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Abstract

A rapid and sensitive assay for the determination of cathepsin A activity is reported. This method is based on fluorimetric
detection of a dansylated peptide, 5-dimethylaminonaphthalene-1-sulfonyl-L-Phe, enzymatically formed from the substrate
5-dimethylaminonaphthalene-1-sulfonyl-L-Phe-L-Leu, after separation by high-performance liquid chromatography using a
C reversed-phase column and isocratic elution. This method is sensitive enough to measure 5-dimethylaminonaphthalene-18

1-sulfonyl-L-Phe at concentrations as low as 300 fmol, yields highly reproducible results and requires less than 7.0 min per
sample for separation and quantitation. The optimum pH for cathepsin A activity was 4.5–5.0. The K and V values werem max

respectively 14.9 mM and 27.91 pmol /mg/h with the use of enzyme extract obtained from mouse kidney. Cathepsin A
1 21activity was strongly inhibited by Ag , Hg , diisopropylfluorophosphate and p-chloromercuriphenylsulphonic acid. Among

the organs examined in a mouse, the highest specific activity of the enzyme was found in kidney. The sensitivity and
selectivity of this method will aid in efforts to examine the physiological role of this peptidase.  1999 Elsevier Science
B.V. All rights reserved.
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1. Introduction et al. as the enzyme which hydrolyzes Z-Glu-Tyr at
acidic pH [1]. The enzyme also demonstrates ester-

Mammalian cathepsin A (EC 3.4.16.5, also known ase and deamidase activities at neutral pH [2]. Since
as ‘lysosomal carboxypeptidase A’ and ‘lysosomal cathepsin A is able to hydrolyze in vitro a wide
protective protein’) was originally defined by Tallan spectrum of both synthetic and bioactive peptide

hormones such as Z-Phe-Leu, angiotensin II, sub-
stance P and endothelin I [2–7], it has been sug-*Corresponding author. Tel.: 181-427-211567; fax: 181-427-

211588. gested that cathepsin A may be implicated in the in
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vivo metabolism of peptide hormones, although the useful for studying the physiological role of cathep-
physiological substrates of cathepsin A are still sin A.
unknown. Furthermore, cathepsin A has been studied
by some workers with the aim of elucidating the
organ’s specific physiological functions of the en-

2. Experimental
zyme in the liver [8], brain [9] and kidney [10].

Lysosomal protective protein was initially iden-
2.1. Chemicals

tified as a glycoprotein regulating the expression of
b-galactosidase (EC 3.2.1.23) and neuraminidase

Soybean trypsin inhibitor, dithiothreitol, bacitra-
(EC 3.2.1.18) through the formation of a high

cin, ascorbic acid and 1,10-phenanthroline monohy-
molecular mass multienzymic complex in lysosomes

drate were purchased from Wako (Tokyo, Japan).
[11–14]. It is synthesized in human fibroblasts as a

5-Dimethylaminonaphthalene-1-sulfonyl chloride
single precursor and then processed to a mature

(N-DNS-chloride), 5-dimethylaminonaphthalene-1-
form, consisting of 32- and 20-kDa peptides linked

sulfonyl-L-phenylalanine free acid (N-DNS-Phe), 5-
by disulfide bonds [11]. A deficiency of this protein

dimethylaminonaphthalene-1-sulfonyl-DL-norleucine
in humans leads to a genetically determined metabol-

cyclohexylammonium salt (N-DNS-NLeu), N-
ic storage disorder, galactosialidosis, that can be fatal

ethylmaleimide (NEM), phenylmethylsulfonyl fluo-
to infants [15,16].

ride (PMSF), pepstatin A, p-chloromer-
The most commonly used assay system for detect-

curiphenylsulfonic acid (PCMS), diisopropylfluoro-
ing and estimating cathepsin A activity is based on

phosphate (DFP), iodoacetic acid (IAA), b-nico-
the ability of the enzyme preparation to convert the

tinamide adenine dinucleotide (b-NAD), b-nicotin-
synthetic dipeptide such as Z-Phe-Leu to the corre-

amide adenine dinucleotide, reduced form (b-
sponding Z-Phe and Leu. The degree of conversion

NADH), b-nicotinamide adenine dinucleotide phos-
to product is determined by derivatization of Leu

phate (b-NADP), b-nicotinamide adenine dinucleo-
formed enzymatically with ninhydrin [3,5], L-amino

tide phosphate, reduced form (b-NADPH), flavine
acid oxydase-peroxydase-o-dianisidine [17] and o-

adenine dinucleotide (FAD), flavine mononucleotide
phthalaldehyde reagent [18,19]. The progress of the

(FMN), reduced gluthathione and bovine serum
reaction was also monitored by measurement of the

albumin (BSA) were obtained from Sigma (St.
Z-Phe formed by reversed-phase high-performance

Louis, MO, USA). L-Phe-L-Leu was from Bachem
liquid chromatography (HPLC) with a spectrophoto-

Feinchemikalien (Bubendorf, Switzerland). 1-Hep-
metric detection [10]. A few other assays of cathep-

tanesulfonic acid sodium salt was from Aldrich
sin A activity have been reported. These include a

(Milwaukee, WI, USA). Acetonitrile was of chro-
continuous spectrophotometric assay using

matographic grade (Wako). Other chemicals and
furylacryloyl-Phe-X dipeptides as substrates [2,20]

solvents were of analytical reagent grade.
and a liquid–liquid partition of product and substrate
under the acidic pH using 5-dimethylaminonaphthal-
ene-1-sulfonyl-L-Ala-L-Arg (N-DNS-Ala-Arg) or 5- 2.2. Preparation of enzyme source
dimethylaminonaphthalene-1-sulfonyl-L-Phe-L-Leu-
L-Arg (N-DNS-Phe- Leu-Arg) as substrates [21]. Male ICR mice weighting 20–25 g were pur-

In this paper, we describe a new and sensitive chased from Charles River (Japan) and housed on a
assay for cathepsin A activity using 5-dimethyl- 12-h light–dark cycle for at least 1 week before the
aminonaphthalene-1-sulfonyl-L-Phe-L-Leu (N-DNS- beginning of all experiments. Food and water were
Phe-Leu) as substrate by HPLC on a reversed-phase available ad libitum. All operations were carried out
column to achieve a rapid and selective separation of at 0–48C unless stated otherwise. Mice were killed
substrate and product. This system possesses several by decapitation. After washing the whole kidney
distinct advantages when compared with the above with saline, it was cut into small pieces and
procedures and, therefore, is suitable for a routine homogenized in nine volumes of 0.25 M sucrose
assay of cathepsin A activity. This assay may also be with a glass-PTFE homogenizer. The homogenate
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was centrifuged at 100 000 g for 80 min and the 2.5. Chromatographic conditions
supernatant obtained was used as an enzyme source.

For the investigation on localization of enzyme Analysis of the product was performed using a
activity, various organs were dissected on ice. Tis- Shimadzu (Kyoto, Japan) HPLC system consisting of
sues were homogenized in nine volumes of 0.25 M a LC-10AD pump, RF-10A fluorescence detector,
and/or 0.32 M sucrose with a glass–PTFE homogen- CTO-10A column oven, DGU-12A degasser, SCL-
izer. The homogenates were used as an enzyme 10A system controller and C-R6A Chromatopac. The
source. system was operated at 358C at a flow-rate of 1.0

ml /min employing a TSK gel ODS-80TM (particle
size, 5 mm) reversed-phase column (15034.6 mm

2.3. Peptide synthesis
I.D.) fitted with a TSK guard gel ODS-80TM (15
33.2 mm I.D., particle size, 5 mm). The mobile

N-DNS-Phe-Leu was synthesized by the method
phase consisted of 10 mM sodium acetate buffer

of Wiedmeier et al. [22] with minor modifications. In
containing 0.1% 1-heptanesulfonic acid sodium salt

brief, 169 mmol of L-Phe-L-Leu was dissolved in 10
(pH 4.2)–acetonitrile (49:51, v /v). The fluorescence

ml of 100 mM sodium carbonate–sodium bicarbon-
was monitored with excitation at 330 nm and

ate buffer (pH 9.6). To this peptide solution, 34
emission at 458 nm.

mmol of N-DNS-chloride in 10 ml of acetone was
added. The reaction mixture was stirred at room

2.6. Protein determination
temperature for 5 h, and thereafter the acetone was
evaporated under reduced pressure. The synthetic

Protein concentration was measured by the Lowry
dansylated product was purified by reversed-phase

method as modified by Hartree [24] using BSA as
HPLC on a TSK gel ODS-PREP column (30037.8

standard protein.
mm I.D., particle size, 10 mm, TOSOH) before use
[23]. Following purification, the structure was con-
firmed by NMR and IR.

3. Results

2.4. Assay for cathepsin A activity Stock solutions of N-DNS-Phe-Leu, N-DNS-Phe
and N-DNS-NLeu were stable for at least 3 months

The principle of the assay for cathepsin A activity at 2208C. This HPLC–fluorimetric detection system
is based on the fluorimetric measurement of N-DNS- for the measurement of N-DNS-Phe-Leu and N-
Phe liberated enzymatically from the substrate, N- DNS-Phe was found to be very sensitive. The
DNS-Phe-Leu, after separation by HPLC. The re- calibration graph for N-DNS-Phe injected showed
action mixture contained 50 mM sodium acetate good linearity from 300 fmol to 700 pmol. The
buffer (pH 4.6), 40 mM N-DNS-Phe-Leu, and en- calibration graph for N-DNS-NLeu also showed
zyme plus water in a total reaction volume of 250 ml. good linearity from 300 fmol to 1000 pmol. Fig. 1
Incubation was carried out at 378C, and the reaction shows the chromatographic patterns of the reaction
was terminated by heating at 958C for 5 min in mixture after incubation with 6.34 mg of protein
boiling water. After centrifugation, N-DNS-NLeu prepared from mouse kidney supernatant for 60 min.
was added to clear supernatant as the internal The blank incubation (Fig. 1A) contained N-DNS-
standard, and an aliquot of the mixture obtained was Phe-Leu and N-DNS-NLeu, and the standard incuba-
subjected to HPLC analysis. The peak height of tion contained exogenous N-DNS-Phe in addition to
N-DNS-Phe was measured and converted into pico- N-DNS-Phe-Leu and N-DNS-NLeu (Fig. 1B). The
moles from the peak height of N-DNS-NLeu added retention times for N-DNS-Phe, N-DNS-NLeu and
as an internal standard. One unit of enzyme activity N-DNS-Phe-Leu were 3.5, 4.1 and 6.2 min, respec-
is defined as the amount of enzyme requires to tively (Fig. 1A and 1B). The experimental incuba-
convert 1 pmol of the substrate into the corre- tion under the standard assay conditions (Fig. 1C)
sponding product in 1 min at 378C. produced a significant amount of N-DNS-Phe in 3.5
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Fig. 1. HPLC elution patterns of cathepsin A activity determined using enzyme in mouse kidney. Conditions are described in Experimental.
Peaks: 1, N-DNS-Phe; 2, N-DNS-NLeu; 3, N-DNS-Phe-Leu. Five hundred picomoles of N-DNS-NLeu (internal standard) was added to
each sample after incubation. The enzyme activity was expressed as pmol /mg protein /h. (A) Blank incubation: N-DNS-Phe-Leu was
incubated without enzyme at 378C for 60 min. (B) Standard incubation: 500 pmol of N-DNS-Phe was added to the sample tube before
incubation as a standard sample. The two peak heights of N-DNS-Phe and N-DNS-NLeu correspond to 50 pmol. (C) Incubation:
N-DNS-Phe-Leu was incubated with 6.34 mg of protein in mouse kidney extract at 378C for 60 min. (D) Control incubation: a control tube
without the enzyme was incubated, the same amount of active enzyme was added, and the resulting tube was kept in an ice bath before
heating at 958C for 5 min.

min, whereas the control incubation did not show tested had no stimulating effect on the cathepsin A
any peak of N-DNS-Phe (Fig. 1D). activity (data not shown).

The enzyme reaction was found to be linear with A Lineweaver–Burk plot was obtained from the
time at 378C at least for about 60 min (data not effect of the concentration of N-DNS-Phe-Leu on the
shown).

The pH dependence of enzyme activity was
investigated in 50 mM sodium acetate buffer (pH
3.4–6.4). The catalytic activity of the enzyme was
greatest at a pH of approximately 4.5–5.0, with very
little activity below pH 3.6 and above pH 5.6
(Fig. 2).

Cathepsin A activity was investigated as a func-
tion of the amount of enzyme extract obtained from
mouse kidney. Perfect linearity was observed for
plots of the amount of N-DNS-Phe, at least from 0.5
to 21.0 units, formed enzymatically from N-DNS-
Phe-Leu against those of enzyme (data no shown).

Various reduced and oxidized flavin and pyridine
nucleotides (FAD, FMN, b-NADPH, b-NADP, b-

Fig. 2. Effects of pH on cathepsin A activity in mouse kidney: 50
NADH, b-NAD), as well as ascorbate and reduced mM sodium acetate buffer (pH 3.4–6.4) was used. Incubation was
glutathione, were examined for their ability to stimu- carried out at 378C for 60 min. The enzyme activity was expressed
late the cathepsin A activity. All of the cofactors as pmol /mg protein /h.
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rate of formation of N-DNS-Phe by cathepsin A. The there was a partial inhibition by other thiol protease
Michaelis constant (K ) and the maximum velocity inhibitors such as IAA, NEM and PMSF (serinem

(V ) toward the N-DNS-Phe-Leu were calculated protease inhibitor). Cathepsin A activity was alsomax
21to be 14.9 mM and 27.91 pmol /mg/h, respectively. partially affected by Cu and bacitracin. On the

We applied this standard assay to the determi- other hand, the enzyme activity was not affected by
nation of the effects of various metal ions and other reagents (EDTA, 1,10-phenanthroline, dithio-
protease inhibitors on cathepsin A activity in mouse threitol, soybean trypsin inhibitor and pepstatin A).
kidney extract. As shown in Table 1, metals such as Finally, we examined the distribution of cathepsin

1 21Ag and Hg completely inhibited the enzyme A activity in various mouse organs (Table 2). The
21 21 21activity at 0.1 mM, whereas Mn , Ca , Mg and enzyme activity was determined using the homoge-

21Zn had no effect. DFP (serine protease inhibitor) nates obtained from spleen, brain, kidney, liver, lung
and PCMS (thiol protease inhibitor) inhibited it and testis of a six-week-old mouse. It was found that
strongly at a final concentration of 1 mM. However, the cathepsin A activity was distributed unevenly in

Table 1
aEffects of various metal ions and inhibitors on cathepsin A activity in mouse kidney

Reagent Final Cathepsin A activity
concentration (mM) (% of control)

None 100
MnCl 1 104.561.32

MnCl 0.1 100.860.82

CaCl 1 102.463.12

CaCl 0.1 96.36 1.42

MgCl 1 106.86 2.32

MgCl 0.1 98.76 0.62

ZnSO 1 103.16 1.84

ZnSO 0.1 97.26 1.64

CuSO 1 22.56 2.24

CuSO 0.1 66.16 2.54

AgNO 1 03

AgNO 0.1 03

HgCl 1 02

HgCl 0.1 02

EDTA 1 98.86 3.3
EDTA 0.1 99.66 1.3
1,10-Phenanthroline 1 99.46 2.1
1,10-Phenanthroline 0.1 94.66 0.7
Diisopropylfluorophosphate 1 0
Diisopropylfluorophosphate 0.1 25.36 1.9
Phenylmethylsulfonyl fluoride 1 69.56 1.7
Phenylmethylsulfonyl fluoride 0.1 86.76 2.6
Iodoacetic acid 1 85.66 1.2
Iodoacetic acid 0.1 91.66 2.2
N-Ethylmaleimide 1 83.46 0.7
N-Ethylmaleimide 0.1 93.76 2.1
p-Chloromercuriphenyl sulfonic acid 1 11.46 0.5
p-Chloromercuriphenyl sulfonic acid 0.1 16.26 1.0
Dithiothreitol 1 95.56 0.6
Dithiothreitol 0.1 91.86 1.0
Bacitracin 50 mg/ml 71.26 1.6
Soybean trypsin inhibitor 20 mg/ml 96.46 1.4
Pepstatin A 20 mg/ml 99.56 1.5

a Note: data are mean6SEM values determined in four separate experiments.
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Table 2 and protease inhibitors on cathepsin A activity are
aDistribution of cathepsin A activity in mouse organs also investigated (Table 1). The cathepsin A activity

Organ Cathepsin A activity (pmol /mg protein /h) in mouse kidney is completely inhibited by metals
1 21such as Ag and Hg , but not by other metalsSpleen 5.4060.26

21 21 21 21
Brain 2.0260.05 (Mn , Ca , Mg and Zn ), chelating agents
Kidney 8.6860.31 (EDTA and 1,10-phenanthroline). Furthermore, the
Liver 3.7960.19 enzyme activity was also inhibited by typical serine
Lung 3.1160.36

protease inhibitor (DFP) and thiol protease inhibitorTestis 4.4760.16
(PCMS) at a final concentration of 1 mM. The

a Note: data are mean6SEM values from six animals. optimum pH and inhibition pattern on cathepsin A
activity described above is very similar to those of

mouse organs. Among the organs examined, the the enzymes that have been isolated from other
highest specific activity of the enzyme was found in tissues [2,5,27,28].
the kidney, and the lowest in the brain. A moderate Kase et al. [26] demonstrated simultaneous de-
level of activity was observed in the spleen, liver, ficiency of esterase, carboxy-terminal deamidase, and
lung and testis. acid carboxypeptidase activities together with the

‘protective’ activity against lysosomal b-galactosi-
dase and neuraminidase in fibroblasts derived from

4. Discussion patients with galactosialidosis. If cathepsin A is
identical with the multifunctional enzyme protein

As pointed out in other HPLC enzymatic assays, (lysosomal protective protein) as reported previously
the direct analysis of the product of enzyme action, [2], further considerations should be made to clarify
separated from the substrate and other interfering the relations between its functional aspects and
substances, offers several advantages of earliar meth- enzymatic characterizations.
ods [3,5,17–19]. In conclusion, the sensitive and accurate assay for

Herein we reported a new assay for cathepsin A cathepsin A activity described in this paper may be
activity by the HPLC–fluorimetric detection system useful for the above mentioned purpose.
using N-DNS-Phe-Leu as substrate. The amino acid
sequence of substrate, Phe-Leu, was selected because
it has been used by several laboratories as the most References
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