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Abstract

Cathepsin-E is an endolysosomal aspartic proteinase and is predominantly expressed in immune system cells. Deficiency of
cathepsin-E is associated with the development of atopic dermatitis, a pruritic inflammatory skin disease, which has put us to face
a high selectivity challenge in the development of drugs for the therapy of Alzheimer�s disease or breast cancer. This is because
BACE1 (also known as b-secretase) and cathepsin-D, both belonging to the family of aspartic proteinases, might interact with
the same compound as cathepsin-E does. BACE1 is a putative prime therapeutic target for the treatment of Alzheimer�s disease,
and cathepsin-D a potential target for breast cancer. Accordingly, in the course of finding drugs against Alzheimer�s disease or
breast cancer by inhibiting BACE1 or cathepsin-D, the desired drugs should selectively inhibit only BACE1 or cathepsin-D, but
definitely not cathepsin-E. To realize this, it is indispensable to find out the structural difference of the three enzymes. Since the crys-
tal structures of BACE1 and cathepsin-D are already known, the lack of three-dimensional structure of cathepsin-E has become the
bottleneck in this regard. In view of this, the three-dimensional structure of cathepsin-E has been developed. Although the overall
structures of the three enzymes are quite similar to each other, some subtle difference around their active sites that distinguishes
cathepsin-E from cathepsin-D and BACE1 has been revealed through an analysis of hydrogen bond network and microenviron-
ment. The computed three-dimensional structure of cathepsin-E and the relevant findings might provide useful insights for designing
inhibitors with the desired selectivity.
� 2005 Elsevier Inc. All rights reserved.
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Cathepsin-E, like cathepsin-D and b-secretase (also
known as BACE1), belongs to the category of aspartic
proteases. However, owing to their different biological
functions, they are targeted for completely different dis-
eases with quite different strategies.

Cathepsin-D enhances anchorage-independent cell
proliferation and subsequently facilitates tumorigenesis
and metastasis of breast cancer cells, indicating the
essential role of cathepsin-D in breast cancer and sug-
gesting that cathepsin-D might be a target for finding
drugs against breast cancer [1]. In view of this, we
should inhibit cathepsin-D in order to block breast
cancer.
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BACE1 is predominantly expressed in the brain. It
has been observed [2] that BACE knockout mice totally
abolished the production of Ab, the hallmark of Alzhei-
mer�s disease [3,4]. Accordingly, BACE1 is an attractive
drug target for Alzheimer�s disease therapy [5–7].

Cathepsin-E is an intracellular aspartic proteinase ex-
pressed predominantly in immune cells and skin. It has
been reported [8] that cathepsin-E deficiency might be
responsible for the induction of atopic dermatitis, a pru-
ritic inflammatory skin disease. Thus, for the therapy of
atopic dermatitis, instead of inhibiting it, we should acti-
vate cathepsin-E and make it function properly.

Therefore, in the process of finding drugs against
breast cancer or Alzheimer�s disease by inhibiting
cathepsin-D or BACE1, the potential drugs must not
inhibit cathepsin-E; otherwise, the disease of atopic
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dermatitis might be induced. In other words, the de-
signed drugs must have very high selectivity. To realize
this, we need to know the 3D (dimensional) structures
of the protease domain for the three enzymes. For
cathepsin-D and BACE1, the 3D structures of their pro-
tease domains have already been determined [6,9]. But
the 3D structure of cathepsin-E is still unknown. The
present study was initiated in an attempt to model the
3D structure of cathepsin-E, in the hope to provide use-
ful information for conducting structure-based drug de-
sign to find compounds that only inhibit BACE1 or
cathepsin-D, but not cathepsin-E.
Method

The sequence of human cathepsin-E was taken from [10]. The se-
quence consists of 396 residues, of which residues 1–17 belong to the
signal peptide, residues 18–53 the pre-domain, and residues 54–396 the
mature chain. In this study, the homologous technique was used for
3D structure prediction. The problem is what structure-known protein
should be used as a template. There are two choices for the template:
one is the crystal structure of BASE1, i.e., 1fkn.pdb [6]; and the other is
the crystal structure of cathepsin-D, i.e., 1lya.pdb [9].

To properly select a template for cathepsin-E, it is instructive to
perform a sequence similarity analysis of cathepsin-E with BACE1 and
cathepsin-D, respectively. The sequence of human BACE1 was taken
from Vassar et al. [11], and the sequence of human cathepsin-D was
taken from Faust et al. [12]. The sequence of BACE1 consists of 501
residues, of which residues 1–21 is signal peptide, residues 22–57 the
pro-domain, residues 58–446 the mature chain, residues 447–478 the
transmembrane domain, and residues 479–501 the cytoplasmic do-
main. The sequence of cathepsin-D consists of 412 residues, of which
residues 1–18 is signal peptide, residues 19–64 pro-domain, and resi-
dues 65–412 the mature chain. Since the current study is focused on the
protease domain, the sequence similarity analysis should be performed
for the mature chains only. It was found by using GAP of the GCG
package [13] that the similarity and identity between cathepsin-E and
BACE1 are 42.23% and 29.76%, while the corresponding rates between
cathepsin-E and cathepsin-D are 62.76% and 52.55%, respectively. The
results obtained by the sequence similarity analysis indicate that
cathepsin-E has much higher sequence similarity and identity to
cathepsin-D than to BACE1. Besides, it was found in the sequence
alignments that between cathepsin-E and cathepsin-D there are six
match positions with Cys; but between cathepsin-E and BACE1, only
two such match positions. The folding of a protein is constrained by
disulfide bond interaction. Therefore, it is more appropriate to choose
the crystal structure of cathepsin-D [9] as a template to model the 3D
structure for cathepsin-E.

The sequence alignment among cathepsin-E (cate), cathepsin-D
(catd), and BACE1 (1fkn) performed by PILEUP in the GCG package
[13] is given in Fig. 1, where codes in white characters with black
background represent the conserved residues at the active site for the
aspartyl protease family. Their sequence locations are residues 96–98
and residues 281–283 for cathepsin-E, residues 97–99 and residues
295–297 for cathepsin-D, and residues 93–95 and residues 289–291 for
BACE1. The mature chain (protease domain) for cathepsin-E starts at
residue 54 and ends at residue 396, that for cathepsin-D starts at res-
idue 65 and ends at residue 412, and that for BACE1 starts at residue
58 and ends at residue 446. The codes connected by a solid line indicate
the Cys pair involved in forming disulfide bond as observed in
cathepsin-D. The nine residue segment shown in a box is the missing
segment that has been automatically cleaved during the proteolytical
process and hence is not included in the crystal structure.
Based on the sequence alignment (Fig. 1) and the X-ray co-or-
dinates of cathepsin-D (1lya.pdb) [9], the 3D structure of cathepsin-E
was derived by the ‘‘segment matching’’ or ‘‘co-ordinate recon-
struction’’ approach [14–18]. The modeling approach, which was
based on the finding that most hexapeptide segments of protein
structures could be clustered into only 100 structurally different
classes, consisted of the following steps: (1) The target chain was
first broken into many short sequence segments. (2) The database,
which contains more than 5200 high-resolution crystal protein
structures, was searched for matching the segments according to the
sequence alignment of Fig. 1 and the ‘‘guiding’’ positions of the
template protein chain (1lya.pdb). (3) These segment co-ordinates
were fitted into the growing target structure under the monitor to
avoid any van der Waals overlap until all atomic co-ordinates of
the target structure were obtained. (4) The process was repeated 10
times and an average model was generated, followed by energy
minimization to create the final 3D structure. The segment matching
approach was previously used to model the structure of the protease
domain of caspase-8, at a time before the crystal co-ordinates of
caspase-3 were released [19]. To deal with such a situation, the 3D
structure of the catalytic domain of caspase-3 was first derived by
using the crystal structure of caspase-1 as a template; the caspase-3
structure thus obtained was subsequently used as a template to
further model the protease domain of caspase-8. After the crystal
co-ordinates of caspase-3 protease domain were finally released and
the crystal structure of the caspase-8 protease domain was deter-
mined [20], it was found that the RMSD (root-mean-square-devia-
tion) for all the backbone atoms of the caspase-3 protease domain
between the crystal and computed structures was 2.7 Å, while the
corresponding RMSD was 3.1 Å for caspase-8, and only 1.2 Å for
its core structure, indicating that the predicted structures of caspase-
3 and -8 were quite close to the corresponding crystal structures.
Later on, this method was successively applied to model the caspase
recruitment domains (CARDs) of Apaf-1, Ced-4, and Ced-3 by
using the NMR structure of the RAIDD CARD [21] as a template,
and to model the Cdk5–Nck5a* complex [22] as well as the protease
domain of caspase-9 [23]. Two years after the computed Cdk5–
Nck5a* complex structure was published [22], the corresponding
crystal structure was determined [24]. It was quite encouraging to
find that the predicted Cdk5 and the crystal Cdk5 are almost the
same. Besides, according to the report for the crystal structure,
upon the binding of Cdk5 and Nck5a* (or p25), the buried surface
area was 3400 Å2 [24], which was very close to 3461 Å2 derived
from the computed structure [22,25]. Also, stimulated by the com-
puted Cdk5–Nck5a*–ATP structure, the molecular truncation
experiments were conducted and it has been reported that the
experimental results ‘‘confirm and extend specific aspects of the
original predicted computer model’’ [25,26]. The segment match
approach was also used to develop the 3D structures of extracellular
domains for the subtypes 1, 2, 3, and 5 of GABA-A receptors [27],
and the results thus obtained can be successfully used to clarify the
long-standing ambiguity regarding the subunit arrangement (clock-
wise or counterclockwise) in the heteropentamers, providing useful
insights for understanding the molecular action mechanism of the
receptors.
Results and discussion

The predicted 3D structure thus obtained for the hu-
man cathepsin-E is illustrated in Fig. 2, where the ma-
ture chain is shown with ribbon drawing and colored
green. The residues involved in forming the active site
(DTG 96–98, DTG 281–283) and disulfide bonds are
shown with the ball-and-stick drawing. The former is



Fig. 1. Sequence alignment of cathepsin-E (cate), cathepsin-D (catd), and BACE1 (1fkn). The alignment was performed using PILEUP of GCG
package [13]. Only mature chains of the three proteins were included during the operation. The codes in white characters with black background
represent the conserved residues at the active site for the aspartyl protease family. Their sequence locations are residues 96–98 and residues 281–283
for cathepsin-E, residues 97–99, and residues 295–297 for cathepsin-D, and residues 93–95 and residues 289–291 for BACE1. The two codes
connected by a solid line represent the Cys pair involved in forming a disulfide bond as observed in the crystal structure of cathepsin-D determined by
Baldwin et al. [9].
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colored red and the latter colored yellow. As shown in
Fig. 3, the structure contains two pairs of disulfide
bonds, i.e., Cys272–Cys276 and Cys314–Cys351. Although
Cys109 and Cys114 are quite close to each other, the dis-
tance between their two Sc atoms is 3.53 Å, unable to
form a good disulfide bond. The 3D model can provide
us with a detailed look at the structural difference of
cathepsin-E with BACE1 and cathepsin-D.



Fig. 2. The computed structure of cathepsin-E based on the sequence
alignment of Fig. 1 and the crystal structure of cathepsin-D (1lya.pdb).
The main chain is shown by ribbon drawing. The residues at the DTG/
DTG active site and those involved in forming disulfide bonds are
shown with ball-and-stick drawing; the former is colored red and the
latter yellow. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this paper.)

Fig. 3. A backbone superposition of BACE1 (light blue), cathepsin-D
(green), and cathepsin-E (yellow). The corresponding DTG/DSG
segments are colored pink, purple, and red, respectively. (For
interpretation of the references to color in this figure legend, the
reader is referred to the web version of this paper.)
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A backbone superposition of the crystal structure of
BACE1 [6], crystal structure of cathepsin-D [9], and
the predicted structure of cathepsin-E is given in Fig.
3, where BACE1 is colored blue with active site DTG
(residues 93–95) and DSG (residues 289–291) in pink,
cathepsin-D colored green with active site DTG (resi-
dues 97–99) and DTG (residues 295–297) in purple,
and cathepsin-E colored yellow with DTG (residues
96–98) and DTG (residues 281–283) in red. Also, the
N-terminal and C-terminal residues for each of the three
structures are marked by the same color as that of the
corresponding chain. It can be seen from the superim-
posed structure that the backbone conformation of
cathepsin-E is much closer to cathepsin-D than to
BACE1. Nevertheless, the backbone conformations of
the DTG/DSG active sites for the three enzymes are al-
most identical to each other.
Fig. 4. An illustration to show the microenvironment of the two active
site Asp residues for (A) BACE1, (B) cathepsin-D, and (C) cathepsin-
E. Only heavy atoms, as well as those hydrogen atoms involved in
forming hydrogen bonds, are shown.
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An analysis about the microenvironments around the
two active site Asp residues for the three enzymes is gi-
ven in Fig. 4, where panel (A) is for BACE1, panel (B)
for cathepsin-D, and panel (C) for cathepsin-E. As we
can see from the figure, there are five hydrogen bonds
between the two active site Asp residues and the sur-
rounding residues for BACE1, but only four such
hydrogen bonds for cathepsin-D and E, respectively.
The hydrogen bond network has a common feature,
i.e., one active site Asp residue always forms two hydro-
gen bonds with Lus/Met residues; while the other Asp
forms one or two hydrogen bonds with Thr residue. A
special feature that distinguishes cathepsin-E from
BACE1 and cathepsin-D is that Asp96 in cathepsin-E
forms an additional hydrogen bond with Ser99, and
Asp281 does not form hydrogen bond with Leu/Met
residue as the corresponding Asp residues in BACE1
and cathepsin-D do. This kind of subtle difference might
be of use for designing a highly selective inhibitor.
Conclusion

The overall 3D structures of cathepsin-D, BACE1,
and cathepsin-E are very similar to each other. How-
ever, there are differences in the microenvironments
around their active sites. These differences may provide
useful insight for designing highly selective drugs for
therapy without causing abnormal effects.
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