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ABSTRACT. Prostaphopain B is the precursor of staphopain B, a papain-type secreted cysteine protease
from the pathogeStaphylococcus aureudlere, we describe the 2.5 A crystal structure of the proenzyme.

Its 21 kDa proregion is organized around a central half-barrel or barrel-sandwich hybrid and occludes
primed, but not nonprimed, sites in the active site cleft of the protease. The structure of the mature part
of the protease is similar to previously reported staphopain structures, and no distortion of the catalytic
residues is apparent at 2.5 A resolution. A comparison of prostaphopain B with the staphopain
B—staphostatin B complex shows that the proregion and the inhibitor interact with largely nonoverlapping
parts of the protease surface. In a modeled complex of prostaphopain B with staphostatin B, clashes
occur both inside and outside the active site cleft, but involve mostly poorly ordered regions of the protein
that may be mobile.

Many papain-type (Clan CA) cysteine peptidases are among the proregions of other papain-type cysteine pepti-
produced as inactive proenzymes that require cleavage ofdases. The 20.8 kDa molecular mass of the prostaphopain
their N-terminal inhibitory proregions for activation. The B proregion is remarkable. It is significantly greater than
proregions of papain-type cysteine peptidases are poorlythe molecular mass of the proregions of all structurally
conserved and often structurally unrelatéyl Although all characterized papain-type enzymes and slightly greater than
proregions quench the proteolytic activity of the mature the molecular mass of mature staphopain B.
enzymes, the specific inhibition mechanisms vary. Occlusion  Maturation of both staphopains A and B involves several
of the substrate binding clef2{-7), engagement of the active  steps. Intracellularly, both are expected to be present as
site cysteine in a disulfide bridg8), and displacement of  preproenzymes. Cleavage of the leader peptide should occur
the catalytically essential histidine residi# have all been concomitantly with secretion. Maturation is thought to occur
described for proforms of papain-type enzymes. extracellularly and, in case of staphopain B, depends on the

Staphopains A and B (also known as ScpA and SspB, presence of V8 protease in the supernataff {1).
respectively), the major secreted staphylococcal cysteine Staphopain B is the target for staphostatin B, the product
peptidases, are papain-type enzymes. Their genes encodef thesspCgene. Although there is consensus in the literature
preproenzymes that consist of a leader peptide, a 21 kDathat staphostatin B inhibits staphopain B, the detailed
proregion, and the 20 kDa mature enzyme. The similarity properties of staphostatin B are controversiaD, (11).
between mature staphopain B and other papain-type pepti-Massimi and colleagues reported the detection of a complex
dases is readily apparent from multiple-sequence alignmentsbetween staphostatin B and prostaphopain1B).(They
(data not shown). In contrast, we could not detect significant proposed that staphostatin B serves to maintain prostaphopain
homologues of the proregions of prostaphopains A and B B latency. According to their model, activation of prosta-

phopain B requires V8 protease to cleave off the proregion
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We have previously determined the crystal structures of CAGCTAGAAATTAATG-3' and 3-AAGGATCCTCGAGT-
free staphostatin B1Q) and of staphostatin B in complex CAAACTTTTGTAGGTGTTAC-3. The 530 bp amplicons
with mature staphopain BLB). These studies have confirmed were cloned vidcdRl andXhd into a derivative of pET15b
the expected structural similarity between mature staphopain(Novagen), named pET15bmod, which lacks the original
B and other papain-type cysteine peptidases, especiallyEcoRl site and contains a newly introducé&atadrl site in
staphopain A. Moreover, we have shown that staphostatinsplace of the original thrombin cleavage site. Thus, the
represent a novel class of cysteine peptidase inhibitors thatN-terminal sequence of our construct was MGHHHHHHEF-
insert their binding loops in substrate-like direction into the HMKQLE..., where the KQLE segment constitutes the first
active site clefts of their target proteases. Here, we extendresidues of the native proregion of the prostaphopain B
our previous studies and report the crystal structure of sequence and the PTKV segment the last ones. The D98H
prostaphopain B. The crystal structure shows that the mutation was introduced into the expression construct for
mechanism that maintains prostaphopain B latency differs the proregion of prostaphopain B from strain V8 by site-
from previously described mechanisms that ensure pro-directed mutagenesis according to the QuickChange protocol
enzyme latency in other papain-type cysteine peptidases.with PfuTurboDNA polymerase (Stratagene).
Moreover, the crystal structure suggests a possible explana- For the expression of both wild-type and mutant proregions
tion for discrepancies in the literature about the prostaphopainin E. coli, BL21(DE3) cells were transformed with the

B—staphostatin B interaction. appropriate expression constructs, grown at@7o anAsoo
of 1.0, induced with 0.5 mM IPTG, and shifted to 28 for
EXPERIMENTAL PROCEDURES 4 h. Cells were harvested by centrifugation, resuspended in
buffer A, and frozen. After thawing, cells were treated with
Prostaphopain B Cloning, Expression, Purificatid?ro- lysozyme and DNase | at4C and disrupted by sonication.

staphopain B fron$. aureusstrain V8 was cloned into vector The soluble fraction was separated by ultracentrifugation,
PGEX-5T as a glutathionBtransferase (GST) fusion protein and the superatant was applied to a niekéTA agarose

via BarrHI and Xhd. Two constructs were prepared, one (Qi@gen) column. The column was washed with 30 mM
with the stop codon immediately after the last residue of the IMidazole in buffer D [20 mM Tris (pH 7.5) and 100 mM
open reading frame (named pSsspB-pGEX-5T) and a secondVaCll and eluted with 100 mM |m|c_1azole in buffer A. The
one with the stop codon taken from the vector, resulting in €luaté was concentrated and applied to a Sephacryl S-200
the addition of the LEVPIHRD peptide at the C-terminus. (Pharmacia) gel filtration column in buffer A. The eluate
Escherichia colBL21(DE3) cells were transformed with the ~Was concentrated on Amicon (Millipore) 10 kDa cutoff
expression construct, grown at 3T to an Asg of 0.7, regenerated cellulose filters. _ o
induced with 1 mM IPTG,and cooled to 36C. Four hours ~_Mature Staphopain B Cloning, Expression, and Purifica-
after induction, cells were harvested, resuspended in buffertion. Staphopain B for biochemical assays was purified from
A [20 mM Tris (pH 7.5) and 50 mM NaCl], and frozen. the native source according to the published protot8). (
After thawing, cells were treated with lysozyme and DNase 1he inactive mutant of staphopain B (C243A)3[ was

I and opened by sonication. After centrifugation (40 000 rpm Subcloned viaNdd and Xhd into pET14b (Novagen). For
for 40 min), the supernatant was applied to glutathione ~Protein expression, BL21(DE3) cells were freshly trans-
Sepharose 4B (Amersham Biosciences) 4C4 The resin formed with the expression construct and grown atGo

was washed with buffer B [20 mM Tris (pH 7.5) and 200 @nAso0 of 1.0 and, after induction with 0.5 mM IPTG, were
mM NaCl], and the fusion protein was eluted form the resin c00led to 28°C for 5 h. Up to the elution from the nickel

with buffer C [10 mM glutathione, 10 mM Tris (pH 8.0), NTA agarose (Qiagen) column, all purification steps were
and 50 mM NaCl]. The prostaphopain-&ST fusion was  identical to those of the proregion purification. In the
cleaved with thrombin (Sigma, 28 units of thrombin/10 mg Staphopain B purification, the eluate was concentrated to 10
of fusion protein) in buffer C with 5 mM Caglfor 5—7 mg/mL and the His tag was cleaved with thrombin (Sigma)
days at 4°C. Because of the specificity of thrombin, the &t 4 °C for 2—4 days. After the cleavage was completed,
proenzyme bears the Gly-Ser N-terminal extension. After the protein was applied to a Sephacryl S-200 (Pharmacia)
gel filtration on Sephacryl S-300 column (Amersham Bio- gel filtration column in buffer A. The eluate was concentrated
sciences) in 5 mM Tris (pH 7.5) to remove glutathione, GST 0N Amicon (Millipore) 10 kDa cutoff regenerated cellulose
and remaining noncleaved material were scavenged with ilters. _ . o .
glutathione-Sepharose 4B resin, and the enzyme was Staphostatin B Expression and Purificatid®taphostatin

concentrated to 520 mg/mL by ultrafiltration (VivaSpin, B was recombinantly expressed i coli and purified as
VivaScience, 10 kDa cutoff). described previously 11). For all proteins, the protein

concentration was calculated from the absorbance at 280 nm,
using amino acid composition-based extinction coefficients.
The purity and identity of all proteins were assessed by
SDS-PAGE and mass spectrometry.

Size Exclusion Chromatographinalytical gel filtration
runs were performed with a Superdex 75 PC 3.2/30 column
(Amersham Biosciences) (see Figure 4A and Figures 6A and

! Abbreviations: Abz, 2-aminobenzoyl; Bz, benzoyl; Dnp, 2,4- 6B) or a Superose 12 HR 10/30 column (Amersham
g'l;‘tgr;’gheé‘%"ﬂ'i'Ggg;ﬁgﬂzgg%‘ﬁ‘ﬁw}’,\'lj'_?g;g;‘g‘t?co(‘;ggf‘”l'g?g?' Biosciences) (see Figure 6C) in buffer containing 50 mM
isopropyl thiop-p-galactopyranoside; pNA-nitroanilide; PEG, poly- Tris (pH 7.5), 150 mM NaCl, 2 mM DTT, and 1 mM EDTA
ethylene glycol; SspB, staphylococcal cysteine protease B. at 4°C. For complex formation, the proteins were mixed in

Prostaphopain B Proregion Cloning, Expression, and
Purification. Fragments encoding the proregion were ampli-
fied by standard PCR from the proSspB expression construct
(pSsspB-pGEX-5T) and from genomic DNA & aureus
NCTC 8325-4 with primers'SGGAATTCCATATGAAA-
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eqUi_mOIar amounts (8 anD_in column eqUi_“brati_on_bgﬁer Table 1: Data Collection and Refinement Statistics
and incubated at 2C for 20 min. The recombinant inhibitor
(staphostatin B), proenzyme (prostaphopain B), and inactive

Data Collection

space grou P2,2:2
mutant of mature protease (staphopain B C243A), all from ap(/;\) group 84.161 '
strain V8, and proregions from strains V8 and NCTC 8325-4 b (A) 104.9
(identical to the proregion from strain SP6391) were used C(A)f, deend decti 172-31496
in this study. The proregions from both strains behave ?gs'flu{ir:me?f)n entreflections ”r
similarly in all gel filtration runs. completeness (%) 99.1
Determination of Binding Constant3he proregion of Rsym (%) (last shell) 6.7 (33.9)
prostaphopain B acts as an inhibitor of the mature protease /o (last shell) 17.0(3.0)
if supplied in trans. The affinity between the two components Refinement
was therefore measured according to a procedure previously R-factor (%) 24.4
developed for the staphopain-Btaphostatin B interaction Rfree(g"f/") bond lenaths (A 26-%07
with the fluorescence-quenched substrate Abz-GIn-Gly-lle- 70 27 PO ae:é"ess(ge)g) 3
Gly-Thr-Ser-Arg-Pro-Lys(Dnp)-Asp-OH in 20 mM Tris (pH B (isotropic) from Wilson 46.9
7.5) in the presence of 2 mM cysteine and 5 mM EDTA Ramachandran core (%) _ 87.6
(13). Assays were carried out in a 3@Q reaction volume Eamacﬂa”gra” add'tlonall'y al'l'oweg regions ((;’/A’)) 102-4
: ; H _ amachanaran generously allowea regions (7o
with either 50 or 100 nM staphopain B andgM sub Ramachandran disallowed regions (%) 0

strate, a concentration significantly lower than tKeg.
Initial hydrolysis rates were determined as a function of
proregion concentration. The assays with Bz-Pro-Phe-Arg- ments. After crystals were soaked for 2 days at room
PNA were carried out according to the published protocol t€mperature with 60 mM potassium thiocyanatomercurate,
(10). mercury appeared to bind specifically to a small cavity in

Prostaphopain B Crystallization and Data Collectidfhe the_staphopaln B structure surrounded by three methionine
prostaphopain B variants with and without the additional residues. Crystals that were soaked for 1 day at room
residues at the C-terminus from the expression vector weretémperature with 8 mM sodium ethylmercurithiosalicylate
used for extensive crystallization trials, but only the form (thiomersal) contained mercury close to the active site
with extra residues at the C-terminus could be crystallized. Cysteines. Probably because of crystal nonisomorphism, both
Crystals were grown in sitting drops at 21 or°€ by  derivatives had useful phasing power only at very low
equilibrating a 1:1 mixture of the proteinfL5 mg/mL in 5 resolution. The resulting maps correlated poorly with the
mM Tris (pH 7.5)] and reservoir buffer against reservoir mode_zl, but aI_Iowed the definition ofasqlvent mask that was
buffer containing 50 mM Bis-Tris (pH 6.5), 20% (w/v) PEG consistent with the molecular boundaries o_f the four copies
4K or 100 mM HEPES (pH 7.5), 21% (w/v) PEG 4K, and of the mature form of the protease ar!d predicted the chat!on
10% (v/v) 2-propanol. Thin plates of orthorhombic crystals Of the globular parts of the four copies of the proregion in
in space groupP2,2,2; appeared within a few weeks and the asymmetric unit of our crystgls. With an averaging mask
diffracted to~2.8 A in house. Crystals were transferred into ¢losely modeled on this experimental observation, 4-fold
a cryoprotecting solution containing a 7:1 mixture of averaging of a B, — F. map that was calculated with the
reservoir solution and @R3R)-(—)-2,3-butanediol (Sigma) placed mature forms as |r_1put coordinates yielded a map that
and then flash-cooled with liquid nitrogen. For most crystals, clearly showed the location of sonfestrands and of one
mosaicity was high and anisotropic, resulting from poor long a-helix after slgeletomzaﬂon. In.thls map, partial models
crystal growth in the direction of the long crystallographic for the four proregions could be built with MAIDLE), and
axis. Moreover, the length of the long axis varied between could be further improved manually by exploiting the 4-fold
177 and 184 A at room temperature and between 166 andlocal symmetry. NCS-phased refinement as implemented in
180 A at cryo temperature. Although several data sets werethe CCP4i suite 1) with this partial model produced a
collected at synchrotron beamlines, the best data set to 2.5ramatically improved map with clear connectivity even in
A with good statistics (see Table 1) was obtained from a loops. After another round of MAID to build more se_condary_
crystal that was grown at 2C, flash-cooled to 100 K in a  Structure elements, the sequence could be aSS|gr)ed with
nitrogen gas stream (Oxford Cryosystem) and annealed once¢onfidence and the model completed manually with the
a procedure that proved to be difficult to repeat, and Modeling program O1(7). Water picking was done with
measured with Cu K radiation (Rigaku RU-300 rotating ~ARP/WARP (18), and final refinement of the structure was
anode generator, MSC) and an image plate detector (MAR345,carried out with CNS19) applying tight NCS restraints for
Mar Research) in house. most of the molecule.

Prostaphopain B Structure Determinatiolhe prosta- The final model is consistent with experimentally deter-
phopain B structure was determined by a combination of mined heavy atom positions and packs well inghé plane.
molecular replacement and multiple isomorphous replace- The packing in thec direction appears to be fragile, and
ment. With mature staphopain B (without residues Vat329 explains the large variation in cell constants between different
Leu338) (L3) as the search model, MOLRERP4) yielded a specimens of this crystal form and the poor crystal growth
highly tentative molecular replacement solutiéifactor= in this direction. The quality indicators of the data set that
55%) that could be used to calculate difference Fourier mapswas used for final refinement and of the completed model
for more than 40 heavy atom soaks. On the basis of theare summarized in Table 1 and appear to be satisfactory.
difference Fourier maps, two mercury soaks were identified The buried surface area was calculated in CNS with a probe
that yielded mercury sites in chemically reasonable environ- radius of 1.4 A 20).
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Ficure 1: Proregion of prostaphopain B. (A) Ribbon representation drawn with MOLSCRIPT, using the DSSP secondary structure assignment
without manual corrections. Only strands that are part of the half-barrel or barrel-sandwich hybrid have been numbered. Note that the
strong distortion of strand 1 prevents its classification as one continuous strand in DSSP. (B) Schematic representation of the main chain
hydrogen bonding arrangement of the half-barrel. Residues that point toward the inside are printed in bold type; residues that point outward
are printed in regular type, and glycines and residues that that have*tH&®®ond essentially in the plane of tifesheet are printed in

italic type.

RESULTS parison of the proregion with all other protein structures
currently available from the Protein Data Bank (PDB) failed
to detect any known structures with more than marginal
similarity (all DALI Z scores< 2.5)2 In qualitative terms
and SCOPZ2) nomenclature, the prostaphopain B proregion
can be approximately described as a “half-barrel” or “barrel-
'sandwich hybrid”, if the two parts of thg-strand that are
“labeled as “1” in Figure 1A are considered part of one larger
continuous strand. The DSSP automatic classification as two
strands results from a bifurcation in the structure. As can be
seen in Figure 1A, strand “5” accepts and donates hydrogen
bonds to the C-terminal part of strand “1” and to a strand
that is not part of the half-barrel architecture. This extra
strand is part of a three-strandgtisheet that shields
substantial parts of the outer surface of the half-barrel from
solvent. The long, kinked helix from residue GIn54 to GIn74
h(on the left in Figure 1A) and the linker that covalently
connects the proregion to the mature form (only the ordered
part is shown in Figure 1A) bury additional surfaces on the
outside of the half-barrel. In contrast, the “open” nature of
the half-barrel leaves the interior unusually exposed to
solvent. With the exception of a prominent accumulation of
hydrophobic residues (Phe88, 11e90, Phel41, lle142, Vall158,
Phel165, and Phel167) near the top, there is no clear preference

c direction. One pair of monomers is displaced from the other for hydrophobic residues on the inside and for hydrophobic

pair by one-half of a unit cell along theaxis almost without residues (?n the outside (see F|gu.re 1B).
rotation. The four molecules in the asymmetric unit are Interactions between the Proregion and the Mature Form.

highly similar (root-mean-square deviation of 0.03 A for 300 The proregion and the mature part of prostaphopain B are
of the 346 modeled residues in the protein that were subjectegcovalently linked, and they form extensive noncovalent
to NCS-restrained refinement). Differences are essentially CONtacts that bury a total surface area of 366@ske Figure
confined to a long loop from residue Asn183 to Leu202 in 2A). Most well-ordered contacts are distant from the active
the proregion and to another loop from Ser328 to Leu338 in Sité, and involve the insertion of a staphopain specific loop
the mature form that had to be modeled into poor electron from Leu375 to Asn38S in the mature form (alignment with
density and appear to adjust to the local crystal environment, Other papain-type peptidases not shown) into the interior of
Detailed differences are not biologically relevant, but they the half-barrel formed by the proregion (extra thick lines in
suggest that these parts of the proenzyme are mobile. This-igure 2A). The staphopain specific loop appears to adapt
conclusion has important implications for the latency mech- to the presence of the proregion, because it is present in a
anism that will be discussed below.

~ Proregion Fold.The fold of the prostaphopain B proregion 2The DALI score is a measure of structural similarity between two
is fairly unusual. A DALI Q1) quantitative structure com-  proteins in standard deviation above the statistically expected similarity.

Prostaphopain B Expression and Purificatid®rostapho-
pain B from S. aureus strain V8, was recombinantly
expressed as a GST fusion proteirEincoli and purified by
glutathione affinity chromatography and gel filtration. The
activity of our preparations was assayed by zymography and
independently, with the chromogenic substrate Bz-Pro-Phe
Arg-pNA (10), either with or without prior addition of V8
protease to process the enzyme to its mature form. Without
addition of V8 protease, the activity of fresh prostaphopain
B preparations was barely detectable. Activity increased upon
storage, but in our hands, and in contrast to the results of
Massimiet al. (10), it always remained low by comparison
with the activity of the mature protease. Samples that were
pretreated with V8 protease migrated faster and showed
robust activity in zymography and at least 50-fold higher
specific activity than nonpretreated samples in the assay wit
Bz-Pro-Phe-Arg-pNA (data not shown), strongly suggesting
that recombinant prostaphopain B was folded.

Prostaphopain B Crystallization and Structure Determi-
nation. Prostaphopain B crystals could be grown in space
group P2;2,2; and diffracted to 2.5 A resolution. They
contained four molecules in the asymmetric unit and were
packed very tightly in the@—b plane and very poorly in the
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Ficure 2: Stereodiagrams of the interactions between the proregion of prostaphopain B (thin lines) and the mature form (thick lines). (A)
Ce trace of prostaphopain B. The edge strand of the proregion that interacts with an edge strand of the mature form is shown in ribbon
representation. The staphopain specific loop that inserts into the half-barrel of the proregion is drawn with extra thick lines. (B) The same
loop is shown in the identical orientation in an all-atom representation together with residues of the proregion+tdafdrem it (and

with some bridging residues of the proregion that have been included to reduce the number of polypeptide chain fragments in the drawing).
Asp98 of the proregion and His377 and Asp383 of the mature form that form two salt bridges have been labeled in the one-letter convention.

different conformation in the staphopain-Btaphostatin B opposite orientation to substrates. A detailed comparison of
complex (superposition not shown). In the prostaphopain panels A and B of Figure 3 shows that the side chains of
structure, it is involved in a number of specific interactions, Leul81, Pro180, Thr179, and Alal78 of the proregion are
in particular, the buried salt bridge between Asp98 of the in positions spatially similar to those of the side chains of
proregion (labeled “D” and drawn as thin lines in Figure Thr99, Serl100, Pro102, and 1le103 of the staphostatin B
2B) and His377 of the mature form (labeled “H” and drawn binding loop. As Thr99 and Serl100 in staphostatin B are
as thick lines in Figure 2B). We assume that His377 is equivalent to the Pland P2 residues in a substrate, we
protonated so that it can form another salt bridge with conclude in Berger's and Schechter's nomenclat@4)3(
Asp383 of the mature form, an interaction that would Leul81 and Prol80 fill the Sland S2 subsites of the
preorient the imidazole ring for salt bridge formation with protease, respectively. Assignment of further primed subsites
the aspartate of the proregion. is difficult, because Arg101 in staphostatin B has no spatial
The interaction between the proregion and the mature form equivalent in the prostaphopain B structure.
effectively joins the half-barrel of the proregion and the  Nonprimed Substrate-Binding SubsitEle prostaphopain
pseudobarrel of the mature form into one continyéwshieet, B proregion kinks sharply near the active site cysteine to
saturating main chain hydrogen bond donors and acceptordeave all nonprimed substrate binding subsites unoccluded.
in the “edge” @3) strand “4” of the proregion (drawn in a  |n prostaphopain B fron8. aureusstrain V8, which was
ribbon representation in Figure 2A) and in an ed@8)(  used for this study, the residue at the kink is an alanine. The
strand of the pseudobarrel of the mature protease that wouldequivalent residue in prostaphopain B from strain SP6391,
be exposed to solvent in the isolated components. which was used in the study by Massimi and colleagues, is
Occlusion of Primed Substrate Binding Subsit&he a proline (L0). Although proregions from different strains
proregion blocks the active site cleft only on one side of the are more than 96% identical in amino acid sequence, further
nucleophilic cysteine. A comparison of the active site-filling strain differences occur in the region downstream of the kink
residues of the proregion (see Figure 3A) with the active that is poorly ordered in all four copies of prostaphopain B
site-spanning residues of the binding loop of staphostatin B in our crystals.
(see Figure 3B)13) shows that the two polypeptide chains
.run n opp03|te'd|r.ect|ons. As the staphostatin B binding loop 3The Schechter and Berger nomenclature refers to substrates as
is known to mimic a substratel§), we conclude that the  +,N. -p2-PiPT-P2-...-COO and to the corresponding subsites of
active site-occluding residues of the proregion bind in the the enzyme as S2, S1, 'Sand S2
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A

Ficure 3: Stereodiagram of (A) prostaphopain B proregion residues and (B) staphostatin B residues that insert into the active site cleft of
the protease. Only residues of the proregion and of the inhibitor that fill the active site clefts are shown (thick lines), with arrows indicating
the directionality of the polypeptide chains. The mature parts of the protease are in the identical orientation, and only selected residues are
presented (thin lines). Note that in panel B residue 243 is alanine, because this crystal contained the inactive Cys243Ala mutant of the
protease.

Although the proregion does not block nonprimed substrate soaking experiments, can detect a minority fraction of the
binding subsites, these sites are not free in our crystals. Asproenzyme-inhibitor complex.
the comparison of panels A and B of Figure 3 shows, Leu338 The Catalytic Machinery Is Not Significantly Distorted.
of the mature form of the protease fills the position that P2 A distortion of the catalytic machinery in the active site has
residue 11e97 of staphostatin B occupies in the staphopainbeen suggested as the mechanism for maintaining proenzyme
B—staphostatin B complex. The loss of the previous S2 latency in prostreptopain, the inactive precursor of another
subsite of the protease results from a major rearrangemenipapain-type peptidas8) Unfortunately, no structure of any
of the loop upstream of the catalytic His340. Leu338 is well- uninhibited staphopain molecule is available, but structures
defined in one molecule (subunit D in PDB entry 1X9Y), of complexes of staphopain A with the epoxide inhibitor E-64
moderately well defined in a second molecule (subunit B in (25) and of an inactive Cys243Ala mutant with staphostatin
PDB entry 1X9Y), and poorly defined in the other two B (13) have been determined at high resolution. A superposi-
molecules in the asymmetric unit of the prostaphopain B tion of the present proenzyme structure with the protease
crystals. Electron density is poor or missing for most residues molecules in these two structures reveals no significant
of the loop upstream of Leu338, raising doubts about the differences in the arrangement of catalytic residues (Cys243,
importance of the loss of the S2 subsite of the protease thatHis340, Asn360, and GIn237), at least at the level of accuracy
is observed in the crystals. of the 2.5 A prostaphopain B structure, suggesting that active

Experimentally, soaking prostaphopain B crystals with site distortion is unlikely to play a significant role in
E-64, an epoxide-based inhibitor of papain-type peptidases,maintaining prostaphopain B latency. However, we note that
did not result in any defined electron density for the inhibitor, there are significant differences in the loop just upstream of
even though the inhibitor would be expected to bind to only the catalytic histidine. This loop appears to be flexible and
nonprimed substrate binding subsites based on its crystal-is different in all three structures, and differs even between
lographically characterized mode of binding to mature protease molecules in the asymmetric unit of the same crystal
staphopain A Z5), probably because it failed to displace (not shown).
Leu338 in the crystal. On the other hand, we had previously The Proregion Has Affinity for the Mature Protea3ée
observed (J. Potempa, unpublished observation) that bindinglarge interaction area between the proregion and the mature
of a biotin-labeled variant of E-64 to prostaphopain B could part of prostaphopain B suggested that there should be
be detected in Western blots that, unlike crystallographic substantial affinity between the two parts in the absence of
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A A— s G provegion VB D98H stap_hostatin B (see Figure 5B)3) bind to mostly nonover-
mA Hproteass T 24 B lapping surfaces of the protease. However, modeling of a
15 20 X possible prostaphopain-Btaphostatin B complex shows that
2 ‘: 2 Zas ./! clashes occur both inside and outside the active site cleft.
: Pl *ia ’_,-fi - Clashes within the active site involve residues previously
\..__% 3] = 087 described as equivalent in prostaphopain B and the stapho-
= n, T o B e v s i pain B—staphostatin B complex. Clashes outside the active
elution volume (mi) [ (uM) [0 (uM) site occur for proregion residues Lys92sn94, Aspl6t

FiGURE 4: Interaction of the proregion and mature form. (A) Gel Gly164, and Asn183Ser195. Remarkably, the clashing parts
filtration profiles for staphopain B C243A (trace 1), the proregion Of the proregion outside the active site are either loop residues
(trace 2) and their mixture (trace 3). (B) Determination of the or residues that were built into poor electron density and

dissociation constant for the proregion and the mature part of gr¢ likely to be mobile in the prostaphopain B structure.
prostaphopain B from the V8 strain. (C) Determination of the

dissociation constant for the D98H point mutant of the proregion As We could not exclude from the structure the possibility
and of the mature part of prostaphopain B from the V8 strain. In that the clashes in a hypothetical prostaphopairs@&pho-

panels B and C, 50 nM staphopain B andil substrate were  statin B complex could be relieved by adaptive fit, we next
taken for the assays. looked for a possible prostaphopain—Btaphostatin B

. — interaction by size exclusion chromatography. As shown in
a covalent link. As shown in Figure 4A, a complex can Figure 6A, we could not detect any complex between

indeed be detected by size exclusion chromatography. 'flprostaphopain B and staphostatin B. Although the proregion
injected alone, mature staphopain B migrates as a monometyny stanhostatin B would be juxtaposed in a hypothetical

(see trgce 1). Although_it is similar in molecular mass, the complex, we also could not find any indication of the
proregion runs substantially faster (see_trace 2; note that theo mation of a complex between these two components either
proregion has a much lower absorption coefficient than qee Figure 6B). However, if the proregion, the inhibitor,
mature enzyme). If the two components are co-injected, the 3§ the protease are injected together (see lane 3 of Figure
peak for mature protease is shifted to a higher molecular gy 4t jeast part of the protein migrates faster than either
mass (see trqce 3), su.ggestlr!g the formatlon pf a complex.ipq staphopain Bstaphostatin B complex (see lane 1 of
The .Proreg|on Is Inhibitory in TransThe affinity of _the Figure 6C) or the staphopain-Broregion complex (see lane
proregion for mature protease and the lack of activity of 5 ¢ Figure 6C).
prostaphopain B suggested that the proregion could act as
an inhibitor if supplied in trans, although it was not clear p|SCUSSION
from the crystal structure whether full or partial inhibition
should be expected. With the fluorescence-quenched peptide Proregion Fold. The fold of the proregion is distantly
Abz-GIn-Gly-lle-Gly-Thr-Ser-Arg-Pro-Lys(Dnp)-Asp-OH as  related to g8-barrel.5-Sheet architecture dictates that inward-
the substrate, we find that a large excess of the proregionand outward-pointing residues alternate within egatand
guenches the proteolytic activity of mature protease entirely and occur in register betweefi-strands, resulting in a
(data not shown). From the dependence of the initial velocity characteristic pattern of polar and nonpolar residues in an
of the hydrolysis reaction on the inhibitor concentration, a ideal 8-barrel with a hydrophobic core and solvent-exposed
binding constant of 0.075: 0.002 uM for the affinity exterior 6, 27). The proregion of prostaphopain B corre-
between the proregion from strain V8 and the mature sponds poorly to these expectations for an ideal barrel. The
protease can be deduced (see Figure 4B). If the experimenstructure is best described as a half-barrel or barrel-sandwich
is repeated with the proregion from strain NCTC 8325-4 that hybrid, because strands 4 and 7 are not connected through
is identical in sequence to the proregion in the study of main chain hydrogen bonds. This deviation from the ideal
Massimiet al. (10), a binding constant of 0.1& 0.02uM, barrel architecture leaves the interior far more exposed to
or a 2-fold weaker complex, is found. solvent, and indeed, many residues that point toward the
A Mutation in the Proregion Supports the Crystallographic inside of the barrel (drawn in bold in Figure 1B) are
Binding Mode.The inhibitory properties of the proregion hydrophilic. In contrast to idealizggt-barrels, a substantial
supplied in trans provided an opportunity to test the relevancepart of the outer surface of the proregion half-barrel is
of the crystallographic binding mode in solution. The buried Protected from solvent by additional parts of the structure
salt bridge between Asp98 of the proregion and His377 of that are not part of the half-barrel itself. Consequently, a
the mature form (see Figure 2B) is strategically placed at substantial number of residues that point to the outside of
the interface between the proregion and the mature part ofthe half-barrel (drawn in thin lines in Figure 1B) are
prostaphopain B. Mutation of the Asp98 to histidine reduced hydrophobic.
the affinity of the proregion for the mature part 200-fold to  Proregion—Mature Form InteractionThe 1800 & inter-

a dissociation constant of 16 2 uM (see Figure 4C). action area between the proregion and the mature form of
A Prostaphopain B Staphostatin B ComplexPhere are prostaphopain B is substantially larger than the 1150 A
contradictory reports in the literature about a possible interaction area between staphopain B and staphostatin B in

prostaphopain Bstaphostatin B complextQ, 11). To test the previously described proteasahibitor complex {3).
whether formation of such a complex would be compatible In contrast, the approximately O:dM affinity between the
with the structural data, we compared the binding modes of proregion and the mature protease is at least 2 orders of
the proregion and of staphostatin B to those of mature magnitude weaker than the affinity between staphopain B
staphopain B in more detail. As shown in Figure 5, the and staphostatin BLB) and also relatively low by comparison
globular parts of the proregion (see Figure 5A) and of with the affinities of other proteins that interact through
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Ficure 5: Stereo € trace of (A) prostaphopain B and (B) the staphopainsBaphostatin B complex. The mature forms of the protease
are in analogous orientations in both parts of the figure, and are shown as thin lines. The black balls mark the positiorfs aibthe C

of the active site cysteines. The prostaphopain B proregion in panel A and staphostatin B in panel B are shown with thick lines. Note that

in panel B the black balls mark the positions of thed&oms of alanine, because this crystal contained the inactive Cys243Ala mutant of
the protease.

A prosooymel B proregion  (C proregion Is the Proenzyme Latent@assimiet al. report a 3-4-
+inhibitor +inhibitor +inhibitor i ..
+protease fold lower specific activity for the proenzyme than for the

mature enzyme, but they conclude that the residual activity

is significant and, thus, that the proregion does not act as an
3 3 {\ 3 inhibitor (10). In contrast, we find that the proenzyme has
2

2 /\ 2 at best very residual activity, even after several weeks of

1 o 1 storage at £C, and we show quantitatively in this study
= e e [ oy e i | T T T T T T T . .
09 12 15 18 09 12 15 18 12 13 14 15 16 that a large excess of the proregion can quench the proteolytic
elution volume (ml) elution volume (ml) elution volume (ml) activity of the mature form entirely. Originally, we reasoned

FIGURE 6 Gel filtration profiles for (A) staphostatin B (trace 1), that this difference may result from the use of different
prostaphopain B (trace 2), and their mixture (trace 3), (B) substrates. Massimét al. used Bz-Pro-Phe-Arg-pNA, a
staphostatin B (trace 1), the proregion (trace 2), and their mixture substrate that binds predominantly to nonprimed substrate-
(trace 3), and (C) staphostatin B with staphopain B (trace 1), the pining subsitesi(0). In contrast, most experiments for this
proregion with staphopain B (trace 2), and three proteins together ) .
(trace 3), all in equimolar amounts. The inactive C243A mutant of Study were carried out with the fluorescence-quenched
the mature protease was used throughout. substrate Abz-GIn-Gly-lle-Gly-Thr-Ser-Arg-Pro-Lys(Dnp)-
Asp-OH that fills both nonprimed and primed substrate-
binding subsites. In light of the crystal structure, it would
interfaces similar in size2@). We suspect that the relatively make sense that proenzyme activity could be detected with
poor affinity is connected with the hydrophilic nature of the the former but not with the latter substrate. In contrast to
contact region. With the exception of a salt bridge at the this expectation, we failed to detect significant proenzyme
interface that appears to be very specific and contributes toactivity with the proenzyme from strain V8 even with Bz-
the affinity (compare panels B and C of Figure 4), most other Pro-Phe-Arg-pNA, suggesting that differences in the puri-
interactions between the proregion and the mature part couldfication protocol, differences between native and recombinant
probably be replaced by interactions with solvent, if the enzymes, or differences between the proenzymes from
components were separated. different strains may play a role. We note that a direct
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comparison in this study shows that the proregion that was mature form of prostaphopain B is lower than between the
used by Massimi and colleagues has a 2-fold lower affinity corresponding components of procathepsi$-31). Third,
for mature protease than the proregion from the V8 strain none of the active site cleft-occluding residues of prosta-
that was used for the rest of this study, suggesting that thephopain B is part of a helix, as would be typical for at least
displacement of the Sbccluding Leul81 to make space some of the active site cleft-occluding residues in the
for thep-nitroanilide may occur more easily in the proenzyme proforms of other papain-type peptidas@sg, 6).
from their strain. _ The binding of the proregion to the active site cleft in the
Massimiet al report that prostaphopain B does not mature ,nsgjte orientation as substrates is not unusual for the
autocataly_tlcally,_even though they can detect activity of the proforms of papain-type peptidases, and has previously been
proform with their substratel(). In our hands, with Abz- observed in the crystal structures of procathepsir,B5),
GIn-Gly-lle-Gly-Thr-Ser-Arg-Pro-Lys(Dnp)-Asp-OH as the procathepsin LJ), and procaricain4) or procathepsin K
substrate, the SpeC|f|(_: activity of the proenzyme is low (6, 7). In these structures, “backward” binding explains the
compared to the activity of the mature.enzyme even 'after resistance of the active site-spanning residues of the prore-
weeks of storage at?C, strongly supporting the conclusion gion to proteolytic cleavage. In prostaphopain B, this feature

ngmiiflljrna:r}:eﬂnt:a;tt?:agtr(z\fvng)é r;ti rdeosesrg\?;ﬁf?s;y;a;%fis combined with the kink in the proregion that prevents the
' P 9 exposure of any scissile peptide bond to the cysteine

iﬁiﬁﬁ?iﬁ: l)n th:ﬁg'gﬁ:&?oﬂe;ts' E:S;’utggg?ggegr:gigsgr dnucleophile in the active site. To the best of our knowledge,
it kinks near Ft)P?e active site cysteine so that no’ amide bond a similarly sharp bend in the active site-directed part of the
is in the proper position for productive nucleophilic attack. proregion has so far only be_en ot_)ser_ve_d n the procathepsin
Prostaphopain B is efficiently activated by V8 protease X crys.tal structure §. Des.plte this similarity, the prosta-
in sitro andin zivo (10). The presumed processing sites phopain B and procathepsin X latency mechanisms are very
) ' different. In procathepsin X, the proregion occludes the

several glutamyt peptidyl amide bonds, are all located in a . v .
linker sggmenty:hpatpcoznects the proregion and the maturenonprlmed substrate binding subsites of the protease but does
not interact with the primed sites. In contrast, only primed

part of the protease and is disordered in the crystal structure. bstrate bindi bsit directl luded by th

Lack of order in this region makes biological sense, because SUPStrate mhlng su s;]es Qr% m;c lyMoccu e hy 1€

it makes the scissile peptide bonds optimally available for proregion mt € prostaphopain B model. vioreover, there Is
a unique disulfide bond between a cysteine residue of the

V8 processing. X X ) )
A Complex of Prostaphopain B with Staphostatin B? proregion and the active site cysteine of the mature enzyme
" in procathepsin X that has no counterpart in other proen-

Massimi et al. report that the addition of staphostatin B L i ; . :
quenches the activity of prostaphopain B that they can detect?YMeS Of papain-like peptidases, including prostaphopain B.
with their substrate1(). In agreement with Rzychoet al. A Prostaphopain B-Staphostatin B Complex Would Be
(112), we could not detect a prostaphopain&aphostatin B Unusual, but Not without Precedeiery recent biochemical
complex via size exclusion chromatography. However, we work has shown that procathepsin L can bind to its
observed tentative evidence for complex formation when we endogenous protein inhibitors, the cystatins, without prior
injected mature staphostatin B, the proregion of prostapho- proteolytic removal of the propeptide. This occurs only when
pain B and staphostatin B together. In this gel filtration run, the propeptide is displaced from the active site by denatur-
a fast-migrating species was observed that runs faster tharation at low pH or in the presence of molecules that
either prostaphopain B or the staphopaindaphostatin B preferentially bind to the unfolded proregion. It has been
complex. On the basis of our data, a prostaphopaitst&- suggested that in this case binding of the inhibitor to the
phostatin B complex is possible, but either it would have to proenzyme increases the susceptibility of the proregion to
be a weak complex or it would have to depend on special cleavage 32). For the prostaphopain -Bstaphostatin B
conditions. We also cannot exclude the possibility that a system, our data demonstrate that proenzyme cleavage
stronger complex would be formed with the proenzyme from enhances the affinity for staphostatin B, but clearly, more
the strain that was used in the study by Mass#mnal., or work is required to elucidate the interplay of prostaphopain
that it would require the use of native rather than recombinant B, staphopain B, and staphostatiniBzitro andin vivo.
protein components.
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