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Article history: Human strains of Staphylococcus aureus secrete two papain-like proteases, staphopain A and B. Avian
Received 1 March 2011 strains produce another homologous enzyme, staphopain C. Animal studies suggest that staphopains
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¢ ) B and C contribute to bacterial virulence, in contrast to staphopain A, which seems to have a virulence
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unrelated function. Here we present a detailed study of substrate preferences of all three proteases. The
specificity of staphopain A, B and C substrate-binding subsites was mapped using different synthetic

I;ey:vords" substrate libraries, inhibitor libraries and a protein substrate combinatorial library. The analysis
S:;)p;é:)s;ain demonstrated that the most efficiently hydrolyzed sites, using Schechter and Berger nomenclature,

Staphylococcal virulence comprise a P2—Gly | Ala(Ser) sequence motif, where P2 distinguishes the specificity of staphopain A (Leu)

Substrates library from that of both staphopains B and C (Phe/Tyr). However, we show that at the same time the overall

Substrate specificity specificity of staphopains is relaxed, insofar as multiple substrates that diverge from the sequences
described above are also efficiently hydrolyzed.

© 2011 Elsevier Masson SAS. All rights reserved.

1. Introduction driving intense research into the physiology of the bacterium [2,3].

Multiple lines of evidence suggest that secreted proteases play

Staphylococcus aureus is an important human pathogen [1]. Its a role in staphylococcal virulence [4,5]. Even so, the exact roles of
increasing antibiotic resistance presents a major clinical challenge, particular enzymes are only beginning to be clarified [6—8].

An analysis of randomly generated S. aureus mutant strains in

a murine infection model pointed to the importance of V8 protease

Abbreviations: Ac, acetyl; ABZ, amino benzoic acid; ANB-NH,, amide of 5- in the virulence of S. aureus [9]. However, it was soon demonstrated

amino-2-nitrobenzoic acid; ACC, 7-amino-4-carbamoylmethylcoumarin; CL, that targeted V8 inactivation does not by itself attenuate virulence

competition labeling; CLiPS, cellular library of peptide substrates; DTT, dithio- [10], but signiﬁcantly affects the V8—dependent activation of sta-

threitol; E-64, trans-epoxysuccinyl-i-leucylamido(4-guanidino)butane; eCPX, h in B Th irul f h in B
circularly permutated outer membrane protein X; FRET, fluorescence resonance phopain B protease zymogen. The virulence of a staphopain

energy transfer; GFP, green fluorescent protein; LSTS, library of synthetic tetra- knockout strain was attenuated in a mouse model, although the V8

peptide substrates; MBP, maltose binding protein; pNA, p-nitroanilide; PS-IL, protease level was unaffected [8]. Because staphopain B is the final

posAitionalA scanning inhibitor library; PS-SCL, positional scanning synthetic combi- enzyme in the staphylococcal protease activation cascade [8], the

national library. results described above indicate that it contributes directly to
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in vivo during the infection with strains of Community Associated
Methicillin Resistant S. aureus [11]. In contrast, a staphopain
A knockout strain showed no marked difference in virulence when
compared with the wild-type strain [8].

Apart from human infections, S. aureus is a significant cause of
poultry diseases, and is a large economic burden on the broiler
chicken industry. Strains isolated from chicken dermatitis lesions
ubiquitously express staphopain C, whereas its expression has
never been demonstrated in human strains [12]. Comparative
studies by Takeuchi and colleagues [13] suggest that this protease is
directly involved in the pathogenesis of the chicken disease.

Although staphopains A, B, and C share a high degree of
sequence similarity [14], their functional divergence is well estab-
lished by the data cited above and other evidence. Staphopains B
and C play roles in human and avian diseases, respectively, whereas
staphopain A seems to be unrelated to virulence, with a possible
housekeeping function. We hypothesized that this functional
variability may reflect the diverse substrate specificity of stapho-
pains. Here, we report the use of multiple high-throughput
profiling methods to draw comprehensive conclusions regarding
the overall substrate preferences of staphopains A, B and C.

2. Materials and methods
2.1. Protein purification

Staphopains A and B were purified from the culture supernatant
of S. aureus strain V8BC10 [15]. The bacteria were grown overnight
in TSB medium supplemented with B-glycerophosphate (5 g/L) at
37 °C with shaking. The following purification steps were con-
ducted at 4°C. The cells were removed by centrifugation
(10,000 x g, 20 min), and the proteins in the supernatant were
precipitated with ammonium sulphate at 80% saturation (561 g/L)
and collected by centrifugation. The resulting pellets were resus-
pended and dialyzed overnight against buffer A (50 mM sodium
acetate, pH 5.5). After dialysis, the proteins were separated
chromatographically on Q Sepharose FF (Amersham-Pharmacia)
equilibrated with buffer A. Staphopain A was collected as the flow-
through fraction. Staphopain B was eluted with a gradient of
0—300 mM NaCl in buffer A. Fractions containing staphopain B
(assayed on Azocoll) (Merck) were supplemented with ammonium
sulphate (final concentration 2 M) and applied to Phenyl Sepharose
(Amersham-Pharmacia) in buffer B (50 mM Tris—HCl, pH 7.5)
containing 2 M ammonium sulphate. Staphopain B was recovered
using a linear gradient (from 2 M to 0 M) of ammonium sulphate in
buffer B. Fractions containing the active enzyme were pooled,
dialyzed against buffer B, and stored frozen at —20 °C until analysis.
Staphopain A was further purified on CM Sepharose FF (Amersham-
Pharmacia) using a linear gradient of 0—300 mM NaCl in buffer
A. Fractions containing staphopain A (assayed on azocasein) were
pooled, dialyzed against buffer B, and kept frozen at —20 °C until
further analysis.

Staphopain C was obtained from the culture supernatant of
S. aureus strain CH-91 [16]. The initial purification steps were
identical to those for staphopains A and B. The pellets obtained
after ammonium sulphate precipitation were dissolved and dia-
lyzed against buffer C (20 mM phosphate buffer, pH 8.0). Stapho-
pain C was purified on Q Sepharose FF using a linear gradient of
0—0.5M NaCl in buffer C. Fractions containing the proteolytic
activity (assayed on Suc—GFG—pNa) were further purified by gel
filtration on Superdex 75 (Amersham-Pharmacia; 5 mM Tris—HClI,
50 mM NacCl, pH 8). The samples were stored at —20 °C until
analysis.

Preparations with at least 95% purity, as assayed by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—PAGE),

were used for the experiments. The protein concentrations were
determined with the BCA assay (Sigma). The concentrations of the
active enzymes were determined by titration with E-64 (stapho-
pain A, staphopain C) or with staphostatin B (staphopain B) [17]. All
the specified enzyme concentrations are expressed as active
enzyme concentrations. Only preparations with more than 80%
active enzyme were used in the experiments.

Different variants of the MBP—linker—GFP fusion protein
(Table 3) were obtained and purified as described previously for
MBP—GFP [18]. In brief, the CLiPS consensus sequences were
engineered into the linker region by site-directed mutagenesis. The
sequence selected in CLiPS by staphopain B (LAFGA) was used as
a reference and was modified according to CLiPS data to generate
substrates for staphopain A (LVLGA) and staphopain C (LVFGA).
Fusion proteins were expressed in Escherichia coli and purified by
affinity chromatography on Chelating Sepharose FF (Pharmacia).
The pure proteins were obtained after the Source Q (Pharmacia)
purification step.

2.2. General activity assays

Before the protease activity was assessed, each sample was
activated in assay buffer (50 mM Tris—HCI, pH 7.6, supplemented
with 2 mM DTT and 5 mM EDTA) for 15 min at 37 °C. Staphopains A
and B were routinely assayed on chromogenic substrates. Stock
suspensions (15 mg/mL) of Azocoll, hide powder azure, and Congo
Red—elastin were prepared in 0.6 M sucrose, 0.05% Triton X-100,
0.02% NaNs3 and azocasein was prepared as a 3% (w/v) solution in
deionized water. The substrate solutions were diluted with assay
buffer to a final concentration of 5 mg/mL or 1% for azocasein.
Staphopain C was assayed using Suc—GFG—pNA at a final concen-
tration of 1 mM. All the enzymes were assayed at mid-nanomolar
concentrations. The reactions were developed for 1h (Azocoll,
hide powder azure, azocasein, and Suc—GFG—pNA) or overnight
(Congo Red elastin) at 37 °C with shaking. The optical density of the
supernatant was determined as a measure of enzyme activity
(at 520 nm for Azocoll, 495 nm for Congo Red—elastin, 595 nm for
hide powder azure, 360 nm for azocasein, and 405 nm for Suc—
GFG—pNA).

2.3. Competition labeling of the S2 subsite

The S2 substrate binding pocket of the staphopains was probed
with a library of synthetic, peptidomimetic inhibitors, as described
previously [19]. In brief, a small molecule library based on E-64 was
tested, which consisted of 60 sub-libraries, in each of which
a particular natural or non-natural residue (Table S1, see Supple-
mental Information) was fixed in position P2 and the remaining
subsites contained an equimolar mixture of all the natural residues
(Cys was excluded, Met was substituted with norleucine). Stapho-
pains A and B (0.5 uM) were pre-incubated separately with each P2
sub-library (10 pM) in 50 mM Tris—HCI (pH 7.6) containing 2 mM
DTT for 30 min at room temperature. The samples were then
labeled with '>°I-DCG-04, a derivative of E-64 [20] (approximately
108 cpm per sample) for 1 h at room temperature. The samples
were resolved by SDS—PAGE and analyzed by phosphoimaging.
Numerical values for the percentage competition were normalized
to an untreated control sample and visualized using the programs
TreeView and Cluster [21], as described previously [22].

2.4. P1’ positional scanning inhibitor library (PS-IL)
and P2’ preference determination

PS-IL, containing structural derivatives of E-64, was synthesized
and assayed as previously described [23]. The P1’ library contained



320 M. Kaliniska et al. / Biochimie 94 (2012) 318—327

19 sub-libraries, each containing a specific residue of the 19 natural
amino acids (excluding Met and Cys, and including norleucine) for
the interaction with the protease S1’ subsite and an equimolar
mixture of those residues to interact with the S2’ subsite. The P2’
preference was determined with the P2’ subgroup of 19 individual
inhibitors, with an Ala residue fixed in the P1’ position and
a specific proteinogenic amino acid in position P2’ (Cys was
excluded, Met was substituted with norleucine). The inhibitory
activity of either the library compounds or the P2’ subgroup
(10 pM) against staphopain A (75 nM), staphopain B (120 nM), or
staphopain C (350 nM) was determined by incubating each enzyme
with the inhibitor for 30 min at 37 °C, followed by an assessment of
the residual activity using the Azocoll assay (staphopain A and B) or
the synthetic substrate Suc—GFG—pNa (staphopain C).

2.5. Libraries of synthetic tetrapeptide substrates (LSTS)

The LSTS are fluorescence-quenched substrates with four vari-
able positions (P4—P3—P2—P1), flanked by an N-terminal ABZ
(fluorophore) and a C-terminal ANB—NH, (quencher). The library
preparation and testing have been described previously [24,25]. In
brief, 19 sub-libraries were tested for each enzyme, each containing
a P4 position fixed with one of the 19 natural amino acid residues
(except Cys) and positions P3—P1 containing equimolar mixtures of
these residues. Each sub-library (3 mg/mL final concentration) was
incubated for 10 min with activated enzyme (1.3 uM). The increase
in fluorescence resulting from the excitation of the ABZ moiety
(325 nm) was monitored at 400 nm (emission). P4 was then fixed
with the residue corresponding to the most efficiently hydrolyzed
substrate and 19 sub-libraries were synthesized, in each of which
the P3 position contained one of the 19 natural amino acid residues
and positions P2—P1 contained equimolar mixtures of these resi-
dues. The scheme was iterated until all the positions of the most
efficiently hydrolyzed substrate were deconvoluted for a particular
enzyme. The best substrate determined for each enzyme was
resynthesized and the site of hydrolysis was established by liquid
chromatography—mass spectrometry (LC—MS). The kinetics of the
hydrolysis of each substrate were assessed as described previously
[26,27].

2.6. Positional scanning synthetic combinational libraries (PS-SCL)

The substrate specificity of the staphopains was assessed using
PS-SCL, as described previously [28]. In brief, all the libraries con-
tained fluorescent substrates with the general structure
Ac—P4—P3—-P2—P1—ACC. The P1 substrate preference was assessed
using a library containing 18 sub-libraries, in each of which the P1
position contained one of the natural amino acids (except Met and
Cys), and an equimolar mixture of those amino acids occupied the
remaining subsites. The P2—P4 substrate preference was evaluated
using three distinct libraries. Each library contained 18 sub-
libraries, each having fixed residues at either the P2, P3, or P4
position, and all having Arg fixed at P1. The remaining positions
were randomized with a mixture of natural amino acids, excluding
Met and Cys. All the libraries were tested at a substrate concen-
tration of 9 uM in a buffer containing 100 mM Tris—HCIl (pH 7.6),
200 mM Nacl, 10 mM cysteine, and 5 mM CaCl,. The active enzyme
concentration was 100 nM for staphopains A and B and 9 uM for
staphopain C. Enzymatic activity was monitored as the increase in
fluorescence emission at 455 nm (380 nm excitation).

2.7. Cellular library of peptide substrates (CLiPS)

The complete consensus sequence recognized and cleaved by
each staphopain was determined using the CLiPS methodology, as

described previously [29]. In brief, a library based on the eCPX
protein containing on the N-terminal the streptavidin-binding
peptide ligand, followed by a substrate sequence composed of
eight randomized amino acids, and the SH3 domain binding
peptide on C-terminal, was displayed on the cell surface of E. coli
[30]. The initial library contained ~ 108 substrates (different clones;
diversity of the library was assessed by sequencing of randomly
selected clones). The samples were incubated with the enzymes for
1 h at 37 °C and the concentrations of the enzymes were gradually
reduced from 650 nM to 65 nM at each sorting step. The library was
enriched with protease-recognized clones in 0.2 M Tris—HCI (pH
7.6) for staphopains A and B, and in 5 mM Tris—HCl (pH 8.0), 50 mM
NaCl for staphopain C. The staphopain-induced hydrolysis of the
substrates and the display of the eCPX protein was monitored with
fluorescence-activated cell sorting (FACS). Clones with intact baits
displayed red and green fluorescence after incubation with
phycoerythrin-conjugated streptavidin (50 nM) and GFP-SH3
(250 nM), respectively. Clones expressing substrates that were
specifically hydrolyzed were isolated by sorting for green cells only.
After several rounds of sorting, the individual clones were incu-
bated with 120 nM the appropriate staphopain for 1 h and the
clones susceptible to proteolysis were sequenced. The data were
analyzed to determine the consensus sequence recognized by each
protease tested.

2.8. Cleavage of MBP—linker—GFP fusion proteins

Three variants of the MBP—linker—GFP fusion protein (Table 3)
were prepared as described in section 2.1. An appropriate variant
was cleaved by a particular staphopain at a molar ratio of 1:200, in
25 mM Tris (pH 7.6) supplemented with 2 mM DTT at 37 °C. After
incubation for 1h, the reaction products were separated by
SDS—PAGE, transferred to PVDF membrane (Hybond), and the
newly released N-terminal was characterized by Edman degrada-
tion sequencing (BioCentrum).

3. Results

3.1. Assessment of the S2 subsite preference by competition
labeling (CL)

Based on in vivo data that suggest that staphopain B plays
a significant role in staphylococcal virulence and that staphopain A
probably has a housekeeping function, we hypothesized that these
two homologous enzymes should exhibit different substrate
specificities. To roughly identify the expected differences, we first
assessed the S2 subsite preference of the two enzymes (subsite
nomenclature after [31]). The rationale for assessing the S2 subsite
first was that staphopains belong to the clan CA (papain-like)
proteases [32], in which the S2 subsite is a major determinant of
specificity [33]. An inhibitor library based on the scaffold of
a general inhibitor of clan CA proteases (E-64) was constructed
containing 61 P2-residue-fixed sub-libraries (Fig. 1A). The compe-
tition of each sub-library with the general radioactive probe
1251_DCG-04 was assessed. The reduction in labeling upon incuba-
tion with the particular sub-library, compared with the labeling of
a blank sample (without inhibitor), was used as the measure of
activity.

The overall substrate preferences of staphopains A and B at the
S2 subsite were not strikingly different (Fig. 1B) and most closely
resembled that of human cathepsin H (Fig. 1C). Both staphopains
most readily accepted the branched side chains of Leu, Ile, and Val
at the S2 subsite. Nonetheless, marked differences were also
evident. Staphopain B readily accepted some non-natural bulky
side chains (phenyl glycine, 2-thienyl alanine) at S2, which were
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Fig. 1. Comparison of the S2 subsite preferences of staphopains A and B. The competition between different E-64 derivatives and a general radioactive probe to label the active sites
of the staphopains was assessed. (A) The general structure of the inhibitor sub-library. Each tested sub-library contained a fixed residue in the P2 position (X) and equimolar
mixtures of 18 natural amino acids (Mix) at the P3 and P4 positions. (B) The colour-coded activity of each of the 60 sub-libraries tested. Inhibitors were arranged according to the
extent of competition with staphopain A labeling (top) and staphopain B labeling (bottom). (C) Comparative cluster analysis of the S2 subsite preferences of the staphopains and
other papain-like proteases. The tree structure illustrates the similarities in the S2 subsite specificities of the CA clan enzymes. Capital letters indicate proteinogenic amino acid
residue fixed at the P2 position of a particular sub-library; “n” stands for norleucine. Numbers designate non-natural amino acids (for chemical structures, see Table S1 in the
Supplementary Data). The deep red colour indicates 100% competition (high activity of a sub-library) and the dark blue colour indicates 0% competition.

not tolerated by staphopain A. Of possible physiological relevance,
staphopain B preferred Ile over Leu, whereas staphopain A had the
reverse preference. Moreover, Asp was only accepted by staphopain
B, in contrast to staphopain A, which accommodated Arg and Tyr at
the analyzed subsite. Altogether, these results were considered as
a proof of concept for our hypothesis. The differences in the
substrate preferences of the enzymes analyzed were not striking,
but were clearly distinguishable. Therefore, we have proceeded to
further characterize differences in the specificities of staphopains
A, B, and C.

3.2. Mapping the primed site amino acid preference

To gain greater insight into staphopain substrate specificity, we
verified their S1’ and S2’ subsite preferences. For this purpose, an
extended version of the CL experiment with PS-IL was used. The
library was based on E-64 derivatives (Fig. 2A) assembled into two
groups of structures. The first group contained 19 sub-libraries,
each with a fixed residue in the P1’ position and an equimolar
mixture of the 19 natural amino acids at position P2’ (omitting Cys;
Met was substituted with norleucine). The second group was
synthesized as components of the P1’ sub-library, with an Ala
residue fixed in this position and a specific amino acid in position
P2’ (Cys was excluded and Met was substituted with norleucine).
Each group was incubated with the enzymes, and the residual
enzymatic activity was determined.

In this assay, staphopain A exhibited almost no selectivity at the
P1’ subsite, whereas the two other staphopains were more selective
(Fig. 2B). Staphopain B preferred Ala and Gly, whereas staphopain C
preferred Leu, Ile, and Val. Inhibitors containing Gln, Asn, His, or
Asp at P1’ were the least effective against all three staphopains.
These inhibitors were almost ineffective against staphopain B,
whereas they retained more than 50% activity against staphopains
A and C under the conditions used.

All three staphopains strongly selected Ala at the P2’ position.
This preference was most evident for staphopain B, for which all the
tested inhibitors containing residues other than Ala were less than

50% active. The selectivity of staphopain C was less clear because all
the inhibitors, except that containing Ser at P2/, were still more
than 50% effective. Staphopain A was least selective of all the
enzymes analyzed, accepting not only Ala but also Trp and Tyr, and
to a lesser extent Phe, Ile, and Leu, at the P2’ position.

Overall, in the assay described, staphopain B exhibited the
highest selectivity at both the P1’ and P2’ positions, followed by
staphopain C. Staphopain A was the least selective of the three
enzymes.

3.3. Specificity profiling with synthetic substrate libraries

The competition experiments roughly confirmed our initial
assumption that the substrate preferences of staphopains A, B, and
C differ. To extend these findings more comprehensively, we
profiled the substrate specificities of the staphopains using an LSTS
with the general formula ABZ—P4—P3—P2—P1—ANB—NH,. The
activity of all the tested enzymes was initially determined against
a library composed of 19 sub-libraries, each containing a fixed
residue at the P4 position and equimolar mixtures of the 19 natural
amino acids (excluding cysteine) at the other positions. Then
a second library was constructed for each protease, in which P4
contained the residue yielding the highest activity in the previous
test, and containing 19 sub-libraries, each with a fixed residue at
the P3 position and an equimolar mixture of the 19 natural amino
acids at P2 and P1. This scheme was followed until the most effi-
ciently hydrolyzed substrate (residues P4—P1) was determined for
each protease (Fig. 3). The cleavage sites in the deconvoluted, most
efficiently hydrolyzed substrates were then determined with
LC—MS (Fig. S2, see Supplemental Information). Staphopain A
(optimal substrate: ABZ—Phe—Gly—Ala—Lys | ANB—NH;) and sta-
phopain B (ABZ—Ile—Ala—Ala—Gly | ANB—NH,) exhibited similar
substrate preferences in this assay, preferably hydrolyzing
substrates with Ala residue in the P2 position. The most preferred
residues in the other positions distinguish the two enzymes. Sta-
phopain C exhibited a distinct substrate preference, most efficiently
hydrolyzing ABZ—Ile—Ala—Lys—Asp | ANB—NH,. It is noteworthy
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Fig. 2. Substrate preferences of staphopains at the primed subsites. The residual activity of the staphopains was determined in the presence of different E-64 derivatives to assess
the P1’ and P2’ residue preferences of the proteases. (A) Markush structure representation of the general structure of a single sub-library of the Positional Scanning Inhibitory
Library (PS-IL) used in this study. Each sub-library of the P1’ library contains a fixed residue at position Y and an equimolar mixture of the 19 tested amino acids at position X. Each
individual inhibitor of P2’ subgroup contains an Ala residue fixed at position X and one of 19 amino acids at position Y. (B) The activity of the P1’ and P2’ inhibitor sub-libraries
against staphopains A, B, and C. The residual proteolytic activity (y axis) after pre-incubation with a particular inhibitor sub-library (x axis — the fixed residue is represented by the
single-letter amino acid code; “n”, norleucine). The residual activity was normalized to the control, which lacked inhibitor (“b").

that, when determined in this way, the specificities of staphopains
A and B are consistent with the established selectivity of the clan CA
proteases at the S2 subsite. The LSTS assay demonstrated the
relaxed preference of staphopain C at this position, suggesting
a broader specificity of this enzyme.

The optimal substrates established for each enzyme were resyn-
thesized and their kinetic parameters were determined (Table 1). For
each substrate, the kca¢/Ky value was only significant for the enzyme
for which the substrate was initially developed, confirming the
differences in the substrate specificities of the proteases analyzed.
Their virtual lack of cross reactivity means that the substrates
developed should be useful tools for staphopain characterization.

Because the LSTS profiling results were largely inconsistent with
the inhibitor-based library profiling reported here, we assessed
how the deconvolution scheme and the type of reporter group
affected the preferences established at particular subsites. A PS-SCL

was constructed with the general structure Ac—P4—P3—P2—
P1—ACC. The deconvolution scheme differed from that used for
LSTS library in a way that P1 subsite preference was determined
first and followed by parallel determination of preference at
remaining subsites. For P1 profiling, the library contained 18 sub-
libraries, each of which contained a fixed residue in the P1 posi-
tion and equimolar mixtures of 18 proteinogenic amino acids
(excluding Met and Cys) at positions P2—P4. The modified decon-
volution scheme yielded results only partially consistent with the
LSTS profiling. Both methods demonstrated selectivity of stapho-
pain A for Thr at the P1 subsite, but they varied in other residues
likewise efficiently hydrolyzed. The PS-SCL assay also indicated GIn
and Ala as amino acids selected in the analyzed position (Fig. 4),
whereas this preference was less clear in the LSTS assay, where Lys
or Leu were processed at the highest rate (Fig. 3). In the PS-SCL
assay, staphopain B exhibited strict specificity for residues with
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Fig. 3. Comparison of the substrate specificities of staphopains A, B, and C determined using Library of Synthetic Tetrapeptide Substrates (LSTS). The substrate specificities of the
staphopains were profiled using substrates with the general structure ABZ—P4—P3—P2—P1—-ANB—NHj, as described in Section 2.5. For each enzyme, the specificity at particular
subsite, the optimal substrate sequence, and the cleavage site (indicated with “|”) are shown. Vertical bars indicate the activity of the enzyme against a particular sub-library,
normalized to the most active sub-library in each set. Residues fixed at particular subsites (indicated at the top of each panel) are indicated with the single-letter amino acid code.

small side chains (Gly, Ala, Ser) at the P1 subsite. In fact, no other
residues were accepted. Even though Gly was also the most
preferred residue at P1 in the LSTS assay, many other residues were
additionally accepted with a significant yield of substrate hydro-
lysis products. The results for staphopain C were most inconsistent
between the two methods. Whereas LSTS revealed a strong pref-
erence for Asp at P1, the PS-SCL assay indicated a relaxed prefer-
ence at this subsite, with Asp being one of the least preferred
residues.

The other subsites were only profiled for staphopains A and C.
The library used for profiling the P2 preference contained 18 sub-
libraries, each having one of 18 natural amino acids fixed at P2
and Arg at P1. Positions P3 and P4 contained equimolar mixtures of
the 18 natural amino acids. Contrary to the broad preference at the
S2 subsite observed with LSTS, PS-SCL revealed high specificities for
the tested staphopains. Staphopain A strongly preferred Val (also
accepting Phe, Pro, and Leu), whereas staphopain C selected Tyr
(also accepting Phe and Leu) as a preferred P2 residue. The presence
of residues other than those mentioned almost completely abol-
ished the enzymatic activity of the staphopains against the tested
substrates.

Table 1

At the other positions (P3 and P4), staphopain A exhibited
a preference for Glu at P3, whereas staphopain C was rather
unspecific. Both enzymes showed little preference at the P4 subsite.

Taking these data together, a comparison of the substrate
specificities of the tested staphopains determined using LSTS and
PS-SCL indicated that the substrate preference is assay specific,
rather than protease specific. Nonetheless, a comparison of the
results for the different enzymes within each of the two assays
demonstrated that the specificities of the staphopains differ, which
probably reflects true differences between the enzymes.

3.4. Comprehensive specificity profiling using CLiPS

The synthetic substrate/inhibitor libraries did not yield
a consistent picture of staphopain specificity because they were
affected by positional deconvolution and the reporter groups.
Therefore, we assessed the specificity of the staphopains using
a bacterial cell-surface display system based on proteinacious
substrates, CLiPS. The library was constructed with a highly variable
substrate sequence of eight randomized constitutive amino acids in
the context of an outer-membrane bacterial protein. Overall, the

Kinetic parameters of the hydrolysis by staphopains of tetrapeptide substrates determined in the LSTS assay.

Substrate sequence Enzyme keat [s71] x 1071 Km [M] x 1076 keat/Km [sT'M71] x 103
ABZ—Phe—Gly—Ala—Lys—ANB—NH, Staphopain A 7.16 +£0.83 56+04 1278 +74

Staphopain B 1.124+047 154.6 + 15.5 0.7 +0.1

Staphopain C 0.23 +£0.03 3853 +204 Below 0.1
ABZ—Ile—Ala—Ala—Gly—ANB—NH, Staphopain A 0.56 +0.03 163.9+12.2 34+0.2

Staphopain B 8.86 +6.02 7.6+1.1 118.0+12.2

Staphopain C 0.02 +0.01 271.4+10.2 Below 0.1
ABZ—Ile—Ala—Lys—Asp—ANB—NH, Staphopain A 0.32+0.11 587.14+48.1 Below 0.1

Staphopain B 0.12 +0.07 612.9+52.7 Below 0.1

Staphopain C 0.89 +0.58 143+1.35 62.4+3.1

Values are the means =+ SD of triplicate experiments.
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Fig. 4. Substrate specificities of staphopains A, B, and C determined using Positional Scanning Synthetic Combinational Libraries (PS-SCL). The substrate specificities of the sta-
phopains were profiled using a PS-SCL library with the general structure Ac—P4—P3—P2—P1—ACC. Eighteen sub-libraries, each with a fixed P1 residue and equimolar mixtures of
residues at all other subsites, were assayed to determine the P1 preference of each enzyme. The P2, P3, and P4 sub-libraries were similar to P1, except that the residues at the
respective subsites were fixed and all the substrates contained Arg in the P1 position. Vertical bars indicate the activities of the enzymes against a particular sub-library, normalized
to the most active sub-library in each set. Residues fixed at particular subsites (indicated at the top of each column) are identified with the single-letter amino acid code.

tested library contained 108 different substrates (out of 3.7 x 10°
possible combinations). Multiple rounds of selection, comprising
a protease treatment and the isolation of the hydrolyzed clones,
were performed to reveal the consensus sequences recognized and
hydrolyzed by staphopains A, B, and C (Table 2). The exact cleavage
site within the consensus was determined by analyzing the
hydrolysis of purified fusion proteins containing sequences derived
from the CLiPS selection (Table 3). Taken together, the general
sequence pattern recognized and cleaved by all three staphopains
can be roughly presented as: P3—P2—Gly | Ser(Ala). The P2 prefer-
ence distinguishes staphopain A from staphopains B and C. Both of
the latter enzymes prefer the bulky aromatic side chains of Phe or
Tyr at P2, whereas staphopain A preferentially recognizes and
cleaves substrates containing Leu in this position. The preference at
P3 is less stringent and is similar for all enzymes, with middle-sized
residues including Leu, Ile, Val, Ser, Thr, and Ala being selected. The
specificity was most stringent for staphopain C, which almost
exclusively selected Leu, Ile, or Val. Staphopain B preferred Ser, Thr,
Ala, and Pro at this site, and Pro was only specific for this enzyme.
Staphopain A was the least selective and all the residues mentioned
above (except Pro) were acceptable in the P3 position. The above
described preferences are, however, only discriminatory under
a high selection pressure (CLiPS). The test fusion proteins (Table 3)
containing either one of optimal sequences selected for staphopain
B (LAFG|A), or general pattern most preferred by staphopain A
(LVLG | A) or substrate sequence modified to reflect staphopain C
preference (LVFG|A), are equally well hydrolyzed by all three
enzymes, at least to the extent possible to distinguish with
a semiquantitative assay used in this study.

4. Discussion

Staphopains B and C contribute to staphylococcal virulence,
whereas staphopain A seems to have another unrelated function.
We hypothesized that mapping their substrate specificity may help
explain the observed differences in physiological functions.

Staphopains A and B have been extensively studied over the
years. The degradation of the o-inhibitor [34] and few synthetic
substrates [35] has been investigated, but because of the small
pools of analyzed cleavage sites, no conclusive results regarding the
enzymes’ substrate preferences have been obtained, apart from the
fact that staphopains hydrolyze a broad range of substrates.
Structural analysis of the staphostatin B-staphopain B complex cast
more light on the substrate preference of the protease [36], but at
the same time contradicted the previous fragmentary findings
based on the analysis of cleavage sites, so again no overall consis-
tent picture emerged. Staphopain C was first described only
recently [13] and no data on its substrate preferences are available.
In this report, we have described the results of the first focused
study of the substrate preferences of the staphopains, using
currently available high-throughput profiling methods: a combi-
natorial inhibitor library, and synthetic and proteinacious substrate
libraries. Each specificity mapping method showed clear differ-
ences at the individual substrate-binding subsites in the charac-
terized enzymes. However, the results obtained for each particular
enzyme with the different methods were largely inconsistent. This
phenomenon might be explained by a combination of the draw-
backs inherent in each method and the overall low substrate
specificity of analyzed proteases. For each profiling method used in
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Table 2
Sequences of the most efficiently hydrolyzed protein substrates determined by CLiPS
for staphopains A, B, and C.

P4 P3 P2 P1 PT P2

Staphopain A

SORT 5°¢ L L L g g s
L T L E S A
F R L T A g
R S L g g S
\% S L g g s
Q L L T S g
L \" L g g S
w A L A S P
A L L g g S
I \" Y g g S
L S F G g g
T S L M M g
F G L S g g
S W L S T \%
\Y \" L g g s
L L L g g S
L \" L g g S

SORT 7 L T L G A S
L \Y L G S S
L \Y L G S S
R L L G S S
R L L G S S
M Q L G S S
L \Y, M T S g
G L D G M I
R \Y% R G H F
L \" F g g S

L)V L G S —

Staphopain B

SORT 5 L A F A A S
L S F g g S
A% S F g g S
L S F g g S
S T Y g g S
G P I g g s
T P A G S S
L P \" g g S
1 P Y g g S
G P Y g g s
Q A Y g g s
M S Y g g S
T A Y g g s
g A Y G A Q
L S Y g g S
L L Y g g S
\% \Y A g g s
\ \ g g S g
I A% F g g S

SORT 7 L A F G A H
L A F G S g
L I F g g S
H P F G S R
w S F G S P
I A F g g S
\% A F G g g
\ K F G A Q
g S F G A R
L % Y G A g
I T Y G A S
I T Y G A S
I T Y G A S
I T Y G A S
I T Y G A S
IL FIY G A

Staphopain C

SORT 4 g Y Y G S A
L Q Y G S S
E \Y% F G S S
\% L F G T A

Table 2 (continued )

P4 P3 P2 P1 P1 p2’
H L Y g g S
T \' Y A \ P
w L K S I S
\% T Y g g S
A L Y S g g
P I Y A Y g
L I L G A D
w \' L G A \
A \" Y g g S
L T F g g S
P K Y g g S

SORT 6 g I Y S w F
M \" F G A g
g \' F G A P
A \' F G A P
A \' F G H P
Y \" F G S G
L I F G S P
L L F G S P
M L F G S P
F I L G S P
I I Y G S A
\ I Y G L S
\Y I Y G A g
L L Y G T S
L \' Y A F g
N v Y G w g
E L Y g g S

L/V/1 FlY G S/A

Alignment of sequences selected from a library of randomized muteins of eCPX
protein based on their susceptibility to hydrolysis by a particular staphopain. Capital
and small letters indicate the variable and constant regions of the library, respec-
tively. The consensus sequence of the most efficiently hydrolyzed substrate is given
at the bottom of each sequence alignment. The residues highlighted in bold corre-
spond to the determined consensus sequence. Only fragments of selected sequences
corresponding to the consensus region are shown. Full sequences are listed in
Supporting Information (Table S3).

2 The sorting round in which the particular sequence originated is indicated on
the left of each column.

this study, multiple examples are available in the literature doc-
umenting its suitability for the determination of protease substrate
preferences [23,29,37,20,38]. Profiling results obtained with
different synthetic substrate methods are usually consistent for
highly selective proteases and less consistent for promiscuous
enzymes. In the highly selective proteases, enzymatic specificity for
particular residues plays a major role in substrate selection.
However, in the less specific proteases, the final substrate selection
results from interactions between the peptidic and non-peptidic
parts of the synthetic substrates. For example, it has been
demonstrated that identical synthetic substrates, varying only in
the C-terminal chromophore group, display different kinetic
parameters [39,40]. Our study with synthetic substrates showed
that the substrate specificity of the staphopains is rather relaxed,
although subtle differences between particular enzymes still

Table 3
MBP—linker—GFP fusion protein variants used in this study.

Linker sequence Specificity

SLVLG | Am Staphopain A
SLAFG | Am Staphopain B
SLVFG | Am Staphopain C

Linker sequences were engineered according to the CLiPS
consensus determined for each particular staphopain. “|”
indicates the experimentally determined cleavage site. Capital
letters indicate CLiPS derived consensus-like region, small
letters indicate flanking vector sequences.
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exist. We confirmed those differences by profiling the enzymes
with proteinaceous substrates. All three staphopains recognize
a sequence of three consecutive amino acids. Amino acids with
aliphatic side chains, including Leu, Ile, Val, and Thr, are selected at
the P3 subsite by all three enzymes. Staphopain B also accepts Pro
in this position. All the tested enzymes strongly prefer residues
with small side chains in the P1 (Gly) and P1’ positions (Ala or Ser).
Only the P2 subsite strongly distinguishes the substrate specificity
of the staphopains. Both staphopains B and C prefer the bulky
aromatic side chains of Phe and Tyr, whereas staphopain A prefers
Leu at this subsite. Although the CLiPS results are largely incon-
sistent with those obtained with synthetic substrates and are only
partially consistent with those obtained with inhibitor profiling, we
believe that they best characterize the differences between the
staphopains. First, the substrates used (i.e., proteins) are closest to
those physiologically encountered by the enzymes. Moreover, no
synthetic groups are present. Furthermore, no deconvolution is
required, so subsite cooperation is taken into account.

It is interesting to compare the CLiPS specificity profiling data
with the analysis of known crystal structures of staphopains A and
B (staphopain C structure has not been determined to date). The
most pronounced difference in specificity of staphopains A and B is
found at S2 subsite where the former prefers a medium sized side
chain of Leu whereas the latter bulky side chains of Phe and Tyr. In
agreement, the structure of staphopain A in complex with E64
inhibitor (PDB code 1CV8) shows the S2 pocket of hydrophobic
nature, where Leu is easily accommodated [41]. The structure of
staphopain B — staphostatin B complex (PDB code 1PXV) also
demonstrates a hydrophobic but slightly more spacious S2 subsite
indicating that residues with larger side chain then Ile are accepted
[42]. Several staphopain cleavage sites were characterized in host
proteins ([34,43,6], www.sanger.ac.uk) but, only a single one
resembles preferred sequences determined in this study. The likely
reason for such divergence is that in the current study kinetically
most preferred substrates were selected whereas in the cited
studies particular purified proteins (not necessarily physiological
substrates) were incubated with staphopains until cleavage was
observed. Therefore the cleavage of analyzed host proteins may be
orders of magnitude less efficient than that of optimal substrates. It
is of particular interest that the single cleavage site determined in
analyzed host proteins which most resembles the preferred
sequences characterized in this study is the one found in chemerin
(FAFS | KA), the only host protein studied for which physiological
cleavage by staphopain was convincingly demonstrated [6]. As
such, only a proteome wide analysis of staphopain substrates
would allow to point correlations (if any) between the sequences
determined in this study and sequences hydrolyzed in physiologi-
cally relevant substrates.

In summary, our initial hypothesis is only partially supported by
our experimental findings. The substrate preferences of stapho-
pains B and C are similar and distinct from that of staphopain A. It is
tempting to speculate that these properties reflect the distinct
physiological roles of the enzymes. However, we have also
demonstrated that the substrate specificity of the staphopains is
relaxed and cannot be fully described in terms of classical subsite
preferences. Under the stringent selection conditions used in CLiPS,
the most kinetically favored substrates repeatedly showed the
differences between staphopains B and C, and staphopain A, but
more relaxed selection and the use of different methods clearly
demonstrated that the range of acceptable substrates is much
broader. Therefore, we conclude that staphopains differ in their
substrate preferences, but the differences are subtle. Other factors
must concurrently determine the differential importance of these
enzymes in staphylococcal virulence. For example, Wladyka and
colleagues recently argued that a differential susceptibility to

plasma protease inhibitors explains why the pathogenic function of
staphopain C is restricted to birds and does not extend to humans
[44]. Similar factors may influence the different roles of stapho-
pains A and B, and these await further investigation. The compre-
hensive information on the substrate specificity of the staphopains
and the utility of novel tools provided by this study should assist
the future characterization of the roles of staphopains in staphy-
lococcal virulence.
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Table S1 presents non-natural derivatives of E64 used in
competition labeling experiment. LC-MS data in Fig. S2 support
results from LSTS assays. Alignments of full sequences of random-
ized region obtained from CLiPS selection are listed in Table S3.
Most preferred residues at each position determined with used
techniques are summarized in Fig. S4.

Supplementary data associated with this article can be found in
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