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Human Recombinant Pro-dipeptidyl Peptidase | (Cathepsin C) Can Be Activated by

Cathepsins L and S but Not by Autocatalytic Processing

Sgren W. Dahl,# Torben Halkie®' Conni Lauritzer, Iztok Dolenc! John Pedersenyito Turk,” and Boris Turk

Prozymex A/S, Dr. Neergaards Vej 17, and M&E Biotech A/S, KogleBAlRK-2970 Hgrsholm, Denmark, and
J. Stefan Institute, Janea 39, SI-1000 Ljubljana, Slenia

Receied July 20, 2000; Reésed Manuscript Recegéd October 2, 2000

ABSTRACT: Human dipeptidyl peptidase | was expressed in the insect cell/baculovirus system and purified
in its active (rhDPPI) and precursor (pro-rhDPPI) forms. RhDPPI was very similar to the purified enzyme
(hDPPI) with respect to glycosylation, enzymatic processing, oligomeric structure, CD spectra, and catalytic
activity. The precursor, which was a dimer, could be activat&®00-fold with papain. Cathepsin L
efficiently activated pro-rhDPPI in vitro at pH 4.84,~ 2 x 10°min~* M%), and two cleavage pathways

were characterized. The initial cleavage was within the pro region between the residual pro part and the
activation peptide. Subsequently, the activation peptide was cleaved from the catalytic region, and the
latter was cleaved into the heavy and light chains. Alternatively, the pro region was first separated from
the catalytic region. Cathepsin S was a less efficient activating enzyme. Cathepsin B and rhDPPI did not
activate pro-rhDPPI, and the proenzyme was incapable of autoactivation. Incubation of both pro-rhDPPI
and rhDPPI with cathepsin D resulted in degradation. Cystatin C and stefins A and B inhibited rhDPPI
with K; values in the nanomolar rangi§i (= 0.5—1.1 nM). The results suggest that cathepsin L could be

an important activator of DPPI in vivo and that cathepsin D and possibly the cystatins may contribute to
DPPI downregulation.

Dipeptidyl peptidase | (DPPi¢cathepsin C) is a lysosomal and were inactivel8), indicating that DPPI is essential for
dipeptidyl aminopeptidase belonging to the papain super- granzyme activation also in vivo. Furthermore, two groups

family of cysteine peptidased{3). The enzyme is consti-  independently identified deleterious mutations in @ESC
tutively expressed in many tissues with the highest levels in gene encoding human DPPI (hDPPI) as the causes of
lung, kidney, liver, spleen, and placent6). development of the autosomal recessive disorder Papillon

In addition to its role in the lysosomal protein degradation, Lefévre syndrome (PLS) mainly characterized by severe early
DPPI functions as a key enzyme in the activation of granule onset periodontitis and palmar plantar keratoig g0).
serine peptidases in cytotoxic T lymphocytes and natural The cDNA sequences encoding rat, human, murine, dog,
killer cells (granzymes A and B), mast cells (tryptase and bovine, and twdchistosom®PPIs have been described and
chymase), and neutrophils (cathepsin G and elastase). Thesencode preproenzymes (prepro-DPPI), each consisting of a
peptidases function in cell-mediated apoptosis, inflammation, signal peptide, a pro region, and a catalytic regi®n The
connective tissue remodeling, et6—<10). To prevent  amino acid sequences of the catalytic regions are homologous

undesired degradation within the host cells, they are trans-to the sequences of mature papain family peptidases,
located to the granules as inactive zymogens with N-terminal including cathepsins L, S, B, H, and R)(

activation dipeptides. The role of DPPI is to remove these  The DPPI zymogens are translocated from the endoplasmic
dipeptides, probably within the granules. DPPI has been (gticulum to the lysosomes by the mannose 6-phosphate
demonstrated to be capable of activating the zymogens Ofpathway and are extensively processat).(Mature enzyme
tryptase {1), chymase 12, 13), cathepsin G 14), and consists of the N-terminal part of the pro region (residual
granzymes A15), B (16), and K (L7) in vitro. Granzymes g part) and of the catalytic regiodd—24). The C-terminal

A and B isolated from the granules of cytotoxic lymphocytes part of the pro region functions as an activation peptide and
of DPPI—/— mice had retained their activation dipeptides g |iherated from the enzyme during maturation. The catalytic
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activation process of pro-DPPI has not been characterized.structs and purified by the same overall procedure as applied
In light of the acknowledged regulatory role of DPPI in the for mature rhDPPI. However, to minimize proteolytic
activation of granule serine peptidase zymogens and potentiajprocessing in the culture medium, cells were harvested 2
functions of DPPI released from mast cells upon degranu- days earlier (on day 3), and the purification was performed
lation (36—38), activation and inhibition of human DPPI have at pH 7.0 throughout the procedure. Pro-rhDPPI did not bind
been investigated using native and recombinant human DPPIto the Q-Sepharose column in the final purification step but

and recombinant human pro-DPPI. was found in the flow-through in pure form. Recombinant
hDPPI was quantified using an extinction coefficient at 280
EXPERIMENTAL PROCEDURES nm of 2.0.

Amino Acid SequencingAmino acid sequencing was
carried out in Applied Biosystems 476A or 494A protein
sequencers operated according to the manufacturer’s instruc-
tions. All cysteine residues indicated were positively identi-
fied either as alkylated cysteines or as the acrylamide adduct.

HPLC Purification HPLC purifications of rhDPPI prepa-
rations were done on a Symmetry @versed-phase column
(2.1 x 50 mm) (Waters, Milford, MA) using linear gradients
of acetonitrile in 0.1% aqueous trifluoroacetic acid (TFA).
Peptides generated by enzymatic digestions of rhDPPI heavy
and light chains were separated using a Symmetyy C
reversed-phase column (2X 50 mm) (Waters, Milford,
MA) using linear gradients of acetonitrile in 0.1% aqueous

Materials E-64,p-nitrophenylp’-guanidinobenzoate and
the DPPI substrates Gly-Plpenitroanilide (pNA) and Gly-
Arg-pNA were from Sigma. Crystalline papain and Pefabloc
SC were from Boehringer Mannheim (Germany) and suc-
cinyl-Ala-Ala-Pro-Leu-pNA, succinyl-Ala-Ala-Pro-Arg-
pNA, and Gly-Phe-4-methoxynaphthylamide (4-MeNA) from
Bachem (Bubbendorf, Switzerland).

Proteins Chicken cystatin and bovine cathepsin D used
for activation of pro-rhDPPI were from Sigma. Bovine
trypsin (TPCK-treated) and chymotrypsin (TLCK-treated) for
fragmentation of rhDPPI chains were from Worthington
(Lakewood, NJ). Endoglycosidase H was from Invitrogen
(Carlsbad, CA). The concentrations of cathepsin D and
chicken cystatin were estimated on the basis of the manu-
facturers’ specifications. Recombinant human cathepsins B
L, and S were produced as previously descril3tl 9, 40)
and their concentrations determined by active site titration
with E-64. Recombinant human stefins A and B and i, 300, of 6 M guanidinium chloride and 0.3 M Tris-
recombinant human cystatin C were prepared as describe Cl, pH 8.3, and incubated overnight at 3T before

previously @1, 42). Papain, which was affinity purifieci®) addition of 100uL of 0.1 M DTT in the same buffer.
and titrated with E-64, was used for titration of the inhibitors Following 30 min incubation at 22C to reduce the disulfide

(44). ) ) ) bonds, 10Q:L of 0.6 M iodoacetamide in denaturation buffer
Production of Natie and Recombinant Human DPPland  \yas added, and the free thiol groups were alkylated for 30
Variants Native human DPPI (hDPPI) was purified from  min (22 °C). Finally, samples were desalted into 50 mM
kidney as _previously describedlq). Active site-directed NH4HCO; on NAP-5 columns (Pharmacia, Uppsala, Swe-
mutagenesis of the human pro-hDPPI cDN&) (Was  den). Enzymatic degradations of the rhDPPI peptides were
performed by the two-step PCR procedure reported by carried out for 16 h at 37C in a thermomixer using either
Nelson and Long46) or by direct PCR amplification using 5 ug (light chain) or 10ug (heavy chain) of enzyme.
mutagenic oligonucleotides that spanned the unisae or MALDI-TOF Mass SpectrometryMALDI-TOF mass
BswB6I restrictions sites (T7A and S254A variantSad— spectrometry was done using a Bruker Reflex IIl instrument
EcaRl (T7A, S31A, and T97A variants) dEcoRI—BsiB6I operated in linear mode for proteins and in reflector mode
(C234S and S254A variants) fragments of wild-type pro- or peptides. Sample preparation for MALDI-TOF mass
hDPPI CDNA were subsequently replaced with the appropri- spectrometry consisted of mixing&. of sample with 5uL
ate mutagenized cDNA fragments. of 69.9% HO/30% acetonitrile/0.1% TFA before addition
Wild-type and variant forms of human pro-DPR) fused of 10 uL of matrix solution. The matrix solution was a
to the signal peptide from rat DPPI were expressed in the saturated solution oéi-cyano-4-hydroxycinnamic acid in
baculovirus/insect cell system and purified from the medium 69.9% H0/30% acetonitrile/0.1% TFA. Mass spectra were
according to the protocols developed for rat DPRBT)( calibrated externally with proteins and peptides of known
Briefly, the different forms of recombinant human DPPI masses.
(rhDPPI) were expressed as secreted proteins in High Five  Gel Filtration ChromatographyThe oligomeric structures
cells after infection with recombinant viruses at multiplicities  of rhDPPI, pro-rhDPPI, and pro-rhDPPiwere determined
of infections of 5-10. The cultures were harvested 5 days by gel filtration analysis on an analytical Superdex 200 HR
postinfection, and rhDPPI was purified from the medium on 10/30 column (Pharmacia, Uppsala, Sweden) in 20 mM
butyl-Sepharose 4 Fast Flow (Pharmacia, Uppsala, Swedenkodium phosphate, pH 7.0, and 500 mM NaCl and at a flow
at pH 4.5. The pool obtained was incubated for 1 or 2 days rate of 0.7 mL/min. Catalase, aldolase, His-tagged pyro-
at pH 4.5 to complete the proteolytic maturation process. glutamyl peptidase I, bovine serum albumin, ovalbumin, and
After incubation, rhDPPI was desalted and subjected to cationlysozyme were used as standards.
exchange on Q-Sepharose Fast Flow (Pharmacia, Uppsala, Circular Dichroism Studies Circular dichroism was
Sweden) to further purify and concentrate the preparation. measured at 25C with an AVIV 62A DS circular dichroism
The pro forms of rhDPPI (wild type and inactive C234S spectrometer (Lakewood, NJ). Cells with path lengths of 1
variant abbreviated pro-rhDPPI and pro-rhDPPIrespec- cm (near-UV region, 320250 nm) or 0.1 cm (far-Uv
tively) were expressed by use of similar baculovirus con- region, 256-200 nm) were used. Prior to measurements, the

Enzymatic Peptide FragmentatioBefore degradation of
'thDPPI peptides with either trypsin or chymotrypsin, HPLC-
purified heavy and light chains were denatured, reduced,
alkylated, and desalted. Lyophilized samples were denatured



Activation of Human Pro-DPPI Biochemistry, Vol. 40, No. 6, 20011673

A\
1 DTPANCTYLD LLGTWVFQVG SSGSQRDVNC SVMGPQEKKV VVYLQRLDTA YDDLGNSGHF 60
Ly Residual propart

61 TIIYNQGFEI VLNDYKWFAF FKYKEEGSKV TTYCNETMTG WVHDVLGRNW ACFTGKKVGT 120

v v —
121 ASENVYVNTA HLKNSQEKYS NRLYKYDHNF VRAINAIQKS WTATTYMEYE TLTLGDMIRR 180
Ly Activation peptide

A\ *
181 SGGHSRKIPR PKPAPLTAEI QQKILHLPTS WDWRNVHGIN FVSPVRNQAS CGSCYSFASM 240

~~~~~~~~~~ - L Heavy chain

241 GMLEARIRIL TNNSQTPILS PQEVVSCSQY AQGCEGGFPY LIAGKYAQDF GLVEEACFPY 300

301 TGTDSPCKMK EDCFRYYSSE YHYVGGFYGG CNEALMKLEL VHHGPMAVAF EVYDDFLHYK 360

v *
361 KGIYHHTGLR DPFNPFELTN HAVLLVGYGT DSASGMDYWI VRKNSWGTGWG ENGYFRIRRG 420
L Light chain

421 TDECAIESIA VAATPIPKL 439

Ficure 1: Amino acid sequence of human DPPI. The native N-termini of the residual pro part and of the heavy and light chains and the
N-terminus of the rhDPPI activation peptide following cathepsin L cleavage (see below) are indicated by bent arrows. The major signal
peptidase and cathepsin L processing sites in rhDPPI are indicated by filled arrowheads. Minor or secondary processing sites are indicated
by open arrowheads. N-Glycosylated rhDPPI residues are marked with hexagons and the catalytic Cys and His residues by asterisks.
Residues in the ERFNIN and PRK motifs (see Discussion) are overlined and underlined,wikpectively. The amino acid residues
sequenced are underlined. Amino acid residues are numbered from the N-terminus of the proenzyme.

enzymes were dialyzed against 50 mM phosphate buffer, pHtime of harvest of pro-rhDPPI, only $l5 mg/L pure pro-
6.0, containing 0.5 mM EDTA. hDPPI was isolated. The specific activity of purified pro-
In Vitro Maturation of rhDPPI Pro FormsPro forms of rhDPPI could be increased2000-fold by activation with
rhDPPI were treated with cathepsins B, L, and S in 20 mM papain 47).
citric acid, 150 mM NaCl, 1 mM EDTA, and 10 mM DTT, Primary StructuresFollowing HPLC fractionation of the
pH 4.5 or 4.5-6.9 (cathepsin B only). The buffer used for rhDPPI peptides, the four main fractions were analyzed by
cathepsin D treatment was 20 mM citric acid, pH 4.5, and MALDI-TOF mass spectrometry. Two of these fractions
150 mM NaCl. All activation experiments were performed contained a heterogeneous compone¥itq.9 kDa) which
at 22°C. was subsequently identified as the heavy chain by the
Cathepsin D Inactiation of rhDPPI Cathepsin D (6-30 N-terminal amino sequenc&LHLPT... (Figure 1). Ap-
uM) was incubated with 0.ZM (0.1 mg/mL) rhDPPI in 50 proximately 20% of the heavy chain peptides started at L207,
mM citric acid, pH 5.0, and 150 mM NaCl (22C). which is the N-terminus of the purified hDPPI heavy chain
Proteolytic degradation of DPPI was followed by measure- (2, 22). The calculated protein mass of the rhDPPI heavy
ment of residual DPPI activity and by SB®AGE. chain is 18829.3 Da (residues 20370), indicating that the
Kinetic StudiesDPPI activities were followed in 20 mM  rhDPPI heavy chain was glycosylated.
citric acid, pH 4.5, and 150 mM NacCl using Gly-Phe-pNA  The third fraction contained a component with a mass of
as substrate4(?) or in 20 mM sodium phosphate, pH 7.0, 7581.0 Da, which is in agreement with the theoretical mass
and 150 mM NaCl using Gly-Arg-pNA as substrate. Kinetics of the hDPPI light chain (7577.5 Da; residues 37B9).
of hydrolysis of Gly-Phe-4-MeNA by native and recombinant The identity of the peptide was confirmed by amino acid
DPPI, active site titrated with cystatin @%), were inves-  sequencing of the 49 N-terminal amino acid residues (Figure
tigated in 100 mM sodium phosphate, pH 6.0, containing 1 1),
mM EDTA and 1 mM dithiothreitol as describec®3). HPLC-purified heavy and light chains were degraded with
Inhibition s_tudles with stefins A_and B and cystatin C were trypsin and selected peptides sequenced. As shown in Figure
performed in the same buffer using 2 Gly-Phe-4-MeNA 1 "3 total of 94% of the amino acid residues of rhDPPI heavy
as substrate essentially as described elsewHeret$, 49). and light chains were sequenced. The C-terminus of the
Endopeptidase activities were assayed with 0.5 mM suc-Ala- heavy chain was verified experimentally, demonstrating that
Ala-Pro-Leu-pNA and suc-Ala-Ala-Pro-Arg-pNAin 20 MM the heavy and light chains were separated by a single, specific

citric acid, pH 4.5, and 150 mM NacCl. cleavage between R370 and D371.
RESULTS The fourth fraction of HPLC-purified rhDPPI peptides
contained both the light chain and a highly heterogeneous
Production of Pro-rhDPPI and Mature rhDPPIPro- component with masses between 16.5 and 19 kDa. The

rhDPPI was isolated from the medium on day 3 at pH 7.0 presence of peaks with spacingsdf62 Da within the broad

to prevent processing of the zymogen. Pro-rhDPPI did not peak is indicative of heterogeneous glycosylation, as 162 Da
bind to the Q-Sepharose column, which was therefore usedis the mass of hexose residues. This component was
as an efficient tool to remove contaminating proteins, presumably the residual pro part of rhDPPI. The finding of
including mature rhDPPI. Typically, 2630 mg of mature the three rhDPPI chains in different fractions following
rhDPPI was purified per liter of culture. Because of the early inactivation of reducing agents with TFA (pH 2) showed
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Ficure 2: Deglycosylation of rhDPPI wild type and single site N-glycosylation variants. The potential residual pro part glycosylation sites

at N5 (lanes 2 and 3), N29 (lanes 4 and 5), and N95 (lanes 6 and 7) and the single heavy chain site at N252 (lanes 8 and 9) were eliminated
and the purified variants and wild-type rhDPPI (lanes 10 and 11) analyzed by-BBGE after treatment with+) or without (-)
endoglycosidase H as indicated. Only the variant with the eliminated glycosylation site at N95 was insensitive to endoglycosidase H treatment,
showing that only the glycosylation at this position was affected by the enzyme. The 5 kDa band observed in lanes 6 and 7 is the result of
partial proteolytic degradation of the light chain during activation. Molecular mass markers are shown in lane 1.

that the peptides were not covalently linked under storage (18 829.3 Da) and the mass measured (19.9 kDa). MALDI-
conditions in the presence of 2 mM cysteamine. R4) ©r TOF mass spectrometry of the rhDPPI heavy chain without
some 22) disulfide linkage of the individual chains has been glycosylation on N252 (isolated from the S254A variant)
reported for native hDPPI. To determine the N-terminus of gave a mass of 18 827 Da. Accordingly, the heavy chain
the residual pro part, endo H-deglycosylated rhDPPI was does not carry other modifications giving rise to major mass
subjected to SDSPAGE and electroblotting, followed by  differences.
amino acid sequencing). A single amino acid sequence Oligomeric Structures The oligomeric states of pro-
(DTPAXXS®), which corresponds to the N-terminal sequence rhDPPI, pro-rhDPF¥s, and rhDPPI were investigated by gel
of the residual pro part2@), was obtained. The two filtration chromatography. The proenzymes migrated with
unidentified residues correspond to a glycosylated asparaginéndistinguishable elution volumes corresponding to a mass
and an oxidized cysteine, respectively. of 77 kDa whereas rhDPPI migrated with a mass of 140
rhDPPI Glycosylation To reveal the level of rhDPPI  kDa. The results suggest that both proenzymes are dimers
glycosylation, each of the four potential N-glycosylation sites and that rhDPPI is a tetramer, in agreement with previous
were individually destroyed by substituting the required Ser results 21, 22).
or Thr residue in the consensus sequence for N-glycosylation Circular Dichroism MeasurementBoth the far- and near-
with an Ala residue (-N-X-S/T- to -N-X-A-). The results of UV CD spectra of hDPPI and rhDPPI (Figure 3) were very
SDS-PAGE analysis of the purified variants showed that similar, confirming that the native and recombinant forms
all four potential sites (N5, N29, and N95 in the propeptide have the same content of secondary structural elements and
and N252 in the heavy chain) were glycosylated (Figure 2) that the aromatic residues are located in very similar
as in the native enzym@4). Compared to wild-type rhDPPI,  environments. However, the spectra of pro-rhDPRliffered
the N5 and N29 glycosylation site variants showed increasedsubstantially from those of the mature proteins, reflecting
residual pro part and unchanged heavy chain mobilities. Thethe contribution of the activation peptide.
apparent molecular mass of both residual pro parts was Catalytic Activity of hDPPI and rhDPPI On the basis of
further reduced by endoglycosidase H treatment. Similarly, active site titrations with cystatin C, rhDPPI was35%
deletion of the third site at N95 affected the migration and active, whereas the activity of hDPPI wa$0%. Values of
homogeneity of the residual pro part. However, no further K, for Gly-Phe-4-MeNA were similar [(6575) & 7 uM]
mass reduction was observed following endoglycosidase Hwhereas thé. value for rhDPPI (75Gt 60 s 1) was five
treatment. Finally, elimination of the site at N252 resulted times that for hDPPI (156- 12 s'%). The differentk., values
in an increased heavy chain mobility. The residual pro parts probably reflect differences in glycosylation and processing
of this variant and of the wild-type rhDPPI displayed the between the two enzyme variants, although some effect of
same migration pattern following endoglycosidase H treat- catalyticaly inactive material complexed by cystatin C in the
ment (Figure 2). titration experiment cannot be excluded.

The glycosylation on N252 in the heavy chain was further ~ Proteolytic Actvation of rhDPPI Pro FormsTo determine
investigated. The rhDPPI heavy chain was digested with if the processing was autocatalytic, the active site cysteine
chymotrypsin, and an HPLC-purified peptide exhibiting mass was mutated to an serine (C234S) and the pro form of the
heterogeneity was completely sequence#f¥TY279). The variant (pro-rhDPPP9) produced. Pro-rhDPP# purified on
experimental masses of the heterogeneous peptide exceeddalityl-Sepharose at pH 7.0 and incubated at pH 4.5 was
the calculated protein mass, and the differences of 896 andprocessed. In contrast, proenzyme which was further purified
1057 Da correspond well to the masses of carbohydrateby a passage through Q-Sepharose showed no sign of
structures consisting of twii-acetylglucosamine (GIcNAc)  processing (Figure 4), indicating that the processing was
and three hexoses (892 Da) and of two GIcNAc and four caused by a contaminant peptidase and was not dependent
hexoses (1054 Da). In addition, the mass differences cor-on DPPI activity.
respond to the mass difference of +01 kDa observed Incubation of semipurified pro-rhDPPI (butyl-Sepharose
between the theoretical mass of the intact rhDPPI heavy chainstep only) for 22 h at pH 4.5 and 2Z with cysteine
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Ficure 3: CD spectra of hDPPI, rhDPPI, and pro-rhDPPI. The far-UV (left) and near-UV (right) spectra of hDPPI (thick lines) and

rhDPPI (thin lines) were determined to estimate the structural similarity of the native and recombinant enzymes. The spectra are highly

similar but differ significantly from those of pro-rhDPPI (broken lines), which possesses the activation peptide.
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FiIGURES: SDS-PAGE analysis of pro-rhDPPI following treatment
with cathepsins B, S, and L. Purified pro-rhDPPI was incubated
with cathepsins B (lane 3), S (lane 4), and L (lane 5) at pH 4.5 and
— 60 22 °C for 22 h, and the reactions were stopped by the addition of
- SDS-PAGE sample buffer. The initial concentration of pro-rhDPPI
FIGURE 4: Activation of partially purified and pure pro-rhDFP (lane 2) was M, and the concentrations of active cathepsins B

at pH 7.0 and 4.5. The proenzyme C234S variant isolated after (0and at 31 kDa), S (band at 27 kDa), and L were 5, 1, and 0.2
chromatography on butyl-Sepharose (lanes 1 and 2) or after further#M, respectively. Molecular mass markers and the rhDPPI control
purification by passage through Q-Sepharose (lanes 4 and 5) wasare shown in lanes 1 and 6, respectively.

incubated for 18 h at 4C and pH 7.0 (lanes 1 and 4) or pH 4.5 :
(lanes 2 and 5). The same results were obtained with the wild-type rhDPPI at pH 4.5 (Figures 5 and 6), pH 5.3, 6.1, and 6.9

enzyme. A thDPPI standard is shown in lane 3, and molecular mass(data not shown). Incubation of pro-rhDPPI with mature
markers are shown in lane 6. rhDPPI also had no effect whereas incubation of the

precursor with cathepsin D resulted in degradation and not

peptidase inhibitors E-64 (@M) and chicken cystatin (0.1  activation, as judged on the basis of SEFSAGE analysis
uM) completely abolished activation, whereas metallopep- and substrate hydrolysis (results not shown).
tidase (1 mM EDTA) and serine (2 mM Pefabloc SC)  The cathepsin L catalyzed reaction was investigated in
peptidase inhibitors had no inhibitory effect (data not shown), further detail (Figure 7), and the resulting main components
indicating that the processing enzyme was a cysteinewere identified by N-terminal amino acid sequencing fol-
peptidase with the baculovirus-encoded viral cathepsin lowing electroblotting. Maturation of pro-rhDPPI (apparent
(v-cath) peptidase being a likely candida#®)( mass of 58 kDa) was initiated by the release of the residual

Activation of Pro-rhDPPI by Cathepsins B, L, S, and D pro part (22-24 kDa, N-terminal sequence 'DPAX-
The abilities of the human lysosomal cysteine peptidases CTYLDLLGT?4) and accumulation of a 36 kDa peptide
cathepsins B, L, and S, of mature rhDPPI, and of the (N'**SQEKYSNRLYKYD) composed of the activation
lysosomal aspartic peptidase cathepsin D to process andheptide and of the heavy and light chains (Figure 1). The
activate pro-rhDPPI were investigated. Cathepsins L and SN-terminal sequence of the 36 kDa peptide indicates cathe-
processed the wild-type proenzyme into active rhDPPI. By psin L cleavage after ®2 In one sample, however, the
contrast, cathepsin B showed little or no processing of pro- sequence was found to be"RYSNRL'*3 which probably
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16 p— . indicates cathepsin L cleavage aftef’'Tand subsequent
> 141 o excision of the A%E® dipeptide by active rhDPPI. Later
E 12 1 in the processing, at least residug&$QQK?® are removed.

2 107 Finally, the 40 kDa peptide (ATLTFDHSLEAQ) was identi-
> 87 fied as procathepsin L, contained in the preparation of
= cathepsin L.
< g | Modulation of DPPI Actiity. The interactions of rhDPPI
0 ‘ = with cathepsin D and with intracellular (stefins A and B)
0 500 1000 1500 and extracellular (cystatin C) inhibitors were investigated.
Time (min) Incubation of 0.7«M rhDPPI with 0-30 «M cathepsin D,

Ficure 6: DPPI activity during maturation of pro-rhDPPI. Purified which degraded pro-rhDPPI, resulted in progressive inactiva-

pro-rhDPPI was incubated with cathepsins®),(S ©), or B (H) tion (Kapp~ 4 M~ s™). In the presence of 30M cathepsip
or without peptidase ) under conditions identical to those D, the half-life of rhDPPI was abo@ h whereas the activity

described in the legend to Figure 5. The apparent second-order rateof rhDPPI incubated in the absence of cathepsin D did not
constant for the cathepsin L catalyzed reaction wasZ0° min~* change over a period of 3 h. Degradation of rhDPPI by
M~%, and the calculated progress curve is shown (broken line). cathepsin D was verified also by SBBAGE (results not

shown).
oa 1 2 3 45 6 7

The equilibrium dissociation constants determined with
662 — —— stefins A and B were 1.1 and 0.7 nM, respectively, and

58 4 — —— . cystatin C inhibited rhDPPI with &; value of 0.5 nM. The
; latter value is in good agreement with the dissociation
constants of 0.22 nM reported for the interactions of chicken
365 — — cystatin with both native humad¥) and bovine $0) DPPI.
31.0 — DISCUSSION
— — Recombinant human DPPI and pro-DPPI were expressed
215 — - — and isolated in order to characterize the proteolytic matura-

tion of DPPI and its interaction with potential regulatory

proteins. As in hDPPI, the recombinant enzyme was fully
14 .4 — v N-glycosylated 24), and disulfide bridges did not covalently
link the chains 22, 24). The proteolytic processing was,

however, found to be slightly different. The heavy chain was

6.0 — - longer at the N-terminus by three amino acid residues, and

FiIGuRe 7: SDS-PAGE of pro-rhDPPI maturation by cathepsin L. the resid_qal pro p(,-m possibly carried a C-terminal extensiqn.
The conditions were identical to those described in the legend to The additional residues at the N-terminus of the heavy chains

Figure 5. The progress of the maturation reaction was analyzed resemble the extensions observed in dog mast cell C8RI (
after 0.5 h (lane 3), 1.5 h (lane,4) h (lane 5), and 24 h (lane 6).  in recombinant rat DPPK(), and in cathepsins B7), K
Controls of pro-rhDPPI and rhDPPI are shown in lanes 2 and 7, (29), and L @2). They did not substantially affect the
respectively. Molecular mass markers are shown in lane 1. See teXtcata{I ic activit o'f the enzvme. the interaction with cvstatins
for further details. ytic activity of th yme, y ;
or formation of active tetramers. Also, the CD spectra of

resulted from subsequent excision of the dipeptid&43\s native and recombinant hDPPI and rhDPPI were closely
and Q3E13 py rhDPP! itself. The cathepsin L cleavage site Similar. The recombinant hDPPI was thus very similar to
after K33 is located 14 residues C-terminal to the cleavage purified hDPPI, providing a solid basis for further studies.
site after G1°reported by Cigic et al 24). The investigations The activation process involving activation peptide exci-
did not show if pro-rhDPPI was also cleaved at or close to sion and dimer to tetramer conversion was investigated using
G!1° pefore or after the cleavage at'® However, an purified pro-rhDPPI and rhDPPI. The zymogen was shown
electron density map obtained by X-ray crystallographic to have different far- and near-UV CD spectra from rhDPPI.
analysis of (v-cath processed) rhDPPI (unpublished results)A further difference was the dimeric structure of pro-rhDPPI.
only defines the residual pro-part residues Asply!o, This contrasts with the tetrameric structure of rhDPPI but is
corroborating that GR}® constitutes the natural C-terminus in accord with the existence of hDPPI zymogen dimers in
of this peptide. Further processing resulted in the separationvivo (21). The fact that DPPI is unique among lysosomal
of the heavy chain (24 kD&2"_LHLPTSXDXRNVHGIN?2) cysteine peptidases in retaining a significant part of the pro
and the light chain (6 kDa, 'PFNPFELTNHAVLL®9), region and in forming oligomers in the mature form strongly
During cathepsin L processing of pro-rhDPPI, minor suggests that the residual pro part is essential in oligomer-
amounts of peptides with apparent masses of 40, 33, and 31ization.
kDa were observed (Figure 7) in addition to the main  Atthe sequence level, the zymogen differs from the active
components described above. The 31 kDRXQQKIL- form by the presence of the activation peptide. Recently, the
HLPTSWD?) and 33 kDa (BTPAXCTYLDLLG ) pep- mammalian DPPI activation peptide sequences were sug-
tides resulted from alternative processing of pro-rhDPPI gested to be homologous to the propeptide sequences of the
initiated by cleavage between the pro region and the catalytic papain-like peptidase$1) on the basis of the presence of
domain (Figure 1). The sequence of the 31 kDa peptide the conserved ERFNIN motib@, 53) (Figure 1). In addition,
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a region rich in proline and/or basic residues (PRK region) peptidases is supported by previous investigations. McGuire
is present in DPPI activation peptides (Figure 1) and in et al. () demonstrated that active DPPI is present inside
the propeptides of the homologous cathepsins (e.g., resi-lysosomes of human lymphocytes and myeloid cells, whereas
dues R KPRKGK®"?in human procathepsin L and residues Muno et al. 1) demonstrated the presence of DPPI zymogen
P¥PKPPQR in human procathepsin B). However, the and its active form in endosomes/lysosomes in rat macroph-
activation peptide of DPPI seems to play a more complex ages. Maturation of rat pro-DPPI has also been studied in
role in the activation process than the propeptides of relatedCOS 7 cells transfected with pro-DPPI DNBE). However,
cathepsins. Besides its inhibitory function and unknown the results of this study are questionable, primarily due to
interaction with the residual pro part, it also prevented the the use of antibodies with insufficient specificity as discussed
assembly of zymogen dimers to tetramers. This is probably previously ¢, 21).
due to the localization of the activation peptides in the dimer In contrast to the cysteine peptidases, the lysosomal
surface region that forms the dimedimer interface in the  aspartic peptidase cathepsin D degraded both the zymogen
active tetramer. and the mature rhDPPI. The colocalization of hDPPI and

In contrast to most other cathepsi2&{ 35), pro-rhDPPI cathepsin D within lysosomes and the high concentration of
was not capable of autoactivation. Addition of rhDPPI did the latter 67) suggest a considerable intracellular turnover
not activate the zymogen. This is consistent with nonauto- of hDPPI. Extracellular DPPI, however, can be regulated by
catalytic processing of procathepsin X, which is also an cystatins, which efficiently inhibited rhDPPI in vitro. To
exopeptidasedd). Three lysosomal cysteine endopeptidases perform extracellular functions, mature DPPI released by
were therefore tested as potential in vivo activators of DPPI, degranulation will therefore have to overcome the inhibitory
and cathepsins L and S efficiently activated the enzyme. Thepotential of cystatin C37). The biological significance of
processing of pro-rhDPPI by both enzymes was very similar the inhibition of rhDPPI by stefins A and B depends on a
to the processing by the v-cath peptidase and to the possible colocalization of these proteins in vivo.
processing of the native enzyme2( 24). In conclusion, the first detailed characterization of the

Mainly on the basis of the results of pro-rhDPPI processing hDPPI zymogen and its activation by cysteine peptidases,
by cathepsin L, a plausible mechanism for DPPI maturation in particular, human cathepsin L, have been presented. These
inside cells can be proposed. Zymogen dimers, formed results may promote future studies on the activation of pro-
immediately after biosynthesis, are transported to the endo-hDPPI in vivo and the possible impact of this process on
somes/lysosomes by the mannose 6-phosphate receptothe activation and activities of granule serine peptidases.
pathway, as shown in rat macrophagexl)( Catalytic
processing of the zymogen dimer inside lysosomes is initiated ACKNOWLEDGMENT
by cleavage of each monomer between the residual pro part
and the activation peptide. This step is followed by cleavage
in the C-terminus of the activation peptide, leaving a short
extension on the heavy chain N-terminus. These two cleav-
ages result in excision of the majority of the activation
peptide. Finally, the extension on the heavy chain is
(partially) excised by DPPI or a different peptidase, and the
catalytic region is cleaved into the heavy and light chains REFERENCES
by a single specific cleavage.

The stage at which the dimers associate to form tetramers 1. McGuire, M. J,, Lipsky, P. E., and Thiele, D. L. (199®ich.

; : ; Biochem. Biophys. 29280-288.
IS r_10t _known. Accprdlng to t_he proposed function of the 2. Paris, A., Strukelj, B., Pungercar, J., Renko, M., Dolenc, I.,
activation peptide in preventing assembly of the zymogen and Turk, V. (L995FEBS Lett 369, 326-330.

dimers, tetramers may form immediately after excision of 3 |shidoh, K., Muno, D., Sato, N., and Kominami, E. (1991)
either one or both of the activation peptides present in the Biol. Chem. 26616312-16317.

zymogen dimers. On the other hand, recombinant rat DPPI 4. Rao, N. V., Rao, G. V., and Hoidal, J. R. (1997Biol. Chem.
was reported to exist as a dimer in the active fod™(This 272, 10260-10265. _

suggests that tetramer formation is not required for comple-  °: g:gCGhuill’:]e,Bli\g.pl:IJ)./’S Lf;gyis%plfﬁ—%% Thiele, D. L. (1997)
tion of the activation process and that the interaction betwe_en 6. Pham, C. T. N.. Armstrong, R. J., Zimonjic, D. B., Popescu,
pairs of processed dimers is less strong than the interaction N ., Payan, D. G., and Ley, T. J. (1997)Biol. Chem. 272
between the monomers that form the dimers. 10695-10703.

The high activity, wide tissue distribution, and ability to 7. Holgate, S. T., Lackie, P. M., Davies, D. E., Roche, W. R.,
process the zymogen point to cathepsin L as the primary _ and Walls, A. F. (1999Flin. Exp. Allergy 29 90-95.
activator of pro-DPPI in vivo. Despite a somewhat lower 8'(%1‘#?2;53”1398}1"'42(1994’“' J. Respir. Crit. Care Med. 150
activatiqn rate and a more rest(icted tissue distribu.tign, 0. Caughe'y,G. H.(i99JAm. J. Respir. Crit. Care Med, 887—
cathepsin S and related endopeptidases may also participate 394,
in the processing in certain cell types and to a minor extent 10. Watorek, W., Farley, D., Salvesen, G., and Travis, J. (1988)
in general. Cathepsin B was unable to process the zymogen  Adv. Exp. Med. Biol. 24023-31.
even under slightly acidic conditions, which generally favor ~ 11- Ssgklfv?/grt};”LLOBng(lgéBglfosa?;tiéxgr'ess'ioﬁ%ﬁﬁ!" 7GG-7 A%é and
fjhaes:gzc){ir\?i(: S endopep'ud.ase activity over its Carboxypeptl- 12. Murakami, M., Karnik, S. S., and Husain, A. (1995)Biol.

. y§5), suggesgng_that only true endopeptldasgs Chem. 2702218-2223.
are involved in DPPI activation. The idea that pro-DPPI is 13, McEuen, A. R., Ashworth, D. M., and Walls, A. F. (1998)

processed within the lysosomes by papain-like cysteine Eur. J. Biochem. 253300-308.

We thank Dr. Roger H. Pain for critical reading of the
manuscript and gratefully acknowledge the technical as-
sistance of Mads Larsen (M&E Biotech A/S), of Helle
Fischer, Maria Ngrtoft, and Signe Sgrensen (Prozymex A/S),
and of Mojca Trstenjak Prebanda and Jerca Rozman (J.
Stefan Institute).



1678 Biochemistry, Vol. 40, No. 6, 2001

14.
15.
16.
17.

18.
19.

20.

21.
22.
23.
24.
25.
26.

27.
28.
29.

30.
31.
32.

33.

McGuire, M. J., Lipsky, P. E., and Thiele, D. L. (199B)
Biol. Chem. 2682458-2467.

Kummer, J. A., Kamp, A. M., Citarella, F., Horrevoets, A. J.,
and Hack, C. E. (1996). Biol. Chem. 27,19281-9286.
Smyth, M. J., McGuire, M. J., and Thia, K. Y. (199%)
Immunol. 154 6299-6305.

Wilharm, E., Parry, M. A., Friebel, R., Tschesche, H.,
Matschiner, G., Sommerhoff, C. P., and Jenne, D. E. (1999)
J. Biol. Chem. 27427331-27337.

Pham, C. T., and Ley, T. J. (199)oc. Natl. Acad. Sci. U.S.A.
96, 8627-8632.

Toomes, C., James, J., Wood, A. J., Wu, C. L., McCormick,
D., Lench, N., Hewitt, C., Moynihan, L., Roberts, E., Woods,
C. G., Markham, A., Wong, M., Widmer, R., Ghaffar, K. A,
Pemberton, M., Hussein, I. R., Temtamy, S. A., Davies, R.,
Read, A. P., Sloan, P., Dixon, M. J., and Thakker, N. S. (1999)
Nat. Genet. 23421424,

Hart, T. C., Hart, P. S., Bowden, D. W., Michalec, M. D.,
Callison, S. A., Walker, S. J., Zhang, Y., and Firatli, E. (1999)
J. Med. Genet. 36381—-887.

Muno, D., Ishidoh, K., Ueno, T., and Kominami, E. (1993)
Arch. Biochem. Biophys. 30603-110.

Dolenc, I., Turk, B., Pungercic, G., Ritonja, A., and Turk, V.
(1995)J. Biol. Chem. 27021626-21631.

Nikawa, T., Towatari, T., and Katunuma, N. (19%)r. J.
Biochem. 204381—-393.

Cigic, B., Krizaj, |., Kralj, B., Turk, V., and Pain, R. H. (1998)
Biochim. Biophys. Acta 138243—-150.

Guncar, G., Podobnik, M., Pungercar, J., Strukelj, B., Turk,
V., and Turk, D. (1998)Structure 6 51—61.

Taylor, M. A., Pratt, K. A,, Revell, D. F., Baker, K. C.,
Sumner, I. G., and Goodenough, P. W. (1992)tein Eng.

5, 455-459.

Rowan, A. D., Mason, P., Mach, L., and Mort, J. S. (1982)
Biol. Chem. 26715993-15999.

Mach, L., Mort, J. S., and Glossl, J. (1994)Biol. Chem.
269 130306-13035.

McQueney, M. S., Amegadzie, B. Y., D’Alessio, K., Hanning,
C. R., McLaughlin, M. M., McNulty, D., Carr, S. A., ljames,
C., Kurdyla, J., and Jones, C. S. (1997)Biol. Chem. 272
13955-13960.

Ishidoh, K., and Kominami, E. (199#EBS Lett. 352281~
284.

Nomura, T., and Fujisawa, Y. (199Bjochem. Biophys. Res.
Commun 230, 143-146.

Menard, R., Carmona, E., Takebe, S., Dufour, E., Plouffe, C.,
Mason, P., and Mort, J. S. (1998) Biol. Chem. 2734478~
4484,

Bramme, D., Bonneau, P. R., Lachance, P., Wiederanders, B.,
Kirschke, H., Peters, C., Thomas, D. Y., Storer, A. C., and
Vernet, T. (1993). Biol. Chem. 2684832-4838.

34.
35.
36.
37.
38.
39.
40.
41.

42.

48.

52.

53.
54.

55.
56.
57.

Dahl et al.

Kopitar, G., Dolinar, M., Strukelj, B., Pungercar, J., and Turk,
V. (1996) Eur. J. Biochem. 236558-562.

Wang, B., Shi, G. P., Yao, P. M., Li, Z., Chapman, H. A,,
and Branme, D. (1998)J. Biol. Chem. 27332000-32008.
Church, M. K., el-Lati, S., and Okayama, Y. (19€lin. Exp.
Allergy 21 (Suppl. 3), £9.

Wolters, P. J., Raymond, W. W., Blount, J. L., and Caughey,
G. H. (1998)J. Biol. Chem. 27315514-15520.

Wolters, P. J., Laig-Webster, M., and Caughey, G. H. (2000)
Am. J. Respir. Cell Mol. Biol. 22183-190.

Kuhelj, R., Dolinar, M., Pungercar, J., and Turk, V. (1995)
Eur. J. Biochem. 229%33-539.

Dolinar, M., Maganja, D. B., and Turk, V. (199Bjol. Chem.
Hoppe-Seyler 376385-388.

Jerala, R., Kroon-Zitko, L., and Turk, V. (199#yotein
Expression Purif. 565—69.

Cimerman, N., Prebanda, M. T., Turk, B., Popovic, T., Dolenc,
I., and Turk, V. (1999). Enzyme Inhib. 14167—-174.

. Blumberg, S., Schechter, I., and Berger, A. (19£0j. J.

Biochem. 1597—-102.

. Turk, B., Ritonja, A., Bjork, 1., Stoka, V., Dolenc, I., and Turk,

V. (1995) FEBS Lett. 360101—-105.

. Dolenc, I., Turk, B., Kos, J., and Turk, V. (1996BS Lett

392, 277-280.

. Nelson, R. M., and Long, G. L. (1988nal. Biochem. 180

147-151.

. Lauritzen, C., Pedersen, J., Madsen, M. T., Justesen, J.,

Martensen, P. M., and Dahl, S. W. (1998)otein Expression
Purif. 14, 434-442.

Turk, B., Krizaj, |., Kralj, B., Dolenc, I., Popovic, T., Bieth,
J. G., and Turk, V. (1993). Biol. Chem. 2687323-7329.

. Slack, J. M., Kuzio, J., and Faulkner, P. (1995%en. Virol.

76, 1091-1098.

. Nicklin M. J. H., and Barrett, A. J. (1988iochem. J. 223

245-253.

. Hola-Jamriska, L., Tort, J. F., Dalton, J. P., Day, S. R., Fan,

J., Aaskov, J., and Brindley, P. J. (199Byr. J. Biochem.
255, 527-534.

Karrer, K. M., Peiffer, S. L., and DiTomas, M. E. (1993)pc.
Natl. Acad. Sci. U.S.20, 3063-3067.

Cygler, M., and Mort, J. S. (199Bjiochimie 79 645-652.
Naler, D. K., Tam, W., Storer, A. C., Krupa, J. C., Mort, J.
S., and Menard, R. (199Biochemistry 384868-4874.
Koga, H., Yamada, H., Nishimura, Y., Kato, K., and Imoto,
T. (1991)J. Biochem. 110179-188.

Demirov, D., Sarafian, V., Kremensky, I., and Ganev, V.
(1999) Biochim. Biophys. Acta 144807-511.

Dean, R. T., and Barrett, A. J. (197B3says Biochem. 12
1-40.

BI001693Z



