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ABSTRACT. Several new cysteine proteases of the papain family have been discovered in the past few
years. To help in the assignment of physiological roles and in the design of specific inhibitors, a clear
picture of the specificities of these enzymes is needed. One of these novel enzymes, cathepsin X, displays
a unique specificity, cleaving single amino acid residues at the C-terminus of substrates very efficiently.
In this study, the carboxypeptidase activities and substrate specificity of cathepsins X and B have been
investigated in detail and compared. Using quenched fluorogenic substrates and HPLC measurements, it
was shown that cathepsin X preferentially cleaves substrates through a monopeptidyl carboxypeptidase
pathway, while cathepsin B displays a preference for the dipeptidyl pathway. The preference for one or
the other pathway is about the same for both enzymes, i.e., approximately 2 orders of magnitude, a result
supported by molecular modeling of enzyrsubstrate complexes. Cleavage of a C-terminal dipeptide

of a substrate by cathepsin X can become more important under conditions that preclude efficient
monopeptidyl carboxypeptidase activity, e.g., nonoptimal interactions in subsite%.SThese results
confirm that cathepsin X is designed to function as a monopeptidyl carboxypeptidase. Contrary to a recent
report [Klemencic, I., et al. (200@ur. J. Biochem. 2675404-5412], it is shown that cathepsins X and

B do not share similar activity profiles, and that reagents are available to clearly distinguish the two
enzymes. In particular, CA074 was found to inactivate cathepsin B at least 34000-fold more efficiently
than cathepsin X. The insights obtained from this and previous studies have been used to produce an
inhibitor designed to exploit the unique structural features responsible for the carboxypeptidase activity
of cathepsin X. Although of moderate potency, this E-64 derivative is the first reported example of a
cathepsin X-specific inhibitor.

Cysteine proteases (cathepsins) constitute an importantprotease to a disease condition results from elevated or
group of enzymes involved in a number of physiological uncontrolled proteolytic activity, these enzymes constitute
processes. Several novel sequences have been discovered attractive targets for development of inhibitors as potential
recent years, which brings the total number of human therapeutic agents. Although restricted expression patterns
cathepsins to eleven. With the novel sequences available exist, the increasing number of cysteine proteases is likely
and the resulting expanded information database for thisto render more challenging the task of designing inhibitors
group of enzymes, there is now a fair level of diversity that specific for a given enzyme. This is particularly important
can be found in tissue distribution and physiological roles considering that the information available to date indicates
(1—3). Evidence has been accumulating also that cysteinerelatively broad, overlapping specificities for the mature
proteases can play a role in several pathological conditionsenzymes ). It is therefore of major importance to uncover
(4). Of these, cathepsin K represents at the moment the bestind better define the structural and functional features that
validated drug design target for the pharmaceutical industry. could allow these various proteases to be differentiated.
This is due to the clear demonstration of the role of cathepsin  Unlike many of the recently discovered cathepsins of the
K in bone remodeling, and the finding that a genetic bone papain family which display (or are predicted to display)
disorder, pycnodysostosis, results from mutations in the similar specificity patternslj, cathepsin X exhibits a very
cathepsin K gene5jj. Cathepsins have also been linked or strong preference for hydrolyzing substrates through a
speculated to be involved in a number of degenerative carboxypeptidasepathway as opposed to endopeptidase
diseases, in cancer, and in diseases of the immune systemctivity (7). Even though cathepsin X has been discovered
(4). In the cases where the contribution of the cysteine only recently, it has already been relatively well characterized
at the gene &—10), functional {) and structural 11, 12)
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levels. Cathepsin X contains unique features that clearly In this study, the carboxypeptidase activities and substrate
distinguish it from other human cysteine proteas&s9j. specificity of both cathepsins X and B have been investigated
One of these distinctive features is a three amino acid residuein detail and compared. The results confirm the uniqueness
insertion in a highly conserved region between the glutamine of the cathepsin X carboxypeptidase activity. Moreover, it
(GIn22) of the putative oxyanion hole and the active site will be shown that contrary to earlier reports( 17), cath-
cysteine (Cys31). This motif is present in a number of speciesepsins X and B can be differentiated through their activity
homologues of cathepsin X.8) and can be considered as a profile against substrates and inhibitors, and that reagents
“signature” for this subgroup of enzymes. On the basis of are available to clearly distinguish the two enzymes. The
an homology model built from available 3D structures, the insights obtained from this and previous studies have been
three residue insertion was found to be located in the primedused to produce the first generation of a cathepsin X-specific
region of the binding cleft as part of a surface loop corres- inhibitor designed to exploit the unique structural features
ponding to residues His23 to Tyr27, which was termed the underlying the carboxypeptidase activity of the enzyme.
“mini-loop” (7). From the model, it was predicted that the

mini-loop may confer exopeptidase activity to cathepsin X, EXPERIMENTAL PROCEDURES

which was confirmed by kinetic studies using synthetic ~ Materials Recombinant cathepsin B and L were expressed
substrates. More striking was the finding that the enzyme and purified as described previousl¥6( 18). The vector
displays extremely low activity against the extended endo- (pPic9) andP. pastorisstrain GS115 were purchased from
peptidase substrate Abz-AFRSAAQ-EDDh@s well as Invitrogen Corp. (San Diego, CA). The substrates containing
against the substrate Cbz-FR-MCA, the most commonly usedthe Abz/F(4NO2) quenched pair and hydrolysis products
substrate for cysteine proteases of the papain family. Theused for controls in HPLC [Abz-FR, F(4NJFF, F(4NQ),
model, and in particular the nature and exact positioning of F] were all obtained from Enzyme Systems Products (Liv-
the mini-loop, was later confirmed by the determination of ermore, CA). Cbz-FR-MCA and the irreversible inhibitor

the three-dimensional structures of procathepsii® and
mature cathepsin X1@) at resolutions of 1.7 and 2.7 A,
respectively.

E-64 were purchased from IAF Biochem International Inc.
(Laval, Qudec). CA-074 was obtained from Peptides
International (Louisville, KY).

The superposition of the cathepsin X and cathepsin B Expression and Purification of Recombinant Human
structures indicates that His23 of cathepsin X occupies aCathepsin X Human procathepsin X was expressedPin
region in space which partially overlaps with His110 of pastorisas ana-factor fusion construct as described previ-
cathepsin B, a residue which is considered to be responsibleously (7). The culture medium was centrifuged at 4§66r
for the exopeptidase activity of the latter enzynief)( 30 min at 4°C, and the supernatant (1.2 L) concentrated to
Cathepsin B is known to hydrolyze substrates through a 100 mL using a TCF-10 diafiltration system equipped with
dipeptidyl carboxypeptidase pathway, and also displays aa YM-10 membrane (Amicon). The concentrated crude
lower but significant endopeptidase activitys( 16). In a culture filtrate was applied on a Q-Sepharose column (2.6
recent study, it was reported that cathepsin X can also displayx 10 cm) equilibrated with 20 mM Tris-HCI buffer pH 8.1,
dipeptidyl carboxypeptidase activity similar to cathepsin B and elution was carried out with a linear gradient of 0 to 1.0
(12, 17). A very significant finding also reported is the M NaCl in the same buffer. Fractions containing the
observation that cathepsin X is apparently readily inhibited proenzyme were concentrated 10-fold and the pH of the
by CAQ74, an inhibitor considered to be specific for cath- solution was adjusted to 5.0 by diluting this sample in a 20
epsin B. This is a very important issue, taking into account mM acetate buffer. The sample was applied on a SP-
that putative physiological or pathological roles for cathepsin Sepharose column (26 10 cm) equilibrated with 20 mM
B have often been assigned based on the dipeptidyl carbox-acetate buffer pH 5.0. The column was washed with 100
ypeptidase activity of the enzyme and the use of the CA074 mL of 20 mM acetate buffer pH 5.0 and elution was carried
inhibitor. Overall, it was indicated that cathepsins X and B out using a linear 0 to 1.0 NaCl gradient. The presence of

share similar activity profiles, making it difficult to dif-
ferentiate the two enzyme4?). However, these results are
difficult to reconcile with the structure of cathepsin X, where
the mini-loop clearly occludes thé Binding site ¢, 11, 12).

2 Abbreviations: Abz-FRF(4Ng), o-aminobenzoyl--phenylalanyl-
L-arginyl-4-nitro+-phenylalanine; Abz-RRF(4N{) o-aminobenzoyl-
L-arginyl+-arginyl-4-nitrot-phenylalanine; Abz-RFF(4N£§) o-amino-
benzoylt-arginyl+-phenylalanyl-4-nitra--phenylalanine; Abz-AAF-
(4NO,), o-aminobenzoyl-alanyl+ -alanyl-4-nitrot -phenylalanine; Abz-
FRF(4NQ)F, o-aminobenzoyl--phenylalanyle-arginyl-4-nitro+-phen-
ylalanyl+-phenylalanine; Abz-FRFF(4NJQ o-aminobenzoyl--phen-
ylalanyl+-arginyli-phenylalanyl-4-nitra—phenylalanine; Ac-FRF, acetyl-
L-phenylalanyk-arginyl+-phenylalanine; Ac-FRFF, acetylphenylalanyl-
L-arginylH.-phenylalanyl-phenylalanine; Cbz-FR-MCA, carbobenzoxy-
L-phenylalanyl-arginine 4-methylcoumarinyl-7-amide; Abz-AFRSAAQ-
EDDnp, o-aminobenzoyl--alanyl+-phenylalanyle-arginyl-L-seryl-
alanyl+-alanyli-glutamine N-(ethylenediamine)-2,4-dinitrophenyl amide;
E-64, 1-[[(-transepoxysuccinyl)-leucyl]amino]-4-guanidinobutane;
nPrNH-(2S,3S}Eps-lle-OH, [-3-trans(propylcarbamoyl)oxirane-2-
carbonyl]t-isoleucine; nPrNH-(2S,3S}Eps-lle-Pro-OH or CA074,
[L-3-trans-(propylcarbamoyl)oxirane-2-carbonylHsoleucyl+-pro-
line; MMTS, methyl methanethiolsulfonate.

procathepsin X in the fractions was detected by SBPBGE
and measurement of activity under conditions for processing
to the mature enzyme. The fractions containing proenzyme
were concentrated and the buffer exchanged to 20 mM
phosphate pH 7.0 in 1.7 M ammonium sulfate. Approxi-
mately 10 mg of partially purified protein was applied on
an Alkyl-Superose HR10/10 column (Pharmacia). The
proenzyme was eluted with a linear gradient of 1.7 to O M
ammonium sulfate in 20 mM phosphate buffer pH 7.0. The
fractions eluting at approximately 1.2 M ammonium sulfate
were analyzed by SDSPAGE and pooled according to
purity and protein concentration. The sample was concen-
trated to 2 mL using Centriprep-10 (Amicon) and further
purified on a Superdex-75 column (1660 cm) equilibrated
with 150 mM NacCl in 50 mM phosphate buffer pH 7.0. The
purified procathepsin X fractions were analyzed by SDS
PAGE and pooled according to their purity.

Production of mature cathepsin X from the proenzyme was
achieved by incubating procathepsin X with small amounts
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of cathepsin L as described previousH.(Typically, 2 mL 400 nm, Waters Photodiode Array Detector, Waters, Mis-
of purified procathepsin X (2.5 mg/mL) was incubated with sissauga, Ontario, Canada) and fluorescence (420-AC Fluo-
100 mM acetate buffer pH 5.0 containing 2 mM DTT and rescence Detector, Waters). The retention times of the
25 nM cathepsin L. The reaction was stopped by decreasingproducts and subtrate were such that they could easily be
the temperature to 4C, followed by concentration of the separated and differentiated, and calibration curves were
sample 5-fold using a Biomax-10K system (Millipore). The determined to accurately calculate the concentration of the
pH of the sample was adjusted to 7.0 with phosphate buffer substrate and each of the reaction products in the course of
(approximately 50 mM final concentration) and the sample the hydrolysis reaction.

was loaded on a DEAE-Sepharose column (2.0 cm) Molecular Modeling. The crystal structures of human
equilibrated with 20 mM phosphate buffer pH 7.0. The procathepsin X11) (PDB code 1deu) and human cathepsin
mature form of enzyme was eluted with a linear gradient (0 B (22) (PDB code 1csb) were used for substrate docking.
to 1.0) of NaCl in the same buffer. Since cathepsin L is The proregion segment of cathepsin X, the CA030 inhibitor
highly unstable at neutral pH, adjusting the pH to 7.0 coupled cocrystallized with cathepsin B and the water molecules were
to the ion exchange purification step ensures that the smallremoved, and the hydrogen atoms were added using SYBYL
amounts of cathepsin L used to process procathepsin X will 6.6 (Tripos, Inc., St. Louis, MO). The histidine residues were
not be present in the purified mature cathepsin X prepara- protonated and the catalytic cysteine was modeled in the
tions. The eluted fractions were analyzed by SIPAGE thiolate form. The monopeptidyl carboxypeptidase substrate
and tested for activity against the substrate Abz-FRF(@NO Ac-FRIF and the dipeptidyl carboxypeptidase substrate Ac-
Enzyme concentration was determined from the initial rates FRIFF were individually docked in the binding sites of
of substrate hydrolysis, and by titration with E-64. Purified human cathepsins X and B as noncovalent Michaelis com-
cathepsin X was stored at 4C in the elution buffer plexes. The substrate binding mode was assigned as described
containing 10Q«M of MMTS. The yield of mature cathepsin  previously {, 11). Energy minimization was carried out in

X was approximately 5 mg/L of BMGY (buffered glycerol- SYBYL 6.6 using AMBER 4.1 all-atom force fiel®@) with
complex medium) culture medium. the Powel minimizer, a B distance dependent dielectric

Kinetic MeasurementsTo monitor enzyme activity and  constant andra8 A nonbonded cutoff up to an rms gradient
evaluate the substrate specificity of cathepsin X, quenchedof 0.05 kcal/(mai&). Due to unrealistically high steric repul-
fluorogenic substrates containing the Abz (fluorescent group) sion between the Phe(Presidue of the Ac-FHEF substrate
— F(4NG,) (quencher) pair were used. The rate of substrate and the His23 and Tyr27 side chains of cathepsin X, substrate
hydrolysis was measured by monitoring the increase in Abz docking was carried out in this case by a conformational
fluorescencelex= 320 nm,Aer= 420 Nnm) as a function of ~ search using a Monte Carlo with energy minimization
time on a SPEX Fluorolog-2 spectrofluorometer as previously procedureZ4). Starting conformations for minimization were
described 19). The kinetic measurements were carried out generated by randomly perturbing one or more dihedral
at 25°C in the presence of 50 mM sodium citrate (pH 5.0), angles of the side chains of the His23, Tyr27, and Phje(P
2 mM DTT, 0.2 M NaCl, 1 mM EDTA, and 3% DMSO. residues as well as crank-shaft rotation of the peptide unit
The concentration of active enzyme was determined by Phe(R)-Phe(B). A total of 400 Monte Carlo steps were
titration using E-64 20). Initial rates were determined at carried out, each followed by an energy minimization in
substrate concentrations much lower th&n, and kea/Kw which the substrate and the His23 and Tyr27 residues were
values were obtained by dividing the initial rates by enzyme allowed to relax.
and substrate concentrations. For the multiple nonlinear The enzyme-substrate complexes were used for binding
regression analysis of the product vs time progress curves,free energy calculations. The following equation was used
the program Grafit v 3.0 (R. J. Leatherbarrow) was used. to evaluate the relative binding free energy of two different
Second-order rate constants for enzyme inactivation by thesubstrates that bind separately to a given enzyme:
irreversible inhibitors were determined as described previ-
ously @1). The same experimental conditions were used for AAGyinging= ASIE + ASCE; gein T TAASga0g (1)
cathepsins B and L. . ) , )

Identification and Monitoring of Substrate Hydrolysis whereASIE is t_he relative splvated Interaction energy be-
Products by HPLCThe reaction mixture was composed of Ween the protein and each ligami5CEyroeinis the relative
either 15¢«M or 1504M Abz-FRF(4NQ)F, 54 nM cathepsin s_olvated conformat|.onal energy of d!stlnct protelln conforma—
X, 2 mM BME in 100 mM citrate buffer pH 5.0 containing tions, andAASiqand is the reI.atlve binding configurational
400 mM NaCl, 2 mM EDTA, and 3% DMSO. Samples (500 entropy of the ligandsASIE is ca!culated as a sgaled sum
uL) were withdrawn after various periods of time and mixed of the relative van der Waals mtermole_cu_lar Interaction
with 50L of 5% TFA. The reaction products were separated energy AE,q), relative Coulomb electrostatic intermolecular

by reverse-phase HPLC on a Water Spherisorb ODS-2 C18interacti0n energyAEcu), relative change in the electrostatic

- . component of solvation between the bound and free states
column (5um, 25 x 0.46 cm) equilibrated with 0.1% TFA ponen

and a combination of linear and step-gradient (5 min 0.1% (AAGg;™™) and relative change in the nonelectrostatic

TFA, 15 min 0 to 60% acetonitrile gradient, 5 min 60% component of solvation between the bound and free states
, : et

acetonitrile, 10 min 60 to 100% acetonitrile gradient and 5 (AAGh o %iet)-

min 100% acetonitrile). The identity of the substrate and .

reaction products was assigned by performing control runs ASIE= a(AE 4y + ABou + , .

using the intact substrate and the following products obtained AAGER "+ AAGINE (2)
by synthesis: Abz-FRF(4NQ Abz-FR, F(ANQ)F, F(4NQ),

and F. Substrate and products were detected by UV-{200 E,q andE.., were computed using the AMBER force field
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with infinite cutoff and a dielectric constant of AGEVaton ment. Residual Mg&Si in DMSO-ds was used as internal

elst
was taken as the difference in the reaction field energiesreference.’*C NMR spectra were measured at 100 MHz

between the bound and free states. Reaction field energiesising residual DMSO (39.5 ppm) as internal reference.
were calculated with the boundary element method (BEM) Infrared spectra were recorded on a Perkin-Elmer Spectrum
within the continuum dielectric model using the BRI BEM 1000 spectrophotometer. High-resolution mass spectra (HRMS)
program 25, 26), SIMS molecular surface meshing algorithm were measured on a Micromass Corp. VG 70-250-S spec-
(27), AMBER van der Waals radii with a few modifications, trometer at the University of Michigan Mass Spectrometry
AMBER partial atomic charges, and interior and exterior Laboratory. Chemical ionization (Cl) mass spectra were
dielectric constants of 2 and 78.5, respectively:oraton obtained using Nklas the reagent gas. Optical rotations were
was computed as a sum of cavity and dispersion energiesmeasured on a Rudolph Autopoll Ill polarimeter using a
compatible with the AMBER force field and BEM reaction quartz cell of 1 mL capacity and a 10 cm path length. Melting
field energies. Linear surface area relationships with single points were determined in a Thomas-Hoover apparatus and
and atom type dependent coefficients were used to deriveare uncorrected-Isoleucine benzyl estgr-toluenesulfonate
the cavity and dispersion terms, respectively (unpublished salt, 1-hydroxybenzotriazole hydrate (HOB%O), and 1-(3-
parametrization)a. is an empirical scaling factor with the ~ dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
value of 0.23 which was determined from a least-squares- (EDC-HCI) were purchased from Advanced ChemTech
fit of ASIE against the experimental relative binding free (Kentucky). N-methylmorpholine (NMM) and chloroform
energies of a diverse set of ligand-protein complexes (stabilized with amylene) were dried and stored over 4 A

(unpublished experimentsASCEyoein is calculated as a molecular sieves. All reaction intermediates in the synthesis

scaled sum of the relative internal energyEm?ei ) and scheme were characterized in detail, but only the results for

solva_tior) for different the final compound [the inhibitonPrNH-(2S,3S}Eps-Ile-
protein OH, 5] are presented in Scheme 1.

_ _ To a solution of 2.00 g (12.5 mmol) of (2S,3S) epoxysuc-
ASC = a(AE‘”"a- 4 A@GSOvatio (3) cinate monoethyl estelr (29, 30), 1.04 mL of propylamine
proten protein protein (12.5 mmol) and 1.91 g of HOBT (12.5 mmol) in 20 mL of

Epein Which includes bond stretching, angle bending, and chloroform at 0°C, was added EDC (2.64 g, 13.7 mmol)
torsional energies as well as van der Waals and electrostaticslowly in five portions. The reaction mixture was stirred at

energies, was calculated with the AMBER force field using 0 °C for 1.5 h then allowed to warm to Z& and stirred for

an infinite cutoff and a dielectric constant ofG;fc',‘{Zi‘L"”Was 12 h. The reaction mixture was partitioned between e_thyl
taken as the sum of the reaction field energy and the acetate and water. The organic portion was consecutively

nonelectrostatic solvation energy of a given protein confor- Washed with 10% HCI, satd. NaHG@nd brine. After drying
mation. The samex scaling factor of 0.23 was used to With N&SQ the solvent was evaporated in vacuo and the
calculateASCEyoein TAASigand iS an empirical term which residue pu.rlfled by flash chromatography _(,Slﬁexane:etglyl
describes the relative loss of configurational entropy between@cetate 7:3) to give 1.91 g df as a white solid (76%).
two different ligands due to the loss of main chaikShe) Ethanolic KOH (8.9 mL of a 1N solution, 8.9 mL) was added

and side chainAS.) torsional freedom upon complexation {0 & solution of 1.78 g of este (8.9 mmol) in 100 mL of

relative solvation free energyAG
conformations of the protein.

to an enzyme: absolute ethanol at OC. After 15 min the reaction mixture
was allowed to warm to 23C and stirred for 1.5 h. The
TAASgana= TAAS, . + TAAS, (4) solvent was evaporated in vacuo and the residue dissolved

in cold water. After acidification to pH 2 with 10% HCI,
TASn. was assumed to be 2 kcal/mol/residue ang,. was the product was extracted with ethyl acetate and the solvent
given 0.54 kcal/mol/rotorZ8). dried over NaSQ, and partially evaporated. Recrystallization
Synthesis of nPrNH-(2S,3S)-tEps-lle-GH.NMR spectra of the acid in hexanesethyl acetate gave 0.84 g (55%) of
were measured at 500 MHz on a Varian Inova 500 instru- 3 as white flakes. To prepare derivatideEDC (0.63 g, 3.3
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mmol) was added to a solution of the add0.52 g, 3.0
mmol), L-isoleucine benzyl estgr-toluene sulfonic acid salt
(1.18 g, 3.0 mmol), NMM (0.33 mL, 3.0 mmol) and HOBT
(0.46 g, 3.0 mmol) in 10 mL of chloroform at T@C. The
reaction mixture was stirred at“@ for 1.5 h then allowed

to warm to 23°C and stirred for 12 h. The reaction mixture
was diluted with 50 mL of ethyl acetate and consecutively
washed with 10% HCI, saturated NaHg@nd brine. After
drying with NaSQ, the solvent was evaporated in vacuo
and the residue purified by flash chromatography ¢SiO
hexane:ethyl acetate 4:6) to give 1.05 g (93%J ak a clear

oil that solidifies on standing. Finally, the inhibitaPrNH-
(2S,3S)tEps-lle-OH B) was obtained by bubbling hydrogen
through a suspension df(0.68 g, 1.8 mmol), and 0.1 g of
10% palladium on carbon in 30 mL of methanol under
vigorous magnetic stirring. Aftel h the catalyst was filtered
through a pad of Celite and the solvent evaporated in vacuo.
After drying the residue under high vaccum, 0.52>®9%)

of 5 was obtained as a white solid which required no further
purification: mp 57°C; [a]p = +94° (c = 2.0; CHOH);

IH NMR (DMSO-ds) 6 12.78 (s, 1H), 8.66 (d) = 7.5 Hz,
1H), 8.38 (t,J = 5.5 Hz, 1H), 4.23 (ddJ, = 8.5 Hz,J, =

6 Hz, 1H), 3.72 (dJ = 1.5 Hz, 1H), 3.48 (dJ = 1.5 Hz,
1H), 3.04 (m, 2H), 1.82 (m, 1H), 1.42 (m, 3H), 1.21 (m,
1H), 0.86 (m, 9H)2*C NMR (DMSO-ds) 6 172.50, 165.88,
165.70, 56.46, 52.78, 52.27, 40.39, 36.37, 24.64, 22.16,
15.58, 11.36, 11.33; IR (KBr) cnt 3300, 2968, 1734, 1655,
1542, 1459, 1247, 1209, 1148, 896; HRMS, CI @)V

+ H]" calcd for G3H23N,0s, 287.1601; found, 287.1619.

RESULTS AND DISCUSSION

Hydrolysis of Quenched Fluorogenic Substrates by Cathe-
psin X The proteolytic activity of human cathepsin X has
been investigated in a previous study, where it was found
that cathepsin X can display excellent carboxypeptidase
activity against the Abz-tripeptide substrate Abz-FRF(4NO
but almost negligeable endopeptidase activity against Abz-
AFRSAAQ-EDDnNp or Cbz-FR-MCAY). Cathepsin X was
also found to hydrolyze an Abz-tetrapeptide substrate, similar
to the substrates normally used to characterize the dipeptidyl
carboxypeptidase activity of cathepsin B. However, the
preliminary data suggested that hydrolysis might occur
through a sequential carboxypeptidase pathwgy Ih a
recent paper, cathepsin X was reported to display both mono-
and dipeptidyl carboxypeptidase activitid®); In this study,
we performed a more in-depth investigation of the relative
contribution of the two hydrolysis pathways at the substrate
C-terminus by cathepsin X. For that purpose, we used mainly
two Abz-tetrapeptide substrates that differ only by the
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Dipeptidyl-carboxypeptidase Pathway

I 1

k2
AbzF-RFUNOYF ————» Abz-F-R + F(@4NO,)-F
AFluo S

no lag phase in A Fluo

kia

K1p
——»  AbzF-R + F(4NOy)
AFluo

Abz-F-R-F(4NO,) lag phase in A Fluo

+ F (ifkea<kp}

Monopeptidyl-carboxypeptidase Pathway

Ficure 1: Kinetic model for hydrolysis of Abz-FRF(4NGF by
cathepsin X. The rate constamktgepresent the apparent first-order
rate constantsk{./Ku[E]) for each step under conditions where
[S] < K. kia and kyp represent the rates for the two sequential
monopeptidyl carboxypeptidase steps, wikile€orresponds to the
dipeptidyl carboxypeptidase cleavage rate. The steps that are
accompanied by a change in fluorescence of the substrate are
indicated by the symbohFluo. The reaction products that allow
the evaluation of the relative rates of mono- vs dipeptidyl
carboxypeptidase activities by HPLC measurements are double-
underlined.
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Ficure 2: Fluorescence vs time progress curves for substrate

position of a 4NQ group on a phenylalanine side chain, i.e., hydrolysis by cathepsin X. (a) Hydrolysis of the substrates Abz-

Abz-FRF(4ANQ)F and Abz-FRFF(4Ng). The mechanism
describing the overall proteolytic process with the substrate
Abz-FRF(4NQ)F is illustrated in Figure 1. The substrate

FRF(ANQ)F ([cathepsin X]= 45 nM) and Abz-FRFF(4Ng

([cathepsin X] = 90 nM) at pH 5.0. Different cathepsin X
concentrations were used for better graphical visualization of the
presence or absence of a lag phase. (b) Progress curves obtained

can be hydrolyzed through two parallel reactions: a dipep- for hydrolysis of Abz-FRF(4N@F at various enzyme concentra-
tidyl carboxypeptidase pathway, and/or through two con- tions (1, 47 nM; 2, 90 nM; 3, 180 nM; 4, 270 nM). For greater

secutive monopeptidyl carboxypeptidase steps. Cleavage ofclarity, only one out of 10 data points is displayed, even though all

the C-terminal dipeptide will result in an increase in Abz
fluorescence since the Abz and F(4NQ@esidues will be
separated. However, if the substrate is hydrolyzed by two

points have been used for the nonlinear regression analysis.
Substrate concentration was LM in all cases. The curves
corresponding to the best fit to eq 5 are represented.

consecutive monopeptidyl carboxypeptidase reactions, fluo-observed ifk;, < ki, (Figure 1). As illustrated in Figure 2a,
rescence will increase only after the second cleavage and a lag phase is observed in the progress curve for hydrolysis
lag phase in the fluorescence vs time progress curve will beof Abz-FRF(4ANQ)F by cathepsin X, indicating that the
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monopeptidyl carboxypeptidase pathway contributes very
significantly to the overall hydrolysis. With the substrate 121 (a)
Abz-FRFF(4NQ), no lag phase is observed since hydrolysis
by either pathway will cause the separation of the Abz
F(ANG,) pair. From initial rate measurements with this
substrate, an apparekt/Ky value of 4.24x 1M1 st
(which corresponds to the sum of the individkal/Ky for
the mono- and dipeptidyl carboxypeptidase reactions) was
obtained. By comparison, cathepsin B can hydrolyze this
substrate withkea/Ky = 2.87 x 10f M~* 571, a value 680- .
fold higher than for cathepsin X. ' ' ' :
The presence and extent of the lag phase is a reflection of 0 30 60 %0 120

[product] (uM)

the relative contribution of mono- and dipeptidyl carboxy- Time (min)
peptidase activities and can be used to obtain the rate 5 9F
constants for the two reactions by nonlinear regression to e 6l (b)
the proper equation. By working under conditions where the =
substrate concentration is much lower thgnfor each step T 3t DD\D\D\D_D
involved, the appearance of product (fluorescence) as a % 0 . . ! .
function of time is described by eq 5. £ 30 80 90 120
(ki — k) Vs IEN _ jo gkl ~ Time (min)
[Pl =[SJ|1 - 1b 2 1a (5) FIGURE 3: HPLC analysis of the hydrolysis products of Abz-FRF-
Kip = (Kia 1 ko) (4NO,)F by cathepsin X at pH 5.0. (a) Concentration of the products

F(ANGQ,)F (black squares) and F (white squares) as a function of
. time. (b) Ratio of the concentration of the two products as a function
where [P], [E], and [§] are the product (expressed in of time. The concentration of substrate used wagV6 Similar
fluorescence units), enzyme and initial substrate concentra-results were obtained at 150 substrate (data not shown).

tions,t is the time, andk;,, kin, andk, are pseudo-first-order

rate constants corresponding to the valuekgffKu[E]) for Table 1: Second Order Rate Constakt/Kw) for Substrate
each step in the mechanism described in Figure 1. The kineticHydrolysis by Cathepsin X
parameters for the various proteolytic steps involved in Substrate * kulKy (x 10°M's™)

hydrolysis of Abz-FRF(4N@F by cathepsin X were deter-
mined by nonlinear regression analysis of the data to eq 5.
To obtain more reliable kinetic parameters from the data
fitting procedure, a series of progress curves were recorded Abz-F--R-{-F*-F 215 4,170
at various enzyme concentrations and a multiple nonlinear
regression analysis was performed. Typical progress curves
obtained at varying concentrations of enzyme are shown in Abz-F--R-{-F* ¢ 1232 207
Figure 2b, and the curves representing the best fit are shown.
To further verify the relative contributions of the mono-
and dipeptidyl carboxypeptidase pathways to hydrolysis of Rbz-R--F-{-F* 3.63 572
Abz-FRF(4NQ)F, HPLC was used to monitor the substrate
and products in the time course of the hydrolysis by cathepsin
X. The results are shown in Figure 3. Even though all ~ Position of hydrolysis indicated by the arrolv F* is used to
products cauld be monitored n his assay,only the concen- SR esel FAD Lon o tese o s Suaten s ohe,
trations of F and F(4NQF are preser]ted in Figure 3. It can cathepsin B is considered to occur' exclusively through the dipeptidyl
be shown that the relative concentration of these two productScarhoxypeptidase pathwayErom ref7. For the hydrolysis of Abz-
([FI/[F(ANO,)F]) will reflect the ratio ofk.o/Ky for the mono- FRIF* by cathepsin X, thek./Kw value obtained from multiple
and dipeptidase steps (i.éudky) if kip > ki, a condition nonlilnear. regressior) analysis (this work) is identical to the value
that is met in the present case. As seen in Figure 3, a ratioPtained in the previous study)(
of 2.3 for [F)/[F(4NQ,)F] was obtained, in agreement with
the ratio of 2.9 forki/k, determined by the curve-fitting  cathepsin X, the nature of the residues that interact in subsites
procedure described earlier. Therefore, a value of 2.6 wasS, and S vary depending on the position of the bond being
used as the ratio ok../Ku values for the mono- and cleaved. As illustrated in Table 1, when a dipeptide is cleaved
dipeptidase steps. The kinetic data are reported in Table 1.from the C-terminus of the substrate, thef? residues are
For the hydrolysis of a single C-terminal residue in Abz- F-R (Table 1). However, in the first monopeptidyl carbox-
FRF(4NQ)F (the monopeptidyl carboxypeptidase stégpy, ypeptidase step, R and F(4MGare found in Rand R. A
Kuw = 5600 Mt s71, as compared té../Ky = 2150 M better evaluation of the relative ability of cathepsin X to
s~ for hydrolysis of the C-terminal dipeptide. This latter cleave a substrate by a mono- vs dipeptidyl carboxypeptidase
value is much lower (by almost 2000-fold) than for the pathway can be done if most of the substrate residues inter-
analogous reaction with cathepsin B. acting with the enzyme are kept unchanged [i.e., Abz-F-R-
Positionalvs Sequence Specificity of CathepsintXaust F(4NQ,) in Ps-P,-P1-P1). This is achieved by comparing the
be noted that in the hydrolysis of Abz-FRF(4)© by hydrolysis of the C-terminal dipeptide in Abz-FRF(4)©

P4-P3-P2-P1-4-P1’-P2’ cathepsin X Cathepsin B

Abz-F--R--F*{-F 5.60 - P

Abz-R--R-y-F* 14.6 1.74

Abz-A--A-{-F* ¢ 12.45 6.18
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107 £ site-directed mutagenesis experiments that the occluding loop
is important to provide the structural basis defining the
106 |- exopeptidase activity (data not shown), and also decreases
— the endopeptidase activity of cathepsin ) The ability
< 105 of the long, flexible occluding loop of cathepsin B to move
< or adjust upon binding of an extended ligai3d,(32) might
2 10* - explain the greater endopeptidase activity of cathepsin B in
& \ comparison with cathepsin X. In the latter enzyme, the short,
= 10° - more rigid mini-loop seems to control more tightly the pref-
N erence for a carboxypeptidase over an endopeptidase activity.
10% - Molecular Basis Underlying the Carboxypeptidase Speci-
10" l ficity of Cathepsins X and Brhe available structural data
Exo Exo Endo Z-FR-MCA at atomic resolution combined with theoretical calculations
(mono)  (di) can assist in perceiving the structural and energetic factors

Ficure 4: Positional specificity profile for cathepsins X (black bars) responsible for the carboxypeptidase specificity of cathepsins
and cathepsin B (WFr,]ite barg). Exo (monos), carboxypeptidaseX and B. Therefore, the mor)opeptldyl carboxypeptldase
substrate Abz-FRF(4NQ) Exo (di), dipeptidyl carboxypeptidase  substrate Ac-FRE and the dipeptidyl carboxypeptidase
substrate Abz-FRF(4NgF; Endo, endopeptidase substrate Abz- substrate Ac-FHEF were evaluated comparatively at the
AFRSAAQ-EDDnp; Z-FR-MCA, Cbz-FR-MCA. binding site of each enzyme. All modeled substrates were
readily accommodated in the experimentally determined
(keafKm = 2150 M1 s71) to removal of a single C-terminal  conformation of the binding sites of cathepsins B and X with
residue in Abz-FRF(4N@) (KealKm = 123 200 M1 s, It the exception of the dipeptidyl carboxypeptidase substrate
is clear then that the enzyme is a much better carboxypep-in the cathepsin X binding site. This is due to the presence
tidase than dipeptidyl carboxypeptidase (by 57-fold in this of the side chains of the mini-loop residues His23 and Tyr27
case). The observation of a direct cleavage of a dipeptidewhich occlude the Ssubsite of cathepsin X and thus prevent
from Abz-FRF(4NQ)F can therefore be attributed to a binding of a B substrate residug,(11). It has been suggested
relatively low dipeptidyl carboxypeptidase activity, which that the C-terminal Presidue may be accommodated by
is able to contribute to the overall hydrolysis mainly due to rotation of a single side chain belonging to His22,(17).
the presence of nonoptimab-P; residues in the carbox- As shown in Figure 5, our conformational search-driven
ypeptidase step. The influence of the nature of thdé>P docking of the Ac-FRFF substrate in the binding site of
residues on the carboxypeptidase step has been confirmedathepsin X predicts that the side chains of both mini-loop
by using a series of substrates AbzfR-F(4NGQ,), where residues His23 and Tyr27 have to undergo a conformational
residues Pand R are varied. The results are presented in change in order to accommodate the C-terminal PhHe(P
Table 1. It can be seen that in this tripeptide series, the pairresidue of the substrate. ThBIH group of His23 is hydrogen
R-F in B-P; [the closest analogy to placing R-F(4N0n bonded to the C-terminal free carboxylate at the@®sition.
P>-P; for the hydrolysis of a single C-terminal residue of This replaces the two hydrogen bonds formed by the
Abz-FRF(4NQ)F] leads to the weakest hydrolysis by C-terminal free carboxylate at thei Position in the
cathepsin X. Thék.a/Ky value for hydrolysis of Abz-RFF-  monopeptidyl carboxypeptidase substrate AdFRith the
(4NO,) is 34-fold lower than for hydrolysis of Abz-FRF- e¢NH group of His23 and the phenolic hydroxyl of Tyr27
(4NO,). By comparison, R-R and A-A are better tolerated (7, 11) (Figure 5).

in Py-P;, with keaf Ky = 14 600 Mt s™tand 12 450 Mt st The modeled complexes of cathepsin X with the monopep-
for hydrolysis of Abz-RRF(4Ng@ and Abz-AAF(4NQ), tidyl carboxypeptidase substrate AcdRand with the
respectively. dipeptidyl carboxypeptidase substrate AcHFRindicate that

The positional specificity (mono-, di-, or endopeptidase there are at least three factors that need to be taken into
activity) for cathepsins X and B are compared in Figure 4. account in order to comparatively evaluate the energetics of
For the exopeptidase activities, cathepsin X preferentially binding of the two substrates (eq 1). First, there are additional
cleaves substrates through a monopeptidyl carboxypeptidaséntermolecular binding contacts afforded by the C-terminal
pathway, while cathepsin B displays a preference for the P; substrate residue. Second, a conformational transition is
dipeptidyl pathway. It must be noted that the preference for required in the protein in order to accommodate the P
one or the other pathway is about the same for both enzymesyesidue. Third, a number of rotatable bonds in theeBidue
i.e., approximately 2 orders of magnitude. Therefore, the dual are frozen upon complexation. The results of our theoretical
carboxypeptidase activity is not a feature unique of cathepsinevaluation of the relative binding free energies are presented
X, since cathepsin B also displays a relatively low monopep- in Table 3. Overall, the binding affinity of the dipeptidyl
tidase activity in addition to its normal dipeptidase activity. carboxypeptidase substrate Ac4FAR to cathepsin X was
What best differentiates the two enzymes is their endopep-found to be weaker by 2.91 kcal/mol than that of the
tidase activity, and especially the activity against Cbz-FR- monopeptidyl carboxypeptidase substrate Adf-Rn con-
MCA (Figure 4). As previously noted7], cathepsin X trast, in the case of the binding of the same two substrates
displays a much stricter exopeptidase activity (relative to to cathepsin B, the Ac-RIRF substrate was predicted to have
endopeptidase activity) than cathepsin B. The relative exo- a binding affinity 2.52 kcal/mol stronger than that of the Ac-
and endopeptidase activities of cathepsin B are “gated” by FRIF substrate. Therefore, the theoretical calculations predict
the occluding loop, a large insertion loop which occupies opposite carboxypeptidase specificities for the two enzymes,
the S subsites of the enzymé&®). We have confirmed using  in agreement with the experimental observations. Moreover,



Specificity of Cathepsin X Biochemistry, Vol. 40, No. 9, 20012709

FicurRe 5: Stereoview of the superimposed models of the human cathepsin X in complex with the monopeptidyl carboxypeptidase substrate
Ac-FRIF and with the dipeptidyl carboxypeptidase substrate AGHFRThe substrate molecules are shown in ball-and-stick representation

with the carbon atoms of Ac-RRF colored in green. Binding of Ac-RRF induces a conformational change in the side chains of the
His23 and Tyr27 residues of the enzyme. These two residues are depicted as thick capped-sticks with white carbon atoms in the free,
monopeptidyl carboxypeptidase characteristic conformation, and with green carbon atoms in the ligand-induced, dipeptidyl carboxypeptidase
characteristic conformation. Selected residues lining the binding site are also shown. Hydrogen bonds between tReséasEFRte and

enzyme are represented with white dashed lines. The hydrogen bond between the C-terminal free carboxylate of RE fubEfRate

and His23 is indicated with a yellow dashed line. The backbone of the mini-loop is represented as a red tube. Nonpolar hydrogen atoms
are omitted for clarity.

Table 2: Second Order Rate ConstatdK;) for Inhibition of peptidase substrates, as_ calculated from the meam'éd .
Cathepsins X, B, and L by E-64 Analogues Kwu values (Table 3). This suggests that the difference in
KoadKi (M15Y) substrate binding affinity may account for most of the
carboxypeptidase specificity of each of the two cathepsins.

inhibitor cathepsin X cathepsin B cathepsin L Th i Ivsis of th ¢ tributi
e comparative analysis of the energy terms contributing
nPrNH-(2S,3S}Eps-lle-OH 225 33 21 ) o . .
CA074( ¥EP ) 136 500 31 to the overall relgtlve binding affinity allows a dee.per insight
E-64 775 55 700 37 700 into the energetic factors that govern the opposite carboxy-

peptidase specificities of cathepsins X and B (see Table 3).
Table 3: Summary of the Results Obtained from the Calculation of The dlpeptldyl quboxypeptldqse substrate has more favorable
the Relative Free Energy of Binding of Mono- and Dipeptidy! solvated interaction energy with each of the enzymes relative

Carboxypeptidase Substrates against Cathepsins X and B to the monopeptidyl carboxypeptidase substrate (ASIE
< 0). However, this energetic gain is predicted to be larger

enzyme cathepsin X cathepsin B . .
ASIE T0.96 5 60 for cathepsin B {5.60 kcal/mol) than cathepsin X-0.96
AEg 538 474 kcal/mol). Although the addition of the Phé{Presidue
AE o + AAGsolvation 1.42 ~0.87 results in significantly stronger van der Waals interactions
ASCEiotein 0.78 0.00 with each enzyme, these interactions are almost doubled for
AEp 1.36 0.00 cathepsin B in comparison with cathepsin X. This is quali-
AGSOlvation —0.58 0.00 tatively expected from the well-defined shape of thes&b-
protein . . . . . .

TAASigand 3.08 3.08 site of cathepsin B, which is designed to accept eeBidue.
AAGpinding 2.91 —2.52 In addition, the combined Coulomb electrostatic and solva-
AAG, 2.40 —-3.14 tion terms favor the binding to cathepsin B of the AciFR

2 All energies (in kcallmol) are for the binding of the dipeptidyl Substrate relative to AC'HR- The reverse is true for cath-
carboxypeptidase substrate Ac4FR relative to those for the binding ~ €psin X. The reason is that with cathepsin B, the AGHR
of the monopeptidyl carboxypeptidase substrate A¢FFRyainst the introduces a salt-bridge interaction not present in the shorter
corresponding enzyme. The components ABIE and ASCEyoein Ac-FRIF. With cathepsin X, Ac-FFE already contains a salt-

incorporate the scaling factor shown in egs 2 andAAGsovaton jn- - : : - - . R
cludes the electrostatic and nonelectrostatic components of solvation.brldge Interacnon and extension 0]_‘ this peptlde_to A
results in less well-formed salt-bridge interactions.

Experimental values calculated fromAGfJbs = —RT In[(kea/Km —
AbzFRF(NQ)F)/(kealKnm — AbzFRF(NQ))]. There is a further cost to cathepsin X for accommodating
Ac-FRIFF. This is the cost of the induced conformational

the calculated relative binding free energies agree favorably change in the side chains of His23 and Tyr27. The energetic
with the AAG?, _ for transition-state stabilization (i.e. bind- penalty was calculated to be 0.78 kcal/mol relative to the

b:
ing) in the hy%lrsolysis of the di- vs monopeptidyl carboxy- free enzyme. There is no penalty associated with the binding
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of Ac-FRIF to cathepsin X since there is no significant Enzymes designed to act as exopeptidases have additional
induced conformational change relative to the free enzyme. structural features that (i) obstruct the substrate binding cleft
Further decomposition of the energetic cost associated withto prevent or diminish the endopeptidase activity and (ii)
this conformational transition shows that it arises from an position groups that can stabilize either the N- or C-terminus
increase in the internal energy that is only partially com- of the bound substrate for exopeptidase acti@y The mini-
pensated by a better solvation free energy (the polar His23loop in cathepsin X can very efficiently restrict the access
and Tyr27 side chains become more solvent exposed) forof substrates to and beyond thgssibsite, and the enzyme
the dipeptidyl carboxypeptidase characteristic conformation. is clearly designed to act as a monopeptidyl carboxypepti-
There is no change in the solvated conformational energy dase. However, as stated previouslg)( the existence of a
associated with the binding of the two substrates to cathepsincommon catalytic platform and a generally broad sequence
B, since the larger, dipeptidyl carboxypeptidase substrate isspecificity can explain why the cathepsins (including cath-
readily accommodated in the free enzyme conformation. epsin X) do not exhibit “near-absolute” specificity. For
Finally, there is the cost due to the loss of configurational example, it was shown that given the proper sequence of
entropy by freezing the rotatable bonds of the additional Phe-residues in RP;, substrates can be hydrolyzed by cathepsin
(P2) residue upon substrate binding. This amounts to ap- L through a dipeptidyl carboxypeptidase pathway more
proximately 3 kcal/mol (Table 3). efficiently than with cathepsin BLO). A similar situation is
Design of a Cathepsin X-Specific Inhibitdrhe marked observed here with cathepsin X, where the positional speci-
differences between the primed subsites of cathepsin Xficity (mono- vs dipeptidyl carboxypeptidase) can be con-
relative to other members of the papain family of cysteine trolled or “overruled” by the sequence specificity. In this
proteases can be used to design inhibitors specific tocase, significant dipeptidase activity was observed for an
cathepsin X. To demonstrate the potential of this approach, Abz-tetrapeptide substrate mainly because the substrate se-
we have synthesized an E-64 derivative that should place aquence favors binding in the dipeptidase mode (F-Rzn P
single amino acid residue in theé Subsite of cathepsin X.  P1) as compared to the monopeptidase mode (R-RiR.P
This inhibitor is based on the observation that CA074, a Itis important to remember that these results were obtained
cathepsin B specific inhibitor, interacts in the primed subsites from in vitro experiments using small well-defined synthetic
of cathepsin B where it positions two amino acid residues substrates. The contribution of a putative dipeptidyl carbox-
to interact optimally in subsites{Sand 3 of the enzyme  ypeptidase activity for cathepsin X against protein substrates
(22). Since the cathepsin X structure is designed to accom-in vivo is difficult to predict, but it is very likely that a strong
modate a single amino acid residue in the primed subsites,competition from the monopeptidyl carboxypeptidase path-
the inhibitor nPrNH-(2S,3S}Eps-lle-OH was synthesized way will exist. It is also clear that very little if any endo-
and tested against cathepsin X. Selectivity for cathepsin X peptidase cleavage should occur, unless the substrate has
was evaluated by testing the inhibitor against cathepsins Bcertain features that allow endoproteolytic cleavage despite
and L. Inhibition of the three enzymes by E-64 and CA074 the presence of the mini-loop.
was also determined for comparison and the results are The results of this study strongly support the view that
presented in Table 2. It can be seen thRtNH-(2S,3S)- cathepsin X is designed to function as a monopeptidyl
tEps-lle-OH is indeed a specific inhibitor of cathepsin X, carboxypeptidase. The fact that a number of cathepsins are
with approximately 10-fold preference for cathepsin X over designed to act as exopeptidases (i.e., cathepsins B, C, H,
cathepsins B or L. However, the potency of the inhibitor is and X) provides a clear strategy to develop reagents
relatively low, withkinadKi = 225 M~ s71. By comparison, (substrates and/or inhibitors) that can be used to differentiate
CAO074 inactivates cathepsin B with a second-order rate these enzymes between themselves and from the endopep-
constant of 136,500 M s%. This is believed to be due to  tidases. The inhibitor CA074 is one example, and it has been
an inherent poor reactivity of epoxysuccinyl derivatives with used extensively over the years to confirm the involvement
cathepsin X, as illustrated by the low inhibitory activity of cathepsin B in specific processes. Contrary to a recent
observed for E-64 Kn./Ki = 775 M! s7%). Work is in report from Klemencic et al.1(7), our results indicate that
progress to investigate this hypothesis. A very interesting CA074 is a cathepsin B-specific inhibitor, and in particular
finding of the present study is that cathepsin X is virtually does not inhibit cathepsin X. It was also indicated that
not inhibited by CA074, with an estimatdg./K; value of cathepsins X and B display similar specificity profiles,
4 M1 s This result does not agree with the findings of making it difficult to differentiate the two enzyme$Z 17).
Guncar et al.12) who reported that CA074 readily inhibited  To address this point, the specificity of a number of existing
both cathepsins B and X. The relative inhibitory activities and recently designed substrates and inhibitors is reported
of nPrNH-(2S,3S}Eps-lle-OH and CA074 differ by a factor  in Figure 6. It can be seen that both CA074 and cystatin C
of 56, a value identical to the relative mono- and dipeptidyl inhibit selectively cathepsin B over cathepsin X. Cystatin C
carboxypeptidase activities observed for substrate hydrolysis.in particular can readily inhibit cathepsin B witf in the
The results obtained with the inhibitors are therefore low nanomolar range, while no inhibition of cathepsin X
consistent with the data for substrate hydrolysis. was detected up to 4M of inhibitor (7). It must be noted
Conclusion With the availability now of several crystal that in their work, Klemencic et al. used cathepsin X purified
structures of exopeptidases and numerous structures ofrom human liver 7). Therefore, there is a high risk that
endopeptidases, a clearer picture of the structural basis ofthis preparation might have been contaminated with small
positional specificity has emerged. As pointed out previously amounts of cathepsin B. This would explain the differences
(2, 19), all these enzymes have a basic endopeptidasein results between the two studies. We have estimated that
platform composed of a papain-like two-domain protein, with a cathepsin B contamination of 1% or less would be sufficient
the substrate binding site located in the interdomain cleft. to account for the results obtained by Klemencic etH),(



Specificity of Cathepsin X

cathepsin B specific

cathepsin X specific

Cystatin C -
nPrNH-tEps-lle-OH [
CAQ74 -
Abz-FRF(4NO,)F |
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FiGURE 6: Selectivity of various substrates and inhibitors toward
cathepsins X and B. The log of the ratios lgf/Ky values for
substrates,adK; for the irreversible inhibitors CA074 armdPrNH-
(2S,3S)tEps-lle-OH, and; for the reversible inhibitor cystatin C

are displayed on the side of the graph corresponding to the enzyme
to which the compound is selective.

especially considering that the substrate used in their study,
Chz-FR-MCA, shows 6000-fold greater activity against
cathepsin B than cathepsin X. In our study, glycosylated
recombinant cathepsin X was producedPilchia pastoris
therefore eliminating the risk of contamination by cathepsin
B. The glycosylation of cathepsin X does not appear to be
a factor in inhibition by cystatin C, since no inhibition was
observed after deglycosylation of cathepsin X by endoH (data
not shown). A substrate designed to fit the sequence
requirements of cathepsin B for dipeptidyl carboxypeptidase
activity is hydrolyzed ca. $8fold better by cathepsin B than
by cathepsin X. Cbz-RR-MCA represents another prototype
of a cathepsin B-specific substrate that combines the rela-
tively poor activity of cathepsin X against MCA substrate
with the recognized ability of cathepsin B to hydrolyze
substrates containing R-R in-P;. At the moment, reagents
such as the substrate Abz-FRF(4NGnd the inhibitor
nPrNH-(2S,3S}Eps-lle-OH are only mildly selective for
cathepsin X over cathepsin B (i.e., about 1 order of
magnitude preference for cathepsin X). Nevertheless, from
the data presented in Figure 6 it is clear that reagents do
exist that can be used to differentiate cathepsin X from
cathepsin B.

With the increasing number of cysteine proteases of the
papain family, the possibility of functional redundancy is
becoming an important issue. This is possibly best exempli-
fied by cathepsins X and B, which are both exopeptidases
with a lower level of endopeptidase activity. A clear picture
of the specificities of these enzymes is needed, which can
help in the assignment of physiological roles and in the
design of specific inhibitors. The results of this study confirm
our original findings that unlike many of the recently
discovered enzymes, cathepsin X exhibits a very strong
preference for hydrolyzing substrates through a carboxypep-
tidase pathway. More importantly, and contrary to recent
reports (2, 17), cathepsins X and B can be differentiated
through their activity profile against substrates and inhibitors.
A number of substrates and inhibitors specific to cathepsin
B are known. However, a potent and specific inhibitor of
cathepsin X useful for investigating the physiological role
of this enzyme, has not been identified yet. Even though
our preliminary results indicate that targeting thes8bsite
of cathepsin X is a valid approach toward selectivity,
additional work is required to increase the inhibitory activity.
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