigger of rheumatic heart disease, S.
pyogenes is responsible for approximately 500 000 deaths each
year worldwide.9,10 S. pyogenes interacts with host pharyngeal
epithelial cells or keratinocytes through extracellular matrix
binding proteins, adhesins, and invasins to establish an
infection. Subsequently, the capacity of the pathogen to
produce deep seated invasive infections reflects S. pyogenes
resistance to key serum and phagocyte clearance mechanisms
which normally sterilize the bloodstream.11−15

Complement-mediated killing is a critical aspect of the
innate immune system, functioning as an early response to

bacterial infection. Following initial activation of the comple-
ment cascade, bacterial cell membranes are opsonized by
complement proteins C4b, C3b, and C5b, which can enhance
receptor-mediated phagocytosis by neutrophils and macro-
phages. C5b also forms the membrane attack complex (MAC)
with C6−9, directly lysing Gram-negative but not the
thickened cell wall of Gram-positive bacteria, including S.
pyogenes. Convertase formation through interactions between
C4b/C2a, C3b/Factor Bb, and C3b/C4b/C2a release power-
ful anaphylotoxins, C3a and C5a, through the cleavage of C3
and C5. Release of these chemoattractants recruit neutrophils
and other inflammatory cells to the site of infection.
Interestingly, histopathological studies in human patients
have often shown a surprising paucity of neutrophils at
infection sites during the early stages of necrotizing fasciitis
and STSS.16,17 In addition to the production of a C5a
peptidase by S. pyogenes,18 sera from invasive disease patients
displayed rapid degradation of complement components C3
and C3b, confirming the production of one or more C3-
degrading proteases.19 Wild-type (WT) S. pyogenes strains and
recombinant SpeB protease (rSpeB) rapidly degrade C3b.
Accordingly, due to a decrease in neutrophil recruitment and

phagocytosis, the WT Group A Streptococcus (GAS) has
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enhanced survival in human blood and murine models of
infection when compared to an isogenic ΔspeB mutant
strain.19,20 Thus, SpeB represents a potential virulence factor
target, and inhibition could enhance complement-mediated
host defense functions during S. pyogenes infection.
We previously reported the identification of a reversible

small-molecule SpeB inhibitor 2477 from a high-throughput
(HTS) screen against ∼16 000 commercially available
compounds in the Maybridge Hitfinder library (Figure
1A).21 Efforts to optimize 2477 derivatives for improved
SpeB affinity primarily focused on additions or modifications
to the phenyl ring; however, no significant improvements were
identified.21,22 We determined the high-resolution crystal
structure of SpeB in complex with 2477, and the structure
identified regions of the active site that we could exploit for
molecules with improved potency, including expansion from
the 2-position of 2477. Here, we present the design and

development of a SpeB-targeted clickable inhibitor based on
compound 2477. We tested the utility of the compound to
assist in understanding the role of SpeB in S. pyogenes
complement and phagocyte resistance and anticipate that the
probe can be employed in the identification of other CA clan
proteases with SpeB-like specificity and may serve as a lead
candidate for a group A streptococcus therapeutic.

■ RESULTS AND DISCUSSION

SpeB Inhibitor SAR. Our initial SpeB inhibitor 2477 had a
modest IC50 value of ∼14 μM. As recently reported, initial
structure−activity relationship (SAR) studies showed that
addition of an (S)-phenylethyl group onto the 2-position (1S)
improved the potency to 1.8 ± 0.2 μM (Figures 1B and 1C).22

Surprisingly, the enantiomer 1R remained inactive up to 80
μM (Figures 1B, 1C, and Table 1). Evaluation of the
SpeB:2477 X-ray crystal structure suggested a potential steric
clash with active site residues S282 and S280 when the phenyl
ring is in the R conformation. In addition to this clash, we
identified probable disruptions of key hydrogen bonds between
the carbamate oxygen of 2477 with S282 and an active site
water molecule positioned by the SpeB oxyanion hole.
Despite the lack of sequence identity, SpeB has a papain fold

and is posited to be a distant homologue of the papain
superfamily that includes members of the mammalian
cathepsin family B, K, L, and S.23 Potency against the
structurally similar cysteine protease papaya proteinase I
(papain), as well as an unrelated human cysteine protease
caspase-3, showed that 1S has a >20-fold selectivity for SpeB
over the other two proteases (Table 1, Figure S1). We
additionally assessed the ability of 1S to inhibit a serine
protease, as the molecule contains a core carbamate group
commonly used for the inhibition of serine proteases.24,25

Similar to papain and caspase-3, human neutrophil elastase
(hNE) was also resistant to 1S inhibition and resulted in >20-
fold selectivity for SpeB at the highest concentration tested (40
μM) (Table 1, Figure S1). As IC50 values are biased to
substrate concentration, we also determined the Ki of 1S.
Varying the substrate concentration and plotting 1/v against
the concentration of inhibitor, we determined the Ki of 1S to
be 1.1 ± 0.1 μM (Table 1, Figure S2).

Development of SpeB-Directed Covalent Inhibitors.
Our X-ray crystal structure of SpeB bound with 247721 showed
that the compound is a competitive inhibitor, and previous
SAR studies demonstrated that inclusion of a nitro group at the
meta position on the (S)-phenylethyl improved the IC50
approximately nine-fold over the parent reversible compound
1S.22 As such, all second-generation compounds included the
3-nitro S-phenylethyl. The nitrile moiety, located within

Figure 1. Development, SAR, and characterization of SpeB inhibitors.
(A) Original hit molecule 2477. (B) Structure of initial SAR
compounds 1S and 1R. (C) Dose−response curves of each
compound against recombinant SpeB as measured by hydrolysis of
Ac-AIK-AMC fluorescent substrate (1S, red circle; 1R, blue square;
2S, purple diamond; 2S-alkyne, green triangle). Each compound was
assessed over a two-fold logarithmic dilution series. IC50 values are
shown in mean ± SD (n ≥ 3). (D) Structure of the covalent inhibitor
2S and alkyne-based clickable probe 2S-alkyne.

Table 1. Specificity and Inhibition Constants of SpeB Inhibitors

rSpeBb papainc caspase-3d hNEe

compound IC50 (μM)a kinact (× 10−3s−1) Ki (μM) kinact/Ki (s
−1 M−1) IC50 (μM)a selectivityf

IC50
(μM)a selectivityf

IC50
(μM)a selectivityf

1S 1.8 ± 0.2 N.D. 1.1 ± 0.1 N.D. >40 >22 >40 >22 >40 >22
1R >40 N.D. N.D. N.D. >40 N.D. >40 N.D. >40 N.D.
2S 1.9 ± 0.02 4.1 ± 0.4 5.7 ± 1.2 719 32.8 ± 13 >17 >40 >21 >40 >21
2S-alkyne 1.4 ± 0.1 3.5 ± 0.5 4.5 ± 1.3 778 14.9 ± 1.1 >11 >40 >29 >40 >29

aIC50 values were determined using a fluorescence assay against enzymatic substrate hydrolysis. b[rSpeB] = 20 nM; c[papain] = 20 nM; d[caspase-
3] = 2 nM; e[hNE] = 5 nM. Sel. fSelectivity is defined by the ratio of IC50 (SpeB) over IC50 (papain/caspase-3/hNE). Reported IC50 values are the
average of triplicates with at least two datum points above and at least two below the IC50.
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hydrogen-bonding distance to the catalytic cysteine (C192),
was replaced with covalent-modifying groups chloromethyl
ketone (2S-CMK) or diazomethylketone (2S) to yield
analogues capable of covalent SpeB inhibition (Figures 1D
and S3).
We assessed the ability of 2S-CMK and 2S to covalently

inhibit SpeB under in vitro conditions. Recombinant SpeB,
consisting of residues 146−398 and a C-terminal His6-tag, was
incubated at 2 μM for 30 min at RT in the presence of 2S-
CMK or 2S at concentrations 10-fold higher than their
calculated IC50 values of 6.7 and 1.9 μM, respectively. The
incubations were diluted 100-fold into an activity assay buffer
consisting of PBS, pH 7.4, 0.1 mM EDTA, 10 mM DTT, and
0.1% CHAPS, and hydrolysis of the fluorogenic substrate Ac-
AIK-aminomethyl coumarin (AMC) was measured.21 We
observed a return of hydrolytic activity in a dose-dependent
manner in the presence of 2S-CMK, suggesting that the
molecule labels SpeB reversibly. Conversely, no change in
SpeB activity was measurable in the presence of 2S, confirming
a covalent modification of the enzyme that is stable over time
(Figure S3). We posit that the lack of an active site Asp residue
eliminates the ability of H340 in the SpeB catalytic diad (i.e.,
C192, H340) to attack the halogenated carbon and displace
the chlorine in 2S-CMK, as typically observed for Cys
proteases with catalytic triads. Based on these results, we
continued with the characterization of 2S.
While no improvement with respect to the affinity of 2S for

SpeB was observed (IC50 = 1.9 ± 0.02 μM) in comparison to
1S, the covalent feature of the molecule reduced SpeB
specificity with respect to papain from >22 to 17-fold (Figures
1D and S1, Table 1). For efficient covalent bond formation, a
high potency of the initial reversible binding event (Ki) and
maximum potential rate of inactivation (kinact) are desired. To
this end, we employed a method recently reported by Kuzmic ̌
et al. to determine Ki and kinact of 2S.

26 Using eqs 1 and 2 (see
Experimental Section), we calculated the kinact = 4.1 (×
10−3s−1) and kinact/Ki = 719 (s−1 M−1) for compound 2S
(Table 1, Figure S4).
Crystal Structure of SpeB in Complex with 2S. We

determined the X-ray crystal structure of SpeB in complex with
2S to elucidate the covalent mechanism of inhibition.
Recombinant SpeB was incubated with a 2-fold molar excess
of 2S for 2 h at 25 °C in PBS, pH 7.0 and 1 mM DTT prior to
mixing with an equal volume of 0.2 M sodium nitrate, pH 5.5
and 33% (w/v) PEG 3350. The 2S-bound SpeB structure is
conserved with our previous apo and complex structures with
crystallization in orthorhombic space group P22121, an ordered
leucine residue from the C-terminal His6-tag (LEH6), 350
water molecules, and bound nitrate molecules from the
crystallization buffer. The 2477-bound SpeB structure (PDB
ID 4RKX)21 served as the initial search model for molecular
replacement, and the naiv̈e f 0-fc electron density map exhibited
unambiguous density for 2S located within the SpeB active site
and covalently linked to C192 (Figure S5). The final Rcryst and
Rfree for the SpeB and 2S cocomplex crystal structure were
15.3% and 18.9%, respectively (Table S1). 2S was refined with
100% occupancy and has B-values similar to adjacent SpeB
active site residues. The overall conformation of SpeB with 2S
is nearly identical to SpeB in complex with 2477,21 as is
evidenced by an RMSD of 0.10 Å for all Cα atoms with a
maximum deviation of 0.37 Å.
The 2S carbamate oxygen is oriented within the SpeB

oxyanion hole created by the main-chain nitrogen atoms of

residues C192 and V193 (Figure 2). Importantly, the
interaction with the oxyanion hole is achieved via a highly
coordinated water molecule positioned by C192 and V193.
The 2S carbamate oxygen is further stabilized by the main-
chain nitrogen of S282, as observed for the orientation of
2477. The main-chain oxygen atom of residue G339 acts as a
hydrogen-bond acceptor to the carbamate nitrogen of 2S. The
2S ketone oxygen is also highly coordinated by hydrogen
bonds with C192 main-chain nitrogen and via a water-
mediated interaction with the side chain of Q162 and the
main-chain carbamate nitrogen of S280 (Figure 2). Both the
carboxybenzyl and nitro-phenyl moieties of 2S are nestled into
regions primarily consisting of small aliphatic side chains. Our
SpeB:2S cocomplex structure shows that the 2S phenylethyl
group extends out of the active site pocket and confirms why
an R-enantiomer (e.g., 1R) would result in steric clashes with
the protease active site.

Development and Characterization of a Clickable
SpeB Probe. With the stable covalent characteristics and X-
ray structure in hand, we further modified 2S to generate a
clickable inhibitor. Based on our previous SAR and X-ray
structure, we posited that the meta position of the carbamate
phenyl ring would be an ideal location to append an alkyl
group without compromising SpeB affinity. We converted 2S
into a clickable probe, 2S-alkyne (Figure 1D) and the addition
of an alkyne modestly improved the IC50 from 1.9 μM to 1.4
μM as well as yielded Ki = 4.5 μM, kinact = 3.5 (× 10−3s−1), and
kinact/Ki = 778 (s−1 M−1) (Figures 1C, 3 and Table 1). The
stable covalent interaction between 2S-alkyne and SpeB was
confirmed with the dilution assay (as described for 2S), and no
observable SpeB activity occurred upon dilution and addition
of the substrate (Figure S3). The specificity of 2S-alkyne for
SpeB over papain decreased from 17-fold to 11-fold with the
addition of the alkyne (Table 1, Figure S1).
The ability of 2S-alkyne to label SpeB from S. pyogenes

bacterial cultures was assessed. WT and ΔspeB S. pyogenes
cultures were grown overnight, bacterial cells pelleted, and the
supernatants concentrated to ensure sufficient protein levels
for visualization by SDS-PAGE. The concentrated S. pyogenes
supernatant was incubated with 2S-alkyne and followed by
addition of an azide-containing fluorescent dye and the
necessary azide−alkyne click chemistry materials, as described

Figure 2. Crystal structure of SpeB in complex with 2S. SpeB active
site residues (green carbon) within hydrogen-bonding distance of 2S
(yellow carbon) are shown with dashed gray lines (red, oxygen; blue,
nitrogen; yellow, sulfur). Waters are represented as red spheres.
Continuous electron density is observed between the catalytic residue
C192 and 2S.
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in the Experimental Section. The WT supernatant was resolved
by SDS-PAGE (Figure 4A, top) with 2S-alkyne probe labeling
visualized by fluorescence of the azide-fluorophore. 2S-alkyne
clearly labeled S. pyogenes-produced SpeB, while the super-
natant from ΔspeB and DMSO-only treated samples showed
no background labeling (Figure 4A, bottom).
SpeB has a relatively conserved active site architecture

compared to other CA clan proteases with papain-like folds,
and 2S-alkyne inhibits papain with an IC50 value sufficient for

in vitro labeling (Table 1). To this end, we evaluated the ability
of 2S-alkyne to label papain (Figure S6). Active papain was
treated with 2S-alkyne as described for labeling of S. pyogenes-
produced SpeB, and the fluorescence image confirmed
susceptibility to the probe after click conjugation of the azide
fluorophore (Figure S6). While the probe did not label papain
as robustly as rSpeB, these results suggest that 2S-alkyne could
be employed to label and/or inhibit SpeB and similar CA clan
proteases in biologically relevant assays. We believe that 2S-
alkyne will be useful in the identification of CA clan proteases
with similar substrate specificity to SpeB (i.e., papain, etc.).
We next determined the gel-based detection limits of rSpeB

in the presence of a complex microbial mixture. Briefly, 10 μg
of a whole-cell bacterial lysate, generated from an overnight
anaerobic culture of murine fecal bacteria, was spiked with
various concentrations of rSpeB (2 to 0.06 μg) (Figure 4B,
top). The samples were subjected to 2S-alkyne labeling,
addition of an azide-containing fluorophore, and in-gel
fluorescence imaging. Of note, rSpeB self-degrades when
incubated with click reagents alone (e.g., absence of 2S-alkyne,
Figure 4B, lane 2), while addition of the probe stabilized the
active state of the protease (Figure 4B, top). Recombinant
SpeB is readily detected at 60 ng with in-gel fluorescence, and
no background promiscuous labeling is observed. Of note, the
bacterial lysates were generated from PBS-suspended cells via
sonication and centrifugation to remove cellular debris. CA
proteases are generally secreted and/or adhered to bacterial
membranes; therefore, our microbial lysates likely contain
trace amounts from this protease clan.

SpeB Inhibitors Restore Human Complement Activity
and Opsonphagocytic Killing of S. pyogenes. Comple-
ment-mediated killing is a key mechanism of the innate
immune response. Activation of the complement cascade and
recognition of bacteria through opsonization of the cell
membrane by C4b and C3b serve as a crucial step coordinating
further immune responses. Release of the chemoattractant
anaphylotoxins (C3a and C5a) following the formation of the
C3/C5-convertases recruits multiple immune regulators,
including (but not limited to) neutrophils, phagocytes, mast
cells, and macrophages.27−29

Although SpeB exerts a multifaceted attack on several innate
immune response effectors, two of its primary targets of
degradation are C3b and properdin, each a key component of
the alternative pathway of the complement.19,20,30,31 Focusing
on the complement-mediated immune response, we cultured S.
pyogenes in the presence and absence of 1S, 1R, and 2S-alkyne
to gain an insight into the potential pharmacological activity of
our SpeB inhibitors.
Effects of SpeB inhibition on S. pyogenes complement

degradation were tested using well-established hemolysis
assays that quantify the ability of normal human serum
(NHS) complement activity to lyse 50% of rabbit eryth-
rocytes.32,33 In the presence of 15% NHS (that sufficiently
lyses erythrocytes), 5 μM rSpeB reduced NHS hemolysis to
∼4% of the control. Co-incubation of 5 μM rSpeB with 20 μM
1S, 1R (negative control), or 2S-alkyne demonstrated that the
NHS hemolytic activity was significantly restored by 2S-alkyne
(p-value < 0.0001, Figures 5A and S7). Of note, 1S restored
activity to ∼30% despite being a reversible inhibitor, and 1R
(inactive control) was incapable of restoring hemolytic activity
(Figure 5A).
We next determined the specific mechanism by which the

SpeB inhibitors restore alternative pathway complement

Figure 3. Dose−response curves (top) and kobs (bottom) of SpeB
inhibition by 2S-alkyne for kinact and Ki determination. Increasing
concentrations of 2S-alkyne were assessed against rSpeB with a
constant Ac-AIK-AMC substrate concentration of 200 μM. Ki/kinact
values were determined using a previously described model.26

Figure 4. (A) Compound 2S-alkyne labels SpeB from cultured S.
pyogenes. Coomassie stain (above) and compound-labeled fluorescent
(bottom) imaging. Incubation was followed by addition of AFDye
647 Azide with azide−alkyne click chemistry components (bottom
image). WT bacterial supernatant showed specific and efficient
labeling of SpeB, while the ΔspeB strain showed no background
labeling. (B) Recombinant SpeB (2 to 0.06 μg per lane) was labeled
with 2S-alkyne in the presence of a complex bacterial lysate (10 μg),
as described in panel A with Coomassie stain (top) and in-gel
fluorescence (bottom) shown.
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activity. We employed an experimental system that quantifies
C3b opsonization on the cellular surface of S. pyogenes in the
presence of SpeB. Although SpeB is a secreted protease,
previous research suggests that the protease can also be found
associated with the bacterial cell surface.34 To address the
importance of surface-bound SpeB, we analyzed C3b
deposition on both S. pyogenes serotype M1 WT strain
(5448) and the isogenic SpeB-null strain, M1 5448 ΔspeB.35
Increasing concentrations of NHS were supplemented to
bacterial cultures and then stained with a C3b monoclonal
antibody conjugated with FITC for visualization by flow
cytometry (Figure S8). Similar levels of C3b deposition were
observed for both WT and ΔspeB, suggesting that surface-
bound SpeB in the WT strain (if present) does not significantly
contribute to S. pyogenes complement evasion. Conversely, in
the presence of 10% NHS, exogenously added rSpeB blocked
deposition of C3b on both WT and ΔspeB S. pyogenes strains in
a dose-dependent manner (Figure S8).
We then focused on the WT S. pyogenes strain to determine

if inhibition of SpeB activity by 1S, 1R, or 2S-alkyne would
restore C3b deposition on the bacterial cell membrane and
downstream complement activity. 1S, 1R, or 2S-alkyne were
coincubated with 5 μM rSpeB and 10% NHS in the presence
of WT S. pyogenes. Alone, rSpeB reduced C3b deposition to

∼30%; however, addition of both 1S and 2S-alkyne restored
C3b deposition in a dose-dependent manner (Figure 5B).
We sought to determine their potential toxicity against

human immune cells, Jurkat T lymphocytes.36 Compounds 1S
and 1R showed no measurable toxicity, while compound 2S-
alkyne decreased cell viability by ∼30% at a concentration of
50 μM after 48 h (Figure S9). At working concentrations for
neutrophil killing assays, 40 μM, in addition to shorter assay
times, Jurkat T cells showed a minimal decrease in cell
viability, allowing for sufficient determination of phenotypic
changes with the addition of our probe.
Restoration of complement deposition and subsequent

release of the anaphylotoxins C3a and C5a mediate neutrophil
chemotaxis to the site of infection and promote several
mechanisms of bacteria killing,27 including: (1) phagocytosis
by recognition of opsonized bacteria and intracellular
degradation via NADPH oxygenase-dependent mechanisms
or antibacterial proteins;37,38 (2) release of reactive oxygen
species and cytokines to kill pathogens extracellularly (and
recruit additional leukocytes);39 or (3) release of neutrophil
extracellular traps (NETs) with embedded enzymes such as
myeloperoxidases (MPO) and neutral serine proteases (NSPs)
that immobilize and kill pathogens.40,41 Considering that SpeB
promotes S. pyogenes virulence through disruption of host
effector killing and that the absence of the protease does not
impact on bacterial growth during in vitro culture, proof-of-
principle of the therapeutic utility of 1S, 1R, or 2S-alkyne must
be examined in phagocytic killing assay. We infected freshly
isolated human neutrophils with either WT S. pyogenes strain
(5448) or its isogenic ΔspeB mutant strain in the presence/
absence of HNS and/or S. pyogenes culture supernatant. The
SpeB producing WT 5448 strain was impervious to neutrophil
killing in each of the conditions tested (Figure 6A), while loss
of SpeB production sensitized the 5448 ΔspeB strain to
neutrophil killing in the presence of both HNS and
supernatant (Figure 6B), confirming a contribution of the
protease to phagocyte resistance. The therapeutic utility of 1S,
1R, or 2S-alkyne for sensitizing S. pyogenes to neutrophil killing
was then tested. With 40 μM concentration of inhibitor,
neutrophil killing of WT S. pyogenes was increased by
approximately 18% by 1S and 28% by 2S compared to no
drug treatment (Figure 6C). Neither compound 1S nor 2S
further increased neutrophil killing of the 5448 ΔspeB strain
(Figure 6D), attributing its therapeutic activity to the targeted
protease.

■ CONCLUSIONS
The multifaceted effects of SpeB expression on the patho-
genesis of S. pyogenes have been explored since its discovery
nearly 60 years ago. Current methodologies have employed
peptide derivative-based probes and mRNA levels for under-
standing expression levels and proteolytic activity throughout
the course of infection. We present the design, development,
and biological validation of a CA clan small-molecule covalent
inhibitor. Optimization of our original hit compound 2477 via
the addition of a diazoketone for covalent modification of the
active site cysteine (C192) residue and attachment of an
alkyne resulted in 2S-alkyne. With this molecule, we can now
detect SpeB expression at the protein level in biologically
relevant settings. In addition, application of our SpeB
inhibitors restored C3b deposition on the bacterial cell
membrane that promoted complement activity and neutrophil
killing, potentially providing an avenue for the development of

Figure 5. Compound 2S-alkyne restores alternative pathway-
mediated hemolysis of erythrocytes and complement-mediated
opsonization. (A) The ability of 1S, 1R, and 2S-alkyne to restore
alternative pathway-mediated hemolysis of erythrocytes was assessed
using a fixed concentration of rSpeB (5 μM), NHS [15% (v/v)], and
SpeB inhibitor (20 μM). Data are represented by normalizing the
signal to 15% (v/v) NHS (positive control) and GHBS° + EDTA
(negative control) and are shown as mean ± SD (n ≥ 3). *p-value =
0.024, **** = <0.0001 using a one-way ANOVA test. (B) The ability
of the compounds to restore complement-mediated opsonization by
C3b was analyzed by flow cytometry. S. pyogenes was grown overnight,
diluted in assay buffer, and incubated with 10% (v/v) NHS ± 10 μM
rSpeB, and C3b deposition was analyzed using an FITC-conjugated
anti-C3b antibody. Compounds were added to the bacteria + rSpeB
and NHS in a dose-dependent manner. Values are represented as
median fluorescence intensity (MFI) and are shown as mean ± SD (n
≥ 3).
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a therapeutically active SpeB inhibitor. We posit that 2S-
alkyne will also aid in the elucidation of other CA clan cysteine
proteases from complex microbial mixtures.

■ EXPERIMENTAL SECTION
Protein Preparation and Bacterial Strains. S. pyogenes 10782

zymogen SpeB clone (residues 28−398) was overexpressed and
purified as a C-terminal His6-tag fusion from E. coli BL21DE3
(Strategene) in a pET23b vector (Novagen), as previously
described.21,42 Caspase-3 was expressed and purified as previously
described.43 Papain was purchased from MP Biomedicals, recon-
stituted, and purified by size-exclusion chromatography. Human
sputum leucocyte elastase was purchased from Elastin Products
Company, Inc. and human complement C3 and C3b were purchased
from Complement Technologies. Streptococcus pyogenes serotype M1
(strain 5448), WT or ΔspeB, was grown in Todd-Hewitt medium
(HiMedia Laboratories) supplemented with 0.2% yeast extract
(Difco) (THY media) or in C medium which consists of 0.5%
Proteose Peptone #3 (Hardy Diagnostics), 1.5% yeast extract, 10 mM
K2HPO4, 0.4 mM MgSO4, 17 mM NaCl, adjusted to pH 7.5.44

Enzyme Assays and IC50 Determination. Assays were
performed as previously described.21,22,42,45,46 Briefly, rSpeB (20
nM), papain (20 nM), or caspase-3 (2 nM) was incubated in the
presence of increasing amounts of inhibitor in a reaction buffer
consisting of PBS, pH 7.4, 0.1 mM EDTA, 10 mM DTT, and 0.1%
CHAPS and incubated for 10 min at 25 °C. Ac-AIK-AMC (SpeB and
papain) (12.5 μM) or Ac-DEVD-2-aminoacridone (AMAC) (caspase-

3) (100 μM) were added, and the rate of substrate hydrolysis was
measured by increased (Ac-AIK-AMC)/decreased (Ac-DEVD-
AMAC) fluorescence at 30 s intervals for 15 min in 96-well plates
on a PerkinElmer EnVision or BioTek Synergy H1 microplate reader.
hNE (5 nM) was incubated in the presence of increasing amounts of
inhibitor in a reaction buffer consisting of PBS, pH 7.4 and 0.05%
Nonidet P40 Substitute (Sigma) and incubated for 10 min at 25 °C.
MeOSuc-AAPV-AMC (50 μM) was added, and the rate of substrate
hydrolysis was measured by increased fluorescence similar to the
above conditions. IC50 values were determined using GraphPad Prism
software (GraphPad, Inc.).

kinact/Ki Determination. Assays were performed as previously
described.21,45 Ac-AIK-AMC (100 μM) was mixed in the presence of
increasing amounts of inhibitor in the above reaction buffer. rSpeB
(20 nM) was added, and substrate hydrolysis was immediately
measured by increased fluorescence at 30 s intervals for 30 min in 96-
well plates on a PerkinElmer EnVision microplate reader. Ki/kinact
values were determined using the model described by Kuzmic ̌ et al.
with a requirement that no “tight binding” of the small molecule and
the enzyme occurs, and the enzyme concentration is lower than the
dissociation constant of the initial enzyme−inhibitor complex.26 Assay
conditions satisfied the prerequisites of this method, including (1) a
substrate concentration ([S]) lower than the KM (e.g., 100 μM vs 247
μM) and (2) an enzyme concentration ([E]) much lower than Ki
(e.g., 20 nM vs 5.7 μM). Calculations were performed with eqs 1 and
2 below, and graphs were generated with GraphPad Prism software
(GraphPad, Inc.).

F V k k xY ( (( / )(1 exp( ))))min o obs obs= + − − (1)

k x K KY (x/( (1 S/ )))inact i M= + + (2)

Reversibility of SpeB Inhibitors. rSpeB (2 μM) was incubated
with each inhibitor (10-fold concentration of the kinetically
determined IC50) in the above reaction buffer for 30 min at 25 °C.
Reactions were diluted 100-fold in assay buffer; Ac-AIK-AMC
substrate was added, and the rate of substrate hydrolysis was
measured by increased fluorescence at 30 s intervals for 15 min on a
BioTek Synergy H1 microplate reader. Reversibility of the inhibitors
was determined by analyzing the slope in comparison with the
enzyme alone. All experiments were performed in triplicate.

Complement Hemolytic Assays. Assays were performed as
previously described.33 The ability of rSpeB to inhibit the activity of
the alternative complement pathway was assessed using a modified
hemolytic assay. Rabbit erythrocytes (Er) (Complement Tech) (5
×108 cells/mL) were washed twice by centrifugation for 3 min at
500g at 4 °C. Cells were resuspended in GHBS° buffer consisting of
20 mM HEPES, pH 7.5, 140 mM NaCl, and 0.1% (w/v) gelatin.
Reactions consisted of 100 μL total volume and began by diluting 5
μL of 0.1 M MgEGTA into 45 μL GHBS°, followed by 5 μL of 20×
rSpeB at various concentrations, followed by 30 μL of 50% pooled
complement human serum (NHS) (Innovative Research), and
incubated for 10 min at 25 °C. Twenty-five microliters of Er was
subsequently added to the mixture and the reactions were incubated
at 37 °C for 30 min with intermittent agitation. Reactions were
centrifuged (3 min, 500g) and diluted 1:5 with cold GHBS° in a 96-
well flat-bottom half a rea clear microplate (Greiner Bio-One Inc.).
Absorbance was measured at 405 nm using a PerkinElmer EnVision
or BioTek Synergy H1 microplate reader. A well using buffer in place
of rSpeB was treated as the 100% control, and the background was
measured by replacing GHBS° with GHBS° + 10 mM EDTA. Percent
lysis versus control was computed by normalizing the readings from
each well to the background and 100% controls. All experiments were
performed in triplicate.

The ability of rSpeB inhibitors to restore AP mediated hemolysis of
erythrocytes was measured similarly to the above conditions. Briefly,
rSpeB was added at a final concentration of 10 μM to ensure complete
inhibition of AP hemolytic activity. Inhibitors, at a final concentration
of 20 μM, were incubated with rSpeB for 5 min at 25 °C prior to the
addition of NHS. Percent lysis was computed by normalizing the

Figure 6. Compounds 1S and 2S-alkyne enhance neutrophil killing
through selective inhibition of SpeB. Neutrophil killing assays were
established for S. pyogenes strains (A) WT and (B) ΔspeB, which
incorporated neutrophils, fresh NHS, and bacterial culture super-
natant. Percent relative killing was calculated via comparison to the
unamended, no neutrophil control. Statistics were conducted by t
tests using the Holm−Sidak method for multiple comparisons. The
capacity of compounds 1S, 1R, and 2S-alkyne at 40 μM to elicit
neutrophil killing in the presence of NHS and bacterial supernatant
was assessed against (C) WT and (D) ΔspeB. Percent relative killing
was calculated via comparison to the amended untreated, no
neutrophil control. Statistical significance was calculated using a
one-way ANOVA with the Dunnett correction for multiple
comparisons. Significance is defined as *p-value = <0.0332, ** =
<0.0021, and *** = <0.0002. There were no statistically significant
differences across conditions in panel D. All experiments were
conducted in triplicate.
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readings from each well to the background and 100% controls. All
experiments were performed in triplicate.
Complement Deposition on S. pyogenes. Assays were

performed as previously described.47,48 S. pyogenes WT strain 5448
or ΔspeB was grown in THY media overnight at 37 °C. Bacteria was
pelleted, supernatant removed, and resuspended in assay buffer
consisting of 20 mM HEPES, pH 7.4, 140 mM NaCl, 0.5 mM CaCl2,
0.25 mM MgCl2, and 0.1% (w/v) BSA. rSpeB (5 μM) or rSpeB (5
μM) plus increasing concentrations of inhibitor was added to 5%
NHS for 10 min at 25 °C, and this mixture was added directly to the
bacteria (OD600 = 0.25) in a total volume of 200 μL and incubated at
37 °C without shaking for 30 min. Bacteria were centrifuged and
unbound components were removed by several washes with assay
buffer. Bacteria were resuspended in 100 μL of a 1:250 dilution of
FITC-conjugated goat F(ab′)2 antihuman C3 (Protos Immunor-
esearch) and incubated at 4 °C for 30 min. Bacteria were washed
three times with assay buffer and deposited C3b was quantified by
flow cytometry using a BioRad ZE5 analyzer equipped with five lasers
(355, 405, 488, 561, and 640 nm). Data shown as median
fluorescence intensity and all experiments were performed in
triplicate.
Crystallization and X-ray Data Collection. Crystals of rSpeB in

complex with 2S were grown by sitting drop-vapor diffusion, as
previously described.42 Briefly, inhibitor 2S was added in 1.1-fold
molar excess to rSpeB and incubated for 2 h at 25 °C and immediately
used for cocrystallization experiments. Crystals of rSpeB in complex
with 2S were grown from a solution consisting of 0.2 M sodium
nitrate, pH 5.5 with 33% (w/v) PEG 3350 at 4 °C by mixing equal
volumes (2 μL) of rSpeB (10 mg mL−1) and the reservoir solution.
The His6-tag was not removed as the protein crystallized readily.
Data for the rSpeB X-ray structure in complex with 2S were

collected on single, flash-cooled crystals at 100 K in a cryoprotectant
consisting of mother liquor and 20% PEG 400 and were processed
with HKL2000 in orthorhombic space group P22121 (Table S1).

49 X-
ray data for the 2S-rSpeB structure were collected to 1.58 Å resolution
on beamline 11.1 at the Stanford Synchotron Radiation Lightsource
(SSRL) (Menlo Park, CA). Data collection and processing statistics
are summarized in Table S1.
Structure Solution and Refinement. The 2S-rSpeB complex

structure was determined by molecular replacement (MR) with
Phaser50,51 using the previously published mature SpeB in complex
with 2477 (PDB ID 4RKX)21,42 as the initial search model. All
structures were manually built with Coot52 and iteratively refined
using Phenix53 with cycles of conventional positional refinement. TLS
B-factor refinement was carried out in the last three rounds of
refinement with the SpeB monomer split into five TLS groups as
determined by TLS motion determination in Phenix. TLS refinement
resulted in improved electron density maps with a minimal change in
Rcryst and Rfree. The electron density maps clearly identified that
inhibitor 2S was located within the SpeB active site (Figure S5).
Water molecules were automatically positioned in Phenix using a 2.5σ
cutoff in f 0 − fc maps and manually inspected. The final Rcryst and Rfree
are 15.3 and 18.9%, respectively (Table S1). The model was analyzed
and validated with the PDB Validation Server prior to PDB
deposition. Analysis of backbone dihedral angles with the program
PROCHECK51,54 indicated that all residues for the structures are
located in the most favorable and allowed regions in the
Ramachandran plot with no outliers. Coordinates and structure
factors have been deposited in the PDB,55 with accession entry
6UKD.
Cell Culture and Jurkat Cell Toxicity. Jurkat A3 cells were

cultured as described by ATCC using 10% FBS and pen/strep/
glutamine at 37 °C with 5% CO2. For all experiments, Jurkat cells
were grown to near confluence, harvested, and resuspended in fresh
media into sterile Nunc 96-well tissue culture-treated plates at a
density of 10 000 cells/well. Cells were treated with increasing
concentrations of SpeB inhibitors or DMSO vehicle for 3 h and
cellular viability was measured using CellTiter-Glo on PerkinElmer
EnVision plate reader. Apoptosis was induced using 10 ng/mL
MegaFasL (AdipoGen Life Sciences) as a positive control.

Neutrophil-Mediated Killing of S. pyogenes. Group A
Streptococcus pyogenes neutrophil killing assays were carried out as
previously described.22 Briefly, GAS WT strain 5448 or 5448 ΔspeB35
were grown to logarithmic phase (∼OD600 = 0.4) in Todd−Hewitt
broth (Neogen 7161D) from an overnight culture. The logarithmic
phase cultures were used to inoculate the testing condition media
which contained 125.5 μL of Luria Broth (Criterion C6323) amended
(10%) Rosewell-Park Memorial Insitute Medium (Gibco 11835-030)
(RPMI+), 20% (50 μL) fresh human serum, 10% (25 μL) bacterial
culture supernatant, and 40 μM of drug (1 μL) or 1 μL of DMSO for
the no treatment control at 2 × 106 colony forming units. The test
cultures were incubated for 30 min at 37 °C with 5% CO2, and then
50 μL (∼2 × 106) of freshly isolated human neutrophils (MOI 1),
prepared as previously described,56 were added, and after an
additional 30 min, each culture was serially diluted in 1× DPBS
(Corning) and spot played on Lauria Agar. Plates were incubated at
37 °C overnight for enumeration of CFU.

In Situ 2S-Alkyne Labeling of S. pyogenes-Secreted SpeB. S.
pyogenes WT strain 5448 or ΔspeB was grown in C medium overnight
at 37 °C. Bacterial cells were pelleted, the supernatant concentrated
20-fold, and buffer exchanged into PBS, pH 7.4. Forty microliters of a
mixture containing S. pyogenes WT supernatant, ΔspeB supernatant,
and 100 μM 2S-alkyne or DMSO (control) was incubated at 25 °C
for 30 min. Click cocktail was added into the protein-probe mixture
with final concentrations of 100 μM CuSO4, 500 μM BTTAA (Click
Chemistry Tools), 5 mM sodium ascorbate, and 100 μM AFDye 647
Azide (Click Chemistry Tools). Reaction mixture was incubated at 25
°C for 1 h. Thirty microliters was combined with 10 μL of SDS-PAGE
loading dye. Samples were resolved on a 4−20% SDS-PAGE gradient
gel, destained, and imaged using a Chemidoc MP Imaging System
(Bio-Rad).

2S-Alkyne Labeling of rSpeB in the Presence of a Bacterial
Lysate. A freshly collected fecal pellet from a 6-week old C57BL/6
mouse was cultured in 10 mL of 50% brain-heart infusion (BHI)
media (Bacto) supplemented with 5 mg/L hemin, 1 mg/L
menadione, and 1 g/L L-cysteine for 40 h at 37 °C under anaerobic
conditions (97% nitrogen, 3% hydrogen). Cultured bacterial lysates
were washed with PBS, pH 7.4, resuspended in 5 mL PBS, lysed by
ultrasonication (QSonica), and clarified by centrifugation at 16 000g
for 20 min. The supernatant protein solution was quantified with BCA
and used for the labeling experiments. Recombinant SpeB (2 to 0.06
μg) was spiked into 10 μg of the cultured bacterial lysate and
incubated in 10 μL with 100 μM 2S-alkyne or DMSO (control) at 25
°C for 30 min. Click cocktail was added into the mixture with final
concentrations of 100 μM CuSO4, 500 μM BTTAA (Click Chemistry
Tools), 5 mM sodium ascorbate, and 100 μM AFDye 647 Azide
(Click Chemistry Tools) and incubated at 25 °C for 1 h. Twelve
microliters was combined with 4 μL of SDS-PAGE loading dye.
Samples were resolved on a 4−20% SDS-PAGE gradient gel,
destained, and imaged using a Chemidoc MP Imaging System (Bio-
Rad).

Statistical Analysis. All data are shown as mean ± SD with n ≥ 3.
p-Values for hemolytic assays were calculated using pair t tests with
values <0.005 considered significant. p-Values for neutrophil killing
assays were calculated using a one-way ANOVA with Dunnett
correction, and significance was defined by * = <0.0332, ** =
<0.0021, *** = <0.0002.
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