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ABSTRACT: Blood flukes of the genus Schistosoma cause the
disease schistosomiasis that infects over 200 million people
worldwide. Treatment relies on just one drug, and new thera-
pies are needed should drug resistance emerge. Schistosoma
mansoni cathepsin B1 (SmCB1) is a gut-associated protease that
digests host blood proteins as source of nutrients. It is under
evaluation as a therapeutic target. Enzymatic activity of the
SmCBI zymogen is prevented by the pro-peptide that sterically
blocks the active site until activation of the zymogen to the

mature enzyme. We investigated the structure—inhibition relationships of how the SmCB1 pro-peptide interacts with the enzyme
core using a SmCB1 zymogen model and pro-peptide-derived synthetic fragments. Two regions were identified within the pro-
peptide that govern its inhibitory interaction with the enzyme core: an “active site region” and a unique “heparin-binding region”
that requires heparin. The latter region is apparently only found in the pro-peptides of cathepsins B associated with the gut of
trematode parasites. Finally, using the active site region as a template and a docking model of SmCB1, we designed a series of
inhibitors mimicking the pro-peptide structure, the best of which yielded low micromolar inhibition constants. Overall, we identify a
novel glycosaminoglycan-mediated mechanism of inhibition by the pro-peptide that potentially regulates zymogen activation and
describe a promising design strategy to develop antischistosomal drugs.

Schistosomiasis (bilharzia) is a chronic infectious disease that
is caused by a trematode blood fluke and infects over 200
million people in tropical and subtropical areas." Of the five
species of schistosomes affecting humans, Schistosoma mansoni is
a major agent of disease in the Middle East, Africa, and South
America and the most convenient experimental model. Morbid-
ity associated with the disease results from immuno-pathological
reactions to parasite eggs trapped in various tissues, including the
liver, intestinal tract, and bladder. Symptoms include decreased
physical and cognitive performance, abdominal pain, and
lassitude.” Treatment and control of schistosomiasis now relies
on mass chemotherapy with just one drug, praziquantel, a
tenuous situation should drug resistance emerge and spread."”
Accordingly, there is pressure to identify new schistosomal
protein targets for both chemo- and immuno-therapeutic
interventions.

Adult schistosomes live in the cardiovascular system, and host
blood proteins are a primary source of nutrients required for growth,
development, and reproduction. In the schistosome gut, a network of
proteases contributes to the digestion of host proteins to absorbable
peptides and amino acids.** For S. mansoni, the component digestive
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proteases thus far characterized include (i) the Clan CA papain-like
cathepsins B1 and L1, L2, and L3, dipeptidyl peptidase I (cathepsin
C), (ii) the Clan CD asparaginyl endopeptidase (legumain), and (i)
the Clan AA aspartic protease, cathepsin D.>~ "' Similar acid pH-
based proteolytic networks are found across phylogenetically diverse
organisms such as nematodes, Plasmodium (malaria), and ticks,"> 1
Given their central importance to schistosome nutrition, therefore,
gut proteases represent potential chemotherapeutic targets. The
present research focuses on S. mansoni cathepsin B1 (SmCB1),
which has been validated in a murine model of schistosomiasis
mansoni as a molecular target for therapy with a peptidomimetic,
vinyl sulfone protease inhibitor."® SmCB1 is a central digestive
protease due first to its relative abundance and second to its complex
proteolytic activity comprising both endopeptidase and exopeptidase
(peptidyl dipeptidase) modes of action.*’

Members of the Clan CA, Family C1 (papain-like) cysteine
proteases,’” including cathepsins B, are biosynthesized as inactive
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SmCB1 HISVK-NEKFEPLSDDIISYINEHPNAGWRAEKSNR--FHSLD---DART 'VDHNDW--NVE 71p
SjCB1 HVTTRNNQRIEPLSDEMISFINEHPDAGWKADKSDR--FHSLD---DARI DHHDL--NVE 72p
TrCB1 ENEIQFEPLSDEMIAYINQHPDAGWTASRSDR--FKSLE---DARI DHONV--SLE 68p
FhCB1 APNEKPQFEPFSDELIHYINEKSGASWKAAPSSR--FINIE---HFKQHLG YNVS--DND 70p
TcCB GHSFHAEDAPILTDEFLELVNRLNGGKWTAGRTSRTKYLTRR---GAS GTFLRNTS----ILPPRQFSEE--ELR 69p
SmCB2 EIDARRHKRMYQPLSMELINFINYEANTTWKAAPTTR--FRTVS---DI P-DPNG--EQLETLCTGYI--SDE 70p
SjCB2 DARRHKRMHQPLSKELIHFINYEANTTWKAGPTRR--FKTVS---DI P-DPNG--EQLETLCTGYELTLNE 70p
TrCB2 EANRHKFMHQPLSSELIHFINHEANTTWKAAPSPR--FKSVS---DI P-DPNG--GHLPTLCTGYTPSLDE 70p
IrCB EIHPKRWHPLSDQMINFINKI-NTTWKAGRN----FDKSISMSYIRG: PKSKE---YRLPEFVHEEIP--DD 66p
bCB RSSLYLYFPPLSDELVNFVNKQ-NTTWKAGHN----FYNVD-LSYVKKLCGAILGGPK----- LPQRDAFAA--DVV 65p
hCB RSRPSFHPLSDELVNYVNKR-NTTWQAGHN----FYNVD-MSYLKRLCGTFLGGPK----- PPQRVMFTE--DLK 62p
rCB HDKPSSHPLSDDMINYINKQ-NTTWQAGRN----FYNVD-ISYLKKLCGTVLGGPN----- LPERVGFSE--DIN 62p
3D HHHHHHHHHH EEE HHHHHHH

Figure 1. (a) Structure-based alignment of the pro-peptides of cathepsin B-type proteases from the human blood flukes S. mansoni (SmCB1 and
SmCB2), S. japonicum (SjCB1 and SjCB2), the bird fluke Trichobilharzia regenti (TrCB1 and TrCB2), the liver fluke Fasciola hepatica (FhCB1), the
protozoan Trypanosoma cruzi (TcCB), the tick Ixodes ricinus (IrCB), and bovine, human and rat cathepsins B (bCB, hCB and rCB; Uniprot accessions
QSMNY2, Q9SPML1, P43157, C7TYR4, Q4VRW9, A7L844, QSI7B2, 061066, A4GTA7, P07688, P07858, and P00787, respectively). The secondary
structure of the SmCB1 pro-peptide (2D) is based on prediction analysis, whereas the secondary structure of rCatB and hCatB pro-peptides (3D) is
derived from crystallographic data (PDB entry IMIR and 3PBH): H, a-helix; E, 5-strand. The SmCB1 pro-peptide (blue) contains two inhibitory
regions: an heparin-binding region (green) with a heparin-binding motif (boxed) and an active site region (red) containing residues in contact with the
S1and S1’ subsites of the active site (boxed). Residues identical with those of SmCB1 are shaded in gray; numbers above the alignment refer to the pro-
peptide of SmCB1, the suffix “p” indicates pro-peptide numbering. A larger multiple alignment is provided in Supplementary Figure S1. (b) The tertiary
structure of the SmCB1 zymogen was modeled using the X-ray structure of rat pro-cathepsin B (PDB entry IMIR). The enzyme core is shown as a gray
surface, and the active site Cys is in yellow. The pro-peptide (blue ribbon) contains two inhibitory regions color-coded as in the alignment (panel a): a
heparin-binding region (residues SSp—61p in green) and an active site region (residues 45p—49p in red). The Ot-helices are indicated in magenta bold

typeface.

zymogens (pro-cathepsins) in which the pro-peptide operates as an
intramolecular inhibitor by blocking the active site. Activation to the
mature, catalytically active forms occurs by proteolytic removal of the
N-terminal pro-peptide (also termed the “activation peptide”);
removal is either autocatalytic or involves other protease(s). After
cleavage, the released pro-peptide can remain bound and inhibit its
cognate enzyme.'® The genomes of many organisms encode pro-
peptide-like proteins that may act as intermolecular inhibitors of
cysteine cathepsins.'® Most studies on pro-peptide inhibition have
been performed with full length pro-peptides and have demonstrated
that inhibition of both parental and nonparental enzymes by pro;
peptides is a function of the latter’s structural complementarity.”* >

The application of pro-peptide fragments and crystal struc-
tures of cathepsin zymogens has shown that pro-peptides contain
structural regions that govern their interactions with the mature
enzyme.”* > As reported for the human cathepsin L pro-
peptide, the structural principles defining pro-peptide inhibition
can be used to construct small peptidomimetic inhibitors.>! Also,
studies with pro-peptides and their fragments have shown how
they regulate the activity of cognate cysteine proteases from a

diversity of protozoan and metazoan parasites including Trypa-
nosoma, Plasmodium, and Fasciola®"***>*” and, importantly, that
they can suppress the development of Plasmodium.”® Yet, there is
alack of detailed structure —activity studies for small pro-peptide
mimetics of parasite peptidases and their potential as chemical
starting points for therapeutic intervention of disease.

The activity of cysteine cathepsins is modulated by glycosa-
minoglycans (GAGs), sulfated polysaccharides with a strong
negative charge that are widely distributed in tissues. The
interaction of GAGs with mammalian cathepsins is complex
and includes, for example, induction of collagenolytic activity of
cathepsin K,* stabilization of cathepsin B at neutral pH,** and
facilitation of autocatalytic activation of several cathepsins in-
cluding cathepsins B, L, and $.3*73% Mutation studies have shown
that the GAG-accelerated activation involves interaction of
GAGs with pro-peptides.>**® However, the effect of GAGs on
inhibition by pro-peptides or their truncated synthetic derivatives
has not been investigated.

Here, we define a structure—activity relationship (SAR) for
SmCBI1 and its pro-peptide. Using synthetic pro-peptide
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HISVKNEKFEPLSDDIISYINEHPNAGWRAEKSNRFHSLDDARIQMGARREEPDLRRTRRPTVDHNDWNVE
AS-region HB-region

- Heparin +

Ki (uM)

HISVKNEKFEPLSDDIISYINEHPNAGWR [1p-29p] nsi nd
AEKSNRFHSLDDARIQMGARREEPD [30p-54p] 15.1 14.5
NAGWRAEKSNRFHSLDDARIQMGARREEPD [25p-54p] 6.1 57
PDLRRTRRPTVDHNDWN [53p-69p] nsi 38
LRRTRRPTVDHNDWN [55p-69p] nsi 42
LRBTBRPTVDHNDWN [55p-69p]Cit, nsi nsi
LRRTRRP [55p-61p] nsi 61
QMGARREEPDLRRTRRPTVDHNDWN [45p-69p] 65 1.9
OMGARREEPDLRBTBRPTVDHNDWN [45p-69p]Cit, 99 nsi
QOMGARREEPDLRRTRRP [45p-61p] 216 35
LDDARIQMGARREEPDLRRTRRP [39p-61p] 105 10
LDDARIQMGARREE [39p-52p] 97 127
LDDARIQMGAR [39p-49p] 160 170
QMGARREE [45p-52p] 221 231
QMGAR [45p-49p] 233 245
OMGA [45p-48p] nsi nsi
MGAR [46p-49p] nsi nsi

Figure 2. Design and inhibitory activity of synthetic peptide fragments derived from the pro-peptide of SmCB1. In the pro-peptide sequence, the active
site (AS) and heparin-binding (HB) inhibitory regions are highlighted in gray, and those residues (Met46p and Gly47p) in contact with the S1 and S1’
subsites of the active site are marked (*). Synthetic peptide fragments are coded according to their location in the sequence; the suffix “p” indicates pro-
peptide numbering. Substituted residues are in bold and underlined; B denotes citrulline. The inhibition constants (K;) were determined in a kinetic
activity assay with SmCB1 and the fluorogenic peptide substrate, Z-Phe-Arg-AMC, at pH 5.5 in the absence and presence of heparin. Mean values are
given for triplicate measurements (SE values are within 10% of the mean); nsi, no significant inhibition with 400 #M peptide; nd, not determined due to

low solubility.

fragments, we identify structural regions within the pro-peptide
that account for its inhibition of the mature enzyme and uncover
a new mechanism for their functional regulation by GAGs. In
addition, one of these structural regions was employed as a
scaffold to design small inhibitory peptides. These inhibitors of
SmCBI represent a chemical basis from which new antischisto-

somal drugs might be developed.

B RESULTS AND DISCUSSION

SmCatB1 Pro-Peptide Contains a Phylogenetically Con-
strained a-Helix Incorporating a Heparin-Binding Motif. As
the amino acid sequence of pro-SmCB1 (Uniprot accession
Q8MNY2) is substantially homologous (48 —57% identity) with
those of mammalian pro-cathepsins B, we constructed a spatial
model of the SmCB1 zymogen as a tool for structure—function
analysis. We employed the X-ray structure of rat pro-cathepsin B
(PDB entry 1MIR) as a template (Figure 1b). The SmCB1 pro-
peptide comprises two O-helices (atlp and 02p) and a short f3-
strand (31p) that is shared between zymogens of the cathepsin B
subfamily. A significant difference occurs toward the C-terminal
of the SmCB1 pro-peptide where there is an extra Ot-helical
segment, denoted 3p. Figure la shows an alignment of pro-
peptides of SmCB1 and other cathepsins B. The predicted
secondary structure of 0.3p is associated with a sequence inser-
tion that contains a consensus sequence for heparin binding,
namely, XBBXBBX (where B is a basic amino acid and X is a
hydropathic amino acid).*” This new structural segment may be
involved in intermolecular interactions between the SmCB1 pro-
peptide and GAGs, as represented by heparin.

In addition, using blastp tools at NCBI, we inspected the
cathepsin B-type sequences from other organisms and found that
the predicted a3p helix including the heparin-binding motif is
phylogenetically distributed in the pro-peptides of some, but not
all, cathepsins B of parasitic trematodes, including Schistosoma,
Trichobilharzia, and Fasciola spp. (Supplementary Figure S1).
The feature is apparently absent from cathepsin B pro-peptides
of nematodes, insects, and vertebrates. For those enzymes that

contain the feature, the literature suggests they are gut localized
and involved in digestion of host blood and/or tissues. By
contrast, other trematode enzymes not associated with this
function (e.g, SmCB2, homologous to SmCB1 but found in
the tegument (worm surface)), do not contain this structural
feature.®® Accordingly, it seems that 03p is a novel structural
feature in the pro-peptide of SmCB1 and certain other cathepsins
B involved in the digestion of host proteins by parasitic
trematodes.

Design of Pro-Peptide Fragments for Structure—Inhibi-
tion Analysis. With the help of the 3D model (Figure 1), we
designed a panel of peptide fragments derived from the sequence
of the SmCB1 pro-peptide (Figure 2). The fragments were
synthesized with capping groups (N-terminal acetyl and C-term-
inal amide) to mimic peptide linkages and to protect peptides
against exopeptidase degradation by SmCB1. The main fragments
were designed to reflect the secondary structure pattern, ie., the
fragments [1p—29p], [30p—S54p], and [S3p—69p] contain alp,
02p, and 3p O-helices, respectively. Fragment [25p—S54p]
combines a2p with the fS-strand Blp that is involved in the
formation of an adjacent hairpin structure. Met46p and Gly47p fill
the S1’ and S1 pockets of the active site of SmCB1. Both Met46p
and Gly47p are centrally positioned in a series of peptides that
were synthesized to extend in both the N-terminal (to include
02p) and C-terminal directions (to include 03p and its heparin-
binding motif, and the pro-peptide C-terminus). A number of the
synthesized fragments contain sequence stretches that form o-
helices according to the prediction analysis and the 3D model
(Figures 1 and 2). For representative fragments, we demonstrated
by circular dichroism spectroscopy the presence of a partial ot-
helical conformation (Supplementary Figure S2). This under-
scores the utility of the model and designed fragments to analyze
structure—inhibition relationships in the SmCB1 pro-peptide.

Pro-Peptide Mapping of SmCB1 Identifies Two Inhibitory
Regions with Differing Sensitivities to Heparin. The inhibi-
tion constants (K;) for an array of synthetic pro-peptide
fragments against mature SmCB1 was measured using a kinetic
assay with the fluorogenic substrate Z-Phe-Arg-AMC (Figure 2).

dx.doi.org/10.1021/cb100411v |ACS Chem. Biol. 2011, 6, 609-617
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The long N- and C-terminal pro-peptide fragments ([1p—29p]
and [53p—69p]) did not inhibit SmCB1 activity. In contrast, the
central fragment [25p—54p] had a K; of 6 #M. The potency of
the central fragment was partially supported by the S1p structure
as demonstrated by its deletion in peptide [30p—S4p] that
resulted in a K; of 15 uM. This 3-strand contains the conserved
hydrophobic residues Trp28p and Ala30p that interact with the
“pro-peptide binding loop”, a short loop found on the surface of
the core of mammalian pro-cathepsins B.>” The central fragment
[30p—54p] that traverses the active site was gradually truncated
at both termini in a set of peptides spanning the S and S’ subsites.
The extensive trimming of the 25-mer peptide did not abolish
inhibition but did result in increased K; values up to 233 M as
measured for the shortest pentapeptide QMGAR [45p—49p].
This segment represents a minimal inhibitory region, the active
site region, which surrounds Met46p—Gly47p residues occupy-
ing the S1’ and S1 subsites.

Next, we tested the inhibitory potency of the synthetic
peptides in the presence of heparin, as the heparin-binding motif
is located in the C-terminal region of the SmCBI1 pro-peptide
(residues SSp—61p). Interestingly, the large C-terminal frag-
ment [S3p—69p] required heparin to display inhibition, which
was substantial (K; = 38 uM; Figure 2). The same heparin-
dependent inhibition was observed for the shorter peptide
LRRTRRP [$Sp—61p] that is equivalent to the length of the
heparin-binding motif (K; = 61 #M in the presence of heparin).
Accordingly, we identify a novel heparin-binding region
[SSp—61p] that acts as an inhibitor of SmCB1, but only in the
presence of heparin.

The peptides spanning both the heparin-binding and active
site regions ([4Sp—69p], [39p—61p], [4Sp—61p]) inhibited
with K; values in the range 65—216 M in the absence of heparin.
In the presence of heparin, however, these values were decreased
by 1 order of magnitude (K; ~2—35 uM). This demonstrates
that the heparin-binding region significantly improves the in-
hibitory potency of the active site region. The properties of the
most potent peptide fragment [45p—69p] were studied in detail.
First, the mode of inhibition was found to be competitive
(Figure 3), which is consistent with the expected interaction of
this peptide in the substrate-binding site through the active site
region. Second, the inhibitory selectivity was investigated. It is
known that pro-peptides of cysteine proteases and their trun-
cated synthetic forms bind not just to the mature cognate
enzymes but also to homologous enzymes with varying potencies
(for a review, see ref 20). The pro-SmCB1 peptide [45p—69p]
inhibited bovine cathepsin B with K; values of 512 and 257 uM in
the presence and absence of heparin, respectively. This compares
with the K; values for SmCB1 of 2 and 65 uM, respectively. The
weaker inhibition of bovine cathepsin B activity can be explained
by its partial homology (51% identity) to SmCB1. Importantly,
heparin does not improve the inhibition of the mammalian
enzyme by the peptide [4S5p—69p], pointing to the specificity
of the interaction between SmCB1 and the fragment through the
heparin-binding region.

Overall, mapping the pro-peptide of SmCBI1 with synthetic
peptides identifies two distinct small inhibitory regions. First,
the active site region is topologically similar (ie., in contact with
the active site residues) to pro-peptide fragments that inhibit
other cysteine proteases, including mammalian cathepsin B2+ 72¢
In those reports, 7- to 15-mer peptides had K; values in the range
of those described here. For SmCBI, inhibition by peptides
covering the active site region is independent of the presence
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Figure 3. Competitive mode of inhibition of SmCB1 by fragments
[45p—69p] (a) and [SSp—61p] (b) derived from the SmCBI1 pro-
peptide. A Lineweaver—Burk plot is presented together with a second-
ary plot of the same data (inset); K; values are 2.0 and S5 uM for
[45p—69p] and [SSp—61p], respectively. The activity assay with the
fluorogenic peptidyl substrate, Z-Phe-Arg-AMC, was performed at pH
5.5 in the presence of 25 ug mL ™' heparin. Mean values are given for
triplicate measurements (SE were within 10%).

or absence of heparin. Second, it is now clear that the
heparin-binding region, unique to certain trematode cathepsins
B, can also inhibit proteolysis by SmCB1, but that heparin (and
possibly other GAGs) needs to be present.

Heparin Interacts with Both the Heparin-Binding Region
of the Pro-Peptide and the Enzyme Core. The properties of
the heparin-binding region’s interaction with heparin were
examined. For fragments [SSp—69p] and [45p—69p], we
synthesized derivatives in which the heparin-binding motif was
altered by substituting two positively charged arginine residues
with citrulline isosteres that possess uncharged side chains
(peptides [SSp—69p]Cit, and [45p—69p]Cit,). This abolished
the heparin-dependent inhibition of SmCB1 (Figure 2). The
result was confirmed by heparin affinity chromatography
(Figure 4): the wild-type peptide [45p—69p] bound to immo-
bilized heparin, whereas its citruline derivative [4Sp—69p]Cit,
did not.

In addition, mature, i.e., fully activated, SmCB1 was bound by
the heparin affinity column (Figure 4). This can be rationalized
on the basis that SmCBI, being more basic then mammalian
cathepsins B (theoretical pl values of 8.7 and S.1, respectively),
can interact with the positively charged heparin. The mature
SmCBI1 sequence does not contain a canonical heparin-binding

dx.doi.org/10.1021/cb100411v |ACS Chem. Biol. 2011, 6, 609-617
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Figure 4. Heparin affinity chromatography of SmCB1, its pro-peptide-
derived fragment [4Sp—69p] containing the heparin-binding motif, and
the same fragment but in which the two positively charged arginine
residues have been substituted with citrulline [45p—69p]Cit,. The
column was equilibrated in 25 mM sodium acetate, pH S.S, and eluted
with a linear gradient of 0—1 M NaCl
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Figure S. Thermal denaturation of SmCBI1 using the thermofluor
technique. The curves were recorded for SmCBI in the presence
(dashed line) and absence (solid line, control) of heparin (25
ug mL™"). The fraction of unfolded protein is displayed. Inset: the
melting temperature (T,,) values determined from the denaturation
curves. Mean values & SE are given for triplicate measurements.

motif; however, inspection of the 3D model reveals several
positively charged patches. One of these involves the occluding
loop on the “front site” surface of SmCB1 close to the active site
(Supplementary Figure S3). Basic surface gatches are reported to
mediate heparin—protein interactions.”> The interaction of
SmCB1 with heparin was also studied using the thermofluor
technique*>*" in order to understand whether heparin alters
the thermal stability of SmCBI. In the presence of heparin, the
thermal stability of SmCB1 was increased (melting tempera-
ture (T,,) shifted from $4 to 61 °C (Figure S)), thus indicating
the formation of a complex between SmCB1 and heparin.

On the basis of the above results, we propose a mechanism by
which heparin promotes the inhibitory functionality of the
heparin-binding region. The heparin polymer interconnects the
pro-peptide heparin-binding region through the heparin-binding
motif and the enzyme core through a surface basic patch. This
facilitates docking of the heparin-binding region in a proper
orientation, which finally leads to steric hindrance of the adjacent
active site by a bulky complex formed from the heparin-binding

peptide and heparin. This is in line with the competitive mode of
inhibition of SmCB1 by the synthetic heparin-binding region
[SSp—61p] in the presence of heparin (Figure 3b). The electro-
static character of the involved interactions is supported by the
finding that the heparin-dependent inhibition of SmCB1 by
[45p—69p] is abolished by 0.3 M NaCl (data not shown). The
specific requirements for the heparin structure were tested using
heparins ranging from 2 to 17 kDa in size. The inhibition by
peptide [4Sp—69p] did not vary significantly (K; ~1.0—1.9 uM),
demonstrating that a 2 kDa hexasaccharide fragment (K; = 1.2 uM)
is as effective as 17 kDa heparin (K; = 1.9 M) in mediating the
interaction.

What is the function of the heparin-binding region? We
speculate that it may participate in regulating the activation of
the SmCB1 zymogen. For several mammalian cysteine cathe-
psins, including cathepsin B, it was reported that heparin and
other GAGs accelerate zymogen autoactivation through desta-
bilization of the pro-peptide interaction with the mature enzyme,
thus facilitating its autocatalytic cleavage.34’36 The present data
suggest that the modulatory activities of GAGs are more com-
plex. In the case of SmCB1, these polysaccharides might produce
increased stabilization of the pro-peptide interaction via the
heparin-binding region. GAGs are widespread in host tissues
and are also found in Schistosoma.** Interestingly, and unlike
mammalian cathepsins B, the SmCB1 zymogen only partially
autoactivates and the assistance of processing proteases, such as
an asparaginyl endopeptidase, is necessary for complete zymogen
conversion.” The partially processed SmCB1 zymogen is cataly-
tically inactive and still retains a pro-peptide fragment (residues
39p—71p) that includes both the active site and heparin-binding
regions.” Our future research will test the hypothesis that GAGs
regulate the activation of pro-SmCB1 using purified recombinant
zymogen and various heparin-binding region mutants.

Pro-Peptide Mimetics Derived from the Active Site Region
as a Design Basis for Novel Anti-Schistosomals. We found
that the active site region [4Sp—49p] synthesized as a synthetic
pentapeptide retains some inhibitory activity (K; = 233 uM)
against SmCB1 (Figure 2). Also, neither this pentapeptide nor
variants extended in either the N- ([30p—S54p]) or C-terminal
directions ([45p—69p]) are hydrolyzed by SmCB1 (see Supple-
mentary Figure S4). We suggest that the synthetic active site-
directed pentapeptide likely binds in the same manner to the
active site as the native pro-peptide, i.e., in the opposite orienta-
tion than substrates, and thus prevents cleavage. Accordingly, we
set out to use the active site region as a starting scaffold for the
design of more potent inhibitors of SmCBI.

In our structure-based design, we employed a 3D model of
mature active SmCB1 that was built by homology modeling
using the X-ray structure of rat cathepsin B (PDB entry 1CPJ) as
template (Figure 6). The wild-type pentapeptide [4Sp—49p],
Ac-QMGAR, was docked into the active site cleft where it
occupied the S2' through S3 subsites. The corresponding P2’
through P3 residues in the inhibitor structure were substituted by
L- and D-amino acids, and the modified structures were redocked
and evaluated for their interaction potential. The best candidates
selected in silico were synthesized. These compounds are listed in
Table 1 together with their K; values for SmCB1. Initially, we
substituted the P1 residue (Gly) with p-Arg that is known to
prevent interaction of peptidic ligands in the substrate-like
binding mode.>" Then, we used Phe at P3 to fill the S3 pocket
of SmCB1 as bulky hydrophobic groups in this position are
generally favored in SmCB1 substrates.*’ Next, the P2’ residue
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P3

Figure 6. Chemical structure and docking model of the Ac-NMrAF inhibitor, a synthetic mimetic of the pro-peptide active site region. The inhibitor
(black ball-and-stick) was docked into the active site of SmCB1 (gray surface) and residues in the P2'—P3 positions are indicated. The Ac-NMrAF
binding mode is superimposed on that of the SmCB1 pro-peptide (dark green, with active site region backbone in ball-and-stick). Heteroatoms of Ac-
NMTrAF are colored red for oxygen, blue for nitrogen, and yellow for sulfur. In the SmCBI active site, the catalytic residues Cys100 and His270 are
highlighted in yellow and orange, respectively. The histidine residues of the occluding loop (His180 and His181) are in green. The SmCB1 molecule is

oriented as in Figure 1.

that interacts with the occluding loop of SmCB1 was optimized.
During this step, we also evaluated N-terminal capping, which for
several P2’ substituents was required for efficient inhibition. This
step defined two routes for the further iterative design of
compounds containing either an acetylated P2’ Asn or an
N-terminally free Glu. Finally, employing mostly hydrophobic
residues at P1’ and P2 yielded Trp and Ala, respectively, as
generally suitable substituents. In summary, the screening of 48
inhibitors (Table 1) yielded S inhibitors with K; values lower than
50 uM and one (EYrAF) with a value of 14 M, i.e., 16-fold more
potent than the native active site region [45p—49p] (K; = 233
uM). The S best ranked inhibitors were also screened against
human cathepsins B, L, and S under analogous conditions, and
no significant inhibition was observed (Table 1).

Docking Ac-NMTrAF, one of the more potent inhibitors (K; =
32 uM), in the active site of SmCB1 (Figure 6) illustrates a
network of potential interactions (contacts within 4 A) that is
formed between enzyme and inhibitor. These include P3 (Gly67,
Leu68, Ile74), P2 (Gly72, Gly73), P1 (Gly27, Cys39, Cys70,
Glu71, Ile122, His199), P1’ (Gly197, Gly198, Leul96), and P2’
(His110, Val176, Leul81, Leul96, Trp221). The P2’ residue
(Ac-Asn) interacts with His110 of the occluding loop. A similar
interaction of the epoxysuccinyl peptidyl inhibitor, CA-074, with
His110 and His111 was critical for its potent inhibition of bovine
cathepsin B.**

In conclusion, we demonstrate that the active site region is a
useful starting scaffold in the design of inhibitors selective for
SmCBI1 over host-derived cathepsins B, L, and S. The K; values of
the most potent pentapeptide inhibitors are in the mid to low
micromolar range and are thus an improvement on the inhibition
produced by the original active site region [45p—49p]. More-
over, the K; values are comparable with those measured for
the large central 25-mer pro-peptide fragment [30p—S4p]
(Figure 2). We will continue the optimization process by
introducing unnatural amino acids and building blocks. These
modifications may confer low or submicromolar inhibition as was
found for the pro-peptide-derived inhibitors of human cathepsin

L' We will also attempt to cocrystallize optimized inhibitors
with SmCB1 for X-ray analysis to provide direct evidence for the
modeled binding mode. This will further the rational design of
inhibitors that may help identify molecules for consideration as
antischistosomal drugs.

B METHODS

Materials. Heparins from porcine intestinal mucosa with an average
molecular weight of 17, S, and 3 kDa were from Sigma, and heparin
hexasaccharide was from Dextra Laboratories. The fluorogenic substrate
Z-Phe-Arg-AMC was from Bachem. Amino acid precursors and resins
for peptide synthesis were from Iris Biotech. S. mansoni asparaginyl
endopeptidase (SmAE) was produced recombinantly in Pichia pastoris
as described in ref 10. Bovine cathepsin B was purified from bovine
spleen,” human cathepsin B was obtained from Merck, and human
cathepsins L and S from Sigma.

Recombinant Expression and Purification of SmCB1.
SmCBI was expressed in the X33 strain of the methylotrophic yeast
P. pastoris as described previously.” The induction media were concen-
trated and desalted on a Sephadex G-25 column equilibrated with
25 mM sodium acetate, pH S.5. Recombinant protein (a mixture of
zymogen and intermediate forms) was separated on a Mono S HR §/5
column (GE Healthcare Bio-Sciences) equilibrated with 25 mM sodium
acetate, pH 5.5 and eluted using a linear gradient of 0—1 M NaCl. The
activated SmCB1 was obtained by proteolytic treatment with SmAE in
0.1 M sodium acetate, pH 5.0, containing 2.5 mM dithiothreitol.” The
conversion to active SmCB1 was monitored using the Z-Phe-Arg-AMC
assay (see below) and SDS-PAGE. SmCB1 was finally purified on a
Mono S HR 5/5 column as above. The preparation was concentrated
and desalted into 20 mM sodium acetate, pH 5.5 using Amicon Ultracel-
10k (Millipore). The typical yield was 2 mg of SmCB1 from 1 L of
induction media.

Synthesis of Peptides. Peptides were synthesized by Fmoc solid
phase chemistry in an ABI 433A Peptide Synthesizer (Applied
Biosystems) in the form of peptidyl amides with free or acetylated
N-termini as described previously.*® Peptides were purified by RP-
HPLC over a C18 column using a trifluoroacetic acid (TFA) elution
system and characterized by ESI mass spectrometry on an LCQ Classic
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Table 1. Structure-Based Optimization of Synthetic
Inhibitors Derived from the Active Site Region of the SmCB1
Pro-Peptide

K (uM)*
peptide” structure” Ac NH,
QMGARREE 221 268
QMrARREE 83 159
QMGAR 233 nsi
XMrAF QMrAF 210 nsi
NMrAF 3¢ nsi
EMrAF nsi 161
DMrAF nsi nsi
XWTrAF PWrAF 134 265
HWrAF 159 nsi
RWrAF 164 189
QWIAF 266 291
SWrAF 299 nsi
TWrAF nsi 66
NXrAF NWrIAF 22¢
NYrAF nsi
NFrAF nsi
EXrAF EYrAF 147
EWrAF 37
ECrAF 97
EFrAF 112
EIrAF 177
ELrAF 225
EArAF 230
EGrAF 240
ESrAF 255
EHrAF nsi
ERrAF nsi
ER(Tos)rAF nsi
EMXAF EMKAF 299
EMVAF nsi
EMLAF nsi
EMFAF nsi
EWXAF EWwAF 46
EWIAF nsi
EWIAF nsi
EWfAF nsi
EMrXF EMrIF 231
EMrFF nsi
EMrRF nsi

X positions (P2'—P3 residues) were substituted with the selected L- and
Dp-amino acids (upper- and lower-case letters, respectively). bPeptides were
synthesized as carboxy-amides with free (NH,) or acetylated (Ac) N-termini;
R(Tos), tosyl-arginine. “ The inhibition constants (K;) were determined in a
kinetic activity assay with SmCB1 and the fluorogenic peptidyl substrate,
Z-Phe-Arg-AMC. Mean values are given for triplicate measurements (SE
values were within 10% of means); nsi, no significant inhibition with 300 uM
peptide. 4 Peptides were screened against human cathepsins B, L, and S under
conditions analogous to those used for SmCB1, and no significant inhibition
was observed at a 300 #M peptide concentration.

Finnigan Mat device (Thermo Finnigan). The characterization of the
synthesized peptides is presented in Supplementary Table S1.

SmCB1 Activity and Inhibition Assays. SmCB1 activity was
measured with the fluorogenic substrate Z-Phe-Arg-AMC.” The reac-
tion was performed in a 96-well microplate format in a total assay volume
of 100 4L in 0.1 M sodium acetate, pH 5.5, containing 2 mM dithiothreitol
and 0.1% (w/v) PEG 6000. For inhibition measurements, the enzyme
(0.6 nM) was preincubated with synthetic peptide (0—400 #M) at 37 °C
for 1S min followed by the addition of 25 uM Z-Phe-Arg-AMC. Where
indicated, the 17 kDa heparin was added to the preincubation mixture to
give a final concentration of 25 g mL ™~ in the assay; this value was selected

based on the fact that the potential of heparin to promote the SmCB1
inhibition (by peptides [45p—69p] and [SSp—61p]) did not vary sig-
nificantly in the tested range of 0.5—50 ug mL ™" (data not shown). The
kinetics of product release was continuously monitored in an Infinite M200
microplate reader (Tecan) at excitation and emission wavelengths of 360
and 465 nm, respectively. Each measurement was performed in triplicate.
The inhibition constants (K;) were determined from the residual velocities
using the dose—response plot (v;/vo vs [1]) to obtain ICs values that were
then converted to K; values by Cheng and Prusoff relationships.*” The
inhibition mode was determined using an analogous activity assay and the
initial velocities of product release were interpreted using the Linewea-
ver—Burk plot. The active site concentration of SmCB1 was determined by
titration with E-64, and the peptide solutions were quantified by amino acid
analysis. The same activity assay was employed with bovine and human
cathepsins B and human cathepsins L and S.

Stability of Peptides. Resistance of pro-peptide-derived frag-
ments to proteolysis was investigated as described previously*® under
conditions similar to those used in the inhibition assay. The reaction
mixtures contained 0.6 or 6.0 nM SmCB1 and 100 1M synthetic peptide
in 0.1 mM sodium acetate, pH S.5, containing 2 mM dithiothreitol (and
25ugmL " 17 kDa heparin where indicated). The reaction was incubated
at 37 °C for 16 h and stopped by the addition of 10 #M E-64. Mixtures
were analyzed by RP-HPLC, and the obtained profiles were compared to
those of controls not subjected to enzyme treatment. The RP-HPLC
separation was performed on a Vydac C18 column (218TPS4, Vydac)
equilibrated in 5% (v/v) acetonitrile solution in 0.1% (v/v) TFA and
eluted with a 2% min~" gradient of a 90% (v/v) acetonitrile solution in
0.1% (v/v) TFA.

Secondary Structure Prediction. Prediction of secondary struc-
ture was performed using the PORTER and PSIPRED web services
(http://distill.ucd.ie/porter/ and http://bioinf.cs.ucl.ac.uk/psipred/).

Molecular Modeling. A model of SmCB1 was constructed using
the X-ray structure of rat cathepsin B (PDB entry 1CPJ) as a template
and a pairwise sequence alignment generated by the BLAST program
using a BLOSUMG62 substitution matrix. The homology module of the
MOE program was used for the modeling of the SmCB1 structure.*’
The Ac-NMrAF inhibitor was built into the SmCBI active site cleft
based on the position of three known active site ligands: (i) Compound
13 inhibitor from the human cathepsin L complex (PDB entry IMHW)
defined the orientation in the P1 to P3 positions; (i) CA-074 inhibitor
from the bovine cathepsin B complex (PDB entry 1QDQ) defined the
orientation in the P2’ position; and (iii) CGT (42p—44p) segment in
the pro-peptide of rat pro-cathepsin B (PDB accession 1MIR) defined
the orientation in the P1'—P2 positions. The conformation of Ac-NMrAF
was refined by applying the LigX module of the MOE for the optimization
procedure. The final binding mode of the inhibitor was selected by the best-
fit model based on the London dG scoring function and the generalized
Born method.*® The same strategy was used for the docking of other
compounds derived from the active site region to evaluate their interaction
potential with SmCB1. The structure of pro-SmCB1 was modeled on the
basis of the X-ray structure of the rat pro-cathepsin B (PDB accession
IMIR) as template as described for the SmCB1 model. The multiple
sequence alignment of the pro-peptide segments that was used for the
SmCB1 modeling was generated by ClustalW2 (Figure 1a). Molecular
images were generated with UCSF Chimera (http://www.cglucsf.edu/
chimera/).

Heparin Affinity Chromatography. SmCB1 (10 ug) or syn-
thetic peptides (50 nmol) were applied to a 1 mL HiTrap Heparin HP
column (GE Healthcare Bio-Sciences) equilibrated with 25 mM sodium
acetate, pH 5.5. A linear 0—1 M NaCl gradient was used to elute the
bound material at a flow rate of 1 mL min . Chromatography was
monitored by measuring the absorbance at 280 nm.

Thermal Stability Assay. The thermal denaturation curves of SmCB1
were recorded in a thermofluor assay using the LightCycler 480 System
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(Roche) and a thin-wall PCR plate format.** A temperature increment of
1 °C min " was applied. Samples (25 #L) contained 0.8 ug of SmCB1 in
0.1 M sodium acetate, pH 5.5, in the presence or absence of 25 ug mL ™"
of 17 kDa heparin. Protein unfolding was monitored by measuring
the fluorescence signal of the hydrophobic reporter dye Sypro Orange
(Invitrogen) with excitation and emission wavelengths of 465 and S80 nm,
respectively. Melting temperature (T},,) values were calculated using the first
derivative method.
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