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ABSTRACT: The secreted Streptococcus pyogenes cysteine protease SpeB is implicated in
host immune system evasion and bacterial virulence. We present a small molecule inhibitor
of SpeB 2477 identified from a high-throughput screen based on the hydrolysis of a
fluorogenic peptide substrate Ac-AIK-AMC. 2477 inhibits other SpeB-related proteases but
not human caspase-3, suggesting that the molecule targets proteases with the papain-like
structural fold. A 1.59 Å X-ray crystal structure of 2477 bound to the SpeB active site reveals
the mechanism of inhibition and the essential constituents of 2477 necessary for binding. An
assessment against a panel of 2477 derivatives confirms our structural findings and shows
that a carbamate and nitrile on 2477 are required for SpeB inhibition, as these moieties
provide an extensive network of electrostatic and hydrogen-bonding interactions with SpeB
active site residues. Surprisingly, despite 2477 having a reduced inhibitory potential against
papain, the majority of 2477-related compounds inhibit papain to a much greater and
broader extent than SpeB. These findings indicate that SpeB is more stringently selective
than papain for this panel of small molecule inhibitors. On the basis of our structural and
biochemical characterization, we propose modifications to 2477 for subsequent rounds of inhibitor design that will impart
specificity to SpeB over other papain-like proteases, including alterations of the compound to exploit the differences in CA
protease active site pocket sizes and electrostatics.

Streptococcal pyrogenic exotoxin B (SpeB) is a cysteine
protease of the papain-fold protease family (clan CA)1

secreted by the majority of Streptococcus pyogenes strains, a
Gram-positive bacterium that only infects humans.2 S. pyogenes
infections lead to many ailments, such as tonsillitis, scarlet fever,
and meningitis. Deep penetration into tissues by the bacterium
can lead to more serious diseases, including necrotizing fasciitis
and sepsis.3 Currently, there are no S. pyogenes-specific
treatments for infection, and high mortality rates are associated
with invasive infections. Therefore, the development of new
therapies and approaches toward combating these infections is
needed.
Many factors produced by S. pyogenes have been implicated

in establishing and disseminating infection. Primarily, studies
focused on the production and secretion of SpeB have
suggested SpeB proteolytic activity promotes S. pyogenes
pathogenicity through the cleavage of biologically relevant
substrates involved in host immune evasion, including
immunoglobulin A (IgA), IgE, and properdin as well as
inflammation, such as interleukin-1β (IL-1β) and H-kinino-
gen.4−6 Likewise, SpeB degradation of host extracellular matrix
proteins fibronectin and vitronectin and tight-junction proteins
E-cadherin and occludin compromises human tissue integrity
and promotes infiltration of S. pyogenes.7,8 SpeB activity also
releases streptococcal cell surface proteins proposed to enhance
S. pyogenes infectivity.9 Importantly, the spatial and temporal
consequences that specific degradation and/or activation of

human and bacterial substrates by SpeB with respect to S.
pyogenes infectivity have yet to be resolved.
Recent studies question the contribution of SpeB to S.

pyogenes virulence. For example, down-regulation of SpeB by
genetic methods (e.g., allelic exchange mutagenesis) or
inhibition of proteolysis by the covalent, clan CA inhibitor
trans-epoxysuccinyl-L-leucylamido(4-guanidino)butane (E64)
has shown that increased SpeB activity promotes lesion
development in infected tissues, spread of infection, and
biofilm formation.10,11 On the contrary, group A Streptococcus
(GAS) strains with mutations in the SpeB expression regulator
CovS that decrease or eliminate SpeB show that the absence of
SpeB activity leads to the accumulation of activated host
protease plasmin. This increased level of active plasmin is
suggested to enhance S. pyogenes pathogenicity through the
direct cleavage of bacterial surface proteins required for
infectivity.12,13

As an alternative to genetic approaches, several peptide-based
clan CA inhibitors have been developed. These amino acid-
containing inhibitors encompass both reversible (i.e., aldehydes,
α-diketones, α-ketoesters, α-ketoamides, and α-ketoacids) and
irreversible (i.e., peptidyl diazomethyl ketones, fluoromethyl
ketones, epoxides, and vinyl sulfones) warhead functionalities at
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the C-terminus.14,15 Not surprisingly, these peptide inhibitors
promiscuously inhibit SpeB, papain, and other related
proteases, as the clan CA protease specificities are focused to
a subset of amino acid recognition sequences.16,17 Therefore,
the chemical space diversity to develop protease-specific
peptide inhibitors with amino acid constituents is limited.
Another approach to find specific and selective inhibitors

toward an individual protease among the highly conserved clan
CA is through the discovery and development of small
molecules. There is an increased likelihood to design and
tailor protease-specific synthetic inhibitors, as small molecule
design can sample a much larger chemical space than peptides
and can be designed to be independent of highly conserved
peptide recognition motifs among the active sites of clan CA
proteases. Small molecules also have more attractive physical
properties than peptides for therapeutic development, including
improved potential for membrane permeability and resistance
to protease degradation during host administration.18,19

Small molecule-based SpeB inhibitors have yet to be
described. As such, we sought to identify SpeB inhibitors and
use these validated compounds as chemical tools to ultimately
probe the importance of SpeB to S. pyogenes pathogenicity.
Application of a new class of SpeB inhibitors would address the
necessity of this protease to S. pyogenes within cellular and
animal infection models, as well as establish SpeB as a target for
the development of treatments to combat streptococcal
infections.
From a high-throughput screen (HTS) of SpeB inhibition,

we identified small molecule 2477 as a reversible inhibitor of
SpeB activity. We determined a high-resolution cocrystal
structure of 2477 in the active site of SpeB and further
validated the 2477 binding motifs by exploring the inhibition of
SpeB by a panel of 2477 derivatives. Our in vitro kinetic
analyses demonstrate that a carbamate and nitrile of 2477 are
necessary for effective SpeB inhibition. We also show that
papain, despite a decreased affinity for 2477, is more
susceptible to inhibition by 2477 analogues, indicating a
more stringent selectivity of SpeB for this family of inhibitors.
Comparison of SpeB and papain reveals that the electrostatic
landscape and size of the papain active site accounts for
inhibitor promiscuity. Such differences in active site architec-
ture also provide insight into the future design and develop-
ment of small molecules that preferentially inhibit SpeB over
other clan CA protease members.

■ MATERIALS AND METHODS
SpeB Preparation and Purification. The S. pyogenes

10782 zymogen SpeB clone (residues 28−398) was overex-
pressed and purified as a C-terminal His6-tag fusion (additional
amino acids for the affinity tag include LEH6, residues 399−
406) from E. coli BL21DE3pLysS (Strategene) in a pET23b
vector (Novagen), as previously described.20 Mature SpeB was
concentrated to approximately 10 mg/mL using Millipore
Ultrafree-15 devices with a MWCO of 3500 Da and
immediately stored at −80 °C. The C-terminal His6-tag was
not removed from the SpeB protein preparations, as the
presence of the tag does not interfere with in vitro kinetics and
is positioned on the opposite side of the protein surface more
than 50 Å from the active site. All components of the assay
were stored as frozen aliquots and thawed immediately prior to
the assay.
SpeB High-Throughput Screen. We synthesized and

measured SpeB activity with an N-terminal acetylated,

fluorogenic SpeB tripeptide substrate acetyl-Ala-Ile-Lys-7-
aminomethylcoumarin (Ac-AIK-AMC) based on previously
determined optimal cleavage sequences.21 This substrate
synthesis was previously described using standard Fmoc solid
phase synthesis chemistry starting with Fmoc-Lys(carbamate)-
AMC Wang resin (EMD Biosciences).20 The HTS SpeB
inhibitor assay protocol was modified based on optimized
fluorescence that resulted from cleavage of Ac-AIK-AMC
(Figure 1A) by 50 nM active SpeB in an activity buffer

consisting of PBS at pH 7.4, 0.1 mM EDTA, 10 mM DTT, and
0.1% CHAPS. 100 nM SpeB diluted in activity buffer was
incubated in low-volume, 384-well plates with a final
concentration of 15 μM Maybridge HitFinder HTS compound
library compounds in a volume of 10 μL (0.5% DMSO).
Following 30 min of incubation at 25 °C, 10 μL of 50 μM Ac-
AIK-AMC was subsequently added to the SpeB mixture and
incubated for an additional 30 min at 25 °C (final
concentration of 50 nM SpeB and 25 μM Ac-AIK-AMC).
Fluorescence intensity due to AMC hydrolysis was measured
on a PerkinElmer EnVision plate reader (excitation 355 nm,
emission 460 nm). We incorporated the DMSO vehicle and 15
μM of the general proteinase inhibitor E64 as the negative and
positive controls, respectively. The completed assay included 50
screened plates (16,000 compounds) with an average Z′ of
0.88, an overall signal-over-background of 15×, and a hit rate of
0.018% (3× standard deviation over the mean).

SpeB and Papain Kinetic Assays and IC50 Determi-
nation. SpeB was incubated at 50 nM in the presence of
increasing amounts of inhibitor (3 μM to 200 μM) in a reaction
buffer consisting of PBS at pH 7.4, 0.1 mM EDTA, 10 mM
DTT, and 0.1% CHAPS and incubated for 30 min at 25 °C.
Fifty micromolar Ac-AIK-AMC was subsequently added, and
the rate of substrate hydrolysis was measured by increase in
fluorescence every 20 s for a 5 min duration in 96-well plates on

Figure 1. Identification and characterization of SpeB inhibitor 2477.
(A) Structure of fluorogenic SpeB substrate Ac-AIK-AMC. (B)
Structure of inhibitor 2477. (C) 2477 IC50 curves with SpeB, papain,
and caspase-3.
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a PerkinElmer EnVision plate reader. Michaelis−Menten (Ki)
and IC50 values were determined using GraphPad Prism
software (GraphPad, Inc.).
Caspase-3 Kinetic Assays. Ten nanomolar caspase-3 was

incubated in the presence of 2477 (3 μM to 200 μM) in a
buffer consisting of 50 mM HEPES at pH 7.4, 0.1% CHAPS, 10
mM KCl, 50 mM sucrose, 1 mM MgCl2, and 10 mM DTT and
incubated at 25 °C for 30 min. Fifty micromolar Ac-DEVD-
AFC was then added, and the rate of substrate hydrolysis was
measured by increase in fluorescence every 10 s for 2 min in a
96-well microtiter plate on a PerkinElmer EnVision plate reader
with excitation at 355 nm and emission detection at 486 nm, as
previously described.22 The velocity of substrate turnover was
analyzed using GraphPad Prism software.
Crystallization and X-ray Data Collection. Crystals of

mature SpeB in complex with 2477 were grown by sitting drop-
vapor diffusion, as previously described.20 Briefly, inhibitor
2477 was added in 2-fold molar excess to SpeB and incubated
for 2 h at 25 °C and immediately used for cocrystallization
experiments. Crystals of SpeB in complex with 2477 were
grown from a solution consisting of 0.15 M sodium nitrate with
22% PEG 3500 at 25 °C by mixing equal volumes (2 μL) of
SpeB (10 mg/mL) and the reservoir solution. The His6-tag was
not removed as the protein crystallized readily.
Data for the SpeB X-ray structure in complex with 2477 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 P21212 (Table 1).

23 The calculated Matthews’ coefficient
(VM = 1.95 Å3 Da−1) suggested one monomer per asymmetric
unit with a solvent content of 37%. X-ray data for the 2477-
SpeB structure were collected to 1.59 Å resolution on beamline
11.1 at the Stanford Synchrotron Radiation Lightsource
(SSRL) (Menlo Park, CA). Data collection and processing
statistics are summarized in Table 1.
Structure Solution and Refinement. The 2477-SpeB

complex structure was determined by molecular replacement
(MR) with Phaser24,25 using the previously published mature
apo SpeB structure (PDB ID 4D8B)20 as the initial search
model. All structures were manually built with Coot26 and
iteratively refined using Phenix27 with cycles of conventional
positional refinement. TLS B-factor refinement was carried out
in the last 3 rounds of refinement with the SpeB monomer split
into 8 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 2477
was located within the SpeB active site. Water molecules were
automatically positioned by Phenix using a 2.5σ cutoff in Fo −
Fc maps and manually inspected. A nitrate molecule from the
buffer bound to residues located within the C-terminal loop.
The final Rcryst and Rfree are 16.1% and 18.8%, respectively
(Table 1).
All models were analyzed and validated with PRO-

CHECK,25,28 WHATCHECK,29 and Molprobity30 on the
Joint Center for Structural Genomics (JCSG) Web server.
Analysis of backbone dihedral angles with the program
PROCHECK indicated that all residues for the three 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,31 with accession entry
4RKX. Structure refinement statistics are shown in Table 1.

■ RESULTS
We designed and executed an in vitro HTS assay using
hydrolysis of a fluorogenic tripeptide substrate Ac-AIK-AMC as
a readout to search for SpeB inhibitors (Figure 1A). We based
the SpeB substrate on previously reported optimal peptide
cleavage sequences of SpeB.31,32 Briefly, 100 nM SpeB was
incubated with a 15 μM Maybridge HitFinder HTS compound
library for 30 min at room temperature. Ac-AIK-AMC was
subsequently added to a final concentration of 50 μM and
measured for fluorescence intensity due to AMC cleavage after
an additional 30 min incubation. We screened approximately
16,000 compounds for SpeB inhibition, and the assay was well
behaved, as evidenced by a Z′ of 0.88 and a hit rate of 0.018%.
We identified compound 2477 that resulted in approximately
22% inhibition under these stringent conditions and confirmed
the molecule with follow-up assays (Figure 1B).
Compound 2477 is a reversible and competitive inhibitor of

SpeB. An initial analysis revealed that SpeB is not covalently
modified by 2477 as determined by subjecting the SpeB-2477
complex to electrospray ionization mass spectrometry. The
inhibitory potential of 2477 was tested on SpeB as well as the
related papaya proteinase I or papain. Both proteases belong to

Table 1. SpeB-2477 Co-complex X-ray Data Processing and
Structure Refinement Statistics

structure SpeB-2477

PDB ID 4RKX

space group P21212
unit cell parameters (a, b, c) (Å) 114.56, 50.36, 37.41
unit cell angles (z, y, z) 90.0, 90.0, 90.0

Data Processing
resolution range (Å) (outer shell) 50−1.59 (1.64−1.59)
unique reflections 26,926 (2,327)
completeness (%) 89.6 (86.5)
redundancy 3.4 (3.3)
Rmeas (%)

a 8.9 (30.3)
Rmerge (%)

b 7.6 (26.0)
Rp.i.m. (%)

c 4.5 (15.2)
average I/average σ(I) 11.0 (3.6)

Refinement
resolution range (Å) 31.3−1.59 (1.65−1.59)
no. of reflectionsd (test set) 26,810 (2,426)
Rcryst (%)

e 16.1 (20.3)
Rfree (%)

e 18.8 (25.9)
protein atoms/waters 1953/206
CVf coordinate error (Å) 0.14
RMSD bonds (Å)/angles (deg) 0.005/0.93
B-values protein/waters/ligands (Å2) 17.8/28.5/29.4

Ramachandran Statistics (%)
most favored 98.4
additional allowed 1.6
generously allowed 0

aRmeas = {Σhkl[N/(N − 1)]1/2Σi|Ii(hkl) − ⟨I(hkl)⟩|}/ΣhklΣiIi(hkl), where
Ii(hkl) is the observed intensity, ⟨I(hkl)⟩ is the average intensity, and N is
the multiplicity of reflection hkl. bRmerge = ΣhklΣi|Ii(hkl) − ⟨I(hkl)⟩|/
ΣhklSiIi(hkl) where Ii(hkl) is the i

th measurement of reflection h and ⟨I⟩ is
the average measurement value. cRp.i.m. (precision-indicating Rmerge) =
Shkl[1(Nhkl − 1)]1/2Si|Ii(hkl) − ⟨I(hkl)⟩|/ShklSiIi(hkl).

dReflections with I > 0
were used for refinement.32−34 eRcryst = Σh||Fobs| − |Fcalc∥/Σ|Fobs|, where
Fobs and Fcalc are the calculated and observed structure factor
amplitudes, respectively. Rfree is Rcryst with 5.0% test set structure
factors. fCross-validated (CV) Luzzati coordinate errors.
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the clan CA, which contains families of cysteine peptidases
structurally conserved with papain. The papain-like fold
consists of an α-helix bundle and a β-barrel that surround an
active site. The active site of these proteases has catalytic
cysteine and histidine residues as well as an oxyanion hole to
stabilize the substrate oxyanion transition state.1

SpeB and papain cleave substrate Ac-AIK-AMC with similar
affinities (KM of 216 μM and 248 μM, respectively); however,
the catalytic efficiency of SpeB is significantly better than that of
papain due to the substrate turnover (kcat of 0.98 s

−1 ± 0.10 and
0.53 s−1 ± 0.06, respectively) (Figure S1, Supporting
Information). The 2477 IC50 values were determined for
SpeB and papain by measuring the initial velocities of Ac-AIK-
AMC hydrolysis after a 30-min incubation with increasing
concentrations of 2477. Similarly, the Ki values were assessed
by measuring the initial velocities of substrate turnover while
systematically varying the concentrations of substrate and
inhibitor. We found that 2477 inhibits SpeB activity with an
IC50 of 15 μM and Ki of 8 μM, and papain is inhibited to a
lesser extent (IC50 of 72 μM and Ki of 45 μM) (Figure 1C,
Figures S2 and S3, Supporting Information, and Table 2).

These results support 2477 as a general inhibitor of papain-
like proteases and suggest the molecule will likely inhibit other
closely related proteases within the CA clan, including
staphopain A and calpain II. We next expanded the protease
panel to include the structurally divergent human cysteine
protease caspase-3. Caspase-3 activity was unaltered by the
presence of 2477 (>400 μM) as determined by hydrolysis of
the fluorogenic peptide substrate acetyl-Asp-Glu-Val-Asp-7-
amino-trifluoromethylcoumarin (Ac-DEVD-AFC) at 50 μM
(Figure 1C).
We determined the X-ray crystal structure of SpeB in

complex with 2477 to elucidate the mechanism of small
molecule inhibition (Figure 2A). The mature form of SpeB
(residues 146−398 with a C-terminal His6-tag) was incubated
with a 2-fold molar excess of compound 2477 for 2 h at 25 °C
in PBS at pH 7.0, with 1 mM DTT, and crystals were grown by
mixing with an equal volume of 0.15 M sodium nitrate with
22% PEG 3500. The 2477-bound SpeB structure is conserved

with our previous apo and complex structures with
crystallization in orthorhombic space group P21212, an ordered
leucine residue from the C-terminal His6-tag (LEH6), 245 water
molecules, and a bound nitrate likely introduced from the
crystallization buffer.31 The apo SpeB structure (PDB ID
4D8B)20 served as the initial search model for molecular
replacement, and the initial Fo − Fc electron density map
exhibited unambiguous electron density for 2477 located
within the SpeB active site (Figure 2B). The final Rcryst and Rfree

for the SpeB and 2477 co-complex crystal structure were 16.1%
and 18.8%, respectively, with greater than 98% of residues in
the favored region of the Ramachandran plot (Table 1).
Compound 2477 was refined with 100% occupancy and has B-
values similar to those of adjacent SpeB active site residues. The
overall conformation of SpeB with 2477 is nearly identical to
that of SpeB in complex with Ac-AEIK-CHO (PDB ID
4D8I),20 as is evidenced by an RMSD of 0.14 Å for all Cα
atoms with a maximum deviation of 0.62 Å.34

The 2477 carbonyl oxygen is oriented toward the SpeB
oxyanion hole created by the main-chain nitrogen atoms of
residues Cys192 and Val193 (Figures 3A and 4A). Importantly,

Table 2. Ki and IC50 Values of 2477 with SpeB and Papain

protease Ki (μM) IC50 (μM)

SpeB 8 ± 0.4 14 ± 1
papain 45 ± 2 77 ± 1

Figure 2. Crystal structure of 2477 bound within the SpeB active site.
(A) Overall structure of SpeB with the location of 2477. (B) 2477
modeled into the blue naiv̈e Fo − Fc electron density map contoured at
2σ.

Figure 3. Crystal structure of SpeB active site interactions with 2477.
Atoms within hydrogen bonding distance of 2477 are shown with
dashed lines. Red dashes include van der Waals repulsions within
bonding distance. Green dashes indicate interactions that may be
optimized through iterative alterations of 2477. Waters are
represented as red spheres. (A) Potential electrostatic interactions
between the entire 2477 molecule with active site residues. (B)
Potential electrostatic interactions between the carbamate nitrogen
and nitrile of 2477 with surrounding residues. (C) Schematic of SpeB
active site and 2477 interactions with bond distances.
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this interaction with the oxyanion hole is coordinated via a
highly ordered water molecule positioned by Cys192 and
Val193. The 2477 carbonyl is further stabilized by the main-
chain carbamate nitrogen of Ser282. The main-chain oxygen
atom of residue Gly339 and the thiol side chain of Cys192 act
as hydrogen bond acceptors to the carbamate nitrogen of 2477.
The 2477 nitrile amine is within hydrogen-bonding distance to
several active site residues and waters (Figure 3B,C); however,
the geometric constraint of the nitrile triple bond limits

potential interactions to coaxial hydrogen bonds. Two active
site water molecules within hydrogen bonding distance of the
nitrile are coordinated by the side chains of Gln162 and C192
and the main-chain carbonyl oxygen of Ser280. These potential
interactions are highlighted by green dashes in Figure 3.
We analyzed SpeB and papain inhibition against a panel of

2477-related compounds to gain an understanding of the
essential features of 2477 that promote SpeB inhibition. All
compounds tested (1−11) are shown in Figure S4, Supporting
Information. We first addressed the importance of the nitrile
group of 2477 by removing this moiety in 2 and 6 (Figure 5A).
Not surprisingly, due to the number of active site interactions
observed in the crystal structure with the nitrile moiety (Figure
3), 2 and 6 have no inhibitory potential against both SpeB and
papain (Figure 5B,C). We next explored the importance of the
2477 phenyl ring by substitution with a large, hydrophobic tert-
butyl group (3, Figure 5 and Figure S4, Supporting
Information). We also tested the effect of adding steric bulk
to the carbamate nitrogen with 4 (Figure S4, Supporting
Information). The majority of compounds 1−6 showed poor
inhibition of both SpeB and papain. Inhibition of SpeB was
observed with 2, 3, and 6 at the highest concentrations assessed
and were marginally effective in comparison to that of the other
compounds (Figure 5B and Figures S5 and S6, Supporting
Information). Similarly, papain inhibition was observed with 3
and 6 at the highest dosed concentrations (Figure 5C and
Figure S6, Supporting Information).
Compounds 7−11 replaced the 2477 carbamate with a range

of benzamide-containing compounds that retained the 2477
carbamate nitrogen and nitrile group but modified the phenyl
ring with a variety of substitutions (Figure 5A and Figure S4,
Supporting Information). The first compound in the
benzamide series (7) was used to address how large of a
hydrophic group could be accommodated by SpeB and papain
(Figure 5A). Compound 7 is an established kinase inhibitor
Momelotinib that is used as an ATP-competitive JAK 1/2
selective inhibitor.35 Despite conservation of the major
contributors of the electrostatic and hydrogen bonding
carbamate and nitrile, the SpeB active site cannot accommodate
the large bulky region of Momelotinib; however, it retains
inhibition of papain as evidenced by the IC50 of 22 μM (Figure
5C). Compound 8 features a methyl and nitro group ortho and
meta with respect to the carbamate, respectively, and retains
some level of SpeB inhibition (IC50 >100 μM), likely due to the
favorable electrostatic interactions between the negatively
charged nitro group and the electropositive active-site pocket
of SpeB (Figures 4A and 5B). Compound 8 inhibited papain
with an IC50 lower than that of 2477 (18 μM) (Figure 5C).
Addition of an ortho methyl ether and para methyl thioether
onto the benzamide (11, Figure 5A) eliminated all ability to
inhibit SpeB but retained some ability to accommodate the
papain active site as evidenced by an IC50 >100 μM (Figure
5B,C).

■ DISCUSSION
Compound 2477 is a competitive inhibitor of SpeB as best
evidenced by our crystal structure showing that the molecule
binds within the SpeB active site (Figure 2A). Residues within
the SpeB active site are positioned to provide several key
potential hydrogen bonds and a hydrophobic pocket that direct
binding 2477. The phenyl ring of 2477 is nestled into a
predominantly uncharged surface area composed of nonpolar
residues Gly339, Val334, and Ala283. Despite primarily

Figure 4. Electrostatic surface potentials of protease active sites bound
to 2477. Blue, positive potential (≥5 mV); white, neutral potential (0
mV); and red, negative potential (≤5 mV). (A) SpeB electrostatic
surface potential shows alignment of the carbonyl oxygen with the
oxyanion hole of the active site. (B) 2477 superimposed in the
electrostatic surface map of the papain active site map shows the
carbonyl oxygen of 2477 in a hydrophobic region. (C) 2477
superimposed in the electrostatic surface map of the staphopain A
active site suggests effective binding of 2477.
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employing hydrophobicity and nonspecific main-chain hydro-
gen bonds, the active site of SpeB is fairly selective for the
composition of 2477, as analogues of the molecule did not
inhibit the protease (Figure 5B).
Papain-like protease substrates generally prefer a basic

residue in the P1 position (i.e., Lys or Arg) and a hydrophobic
residue at P2.21 On the basis of the X-ray structure, we find that
significant interactions between SpeB and 2477 include
hydrophobic effects and hydrogen bonds with nonspecific
main-chain moieties. Therefore, 2477 is likely promiscuous
toward the inhibition of homologous proteases, including

papain and Staphylococcus aureus staphopain A, which is a C47
protease of clan CA.1 Superposition of SpeB (PDB ID
4D8B),20 papain (PDB ID 9PAP),36 and staphopain A (PDB
ID 1CV8)37 X-ray structures reveal highly conserved secondary
structures among the protease active sites (Figure 6), with

overlapping catalytic cysteine (shown as cysteinesulfonic acid in
papain) and histidine residues. RMSD values for the overlaid
structures are 1.94 Å between SpeB and papain (55 Cα atoms),
and 1.50 Å between SpeB and staphopain A (59 Cα atoms).
Surprisingly, despite the highly similar architecture of these
protease active sites, our kinetic studies of 2477 analogues show
that differences in amino acid residues between papain and
SpeB impart unique affinities of the proteases for this family of
molecules.
Superposition of 2477 into the active sites of papain and

staphopain A suggests that the small molecule inhibits these
proteases with interactions similar to that of SpeB. The phenyl
ring of 2477 is located in a hydrophobic pocket of both papain
(residues Val132, Val133, Gly78, and Gly79) and SpeB (Figure
4A,B). However, in staphopain A, the 2477 phenyl-binding
pocket is more hydrophilic, as suggested by electrostatic
calculations (Figure 4C), but several uncharged residues,
including Leu106, Gly107, Gly119, Ala118, Leu65, and Pro67
are localized to this region that would stabilize the hydrophobic
phenyl ring of 2477.
Our electrostatic surface map calculations suggest that the

oxyanion holes of SpeB and staphopain A both are directly
adjacent to the carbonyl and thus stabilize the molecule via a
water molecule (Figure 4A,C). However, superposition of the
papain structure onto SpeB shows that the papain oxyanion
hole is not likely accessible by 2477. Therefore, the weaker
affinity of 2477 for papain in comparison to that of SpeB is
likely due to the misalignment of the 2477 carbonyl with
respect to the papain oxyanion hole. In all three proteases, the
nitrile group is located in a moderately charged surface (Figure
4). The majority of interactions between SpeB and 2477 are
through hydrogen bonding networks between the molecule and
main-chain atoms, and these bonds are likely to be conserved in
papain and staphopain A.
Our crystal structure of SpeB in complex with 2477 suggests

that SpeB-specific small molecule inhibitors can be iteratively

Figure 5. Assessment of 2477 derivatives for the inhibition potential of
SpeB and papain. (A) Schematic structures of several compounds from
the 2477 analogue library. IC50 assays of selected compounds against
SpeB (B) and papain (C) performed in triplicate.

Figure 6. Superposition of active sites of SpeB (blue, PDB ID 4D8B),
papain (red, PDB ID 9PAP), and staphopain A (green, PDB ID
1CV8) show high secondary structure conservation of active sites,
including overlapping catalytic cysteine and histidine residues.
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designed to harness unique interactions with SpeB active site
residues relative to other clan CA proteases. Exploiting unique
SpeB electrostatic interactions would greatly improve the
specificity and potency of 2477. We analyzed the inhibitory
capabilities of a range of 2477-related compounds to determine
the structure−activity relationship (SAR) between 2477 and
SpeB through conducting kinetic assays to determine the IC50
values of each molecule. This provided clues about which
portions of 2477 are important for SpeB inhibition and sheds
light on modifications that can be made to impart the specificity
of a small molecule for SpeB over other papain-like proteases.
On the basis of our crystal structure, we hypothesized that

alterations to the backbone of 2477 would likely not be
tolerated, as these moieties interact with main-chain atoms
occluded within a narrow pocket of the SpeB active site. Lack of
inhibition by compounds 1−6 verifies that the carbamate
nitrogen and nitrile are necessary for effective SpeB and papain
binding. Removal of these moieties from 2477 compromises
the hydrogen bond network between the SpeB and papain
active sites with the molecule, leaving the predominant
interactions between 2477 and the proteases to nonspecific
hydrophobic interactions. Compounds 2 and 3 conserve the
carbamate and nitrile without adding steric bulk to the
molecule, which would be spatially problematic for effective
active site binding, as is likely the reason for poor inhibition by
compounds 1, 4, and 5 (Figure 5 and Figures S4, S5, and S6,
Supporting Information). Additionally, the increase in molec-
ular hydrophobicity of the appended groups in 1, 4, and 5 likely
disrupt several potential electrostatic and hydrogen bonding
interactions that secure 2477 into the SpeB active site.
Slight inhibition of both SpeB and papain by 3 indicates that

the phenyl ring of 2477 is preferred to the bulkier tert-butyl
group. Although the hydrophobicity of this portion of the
inhibitor is conserved, the spatial requirements for inhibition
are made evident by the differential inhibition by 2477 and 3.
This is further supported by the greater inhibition of papain
compared to that of SpeB, as this portion of the active site of
papain is wider than that of SpeB (Figure 5). Compound 6
failed to inhibit both SpeB and papain, and the sole
modification is the replacement of the nitrile of 2477 with an
amine. This suggests that the rigidity of the triple bond in the
nitrile of 2477 is essential to molecule binding and plays a
larger role than the carbamate nitrogen in imparting specificity
for papain-like proteases.
We also hypothesized that additions to the phenyl ring of

2477 could promote its inhibitory potency against SpeB. In
particular, establishing an interaction between 2477 and SpeB
residue Gln332 (which is not conserved in papain or
staphopain A) may improve precision in this binding region
that appears to be dominated by nonspecific, hydrophobic
interactions. An addition of polarity in this area could be further
stabilized by the coordination of a water molecule by 2477 and
Ser391 (Figure 7).
Papain’s active site is wider and therefore more conducive to

various additions to the phenyl ring, as is evidenced by the
effective inhibition by 7−11 (Figure 5C and Figure S8,
Supporting Information). Compound 7 is much larger than
2477 and was less potent against SpeB than papain. Varying the
position of the additions to the phenyl ring at the ortho
(compounds 8 and 11), meta (compound 8), and para
(compounds 9, 10, and 11) positions did not obstruct the
inhibitory potential of papain, while only the ortho and meta

modifications of 8 were tolerated by SpeB (Figure 5A,B and
Figure S7, Supporting Information).
Furthermore, the electrostatic surface map of papain (Figure

4B) shows greater polarity than the corresponding portion of
SpeB, with polar residues such as Ser131, Ser205, His159, and
Asp158, allowing papain to accommodate polar additions to the
phenyl ring of 2477 in a variety of positions (Figure 5C and
Figure S8, Supporting Information). This portion of the SpeB
active site is predominantly hydrophobic, although the nitro
group on the phenyl ring of 8 may interact with Gln332 of
SpeB, thus accounting for some inhibitory potential (Figure 5B
and Figure S7, Supporting Information). Given the orientation
of 2477 in the active site, polar substitutions in other positions
on the phenyl ring would disrupt the hydrophobicity of the
pocket as well as add steric bulk to a pocket that is narrow
compared to that of papain. The differential effects of 7−11 on
SpeB versus papain suggest that specificity for SpeB over other
clan CA proteases may be achieved through modification of the
phenyl ring of 2477.
The broad substrate specificity of SpeB and other papain-fold

cysteine proteases presents a significant challenge in the
development of specific, active site-directed inhibitors. We
present here a first-in-class small molecule that reversibly
inhibits SpeB, and our X-ray crystal structure of the SpeB-2477
complex and SAR studies provide insight into the iterative
development of a more potent SpeB small molecule inhibitor.
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