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ABSTRACT. Propeptide blocks the active site in the inactive zymogen of cathepsin D and is cleaved off
during zymogen activation. We have designed a set of peptidic fragments derived from the propeptide
structure and evaluated their inhibitory potency against mature cathepsin D using a kinetic assay. Our
mapping of the cathepsin D propeptide indicated two domains in the propeptide involved in the inhibitory
interaction with the enzyme core: the active site “anchor” domain and the N-terminus of the propeptide.
The latter plays a dominant role in propeptide inhibition (nanomi§fprand its high-affinity binding was
corroborated by fluorescence polarization measurements. In addition to the inhibitory domains of propeptide,
a fragment derived from the N-terminus of mature cathepsin D displayed inhibition. This finding supports
its proposed regulatory function. The interaction mechanisms of the identified inhibitory domains were
characterized by determining their modes of inhibition as well as by spatial modeling of the propeptide
in the zymogen molecule. The inhibitory interaction of the N-terminal propeptide domain was abolished
in the presence of sulfated polysaccharides, which interact with basic propeptide residues. The inhibitory
potency of the active site anchor domain was affected by the Ala38pVal substitution, a propeptide
polymorphism reported to be associated with the pathology of Alzheimer’s disease. We infer that propeptide
is a sensitive tethered ligand that allows for complex modulation of cathepsin D zymogen activation.

Pepsin-like aspartic proteases are synthesized at neutratathepsin D-deficient mice die prematurely from massive
pH as inactive zymogens that are inhibited by the binding physiological abnormalities that indicate misregulated cell
of their N-terminal propeptides in the active site. The growth and tissue homeostas®.(Recently, a cathepsin D
zymogens can be autoactivated to their mature forms upondeficiency caused by gene mutations has been shown to cause
acidification, which leads to a concerted series of confor- congenital neuronal ceroid-lipofuscinosi, (L0). A poly-
mational changes concomitant with both intra- and intermo- morphism in the cathepsin D gene, which results in the
lecular processing events (for a review, see 1gf The Ala38pVal substitution in the propeptide, was reported to
proteolytic removal of the propeptide (so-called activation be associated with the pathogenesis of Alzheimer’s disease
peptide) proceeds in one or more steps, and the variability (11, 12). Cathepsin D is an independent marker of poor
of this mechanism of proteolysis appears to be attributable prognosis in human breast canc#B); Overexpression and
to the structure of the prosegment as well as to environmentalsecretion of cathepsin D zymogen have been implicated in
factors. In 1978, Dunn et al. found that propeptide fragments progressive breast and prostate cancer: the zymogen func-
released during activation of pepsinogen can function astions as a mitogen that interacts, possibly through its
inhibitors of mature pepsirg]. Subsequently, this phenom-  propeptide, with an unknown receptor on cancer célf; (
enon was demonstrated for fragments derived from the 15). Cathepsin D is also a key mediator of induced apoptosis
propeptide of rening, 4). We have previously reported that in the tumor cell cytosol 6).
the full-length propeptides of cathepsin D and pepsin aré 1 x_ray structure of mature cathepsin D obtained from
able to interact with no_np_are_ntal aspartic proteases, Wh'ChcrystaIs grown at acidic pH shows a protein fold common
reflects the sequence similarity of propeptides and suggestsy aspartic proteases, 18). However, mature cathepsin D
common putative interaction motif$,(6). Recognition of v tallized at pH 7.5 was found to be structurally rearranged
Fhe propeptlde by .the matur.e' enzyme was applied for in a catalytically inactive form, in which the N-terminal
isolation of cathepsin D by affinity chromatograpl).( strand relocates and inserts into the active site clidy. (

. (i]athepsin D, fa Iylisolsomal aspartic plrlotea_lser,] is inlvol\_/ed This conformation is believed to correspond to a hypothetical
in the turnover of cellular proteins as well as in the selective - ciont “intermediate 3" formed during the activation

]E)rocessirg of '\(IHCk” a"‘“gg!"s’ Eormoges, and grgwt: cascade of pepsin-like protease zymogens. The activation
actors. Gene knockout studies have demonstrated thal,;ermegiate 27, which contains the noncovalently bound

s od by MSMTCR Grant 1P040CE20.002 and COST B20 portion of the cleaved propeptide, has been crystallographi-
upported by ran . an ; ; Qi
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mammalian homologues pepsinogen and progastricsin aresulfated polysaccharides were added to the preincubation
available 2, 23). mixture to give a final concentration ofb ug/mL in the

In this work, we present the first detailed, systematic assay. The kinetics of product release were continuously
mapping of cathepsin D propeptide to localize the structural monitored on a GENios microplate reader (TECAN, Salzburg,
determinants involved in propeptigenzyme recognition.  Austria) at excitation and emission wavelengths of 330 and
We have identified three autonomous inhibitory domains in 410 nm, respectively. Each measurement was performed in
the propeptide and adjacent mature N-terminus responsib|etrip|icate. The inhibition constant&{() were determined from
for inactivation of the enzyme core. The regulatory function the residual velocities using the desesponse plot/uo
of these domains is interpreted with the help of the homology Vs [I]) to obtain 1G values that were converted o values
model of the cathepsin D zymogen. The uncovered inhibitory by Cheng and Prusoff relationshifgz]. The mechanism of
motifs represent potential leads for designing a new class ofinhibition was determined using an analogous activity assay
inhibitors of cathepsin D and other aspartic proteases. Finally, but performed at a constant pH of 5.1 under steady-state
we propose novel physiologically relevant mechanisms of conditions; the initial velocities of product release were
modulation of the activation process of the cathepsin D analyzed with a LineweaveBurk plot. The stock concen-
zymogen through propeptide mutation and interaction of the tration of cathepsin D was determined by titration with

propeptide with glycosaminoglycans. pepstatin A; the peptide solutions were quantified by amino
acid analysis.
EXPERIMENTAL PROCEDURES Stability of PeptidesA reaction mixture, composed of 60

. _ . uM peptide and 10 nM cathepsin D, was incubated in 100
Materials. Mature cathepsin D was purified to homogene- ',m sodium acetate buffer (pH 5.1) at 3C for 16 h. The
ity from human placenta according to Fusek et @)(  rgaction was stopped by adding 15% TFA, and the mixture

Heparin, dextran sulfate, and 5-(iodoacetamido)fluorescein , o separated using RP-HPLC. The chromatography was
were from Sigma (St. Louis, MO), and pepstatin A was from performed on a € Vydac column (214TP54, Vydac)

Fluka (Buchs, Switzerland). The fluorogenic s_ubstrate _Abz- equilibrated in 0.1% (v/v) TFA and eluted with a 1%/min
Lys-Pro-Ala-Glu-Phe-Nph-Ala-Leu (Abz,aminobenzoic gragient of a 99% (v/v) acetonitrile solution in 0.1% (V/v)
acid; Nph, 4-nitrophenylalanine) was designed on the basiSTea  The collected peak fractions were analyzed by ESI
of a chromogenic cathepsin D substrate and equipped with ;5o spectrometry (LCQ Classic Finnigan Mat).

an Abz group for FRET (fluorescence resonance energy  gecondary Structure Analysighe circular dichroism
transfer) applicationy). Amino acid precursors were ob-  gnecra were measured with 0.5 mM peptide in 10 mM
tained from NovaBiochem (_Darmstadt, _Germany); resins and ¢ 4ium phosphate (pH 7) containing 50% (v/v) trifluoroet-
other substances for peptide synthesis were from Bachemy o1 at 26°C using a CD6 Dichrograph (Jobin Yvon

(Bubendorf, Switzerland). Longjumea, France). Prediction of secondary structure for

Synthesis of PeptideShe peptides were synthesized by the cathepsin D propeptide was performed by the neural
Fmoc solid phase chemistry on an ABI 433A peptide npetworks method run by the PHD/PROF program (http://
synthesizer (Applied Biosy.stems,. Foster City, CA). The www.predictprotein.org).
peptides composed of-amino acids were prepared as  \olecular Modeling.The spatial model of the cathepsin
peptidyl amides with free N-termini. The fluorescein-labeled p zymogen was built using the X-ray structure of mature
derivative of peptide [1p14p] was synthesized with an  cathepsin D (PDB entry 1LYA) as a template of the enzyme
additional C-terminal cysteine residue that was postsyntheti- core. The cathepsin D propeptide (GenBank accession
cally modified with 5-(iodoacetamido)fluorescein according number P07339) structure was modeled using the X-ray
to the manufacturer’s protocol (Sigma). All peptides were strycture of pepsinogen propeptide (PDB entry 2PSG) as a
purified by reverse phase HPLC on a Vydag €olumn  template according to the structure-based alignment in Figure
(218TPS510, Vydac, Hesperia, CA) equilibrated in 0.1% (v/ 1. Molecular replacement of the structurally conserved
v) TFA and eluted with a 1%/min gradient of a 90% (v/V)  regions and rebuilding of the variable regions were conducted
acetonitrile solution in 0.1% (v/v) TFA. The purified peptides \ith the homology module of MOE (Chemical Computing
were characterized by ESI mass spectrometry on an LCQGroup Inc., Montreal, PQ). The structure was subjected to
Classic Finnigan Mat device (Thermo Finnigan, Bremen, minimization (convergence criterion of 0.001 kcal mol
Germany). A-1) using the Cornell force field2@). The root-mean-square

Inhibition Assay.Inhibition of cathepsin D activity by  deviation of the framework (§ was~2.4 A in the energy-
synthetic peptides was assayed with the fluorogenic substratepptimized model of the cathepsin D zymogen as compared
Abz-Lys-Pro-Ala-Glu-Phe-Nph-Ala-Leu. The reaction was to pepsinogen.
performed in microplate format in a total assay volume of  Fluorescence Measuremenite fluorescence polarization
100uL. The preincubation mixture (5@L) contained 6-300 measurements were performed with an Aminco-Bowman
uM peptide and 1.2 nM cathepsin D (final concentrations in  Series 2 luminescence spectrometer (Thermo Electron,
the assay) in 25 mM Tris-HCI buffer (pH 7.5). The mixture Cambridge, U.K.) at 25C using excitation and emission
was incubated at 37C for 10 min, followed by the addition  wavelengths of 485 and 530 nm, respectively. Anisotropy
of 50uL of substrate (3%M in the assay) in 0.3 M sodium ftitration was carried out in competition experiments withg0
acetate buffer (pH 5.1) (or pH 3-%.5 for analysis of the ;M unlabeled peptide [1p14p], 20 nM fluorescein-labeled
pH dependence) to set the final pH. Where indicated, the peptide [1p-14p] as a “reporter ligand”, and 5 nM cathepsin
D in 100 mM Tris-HCI buffer (pH 7.5). The binding mixture

1 Abbreviations: Abz, aminobenzoic acid; Nph, 4-nitrophenylalanine; Was incubated fiol h at 35°C to reach equilibrium. The
TFA, trifluoroacetic acid. fluorescence of the buffer alone was subtracted from each
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nonlinear least-squares fit to a single-site binding model using
HEFTSIRRTIAS EBLIAK---GEVERES GPIPEVLEN Grafit (Erithacus software, Surrey, U.K.). The stock con-
PPG ENENVPLVREKKSLRONLI KEK KT HEA E AN =G0 --LENY . . . . . .

EEEEEEEEE HHHRHEHH HHBHHEH centration of cathepsin D was determined by titration with
pepstatin A; the peptide solutions were quantified by amino
acid analysis.

RESULTS

Design of Propeptide Fragmenté/e constructed a spatial
model of human cathepsin D zymogen (procathepsin D) as
a tool for structure-based design of peptidic fragments
derived from its propeptide. The amino acid sequence of the
propeptide of procathepsin D is substantially homologous
with those of the mammalian members of the pepsin family,
especially gastric aspartic proteases such as pepsinégen (
(Figure 1A). The prediction of secondary structure elements
of the procathepsin D propeptide revealed that the general
pattern, identified experimentally by X-ray structural analysis
in pepsinogen, is preserve??) (Figure 1A). This similarity
implies an analogous fold in the propeptide of procathepsin
D. The X-ray structure of the pepsinogen propeptide was
used as a template for homology modeling of procathepsin
D (Figure 1B) (see Experimental Procedures). The model
of procathepsin D propeptide consists of an N-terminal

FicurRe 1: (A) Structure-based alignment of propeptides of human £-Strand followed by a centrally positioned-helix. An
cathepsin D (HCD) and pepsinogen (PPG) (GenBank accessionautoprocessing site is located in the center of dHeelix,
numbers P07339 and P00791, respectively). The consensus secondind its cleavage results in the formation of an active
ary structure is based on X-ray data of PPG (PDB entry 3PSG) semiprocessed form with a shortened propeptide called

and prediction analysis of HCD: Hy-helix; E, 5-strand. Anchor . )
residues Lys34p and Tyr35p interact with the catalytic residues of pseudocathepsin D29, 30). Downstream of the surface

the enzyme core (#); the position of the autoprocessing site in the ©XP0seda-helix, the propeptide turns to the bottom of the
cathepsin D propeptide (arrow) and mature N-termini (underlined) active site. The conserved residues Lys34p and Tyr35p in
are indicated. Homologous residues are highlighted in gray. The propeptide and Tyr8 in the mature N-terminal region interact

g;’orggzﬁgg r'lsu rﬁgg‘r’i%”%;)oﬁaeﬁgﬂis;’r‘y zimtf(‘:?u %Ufg;xpfoég‘:rilceaggsn directly with the catalytic aspartates and thus stabilize the
D was modeled using lthe X-ray structures of mature cathepsin D inactive zymogen structure by an internal anchor. We

(PDB entry 1LYA) and pepsinogen (PDB entry 3PSG). The enzyme SUPPOse that the remaining C-terminal part of the propeptide
core is shown as a white surface (transparent at the front). TheiS exposed, has little secondary structure, and may exhibit
propeptide (backbone) contains two major regions used for the conformational flexibility.

design of the propeptide fragments (Figure 2): the N-terminal . . .
portion (residues 1p26p, red) and the C-terminal portion (residues 1 N list of peptide fragments derived from the sequence

27p—44p, cyan) separated by the autoprocessing site (arrow). TenOf propeptide as well as from the N-terminal sequence of
green-colored residues adjacent to the propeptide correspond to thenature human cathepsin D is shown in Figure 2. Two large
mature N-terminus. The following interactions are indicated: fragments, [1p-26p] and [27p-44p], span the entire 44-

propeptide residues Arg3p and Argl3p (yellow sticks) with core ; .
residues Aspl81 and Aspl2 (red surface), respectively, and residue sequence of propeptide; the Leuz2le27p bond

propeptide anchor residues Lys34p and Tyr35p (blue sticks) with [0c@ted at the boundary forms the autoprocessing site. The
catalytic Asp33 and Asp231 residues (magenta sticks). This figure overlapping fragment, [15p36p], corresponds to the central
was prepared with UCSF Chimera§j. portion of propeptide that adopts arhelical conformation

in the procathepsin D model. Fragment {26p] was
measurement, and the anisotropy was calculated accordingyradually truncated at its C-terminus to produce shorter
to ref27. G factor correction was performed using fluorescein fragments of 14 and 10 residues containing the N-terminal
as a standard. The anis_otropy data were converted to th%-strand. The C-terminal stretch of propeptide [27dp]
fraction of the reporter ligand bound using the following and the following 10 residues of mature N-terminus were

equation: scanned by a set of overlapping fragments. The modeled
propeptide segment around anchor residues Lys34p and
f = Fobs ~ To Tyr35p forms a compact structure embedded in the catalytic
P (Fops— To) + R max— Fopd site; this fragment was synthesized in linear conformation
as well as constrained conformation using disulfide bridging.
wherefy, is the fraction of the reporter ligand bound amngl, Mapping of Inhibitory DomainsThe synthetic propeptide

ro, andrmax are the observed anisotropy, anisotropy of the fragments were assayed for their ability to inhibit the
free reporter ligand, and anisotropy of the reporter ligand enzymatic activity of mature human cathepsin D using a
with cathepsin D, respectiveliRis the fluorescence intensity  kinetic assay with a fluorogenic substrate. The peptides were
of the reporter ligand with cathepsin D divided by the preincubated with enzyme at pH 7.5 to allow formation of
intensity of the free reporter ligand. Th& of the binding an inhibitory complex with a conformation similar to that
of unlabeled ligand to cathepsin D was determined by a in procathepsin D, which is stabilized at neutral @) The
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lp 10p 20p 30p 40p 1 10
| I | ¥+ | it [ | |
LVRIPLHKFTSIRRTMSEVGGSVEDLIAKGPVSKYSQAVPAVTEGPIPEVLENY
K (uM) +£5E
LVRIPLHKFTSIRRTMSEVGGSVEDLIAKGPVSKYSQAVPAVTE [1p-44p] 0.030%
LVRIPLHKFTSIRRTMSEVGGSVEDL [1p-26p] 0.038 £0.009
LVRIPLHKFTSIRR [1p-14p] 0.010 +0.001
LVLIPLHKFTSILR [lp-1l4p]Leu, 0.053 +0.004
LVBIPLHKFTSIBR [lp-14p]Cit, 0.125 +0.013
LVBIPLHBFTSIBB [1lp-l4p]Cit, 0.187 £0.025
LVEIPLHKFTSIER [1p-14p]Glu, 0.814 +0.192
LVRIPLHKFT [1p-10p] 0.286 £0.017
TMSEVGGSVEDLIAKGPVSKYS [15p-36p] 42.6 18.6*%*
TMSEVGGSVEDL [15p-26p] NI
TAKGPVSKYSQAVEPAVTE [27p-44p] 12.4 +1.7
IAKGPVSKYSQVVPAVTE [27p-44p]Val NI
IAKGPVSQFSQAVPAVTE [27p-44p])Gln, Phe NI
TAKGPVSKYS [27p-36p] NI
BPVSKYSQA [31p-38p] NI
CPVSKYSQAC [31p-38p]Cys-Cys NI
SKYSQAVPAVTEGPIFPEVLENY [33p-10] 8.30 1.37
SKYSQAVPAVTEGPIP [33p-4] 66.5 +17.2
SQAVPAVTEGPIP [36p-4] NI
GPIPEVLENY [1-10] 28.9 0.2
GPIPEVLQNE [1-10]1G1ln, Phe NI

Ficure 2: Design and inhibitory activity of fragments derived from the propeptide of human cathepsin D. The sequence of the propeptide
(residues 1p-44p) is shown together with the N-terminal sequence of mature cathepsin D (highlighted in gray). Anchor residues Lys34p
and Tyr35p predicted to interact with the catalytic residues of the enzyme core are marked (#); the arrow shows the position of the
autoprocessing site. Synthetic peptide fragments are coded according to their location in the sequence. The substituted residues are in bold
and underlined. B denotes citrulline; the Ala38pVal substitution corresponds to cathepsin D gene polymorphism. Disulfide bridging in
peptide [31p-38p]Cys-Cys is indicated. The peptides were screened for their potential to inhibit the activity of mature cathepsin D, and
their inhibition constantl) is given. Mean value4 the standard error are given for triplicate measurements. One asterisk means the value

is reported in reb; two asterisks mean the measurement of inhibition is influenced by degradation of the peptide inhibitor. NI indicates no
significant inhibition with 300uM peptide.

substrate reaction was initiated by lowering the pH to 5.1, inhibitory potency of C-terminal fragments can be signifi-
at which procathepsin D is activated and the mature cathepsincantly improved if they are extended to include the sequence
D is enzymatically activeq9—31). The inhibition constants  of the mature N-terminus. We found that such potentiation
(K)) of the fragments delineate individual structural domains of inhibition is associated with residues-20 (Figure 2).
possessing an intrinsic inhibitory potency (Figure 2). The Moreover, the mature N-terminal fragment-{10] itself
mapping showed that the most inhibitory domain is located functioned as an autonomous inhibitory domain witk;a

at the N-terminus of the propeptide. All fragments derived of ~28uM. Its inhibitory potency was abolished when Lys8
from this domain exhibited submicromol&r values. The and Tyr10 were mutated. These residues represent important
lowestK; (~10 nM) was found for 14-residue fragment p  stabilization residues in mature cathepsin D for the confor-
14p] and was significantly increased by shortening the mations at acidic as well as neutral pH7¢19).

peptide length to 10 residues (fragment {1iOp]). This Proteolysis of Propeptide FragmenfShe resistance of
suggests that Arg13p, which forms an electrostatic interaction propeptide-derived fragments to proteolysis was investigated
with Asp12 of the enzyme core (Figure 1B), is important under conditions similar to those used in the inhibition assay.
for efficient inhibition. The 12 subsequent residues do not The incubation mixture of the peptides with mature cathepsin
improve inhibition, as demonstrated by the longer fragment, D was analyzed by analytical RP-HPLC, and the resulting
[1p—26p]. profile was compared to that of the nondigested control. The

The fragments derived from the C-terminal stretch of peptides exhibited stability against proteolysis at pH 5.1 with
propeptide (downstream of the Leu26jte27p autoprocess-  the exception of fragment [15t86p], which spans the central
ing site) displayed; values in the two-digit micromolar ~ part of the propeptide. Fragment [£56p] was specifically
range and above. The data with the shortened and substitutegleaved at the Leu26ple27p bond (Figure 3A). This
peptides demonstrate that a sufficient fragment length is position is identical to the autoprocessing site that is split
important for the inhibition and that anchor residues Lys34p during the acidic autoactivation of procathepsin29+31).
and Tyr35p are among the required structural determinants In the procathepsin D model, fragment [15R6p] covers
(Figure 2). This points to the fact that conformational support the helical region of the propeptide (Figure 1B). We therefore
of the propeptide scaffold is necessary for the establishmentdirectly investigated the secondary structure of this synthetic
of an effective inhibitory interaction at the catalytic site. The fragment by circular dichroism spectroscopy (Figure 3B).
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on the 1/ axis, indicating competitive inhibitionkf ~ 9
uM). For fragments [1p-14p] (Ki ~ 11 nM) and [1-10]

(Ki ~ 198 uM), the kinetic analysis is consistent with a
noncompetitive mode of inhibition as indicated by the
position of the intercept point on the 1/[S] axis. The
inhibitory potencies determined here for the propeptide-
derived domains ([1p14p] and [27p-44p]) are on the same
order of magnitude as those measured after preincubation
with the enzyme at pH 7.5 prior to the assay at pH 5.1 (Figure
2). This is in contrast with the full-length propeptide which
displayed inhibition 3 orders of magnitude stronger when
assayed after preincubation at neutral @1 The fact that
the inhibition of the full-length propeptide is more sensitive
to the pH environment than the individual inhibitory domains
may reflect a cooperative conformational behavior of the full-
length ligand during its interaction.

Fluorescence Binding Studyluorescence polarization
experiments were used to determine the equilibrium dis-
sociation constant for the complex of mature cathepsin D
with fragment [1p-14p], which spans the most inhibitory
domain (Figure 2). This approach allows for direct measure-
ment of its affinity at neutral pH, at which cathepsin D is
proteolytically inactive and the zymogen-like conformation
is stabilized. For this purpose, we synthesized a fluorescein-
labeled derivative of [1p14p] with a C-terminally attached
fluorescein moiety to preserve the native N-terminal amino
group of the fragment (see Experimental Procedures). This
derivative has inhibitory potencyK( ~ 16 nM at pH 5.1)

20 - , - , , , - within the same order of magnitude as the original fragment,
180 190 200 210 20 230 290 250 20  [1p—14p] [K; ~ 10 nM (Figure 2)]. The labeled derivative
A (nm) was used as a ligand in a saturation binding experiment
FiGURe 3: Analysis of central fragment [15(86p] derived from  Monitored by fluorescence anisotropy that showed a typical
the cathepsin D propeptide. (A) RP-HPLC profile of synthetic titration curve of the labeled [}pl4p] peptide against the
peptide [15p-36p] (++) and its digest by mature cathepsin D constant concentration of the enzyme (data not shown). The
performed at pH 5.1%). The digestion products resulting from  f|;prescence anisotropy measurement was then applied in a

cleavage of the Leu26gle27p bond were identified by ESI mass L
spectrometry; the peptide sequences are indicated. Chromatograph ompetltlon assay between labeled and gnlabeled p]
eptide to yield &y of ~89 nM for the original fragment,

was performed on a £Vydac column equilibrated in 0.1% (v/v) !
[1p—14p] (Figure 5).

TFA and eluted with a 1%/min gradient of 99% (v/v) acetonitrile
(- --)- (B) The circular dichroism spectrum of peptide [+536p] Arg Mutations in PropeptideAccording to the procathe-
indicates anu-helical conformation. The measurement was per- psin D model, the N-terminal segment of propeptide forms
formed in the presence of 50% trifluoroethanol at pH 7.5. Y . . .
electrostatic interactions with the enzyme core (Figure 1B).
The spectrum implied a partiad-helical conformation In particular, Arg3p and Argl3p, basic residues also con-
amplified in the presence of trifluoroethandd?j. This served in the pepsinogen propeptide, interact with core
finding suggests that the free propeptide fragment tends toresidues Asp181 and Aspl2, respectively. We investigated
adopt the same secondary structure as the correspondingpow substitution of the arginine residues influences the
region in the full-length propeptide bound in the zymogen inhibitory potential of the most inhibitory fragment, [1p
molecule. This conformational similarity likely contributes 14p]. Derivatives of [1p-14p] in which Arg3p and Argl3p
to the identity of the cleavage site in both the fragment and were replaced with citrulline, glutamic acid, or leucine were
the whole zymogen. synthesized and tested in the activity assay with mature
Type of Inhibition. A detailed kinetic analysis was cathepsin D (Figure 2). The substitution of arginines with
performed to determine the mode of inhibition of mature isosteric citrulline with an uncharged side chain (f1ipip]-
cathepsin D by the discovered inhibitory fragments. We City) led to a significant decrease in the inhibitory potency;
selected fragments [Hil4p], [27p—-44p], and [110] as substitution with the oppositely charged residues of glutamic
representatives of the three localized inhibitory domains, acid ([1p—14p]Glw) resulted in a profound, 2-order-of-
namely, the N-terminus of the propeptide, the C-terminal magnitude increase iK;. These results clearly point to the
anchor of the propeptide, and the mature N-terminus, stabilizing role of ionic interactions. On the other hand,
respectively (Figure 2). The hydrolysis of the fluorogenic “hydrophobized” derivative [1pl4p]Lew displays aK;
peptidic substrate at pH 5.1 follows standard Michaelis lower than that of [1p-14p]Cit. This suggests that hydro-
Menten kinetics with &, of 33 uM. The initial rates of phobic interactions, which are plentiful in the N-terminal
product formation in the presence of inhibitory fragments f-strand of the procathepsin D model, are more important
are shown in a LineweaveBurk plot (Figure 4). For than ionic interactions. Furthermore, we investigated the pH
fragment [27p-44p], the family of straight lines intersects dependence of the inhibitory interaction of fp4p] and
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fluorescein-labeled [1p14p] fragment (20 nM) complexed with
cathepsin D (5 nM) by the unlabeled Ep4p] fragment (concen-
tration indicated) revealed the optimized paramekgr~+ 89 nM)
of the unlabeled fragment.
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Ficure 6: pH-dependent inhibitory potency of fragment f14p]
and its derivatives. The Arg3p and Arg13p residues in wild-type
fragment [1p-14p] were substituted with citrulline ([1pl4p]Cit),

its derivatives. The analysis showed a gradual increase inleucine ([1p-14p]Lew), or glutamic acid ([1p-14p]Glw,). [1p—

Ki with a decrease in pH, which is in accord with the

activation scheme of pepsin-like protease zymogens base

14p]City, is substituted in all Arg/Lys positions with citrulline (Figure
). The peptides were screened for their potential to inhibit the
ctivity of mature cathepsin D. After preincubation of the reaction

on destabilization of the propeptide under acidic conditions mixture at pH 7.5, the activity was measured at various pHs to
(Figure 6). This general trend is preserved for all derivatives determine the inhibition constank.

of [1p—14p], including those with substituted Arg residues,

which suggests that the effect is caused by pH-dependentpeptide is significantly degraded by cathepsin D (see
changes in the enzyme core, most likely by relocation of Proteolysis of Propeptide Fragments). The impact of the
the mature N-terminus into the position it occupies at low Ala38pVal substitution on the inhibitory interaction may be

pH (33).
Ala38pVal MutationWe investigated the physiologically

associated with its location in the spatial vicinity of catalytic
site anchor residues Lys34p and Tyr35p, which are critical

relevant Ala38pVal substitution, which has been reported for inhibition by the C-terminal inhibitory domain of the

to be associated with Alzheimer’s diseasg (L2). Ala38pVal

procathepsin D is a minor genetic variant of the procathepsin

D polymorphism 84). Residue 38p is localized in the

propeptide (Figure 2).
Interaction with Sulfated Polysaccharided/e analyzed
the effect of sulfated polysaccharides (SPs), namely, dextran

C-terminal inhibitory domain of the propeptide. We synthe- sulfate and glycosaminoglycan heparin, on the interaction
sized two propeptide fragments spanning residues-24p of propeptide with the enzyme core. Fragments{1gp]
with an Ala or Val residue at position 38p and tested their and [27p-44p], covering two inhibitory domains in the
inhibitory activity against mature cathepsin D (Figure 2). The propeptide, were tested for inhibition of mature cathepsin D

peptide corresponding to the major variant Ala38p ([27p
44p]) inhibited with aK; of ~12.4uM; however, the Val38p
variant ([27p-44p]Val) exhibited no significant inhibition
at concentrations up to 3@O. This difference in inhibitory

in the presence of SPs. The inhibitory activity of fragment
[1p—14p] decreased in the presence of SPs, whereas the
inhibitory properties of [27p44p] remained unchanged. In
Figure 7A, we show that modulation by SPs is concentration-

potential is not due to proteolysis in the assay since neitherdependent with the maximum effect reached agAnL SPs,
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A = of_mature cathepsin D. The synthetic pep_tides derived fror_n

: this sequence were used as a tool to localize and characterize
the structural determinants involved in activity regulation of
the enzyme core. The analysis revealed three structural
domains capable of establishing the inhibitory interaction:

75 = (i) N-terminus of the propeptide, (ii) active site anchor
domain of the propeptide, and (iii) N-terminus of the mature
o N sequence.
The N-terminus of the propeptide, which spans residues
o 1p—14p, displayed the highest inhibitory activity withka
) of ~10 nM among all fragments tested. This value is fairly
comparable to the inhibition strength of the full-length
0
] 0.05 0.1 0.5

_ : propeptide (Figure 2). As the second inhibitory domain
il ke el identified in the propeptide (the active site anchor) exhibits
only micromolar inhibition, we conclude that the N-terminal
propeptide domain controls the inhibitory strength of the
entire propeptide. The inhibitory interaction of fragment{1p
14p] with cathepsin D monitored at acidic pH (using the
activity assay) is preserved at neutral pH (when the zymogen
is inactive) as confirmed by the fluorescence anisotropy
assay.

Fragment [1p-14p] obeys noncompetitive inhibition ki-
netics, which can be interpreted with the help of the putative
three-dimensional model. The procathepsin D model suggests
that the N-terminal domain of the propeptide adopts a
conformation analogous to that observed in activation
intermediate 2 of progastricsin (hGSBQ). In the structure

" : of hGSi, propeptide segment+@6p is noncovalently bound
dextran sulfate (g/ml) tobthe enzyn;e cori ina zyrg_o%e_n-likel ofriekr)]tation. It in_directrlly
) ) obstructs the substrate binding cleft by preventing the
mﬁﬁﬁog'm'\rﬂn%?llj:gtgghgg;ﬂ S’L;lﬁrlgzt;den??lffgfr&;'c#ehse on conformanonal.fl_ne-tunlng of .the active site to bgcome
inhibitory potency of fragment [1p14p] is reduced by dextran  catalytically efficient. Argl4p in hGSi (corresponding to
sulfate and heparin in a dose-dependent manner. (B) The modulatoryArg13p in procathepsin D) has no steric clash with the
effect of dextran sulfate is dependent on basic residues in fragmentsybstrate analogue pepstatin superimposed in the active site

HB: ﬂg% -\I/—vr:aereArgL?tF))sz?u(i eAdrgvlv?tFr)] rﬁﬁ;%‘ﬁ?nse'”(ﬂzgf& tga%Tent (20). Such interaction would comply with the noncompetitive

glutamic acid ([1p-14p]Glw). [Lp—14p]Cit: is substituted in all  Inhibition observed for fragment [pl4p]. In conclusion,
Arg/Lys positions with citruiline (Figure 2). The reaction mixture ~We predict that the inhibitory complex of [td4p] with

of peptide (applied at thi€; concentration), sulfated polysaccharide, cathepsin D mimics intermediate 2. It is stabilized by
and mature cathepsin D was preincubated at pH 7.5; the residualprg13p Asp12 and Arg3p_Aspl81 salt bridges [as evi-
proteolytic activity was measured at pH 5.1 and compared with denced_by the substituted derivatives of Hp] (Figure
that of the uninhibited control.

2)] as well as by extensive hydrophobic interactions [through

; - o the N-terminals-strand (Figure 1)]. Furthermore, we inves-
which almost completely abolished the inhibition b ) . . .
14p]. Furthermoref) we ?lnvestigated the structural }éa{ég of tigated whether the mterac;ﬂon of [1114p] can pe influenced .
the modulatory effect of SPs using the substituted derivatives by isulfatedﬂ;])olysacchandels (ISPS)’ |Eclud|ntg _gltycos?m![-h
of [1p—14p] in which lysine/arginine residues were replaced noglycans. 'Nese macromolecules are known to interact wi
with citrulline or glutamic acid (Figure 7B). The modulatory cysteine cathepsms to m°d“'€ite their proteolytic activity, pH
effect of SPs was weakened by the substitution of two stability, or activation processing%—38). The effect of S.PS
arginine residues with uncharged citrulline (Lp4p]Cit) on aspartic cathepsins, however, has not been published to
and was completely eliminated by substitution with op- date. We discovered that SPs efficiently abolish the inhibition
positely charged glutamic acid ([314p]Glw). Also, the .Of <_:a_thep5|n D_by [1p14p]. The mec_h"%‘”'sm O.f this anti-
substitution of all four basic residues with citrulline made inhibitory effgct is based on ele_ctrostanc interactions between
the inhibitory derivative [1p-14p]Cit, insensitive to the SPs and basically charggd regldues oH1dp]. We suppose
“anti-inhibitory” effect of SPs. We conclude that the that SPs represent phy5|olog|cally reIeyant compounds that
negatively charged SPs interact with the basic residues thmay weakenl thetaff_m|ty_of the tprogeptld? for zyrtTwoger_l ar|13d
propeptide fragment [pl4p] to obstruct its inhibitory ence accelerate n vivo activation of procathepsin L.

B heparin

100 A O dextran sulfate

relative remaning activity (%)

=]
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interaction with the enzyme core of cathepsin D. Eﬁggmimal evaluation of this hypothesis is currently
DISCUSSION The second inhibitory domain we identified in the propep-

tide surrounds Lys34p and Tyr35, and these two residues

We report the functional mapping of the N-terminal are essential for binding of the domain. The domain topology
sequence of procathepsin D comprised of 44 propeptidein the procathepsin D model explains its competitive inhibi-
residues and the subsequent 10 residues of the N-terminugion. The Lys34p-Tyr35p pair functions as an anchor that
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directly interacts with the catalytic aspartates, analogous tolevel. The analysis of these domains provided new insight
the interaction in pepsinogen or progastricg@, 23). The into the mechanism of the activation process and its potential
adjacent residues flanking the anchor generally have a smallemodulation through propeptide mutation and interaction of
number of interactions with the core. Accordingly, we found propeptide with glycosaminoglycans. The discovered inhibi-
that only larger peptides containing the Lys34p-Tyr35p pair tory structures represent promising leads for designing a new
provide an effective scaffold that is able to establish the class of propeptide-derived inhibitors of cathepsin D.
interaction (Figure 2). The inhibition is nevertheless relatively

weak (; in micromolar range), making this domain sensitve ACKNOWLEDGMENT

to environment and potential regulation. Thus, the disruption
of the salt bridges of the Lys34p-Tyr35p pair upon acidifica-
tion will destabilize the entire region and initiate the
activation process common for pepsinogen-like zymogens
(20). Finally, we analyzed whether the Ala38pVal substitu-
tion located in this domain has any functional consequence.
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