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Background: Aspartic proteases Cathepsin (Cath) E and D are two different proteases, but they share many
common characteristics, including molecular weight, catalytic mechanism, substrate preferences, proteolytic
conditions and inhibition susceptibility. To define the biological roles of these proteases, it is necessary to
elucidate their substrate specificity. In the present study, we report a new peptide–substrate that is only
sensitive to Cath E but not Cath D.
Methods: Substrate e, Mca-Ala-Gly-Phe-Ser-Leu-Pro-Ala-Lys(Dnp)-DArg-CONH2, designed in such a way that
due to the close proximity of a Mca-donor and a Dnp-acceptor, near complete intramolecular quenching
effect was achieved in its intact state. After the proteolytic cleavage of the hydrophobic motif of peptide
substrate, both Mca and Dnp would be further apart, resulting in bright fluorescence.
Results: Substrate e showed a 265 fold difference in the net fluorescence signals between Cath E and D. This
Cath E selectivity was established by having -Leu**Pro- residues at the scissile peptide bond. The confined
cleavage site of substrate e was confirmed by LC-MS. The catalytic efficiency (Kcat/KM) of Cath E for substrate

e was 16.7 μM−1 S−1. No measurable catalytic efficiency was observed using Cath D and no detectable
fluorescent changes when incubated with Cath S and Cath B.
Conclusions: This study demonstrated the promise of using the developed fluorogenic substrate e as a
selective probe for Cath E proteolytic activity measurement.
General significance: This study forms the foundation of Cath E specific inhibitor development in further
studies.

© 2010 Elsevier B.V. All rights reserved.
1. Introduction

Cathepsin (Cath) E and Cath D, members of aspartic proteolytic
enzymes family, have very similar substrate selectivity [1,2]; hence,
why Cath E was once named Cathepsin D like proteinase [3,4]. Unlike
the relatively ubiquitous Cath D, Cath E has a limited cellular
localization and tissue distribution. Cath E is contained mainly within
vesicular structures associated with the endoplasmic reticulum and
endosomal compartments [5–9] of the macrophage [6,10], gastric
epithelial cells [7], lymphocytes [7], microglia [11] and dendritic cells
[10,12]. Its function as a major intracellular nonlysosomal aspartic
proteinase is not entirely clear; whereas, its primary localization
within the cells of the immune system suggests that it might play an
important immunological and physiological role in the host defense
process [9,11,13,14]. In contrast, Cath D is known to be involved in
various diseases. For example, it has been associated with cancer
growth, metastasis [15–22], Alzheimer and several other diseases
[23–26]. Although Cath E and Cath D have different tissue localization,
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cellular distribution and physiological function, they share many
enzymatic characteristics including molecular weight (43 kDa),
catalytic mechanism, substrate preferences, proteolytic conditions
and inhibition susceptibility. Both of them are aspartic endopepti-
dases, which prefer hydrophobic amino acid residues at P1 and P1′
positions of the scissile bond [27,28]. Their optimal pH of proteolysis
is between pH 3.5 and 5.0 [29,30]. A wide variety of peptidomimic
inhibitors of Cath E have been reported [31–33], but none can provide
satisfactory discrimination against Cath D.

In order to verify the actual localization and define the biological
role of Cath E and Cath D, it is necessary to elucidate their substrate
specificity profile. Although a few peptide substrates have been
identified, they were unable to differentiate the proteolytic activity of
Cath E from that of Cath D [13,27,28,34,35]. A selective probe, which
could report only Cath E proteolytic activity, has not been developed.
In this study, we aimed to identify a new peptide substrate that is not
only sensitive to the proteolytic activity of aspartic peptidases but also
selectively distinguishes that activity of Cath E from Cath D. A series of
fluorogenic peptide substrates derived from prior reported sequences
were designed with a fluorescent donor, 7-Methoxycoumarin-4-
acetic acid (Mca), and an energy acceptor, dinitrophenyl (Dnp), at
either end of the substrates [13,36]. Due to the close proximity of a
Mca-donor and a Dnp-acceptor, near complete intramolecular
quenching effect was achieved in its intact state. After the proteolytic
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cleavage of the hydrophobic motif of peptide substrate, both Mca and
Dnp would be further apart, resulting in bright fluorescence. Using
this approach, we have identified a novel peptide substrate allowing
selective detection of Cath E proteolytic activity.

2. Materials and methods

2.1. Materials

All reagents usedwere of analytical or HPLC grade. Dicholormethane
(DCM), N-methylpyrolidone (NMP) and methanol (MeOH) were
purchased from Fisher (Fair Lawn, NJ, USA). N,N-dimethylformamide
(DMF), diethylether, acetonitrile (MeCN), diisoproylethylamine
(DIPEA), piperidine, pepstatin A, triisopropylsilane (TIS), 2,4,6-trinitro-
benzenesulfonic acid (TNBS), triethylamine(TEA) and1,2-ethanedithiol
(EDT)were purchased fromSigma-Aldrich (Milwaukee,WI, USA). HOBt
and HBTU were purchased from Applied Biosystems (Foster City, CA,
USA). Fmoc protected amino acids were purchased from AnaSpec
(Fremont, CA, USA). Fmoc-Rink Amide MBHA resin, and Fmoc-Lys
(Dnp)-OH were purchased from Novabiochem (La Jolla, CA, USA).
Cath E, Cath D, Cath S and Cath B were purchased from Calbiochem,
EMD Bioscience (Gibbstown, NJ, USA). Anti-Cathepsin E antibody was
purchased from R&D Systems (Minneapolis, MN, USA).

2.2. Peptide substrate synthesis

All peptide probes were synthesized by solid-phase peptide
synthesis (SPPS) using the standard Fmoc chemistry on an automatic
synthesizer (ABI-433A, Applied Biosystems). Rink amide MBHA resin,
100 μmol, with a substitution level of 0.7 μmol/mg was used as the
support for peptide amide synthesis. Ten fold molar excess, relative to
the resin loading, of each Fmoc protected amino acids was coupled
sequentially to the resin using the HBTU/HOBT coupling strategy. Dnp
group was attached to the ε-amino group of lysine side chain of
all peptides during solid-phase synthesis using Fmoc-Lys(Dnp)-OH as
the building block.

After completion of the peptide chain elongation, coumarin-based
flurophore, 7-Methoxycoumarin-4-acetic acid (Mca), was coupled to
the N-terminal amino group via in situ activation. Three equivalents
of Mca (300 μmol, 70.26 mg), relative to the resin loading, were
dissolved in 9 mL NMP. HBTU (270 μmol, 102.39 mg) and HOBt
(300 μmol, 39.45 mg) were dissolved in 2 mL DMF. These two
solutions were mixed, and six equivalents (600 μmol, 103 μL) of
DIPEA were added and vortexed thoroughly for 10–15 min. This
solution was added directly to Rink amide MBHA resin bound peptide
in a manual SPPS reaction vessel and agitated gently for 6 h under
N2 at rt in the dark. The reagents were drained and washed twice
with NMP. The completion of Mca coupling was confirmed by TNBS
assay. A small sample of peptidyl resin beads (∼10 mg) was placed in
a plastic filter tube to be colorimetrically tested for free –NH2 groups.
The resin was washed with THF twice for 2 min. A few drops of 10%
DIPEA in NMP were added, followed by 2 drops of TNBS. If the resin
does not show reddish color, the coupling is considered complete.

Thereafter, all protecting groups were removed and the peptides
were cleaved from the resin using a deprotection-scavenger cocktail
(TFA:H2O:TIS:EDT=94:2.5:1.0:2.5, 10mL/g peptidyl resin) in a
manual SPPS reaction vessel at rt in the dark with gentle agitation
under N2 for 3 h. The cleavage cocktail containing peptide substrates
were filtered and reduced in volume to ∼1 mL. Cold diethyl ether was
added to precipitate peptides. Crude peptides were redissolved in
MeCN:H2O (50:50 v/v, ∼6 mL) and purified by reversed phase high
performance liquid chromatography (RP-HPLC) using a C18 prepar-
ative Column (Nova-Pak® HR, 6 μm, 60 Å, 19 mm ID×300 mm L;
Waters, Milford, MA, USA) with a linear gradient from 10% B to 50%
B (8 mL/min) in 60 min on a Varian-ProStar 210 Chromatography
system (Palo Alto, CA, USA). HPLC solvent A is H2O containing 0.1%
TFA, and solvent B is MeCN containing 0.1% TFA. Detectionwas carried
out at 220 nm and 280 nm using a Varian-ProStar L-345 UV–Vis
detector (Varian, Palo Alto, CA, USA). The purity of substrates was
analyzed by analytical RP-HPLC using a C-18 column (5 μm, 4.6 mm
ID×150 mm L Vydac, GRACE, Deerfield, IL, USA) on a Varian 920-LC
Liquid Chromatography system coupled to a UV–Vis/Fluorescence
diodarray detector, and equipped with Galaxie Chromatography Data
system™ (version 1.9). Fractions with the same purity were collected
together and lyophilized to yield orange-yellowish powders with
N97% purity. Purity represents the percentage of the area under the
UV peak of interest to the total areas of all detected UV peak in the
HPLC chromatogram.

HPLC showed the aspartic peptidase substrates a, b, c, d and ewith
retention factors (k′) of 7.01, 6.99, 7.03, 6.64, and 6.78 respectively.
The molecular weight of the purified substrate and hydrolyzed
fragments was confirmed by ESI-MS (Thermo Finnigan LCQ Fleet
mass spectrometer, West Palm Beach, FL, USA), and the raw data were
analyzed using Xcalibur software. ESI-MS showed the molecular ions
(m/z) of each aspartic peptidase substrate. The conjugate was stored
at 4 °C in the dark.

2.3. Enzyme cleavage and substrate specificity assay

The catalytic selectivity of Cath E and Cath D was determined
fluorometrically by FRET-based hydrolysis of intramolecularly
quenched peptide substrates a–e. Fluorogenic substrates a–e (10 μL,
200 μM) were incubated with 23 pmol of Cath E or Cath D in 50 mM
sodium acetate buffer, pH 4, containing 150 mM NaCl, and the total
volume was brought to 100 μL using the same buffer. Cath S and Cath B
were pre-activated by incubation with 100 mM sodium acetate buffer
solution, pH6.5, containing 5 mMDTT and 5 mMEDTA for 5 min. Cath S
and Cath B (23 pmol) were incubated with 10 μL of 200 μM fluorogenic
substrate e at100 mMsodiumacetate buffer solution, pH6.5, containing
5 mMDTT and 5 mMEDTA, and the total volumewas brought to 100 μL
using the same buffer. All assays were performed in triplicate in 96well
black walls, clear-bottom plates (Corning, NY, USA). The change in the
fluorescence intensity was monitored over time using SpectraMax.M2e

fluorescence spectrophotometer (Molecular Devices, Sunnyvale, CA,
USA) at excitation wavelength (λex) of 340 nm and emission wave-
length (λem) of 405 nm at 27 °C. Control experiments were performed
simultaneously by replacing the enzyme with assay buffer.

2.4. Enzyme digestion and fragments characterization

Substrate e was subjected to aspartic peptidase digestion using
Cath E and Cath D. Fluorogenic substrate e (10 μL, 100 μM) was
incubated at 37 °C for 3 hwith excess Cath E or Cath D (∼119 pmol) in
100 μL of 50 mM sodium acetate buffer (pH 4) containing 150 mM
NaCl. The resulting digestion fragments were analyzed by the
aforementioned analytical RP-HPLC and ESI-MS.

2.5. Enzyme inhibition and selective immunoprecipitation of Cathepsin E

Stock solution of pepstatin A was prepared by dissolving 2 mg
pepstatin A in 1 mL of 10% (v/v) acetic acid in methanol. Substrate e
solution (10 μL, 200 μM) in 50 mM sodium acetate buffer (pH 4)
containing 150 mM NaCl, 46 pmol of Cathepsin E or D was added
followed by 1 μL of 1 mM pepstatin A/methanol. Two sets of control
experiments were performed simultaneously by replacing the
enzymeswith assay buffer and by usingmethanol instead of pepstatin
A/methanol. All assays were performed in triplicate in 96 well assay
plates and the change in the fluorescence intensity was monitored
over time using λex=340 nm and λem=405 nm at 27 °C.

In a microcentrifuge tube, 5 μg Cath E enzyme was incubated with
a specific Cath E antibody in 1:1 ratio using 500 μL 1× PBS as an
immunoprecipitation buffer. Themixturewas gentlymixed for 60 min
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at 4 °C. Protein-G-sepharosewas added and allowed to immobilize the
specific Cath E antibody for 60 more minutes on ice. The mixture was
centrifuged at 3000 rpm for 2 min, and the supernatant was collected
and used for the subsequent enzyme assay as described before.

2.6. Cathepsin E dose response

The initial rates of substrate e hydrolysis by Cath E weremonitored
using a fluorescence platereader. Hydrolysis of different substrate e
concentrations, 10, 20, 40 and 60 μM, was performed at pH 4 in
50 mM sodium acetate buffer containing 150 mM NaCl. Cath E with
various concentrations, 2.27, 4.55, 6.82 nM, were incubated with
substrate e and the changes in the fluorescence intensities were
monitored for 10 min. The substrate e hydrolysis was determined by
integrating the fluorescence intensity, and plotted by the amount of
the hydrolyzed substrate e over time.

2.7. Kinetic parameters of substrate e

The initial velocities of the hydrolysis reactions were measured
between 0 and 10 min using several concentrations of substrate e
including: 5, 10, 20, 40, 60, 80, 100 μM. All of the used substrate e
concentrations were much higher than the concentrations of enzyme
(2.3, 4.5 and 6.8 nM). To measure the initial rates of the substrate e
proteolysis and to determine Michaelis–Menten kinetic parameters
Vmax and Km of the Cath E and Cath D, the Michaelis–Menten equation
was transformed using the Woolf kinetic transformation [S/v=(S/
Vmax)+(Km/Vmax)]. The initial velocity was calculated from the slope
during the linear phase of the reaction and S/v plotted versus
substrate e concentration. The graph representation gave straight
lines and Vmax and Km were calculated by the linear regression of the
line to obtain the slope and intercept. The turnover number of Cath E
enzyme (Kcat) was calculated using the equation Kcat=Vmax/[Cath E],
where [Cath E] represents the Cath E concentration in μM and Vmax is
the maximum velocity in μM S−1. All the reactions andmeasurements
were carried out in 50 mM sodium acetate buffers (pH 4.0) using the
aforementioned setting.

2.8. Statistical analysis

Statistical Package for the Social Sciences (version 13, SPSS,
Chicago, Illinois) was used for examining the null hypothesis and
assessing the statistical significance of the observed fluorescence
intensity differences. Paired-samples T-test with two-tailed P-values
was employed with statistical significance attributed to P≤0.05.

3. Results and discussion

3.1. Substrate design and synthesis

Proteases are usually highly specific with respect to substrates
because of the structure of their active cleft [37]. This specificity can be
evidenced by the enzyme's ability to distinguish between very similar
molecules. However, not all proteases are so specific. Cath E and Cath
Table 1
List of developed peptide substrates and their characteristics.

Substrate Peptide substrate sequencea

P4 P3 P2 P1 ** P1′ P2′ P3′ P4′

a Mca-Gly-Ser-Pro-Ala-Phe**Leu-Ala-Lys(Dnp)-DArg-CONH2

b Mca-Gly-Pro-Ile-Leu-Phe**Phe-Arg-Leu-Gly-Lys(Dnp)-DArg -CONH2

c Mca-Gly-Pro-Ile-Leu-Phe**Phe-Arg-Leu-Lys(Dnp)-DArg-CONH2

d Mca-Ala-Gly-Phe-Ser-Leu**Gly-Pro-Lys(Dnp)-DArg-CONH2

e Mca-Ala-Gly-Phe-Ser-Leu**Pro-Ala-Lys(Dnp)-DArg-CONH2

a ** indicates the cleavage site.
D accept numbers of closely related substrates if they possess some
common structural features. The bulky hydrophobic phenylalanine
amino acid residues at position P1 and P1′ of the scissile bond have
been described in the majority of reported substrates for both Cath E
and Cath D [13,28,38–40]. Only few amino acid residues at P1 and P1′
positions have been reported [28].

The distinction of the catalytic activity of Cath E from that of Cath D
is still problematic even with the large number of developed
substrates. Lacking distinction between proteolytic activity of Cath E
and Cath D might be in part due to the persistent usage of Phe as
the common residues at the cleavage position [13,17,28,38–40]. We
hypothesized that using a hydrophobic amino acid residue other
than Phe at the scissile bond and/or switching amino acids at P1 and
P1′ positions might lead to a better substrate that is capable of
differentiating Cath E and Cath D.

A previously reported peptide substrate described as the most
sensitive sequence (substrate a, Table 1) for Cath E was used as a
reference [13]. Substrates b and c, derived from the peptide substrate
Gly-Lys-Pro-Ile-Leu-Phe-Phe-Arg-Leu-Lys, previously described as
sensitive substrate for Cath E and Cath D [39], were also selected to
compare sequence preference and examine the effect at P4′ position.
Gly residue was inserted at P4′ position of substrate b based on the
substrate sequence previously described as sensitive and specific for
Cath D [17]. After examining the hydrophobicity of the P1 residue in
the reported substrates, it is believed that a hydrophobic group is
critical. According to Kyte and Doolittle hydropathy scale, the
hydrophobicity index of Leu is slightly higher (3.8) than that of Phe
(2.8) [41]. Thus, Leu was selected as the hydrophobic amino acid
residue at P1 position in substrates d and e. The effect of the P1′
position was studied by using two conformationally distinctive amino
acid residues. One is a conformationally unrestricted Gly residue
and the other one is a rigid Pro residue. A charged D-Arg residue,
which resists enzymatic hydrolysis, was placed at the C-termini of all
substrates to increase solubility.

Due to significant spectral overlap between the emission spectrum
of Mca and the absorbance spectrum of Dnp, they are widely used as a
fluorophore and quencher pair. While the Mca-fluorophore moieties
were attached to the N-terminal residues of the substrates, the Dnp-
quencher moieties were anchored to the ε-amino group of lysine
residue's side chain after the prime scissile position. The character-
istics of the prepared peptide probes were confirmed using ESI-MS
(Table 1).

3.2. Enzyme cleavage sensitivity and substrate specificity assay

The protease mediated hydrolysis of the prepared fluorogenic
substrates was followed by measuring changes in fluorescence
intensity over time (Fig. 1). Without enzymes, substrates a–e showed
and maintained an evident quenching over the monitored period,
thus the fluorescence intensity of the substrates was comparable to
that of buffer solution (Fig. 1A, B).

A prominent fluorescence increase of substrate a was observed
instantaneously upon incubation with Cath E (Fig. 1A). Substrate a
showed the fastest increase and the highestfluorescence signal among
Calculated
[M+H]+

Observed
[M+H]+

Observed
[M+2H]2+/2

Refs.

1327.59 1327.56 664.39 [13]
1685.03 1685.06 843.56 [17, 39]
1627.5 1627.91 814.97 [39]
1313.58 1313.70 657.52
1327.61 1327.62 664.55



Fig. 1. Changes in the fluorescence intensity of substrates a–e (200 μM)with 23 pmol of
(A) Cath E and (B) Cath D in 50 mM NaOAc buffer containing 150 mM NaCl (pH 4.0).
Solid filled and unfilled markers denote the enzyme treated and untreated substrates,
respectively. Without enzymes, fluorescence intensities of all tested substrates remain
at the base line level. Values represent the mean of triplicate measurements.

Fig. 2. Profile of net fluorescence signal ratio (Cath E/Cath D) of substrates a–e
encountered at 1 min after starting the enzymatic catalytic cleavage. Net fluorescence
signals represent the signals after correction for the substrates quenched background
signals.
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all investigated substrates. Unfortunately, such leading increase in
fluorescence signal with Cath E was observed as well upon incubation
with Cath D (Fig. 1B). As seen with Cath E, the increase in fluorescence
signals of substrate a upon incubation with Cath D was the highest
among all investigated substrates. Apparently, Phe-Leu at P1 and P1′
positions in substrate amight allow constructive interaction with the
binding sites of Cath D and Cath E.

Compared to substrate b, substrate c shows superior increase in
the fluorescence intensity upon hydrolysis by both Cath E and Cath D
(Fig. 1A, B). Knowing that the scissile peptide bond of both substrates
b and c shares the same sequence of amino acids except at the distant
P4′ position, points out to the significant role that P4′ position might
play in the substrate cleavage susceptibility. Although substrate b and
c exhibit distinctive susceptibility to Cath E and Cath D, they could not
distinguish their proteolytic activities effectively. Most likely, having
Phe-Phe at P1 and P1′ position of the scissile peptide bond could not
offer preferred selectivity.

Substrates d and e differ only in the amino acid residues at P1′ and
P2′ positions, nevertheless their proteolytic activation by Cath E was
dramatically different (Fig. 1A). While substrate e was activated by
Cath E quickly and reached saturation within 10 min, substrate d
showed relatively slow hydrolysis and did not reach saturation within
the monitored period. On the other hand, both substrates d and e
exhibited similar slow hydrolysis by Cath D (Fig. 1B). It is conceivable
that placing a conformationally restricted Pro residue at P1′ position
boosts the activation of the Cath E intermediate, whereas a Gly residue
at the same position failed to demonstrate the same influence. While
it was considered essential to have Phe in the substrate scissile bond
to be susceptible by Cath E and Cath D in the literature [39], the results
obtained from this study demonstrate that the susceptibility of -Leu-
Pro- is critical to Cath E, but not to Cath D.

Substrate selectivity was represented by the number fold difference
in fluorescence signal of Cath E over Cath D (Fig. 2). Substrate e showed
a striking 265-fold higher fluorescent signal ratio upon incubation with
Cath E at 1 min (Fig. 2) and the ratio maintained high during the entire
time periodmonitored. Comparatively, small differenceswere observed
for substrates a and d, 17.9 and 12 fold, respectively, at the initial time
point. The ratios continued to drop further to 4.5 and 4.0 fold at 10 min
and to 1.6 and 2.3 fold, respectively, at the end of 45 min.

Although the peptide sequences of substrates d and e are similar
except at the prime side of the scissile bond, P1′ and P2′ positions, the
difference in their fluorescence signal ratiowas instantly recognizable.
Placing a residue with exceptional conformational restrain, such as
Pro at P1′ position of substrate e, has a constructive influence on the
selectivity between Cath E and Cath D.

Negligible fluorescent signal ratios were observed for substrate b
and c, 1.6 and 1.5 fold, respectively, immediately after incubation and
remained low (Fig. 2). This insignificant fluorescence signal ratio
implicates the failure of the sequences possessing Phe-Phe, substrate
b and c, at their scissile peptide bond in distinguishing between Cath E
and Cath D. These fluorescence signal ratio results demonstrated the
superiority of substrate e over the other investigated substrates in
distinguishing Cath E and Cath D.

To further confirm the confined cleavage specificity to Cath E, the
peptide substrate e was subjected to hydrolysis using two additional
major lysosomal cathepsins, Cath S and Cath B, believed to be involved
in similar biological catalytic activities (Fig. 3A). As Cath E, upregula-
tion and secretion of Cath B has been shown to occur in many types of
tumors and to correlate positively with their invasive and metastatic
capabilities by dissolving extracellular barriers [26]. Both Cath E and
Cath S, a major lysosomal cysteine proteinase mediating degradation
of class II major histocompatibility complex (MHC) in antigen
presenting cells, have been reported to be involved in formation of
amyloid proteins [9,14].

Similar to Cath D, limited increases in the fluorescence signal were
observed by incubation of substrate e with Cath S or Cath B (Fig. 3B).
The fluorescent signal increased less than 15% of that observed with
Cath E in 90 min. Excessive increases in the fluorescence signal of
substrate e was observed immediately upon incubation with Cath E.
The fluorescence signal continued increasing fairly quickly at 30 min
of incubation with Cath E. Statistical analysis using paired-samples
T-test indicates that fluorescence differences are significant (two-tailed
P-values of b0.001). These results verify the pronounced specificity of
substrate e to Cath E.

image of Fig�1
image of Fig.�2


Fig. 3. (A) Structure of intramolecular quenched substrate e, Mca-Ala-Gly-Phe-Ser-
Leu**Pro-Ala-Lys(Dnp)-D-Arg-CONH2; (B) change in the fluorescence intensity of
substrate e (200 μM) during incubation with 23 pmol of Cath E, Cath D, Cath S and Cath
B in 50 mMNaOAc buffer of pH 4.0 for Cath E and D and 100 mMNaOAc buffer of pH 6.5
for Cath S and Cath B. Values represent the mean of at least three independent
experiments. Error bars represent the upper and lower values of the standard error
mean (SEM). Asterisks represent the statistical significance of the two-tailed P-values
(***P≤0.001).
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3.3. Cleavage site identification

To identify the exact scission site, substrate e was incubated with
five times more Cath E at 37 °C for 3 h. The incubation mixtures were
analyzed by analytical HPLC (Fig. 4A) and the identity of the digestion
substrate fragments were characterized by ESI-MS (Fig. 4B).
Fig. 4. (A) RP-HPLC profile of peptide fragments obtained after digestion of 100 μM fluorogen
NaCl at 37 °C for 3 h. UV absorbance detected at 280 nm. (B) The identified proteolytic frag
The RP-HPLC chromatogram of the digested substrate e with Cath E
showed only two major substrate fragments I and II (Fig. 4A). The
fluorescence-HPLC chromatogram revealed a single fluorescent-peak
overlaid with UV peak of substrate fragment I. Based on LC-MS analysis,
peaks I and II resulting from Cath E digestion were corresponding
to Mca-Ala1-Gly2-Phe3-Ser4-Leu5-OH m/z 709.3 [M+H+, 710.16],
and -Pro6-Ala7-Lys(Dnp)8-DArg9-CONH2 m/z 635.31 [M+H+,
636.35], respectively. The LC-MS and fluorescence-HPLC results dem-
onstrate that Cath E enzyme cleaves substrate e exclusively between
Leu5 and Pro6.

When incubatedwith a high dose of Cath D for overnight hydrolysis,
two minor cleavage sites were identified, one is between the P1 and
P1′ sites (-Leu5-Pro6-) and a secondary site was found between P3 and
P4 positions (-Gly2-Phe3-) (data not shown).

3.4. Enzyme inhibition and selective immunoprecipitation of Cath E

To further confirm the specificity of the substrate e activation, the
inhibition effect of aspartic peptidases on substrate e hydrolysis was
tested. Pepstatin A was selected based on its specific universal-
inhibition capabilities for acid peptidases [13,36,42]. It forms a
complex with almost all aspartic peptidases without inhibiting
cysteine or serine proteases [13,36,39], thus it would non-selectively
inhibit the proteolytic activity of Cath E and D. In addition, selective
inhibition of Cath E could be conducted using a specific anti-Cath E
antibody, which recognizes both pro and mature Cath E with less
than 1% cross-reactivity with Cath D according to the manufacturer
data sheet. The antibody-Cath E complexes were pulled down by
addition of antibody binding protein-G coupled insoluble matrix
(sepharose beads). After centrifugation, the remaining supernatant
was used for the enzyme specificity assay. The inhibition effect of
pepstatin A and anti-Cath E antibody on substrate e hydrolysis by of
Cath E and Cath D was examined over the investigated time period
(Fig. 5).

The complete inhibition of the fluorescence signal by pepstatin A
confirms that the registered fluorescence signal of substrate e is solely
due to the aspartic peptidase Cath E and/or Cath D (Fig. 5A). The
specificity of the inhibition process was further confirmed by selective
immunological precipitation of Cath E using a specific Cath E antibody.
Complete absence of substrate e activation was observed after the
selective immunoprecipitationof Cath E (Fig. 5B). The evident inhibition
by the specific Cath E antibody substantiates that the observed increase
in thefluorescence signal of substrate e is exclusively due to the catalytic
activation by Cath E enzyme.
ic substrate ewith Cath E (∼119 pmol) in 50 mM sodium acetate buffer, pH 4.0, 150 mM
ments of substrate e and their ESI-MS characteristics.

image of Fig.�4
image of Fig.�3


Fig. 5. Effect of inhibition of the enzymatic catalytic activity of Cath E and Cath D.
Substrate e (200 μM) in 150 mMNaCl, 50 mMNaOAc buffer (pH 4.0) with 1 μL of 1 mM
pepstatin A/methanol (panel A) and selective immunoprecipitation using Cath E
specific antibody in 1× PBS (panel B). All fluorescent measurements were collected
with λex=340 nm and λem=405 nm.

Fig. 6. (A) Dose response of proteolysis. Substrate e (10 μM)was incubated with various
amounts of Cathepsin E (2.27, 4.55 and 6.82 nM). (B) Hanes–Woolf kinetic
transformation diagrams of Cathepsin E (6.82 nM). Values represent the mean of
triplicate measurements.

Table 2
Kinetic parameters for hydrolysis of fluorogenic substrate e by Cath E. All reactions and
measurements were carried out in 50 mM sodium acetate buffers (pH 4.0) for 10 min at
37 °C. Fluorescent measurements were collected with 340 nm excitation and 405 nm
emissions.

Cathepsin
enzyme

Concentration
(nM)

Woolf kinetic transformation

R2 Vmax

(μM S−1)
Km

(μM)
Kcat

(S−1)
Kcat/Km

(μM−1S−1)

E 6.8 0.96 2.2 19.37 322.5 16.7

1007W.R. Abd-Elgaliel, C.-H. Tung / Biochimica et Biophysica Acta 1800 (2010) 1002–1008
3.5. Enzyme kinetics

To quantify the kinetic constants of the Cath E enzyme, the
proteolysis of substrate e was examined by incubating 10, 20, 40 and
60 μM of substrate e with 2.27, 4.55, 6.82 nM of Cath E for 10 min
at 37 °C. The change in the fluorescence intensity of each substrate
e concentration was monitored over time using a fluorescence
spectrophotometer at λex=340 nm and λem=405 nm. Linear
increases in the concentration of the fluorescently labeled digestion
product were observed for all the investigated concentrations of
substrate e and Cath E. Under the assay conditions, the linear phases of
hydrolysis were maintained within the investigated time period
between 0 and 10 min, even with the lowest concentration of
substrate e (Fig. 6A). The observed linear increase in the rate of the
hydrolysis with increasing substrate e concentrations implies that the
catalysis rate of Cath E is directly proportional with the concentrations
of substrate e within the monitored period.

To estimate Michaelis–Menten parameters (Vmax and Km), the
velocities of the hydrolysis at early time points were measured at
different concentrations (10, 20, 40, 60, 80 and 100 μM) of substrate e.
Initial rates of cleavage at varying concentrations of peptide substrate e
were determined and values for Km and Kcat were calculated (Table 2).
While the obtained Km value, 19.37 μM, indicates higher binding affinity
of Cath E for the substrate e, the high Kcat value, 322.5 S−1, suggests a
higher efficiency of Cath E in transforming substrate e to its hydrolyzed
products. In contrast, no measurable cleavage was observed using up
to 54 nM of Cath D under the same measurement condition.

Table 3 compiles the reported specificity constant (Kcat/Km) of
Cath E and Cath D using various substrates including peptide substrate
e. The calculated specificity constant value of Cath E enzyme for
substrate e, 16.7 μM−1 S−1, was comparable to those reported for
other substrates (Table 3). The high Kcat/Km value reveals the high
specificity of Cath E in binding and transforming substrate e. Although
sequences 6 and 7 show a considerably high Kcat/Km value for Cath E,
10.9 and 12.2, respectively, they also exhibit high values for Cath D,
15.6 and 16.3, respectively. Sequences 6 and 7, thus, were not able to
distinguish Cath E from Cath D. Sequence 2 and sequence 3 possess
almost the same succession except at P3 and P3′ positions, however,
their Kcat/Km values for Cath Ewere vastly different. The Kcat/Km value
of sequence 3 for Cath E was around 16 fold higher than the value of
sequence 2. Interestingly, their Kcat/Km values for Cath D were
extremely close. To the best of our knowledge, the specificity constant
of Cath E for substrate e represents one of the highest reported Kcat/
Km values. This is not only a reflection of the efficacy of Cath E in
binding substrate e, but it also displays the effectiveness of
transforming the bound substrate e into hydrolyzed fragments.
Importantly, no measurable cleavage was observed using the Cath D
enzyme under the same reaction conditions.

image of Fig.�5
image of Fig.�6


Table 3
Specificity constant (Kcat/km) of Cath E for various substrates.

Sequence remarks Substrate sequence Catalytic efficiency
Kcat/Km (μM−1S−1)

Refs

P5 P4 P3 P2 P1 *P1′ P2′ P3′ Cath E Cath D

1, Substrate e Ala Gly Phe Ser Leu *Pro Ala Lys(Dnp) 16.7 NMa

2 Gly Ser Ser Ala Phe *Leu Ala Phe 0.69 0.35 [13]
3, Substrate a Gly Ser Pro Ala Phe *Leu Ala Lys 11.2 0.92 [13]
4 Lys Pro Ile Leu Phe *Phe Arg Leu NRb 0.03 [17]
5 Lys Pro Ile Ser Phe *Phe Arg Leu NRb 0.14 [17]
6, Substrate c Lys Pro Ile Leu Phe *Phe Arg Leu 10.9 15.6 [39]
7 Lys Pro Ile Ile Phe *Phe Arg Leu 12.2 16.3 [39]
8 Lys Pro Ile Met Phe *Phe Arg Leu NRb 5.4 [38]
9 Lys Pro Ile Leu Phe *Phe Arg Leu NRb 7 [38]
10 Lys Pro Ile Cys Phe *Phe Arg Leu NRb 14.0 [38]

a No measurable cleavage was observed using up to 54 nM of Cathepsin D under the same measurement condition.
b Not reported.
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4. Conclusions

The peptide substrate e, Mca-Ala-Gly-Phe-Ser-Leu-Pro-Ala-Lys
(Dnp)-DArg-CONH2, was developed and characterized as a highly
selective substrate for Cath E. Contrary to the previous perception
that the existence of Phe at the substrates' scissile bond is essential for
Cath E hydrolysis, this study revealed the advantage of using Leu-Pro
residues instead. The results obtained from this study exclusively
establish that placing a conformationally restricted Pro residue at P1′
position of the substrate's scissile bond yields selective cleavage by
Cath E. This study demonstrates the promise of using the developed
fluorogenic substrate e as a potential candidate for specific and
sensitive detection of the proteolytic activity of Cath E while
significantly distinguishing it from Cath D. Together with other
substrates, it is possible to differentiate various proteases. This study
also forms the foundation of Cath E specific inhibitor development
in further studies.
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