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Abstract

Helicobacter pylori is associated with inflammatory diseases and can cause gastric cancer and
mucosa-associated lymphoma. One of the bacterium’s key proteins is high temperature
requirement A (HpHtrA) protein, an extracellular serine protease that cleaves E-cadherin of gastric
epithelial cells, which leads to loss of cell-cell adhesion. Inhibition of HpHtrA may constitute an
intervention strategy against H. pylori infection. Guided by the computational prediction of
hypothetical ligand binding sites on the surface of HpHtrA, we performed residue mutation
experiments that confirmed the functional relevance of an allosteric region. We virtually screened
for potential ligands addressing this surface cleft located between the catalytic and PDZ1 domains.
Our receptor-based computational method represents protein surface pockets in terms of graph
frameworks and retrieves small molecules that satisfy the constraints given by the pocket
framework. A new chemical entity was identified that blocked E-cadherin cleavage in vitro by
direct binding to HpHtrA, and efficiently blocked pathogen transmigration across the gastric
epithelial barrier. A preliminary crystal structure of HpHtrA confirms the validity of a
comparative “homology” model of the enzyme, which we used for the computational study. The
results of this study demonstrate that addressing orphan protein surface cavities of target
macromolecules can lead to new bioactive ligands.

More than 50% of the human population is infected by the gram-negative bacterium
Helicobacter pylori (H. pylori). It is associated with several inflammatory diseases such as
ulceration and gastritis.23 H. pylori colonizes the host’s gastric epithelium where it is able to
destroy mucosal integrity and therefore can pass the epithelial barrier.# In severe cases, an
infection can lead to gastric cancer and mucosa-associated lymphoid tissue lymphoma,
which is why H. pylori has been rated as a class 1 carcinogen by the World Health
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Organization.>6 One of the key factors for migration across the epithelial barrier is the
bacterium’s high temperature requirement A (HpHtrA) protein that functions as a secreted
protease cleaving E-cadherin.” This essential serine protease cleaves the ectodomain of E-
cadherin and consequently impairs cell-cell adhesion of the epithelial cells. It has previously
been shown that inhibition of HtrA-mediated cleavage of E-cadherin significantly reduces
migration of bacteria through polarized epithelial monolayers and might therefore be an
effective strategy to treat H. pylori infections.” Only a few HpHtrA inhibitors have been
published so far.8-10 In 2010, Hoy et al.” discovered the first inhibitor HHI, which was
obtained by virtual screening with a comparative (“*homology”) model of HpHtrA,2 focusing
on the active site around catalytic Serpo1. HHI also served as the starting point for a ligand-
based virtual screen that led to another inhibitor of HpHtrA (compound 1, Fig. 1).8° The
actual binding site of this ligand is unknown. While there are many high-resolution
crystallographic structures available of HtrA homologues, e.g. Escherichia coli DegP,
HpHtrA has eluded full structural characterization to date. Here, we propose that several
ligand binding sites might exist on the surface of H. pylori enzyme, and disclose inhibitors
supposed to bind to an allosteric surface cavity.

As demonstrated for the mentioned example of the HpHtrA active site but also for several
other targets,11-13 receptor-based virtual screening provides a starting point to obtain new
chemical entities with desired biological activity.14 One such method for receptor-based
virtual screening is automated ligand docking, where potential ligands are placed into the
respective binding site and scored according to their interactions with the target protein.
Alternatives to docking are pharmacophore-based methods that compare the
pharmacophoric feature distribution of candidate compounds and their potential binding
site.16 There are several tools available for receptor-based pharmacophore modelling and
compound screening, for example Catalyst (Accelrys, Inc., http://accelrys.com, San Diego,
California), FLAP,17 PseudoLigand,'® and VirtualLigand,? just to mention some prominent
representatives. These methods implement grid-based approaches like GRID® or LUDIZ to
determine pharmacophoric features in the protein pockets. Such grid representations are
usually transformed into three-dimensional (3D) pharmacophore models and encoded by
pocket-fingerprints (FLAP) or correlation vectors (VirtualLigand), which allow for the rapid
comparison of pocket features and screening compounds.

Here, we present a receptor-based virtual screening method as an extension to our software
package PoLiMorph (Pocket Ligand Morphing).2! Protein surface pockets and small
molecules are represented by fuzzy labelled graphs that store information about the shape
and pharmacophoric features of the respective binding site. These graphs are conceptual
models of ligands and their binding. Graph superimposition and comparison of the
distributions of pharmacophoric features are used to predict potential receptor-ligand
interaction. We demonstrate the software’s ability to support hit identification by retrieving
an HpHtrA inhibitor from a large pool of screening compounds. The inhibitor was identified
through application of the PoLiMorph receptor-based screening module.

Chem Sci. Author manuscript; available in PMC 2016 January 25.


http://accelrys.com

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Perna et al.

Page 3

Pocket frameworks

The software PoLiMorph was originally developed for the comparison of ligand binding
sites on protein surfaces,?! and has recently been extended to allow ligand-based virtual
screening.22 Taking the graph description of both binding sites and small molecules, we
developed a matching scheme that evaluates complementarity of pockets and ligands
without the need for explicit ligand docking into surface cavities. We expect lipophilic,
hydrophilic and uncharged regions of the ligand graphs to be matched to regions of the
protein pocket with similar properties. Specifically, positively or negatively charged ligand
regions should face oppositely charged regions of the pocket. Hydrogen-bond donors should
be located opposite to hydrogen-bond acceptors and vice versa. Accordingly, the fit between
a pocket graph vertex v, and a ligand graph vertex v is determined on the basis of
complementary properties:

fit (vp, 1) |F|Z ( (f) o1 (comp (1)) >, )

ferp \MHaX ”p (f), v1(comp (f)))

where F is the set of all ligand graph potentials, v(f) corresponds to the value of property f in
vertex v, and comp(f) is the complementary graph potential to f. The fit between two vertices
in feature f is weighted according to predetermined correlation values c;, which we obtained
from observed property distributions in a set of known ligand-protein complexes (PDBbind
core set).23 Briefly, graph representations of all binding sites and their bound ligands were
calculated, and all vertices of the ligand graphs were assigned to their closest vertex of the
respective pocket graph. The correlation values between the resulting paired property
distributions were taken as weighting factors ct. To be consistent with the vertex-fit
calculations of the other modules of PoLiMorph that employ z-scoring procedures, the
vertex-fit distributions of all assigned vertices within the PDBbind core set were determined.
Means and standard deviations of these distributions were used for rescoring of the matched
graphs (for technical and mathematical details see ref. 21). eqn (1) allows for computing
similarity values for property-labeled graph representations of protein pockets and potential
ligands.

As a first evaluation of PoLiMorph’s receptor-based virtual screening module, ligands for
six drug targets were exemplarily chosen from the COBRA (v10.3) collection of drugs and
lead compounds,2* and corresponding protein structures were taken from the Protein Data
Bank (PDB):25> human immunodeficiency virus 1 (HIV-1) protease-1 (PDB-1D: 1dmp),28
peroxisome proliferator activator receptor gamma (PPARY, PDB-ID: 1zgy),?’
cyclooxygenase 2 (COX2, PDB-ID: 6cox),8 retinoic acid receptor gamma (RARy, PDB-ID:
1fcx),29 human vitamin D3 receptor (VDR, PDB-ID: 3b0t),3° and factor Xa (fXa, PDB-ID:
2bok).31 From each protein structure, the software PocketPicker32 extracted binding
pockets, for which PoLiMorph constructed a graph representation. Then, graph
representations of the ligands were created and ranked according to their calculated pocket
matching score (egn (1)). On average the matching of a pair of pocket and ligand graphs
took 15 ms on a MacPro dual Quad-Core Intel Xeon machine (non-parallelized), rendering
the method applicable to screening large compound databases.
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With ROC-AUC values (in brackets: BEDROC scores, a = 0.05)33 of 0.87 (0.37), 0.65
(0.11), 0.97 (0.612), and 0.99 (0.94) for the target classes HIV-1 protease, COX-2, RARY,
and VDR respectively, PoLiMorph performed well for four out of the six selected targets.
ROC-AUC values of 0.49 (0.03) and 0.43 (0.05) for fXa and PPARY indicate that for these
target classes PoLiMorph imperfectly captured essential ligand properties. This preliminary
retrospective evaluation indicates that without further methodological tuning the
applicability of virtual screening with PoLiMorph might be restricted to certain targets or
target classes. Improved performance might be achievable by considering excluded pocket
volumes to avoid clashes between ligands and proteins during the matching process. Also,
the incorporation of target-specific information by up- and down-weighting of binding site
regions or pharmacophoric features could result in better screening performance, which was
shown by Hahnke et al 34

Pocket identification and structure-based virtual screening for HtrA

inhibitors

Keeping these caveats in mind, our search for new HpHtrA inhibitors started with the
analysis of potential binding sites on the surface of a comparative model of HpHtrA.” For
model construction, we retrieved HtrA protein sequences from H. pylori (UniProt-1D:3°
G2J5T2), Campylobacter jejuni (UniProt-ID: A1WOL1), enteropathogenic E. coli (EPEC;
UniProt-ID: 6GXK7), Shigella flexneri (UniProt-1D: E3Y A49) and Neisseria gonorrhoeae
(UniProt-1D: EBSRH2) via PubMed from the National Center for Biotechnology
Information (U.S. National Library of Medicine, Bethesda MD, USA). HtrAs from these
species, except N. gonorrhoeae, efficiently cleave E-cadherin.3¢ We computed BLAST3/
sequence alignments for each of the HtrA homologues to identify the best structures
available from the PDB (Fig. 2). In the alignment, PDB entry 3mhé6 (ref. 38) showed the
highest sequence identity to all queries and ranked first based on the calculated E-values. Its
identity to S. flexneri and EPEC HtrAs was 99% (E-value = 0). C. jejuni HtrA shared 41%
sequence identity (E-value = 2e72), and N. gonorrhoeae HtrA exhibited the lowest
sequence pairwise identity of 36% (E-value = 2e~88) compared to 3mh6. The sequence in
crystal structure 3mh6 was aligned to all sequences using ClustalW.3° We constructed the
comparative HpHtrA model based on this alignment with the software Modeller 9v3 (ref.
40) (Fig. 3).

Then we searched cavities on the surface of our HpHtrA model using the software
PocketPicker. In addition to the active site cavity located around the catalytic Sery,1, a
second large pocket was found. This ‘orphan’ allosteric pocket is placed in the interface
between PSD-95/Discs-Large/Z0 domain 1 (PDZ1) and the serine protease domain of
HpHtrA (Fig. 3A). Two residues (Aspigs, ASpieg; Fig. 3D) flanking the potential binding
site were previously shown to be important for protease activity of HpHtrA oligomers.4! We
expected a potential loss of enzymatic activity upon binding of small molecules to this
hypothetical allosteric pocket. Of note, Krojer et al. showed for the E.coli homolog of
HpHtrA, DegP, that the large cavity on the opposite side of helix H6 to our hypothetical
pocket, located between the catalytic and the PDZ1 domains, is in fact an allosteric
regulation site for the proteolytic chaperone activity of DegP.42:43
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We calculated the PoLiMorph graph description of the suggested new binding site (Fig. 3A)
and used it as query for virtually screening a database containing 127,138 ligand graphs. The
compound pool contained Specs Natural Products 08/2010 and the Specs Screening
Collection 08/2010 (Specs, Delft, The Netherlands). All compounds were pre-processed
using the ‘wash’ function of the Molecular Operating Environment (MOE) software
(2009.10, Chemical Computing Group, Montreal, Canada). For each compound, we
generated a single heuristic conformation with CORINA (v3.26, Molecular Networks,
Erlangen, Germany).

Among the top ranked compounds (1250 molecules, ~1% of the screening pool) 10.4%
contained a tetrahydrobenzothiophene scaffold, which represents a four-fold enrichment of
this substructure compared to its overall prevalence in the compound pool (Table 1).
Moreover, 63% of the top-ranking compounds contained a tertiary-butyl group (17-fold
enrichment). We selected the best-ranked tetrahydrobenzothiophene derivative (compound
2, rank 75) for testing in vitro binding to HtrA. In addition, we performed a follow-up
ligand-based similarity searching experiment using PoLiMorph to detect analogues of
compound 2, which retrieved compounds 3 and 4. In these compounds the
tetrahydrobenzothiophene scaffold is replaced by thienopyrimidinone (Fig. 1).

A subset of retrieved compounds block HpHtrA enzymatic activity

Surface plasmon resonance (SPR) experiments revealed concentration-dependent binding of
compounds 3 and 4 to HpHtrA, while for compound 2 no binding was observed (Fig. 4A).
In an invitro E-cadherin cleavage assay we tested if 3 and 4 also inhibit the enzymatic
activity of HpHtrA. Compound 3 showed concentration-dependent inhibition with an
estimated 1Cgq of 30-40 uM (n = 4) (Fig. 4B), while compound 4 had no effect on E-
cadherin processing by HpHtrA.T

It is of note that we did not observe sigmoidal response curves in the SPR experiments,
which might indicate unspecific binding or compound aggregation. Such a binding
behaviour is not uncommon for drug-like compounds, as reported by Browner and
coworkers,* and points to potentially promiscuous or allosteric ligands.*°

To obtain a preliminary idea about the relevant pharmacophore points and underlying
structure-activity relationship, we docked compound 3 into the predicted allosteric site of
HpHtrA using PoLiMorph. For this procedure, we used the vertex assignments of the
matched pocket and ligand graphs to construct a rotation matrix with the Kabsch
algorithm?® that served to place the ligand in the presumed binding site. The resulting
complex was energy minimized in MOE. The result suggested that compound 3 might fit
into the presumable binding site and form interactions with the protein (Fig. 3B). The
carboxamide group of Asnygg and the backbone amide nitrogen of Asnjg7 might act as
hydrogen-bond donors for the carboxyl group of the ligand. Also, a hydrogen bridge
between Serqgg and the sp2-hybridized nitrogen atom in the thienopyrimidinone scaffold
could be formed. Hydrophobic interactions between Lys3»g and the phenyl ring of
compound 3 might also contribute to ligand binding. Given the fact that compound 4 does
not inhibit the catalytic activity of HpHtrA, the interaction of Leussg and the tertiary butyl
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group of 3 seems to be important for enzyme activity inhibition. One might speculate that
this group is essential for stabilizing the protein in an inactive conformation by blocking the
relative movement of the protease and the adjacent PDZ1 domain.

In order to test this hypothesis, we generated three single mutations: SiggA, NoggA, KaogA.
Caseinolytic activity of these single residue mutations mutants was retained, as determined
by casein zymography (Fig. 4D). Additionally, we generated the S154A mutation, which also
showed casein digestion. The catalytic site mutation Sy»1A served as negative control in the
assays. However, the mutations within the potential allosteric site affected E-cadherin
cleavage by HpHtrA. Despite their ability to cleave casein, these mutants lost their ability to
cleave the natural substrate E-cadherin (Fig. 4C). This observation supports our hypothesis
of the ligand binding site being relevant for the functional regulation of HpHtrA.

As a main outcome of the virtual screening study, we identified compound 3 as a new direct
inhibitor of H. pylori HtrA protease activity by addressing a computationally identified

TQurface Plasmon Resonance. The SPR binding study was performed at 25 °C on a SPR-2 instrument from Sierra Sensors GmbH
(Hamburg, Germany) with a temperature-stabilized light source and a flow rate of 25 pl min~L, Freshly prepared 10 mM HEPES
buffered saline (HBS-P), 150 mM NaCl and 0.05% Tween was used as immobilization running buffer. For immobilization on sensor
chips with a carboxymethyl dextran matrix (SPR-2 Affinity Sensor Amine, batch 10-BB-02-349-A, Sierra Sensors) an amino coupling
method with activation solution [200 mM N-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and 50 mM N-
hydroxysuccinimide (NHS)] was performed for 5 min. 1 mg HpHtrA and 1 mg trypsin (TPP, T0303, lot #089K7358, Sigma) were
dissolved in 1 ml of 10 mM HEPES (HEPES buffer 1 M Solution, pH 7.3, Fisher Scientific). Protein injection over 7 min and chip
inactivation with 1 M ethanolamine at pH 8.5 for 6 min led to an HpHtrA response of 2569 RU on spot2 and a trypsin response of 895
RU on spotl. After immobilization the system was primed with the assay running buffer, 10 mM HEPES buffered saline containing
3% DMSO (HBS-PD). 20 mM DMSO stock solutions of compounds 2, 3, and 4 were prepared and diluted to 600 uM in 1.02 x HBS
buffer without DMSO. These 600 pM solutions were diluted to yield eight concentrations ranging from 100 pM to 2.5 uM.
E-cadherin cleavage. For in vitro E-cadherin cleavage studies, 100 ng recombinant E-cadherin (R&D Systems) were incubated with
100 ng recombinant HpHtrA in 50 mM HEPES (pH 7.4) at 37 °C for 16 h. HtrA inhibitors were dissolved in DMSO and added to
obtain a final concentration of 100 pM unless otherwise stated. We stopped the reaction by adding SDS loading buffer. Proteins were
separated by SDS-PAGE followed by Western Blot analysis. Recombinant E-cadherin was visualized using anti E-cadherin antibody
H108 (Santa Cruz) and HtrA antiserum was raised against the N-terminal peptide (DKIKVTIPGSNKEY) of HpHtrA (Biogenes
GmbH).

Non-reducing SDS PAGE and zymography. HpHtrA variants (3 pg) were separated by SDS PAGE under non-reducing conditions. For
zymography, 0.1% casein (Roth) was copolymerized in the gel. After electrophoresis, zymography gels were incubated in a 2.5%
Triton X-100 solution at room temperature for 1 h under gentle agitation, equilibrated in developing buffer (50 mM Tris pH 7.5, 200
mM NaCl, 5 mM CaCly, 0.02% Brij-35) for 30 min at room temperature and then incubated in fresh developing buffer for 16 h at 37
°C. The gels were stained either with Coomassie G250 (Roth) for the regular SDS-PAGE, or with Coomassie R250 (Roth) for
zymography. The gels were imaged with the ChemiDoc XRS+ using the ImageLab software (Biorad).

Htr A mutagenesis. The cloning of HpHtrA wt and HpHtrA S221A has been described previously.8'51 The HpHtrA mutants (S164A,
S166A, N2pgA, K328A) were generated using the QuickChange Lightning Site directed mutagenesis Kit (Stratagene). The following
primers were used: S164Af: 5-CCC ACG ATC AAA TTC GCT GAT TCT AAT GAT ATT; S1g4Ar: 5-AAT ATC ATT AGA ATC
AGC GAA TTT GAT CGT GGG; S166Af: 5’-CCC ACG ATC AAATTC TCT GAT GCT AAT GAT ATT; S166Ar: 5-AAT ATC
ATT AGC ATC AGA GAA TTT GAT CGT GGG; N2ggAf: 5-ATC AAC AGC TAT GAG GCT TTC ATT CAA ACA GAC;
N20gAr: 5-GTC TGT TTG AAT GAA AGC CTC ATA GCT GTT GAT; K328Af: - AAT GGG AAA AAG GTT GCA AAC ACG
AAT GAG TTA, K328Ar: 5-TAA CTC ATT CGT GTT TGC AACCTT TTT CCC ATT.

HpHtrA preparation. For overexpression and purification of the recombinant HpHtrA transformed E. coli was grown in 1500 ml TB
medium at 37 °C. At an OD550 of 0.5 the expression was induced by the addition of 100 uM isopropylthiogalactoside (IPTG). After
incubation for 4 h at 25 °C the culture was pelleted for 20 min (4000 x g) at 4 °C and lysed in PBS by sonication. The lysate was
cleared by centrifugation (10 000 x g) and the supernatant was incubated with glutathione sepharose (GE Healthcare) at 4 °C
overnight. After washing the sepharose, the bound GST-fusion proteins were cleaved by PreScission Protease (GE Healthcare) at 4 °C
overnight.

Computational docking. Ligand docking was done with GOLD v5.0.2.47 We performed ligand placement 50 times in a sphere with a
radius of 10A around residue N2gg in the HpHtrA homology model. Ligand poses were evaluated by the ChemPLP scoring function.
Crystallization and structure determination. Protein crystals of HpHtrA were produced by the sitting-drop method after mixing
protein solution ina 2 : 1 ratio with reservoir solution containing: 0.2 M NaF, 0.1 M bis-tris propane pH 6.5, 20% PEG 3350 and 10%
ethylene glycol. Data were collected on beamline 124 at Diamond Light Source (Harwell, UK). A preliminary model only was
available for this study, however the backbone a-carbon atoms from chain A were well refined with acceptable geometry according to
Ramachandran dihedrals as quality indicators (97.6% in preferred or allowed regions), and thus were usable as a reference in
validating the comparative homology model. Full details of crystallization, data collection and structural refinement of the completed
oligomeric model will be published in a separate work.
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allosteric pocket without the need to explicitly dock all screening compounds into the
presumed binding cavity.

Crystal structure of HpHtrA

In an attempt to validate experimentally the comparative structural model of the complex
between compound 3 and HpHtrA, we pursued crystallization experiments. While no co-
complex was to date producible (crystallization trials ongoing), we were able to solve the
apo-structure of HpHtrA at 2.6 A. The species captured in the crystal is a hexameric form of
the protein. PDZ2 was not visible in the electron density maps, so protease and PDZ1
domains alone (amino acids 48 to 364) from refined chain A only were used for a
comparison with the homology model (amino acids 48 to 475). (Note, the final, fully refined
structure will be reported elsewhere.) Superposition of the experimentally determined and
homology models shows a good agreement in the relative positions of protease and PDZ1
domains (Fig. 3C). Furthermore, when comparing individual domains the structural
alignments of both protease domains together, or both PDZ1 domains have root-mean-
square deviation values of 0.68A and 0.69 A, respectively. Thus, the comparative model
produced is a reasonably accurate representation of the HpHtrA structure in terms of tertiary
structure and domain arrangement, specifically in the region around the presumed allosteric
binding site, which is located between the PDZ1 and protease domains.

Conclusions

Structure-based virtual screening by a new graph-based method based on the PoLiMorph
algorithm has resulted in the identification of functional ligands that efficiently block E-
cadherin processing by the serine protease HtrA from the human pathogen H. pylori. We
validated the applicability of the comparative protein model used in the virtual screen by a
new crystal structure of apo-HpHtrA. Our results suggest an allosteric mode of action for the
most potent inhibitor 3, although there is no direct experimental proof of the presumed
binding site. Although cocrystallization experiments failed, we were able to solve the first
apo-structure of HpHtrA at a resolution of 2.6 A. The experimentally obtained structure
corroborates the suitability of an advanced comparative (“homology”) protein model for
computational hit and lead finding and motivates ligand screening for presumed allosteric
surface cavities. The inhibitors identified in our study can now serve as starting points for
hit-to-lead optimization and scaffold hopping to other chemotypes.
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Fig. 1.
Reference compound 1 (ref. 8b) and three tested compounds that were suggested by virtual
screening with the PoLiMorph?2® software.
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Fig. 2.
Sequence-based neighbour-joining tree of HtrA homologues.
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Fig. 3.

Structural model of H. pylori HtrA and a potential binding mode of compound 3. (A)
Comparative (“homology”) protein model of HpHtrA. The enzyme contains a protease
domain and two PDZ domains (PDZ1, PDZ2). The potential allosteric pocket that was used
for virtual screening is located between the protease domain and the PDZ1 domain. This
pocket lies distant to the active site (catalytic Sery,1) and is flanked by helix 6 (H6) and two
loops. The pocket graph (red vertices) computed by the PoLiMorph software is shown inside
the allosteric pocket that was extracted by the PocketPicker tool. The intensity of the blue
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colour of the pocket grid points correlates with their buriedness. (B) Computed docking pose
of compound 3. Potential hydrogen-bond interactions are indicated by yellow dotted lines.
(C) Structural alignment of the homology model (gray) and a preliminary X-ray structure of
HpHtrA (green). (D) X-ray structural model of HpHtrA with the mutated residues
highlighted.
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Fig. 4.

Binding potential and inhibition of HpHtrA by compounds 2, 3, and 4, and the activity of
HpHtrA mutants. (A) SPR response for binding of compounds 2, 3, and 4 to immobilized
HpHtrA. (B) Recombinant E-cadherin was incubated with HpHtrA and several
concentrations of compounds 1 (reference inhibitor) and 3. Reduction of full-length E-
cadherin (E-Cad), cleavage products (CP1, CP2) and enzyme loading (HtrA) are shown. (C)
HpHtrA wt cleaves E-cadherin. HpHtrA S;»1A, S1g6A, NoggA, KzogA and S1g4A show no
or very limited proteolytic activity against E-cadherin. (D) HpHtrA wt, HpHtrA Sig6A,
N2osA, K3ogA and Sig4A are proteolytically active against casein, only the active-site

mutation Sy»1A loses all activity.
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Scaffold frequency among the virtual hit list
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