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The lysosomal serine carboxypeptidase cathepsin A is involved in the breakdown of peptide hormones
like endothelin and bradykinin. Recent pharmacological studies with cathepsin A inhibitors in rodents
showed a remarkable reduction in cardiac hypertrophy and atrial fibrillation, making cathepsin A a prom-
ising target for the treatment of heart failure. Here we describe the crystal structures of activated cathep-
sin A without inhibitor and with two compounds that mimic the tetrahedral intermediate and the
reaction product, respectively. The structure of activated cathepsin A turned out to be very similar to
the structure of the inactive precursor. The only difference was the removal of a 40 residue activation
domain, partially due to proteolytic removal of the activation peptide, and partially by an order–disorder
transition of the peptides flanking the removed activation peptide. The termini of the catalytic core are
held together by the Cys253–Cys303 disulfide bond, just before and after the activation domain. One
of the compounds we soaked in our crystals reacted covalently with the catalytic Ser150 and formed a
tetrahedral intermediate. The other compound got cleaved by the enzyme and a fragment, resembling
one of the natural reaction products, was found in the active site. These studies establish cathepsin A
as a classical serine proteinase with a well-defined oxyanion hole. The carboxylate group of the cleavage
product is bound by a hydrogen-bonding network involving one aspartate and two glutamate side chains.
This network can only form if at least half of the carboxylate groups involved are protonated, which
explains the acidic pH optimum of the enzyme.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Cathepsin A, also called human protective protein, is a protein
with two very different functions. In its protective function,
cathepsin A associates with b-galactosidase and neuraminidase 1
to form a high molecular weight (�700 kDa) multi-enzyme
complex [1]. In this complex, b-galactosidase and neuraminidase
1 are protected against lysosomal degradation. In the absence of
cathepsin A or with certain cathepsin A mutations, the complex
is not formed and b-galactosidase and neuraminidase 1 are rapidly
degraded, leading to galactosalidosis [2]. This protective function is
independent of the catalytic function, since mice carrying a cathep-
sin A mutant that is catalytically inactive are still protected against
salidosis, although elastic fiber formation and endothelin inactiva-
tion were affected [3].

In its catalytic function, cathepsin A is a lysosomal serine car-
boxypeptidase, which is present in lysosomes, cell membranes
and in the extracellular space [4]. It is a member of the a/b hydro-
lase fold family and its 3-dimensional structure is closely related to
those of the homologous wheat serine carboxypeptidase [5], yeast
serine carboxypeptidase [6] and hydroxynitrile lyase from Sorghum
bicolor [7]. The carboxypeptidase activity of cathepsin A has an
acidic pH optimum between pH 4.5 and 5.5, but shows deamidase
and esterase activities at neutral pH [8] leading to the deamidation
of amid-blocked peptides.
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Cathepsin A is involved in the breakdown (inactivation) of sev-
eral bioactive peptides such as endothelin 1 substance P, bradyki-
nin, angiotensin 1 and oxytocin [4] but its exact physiological
function is not fully understood. While locally increased bradyki-
nin levels could have a positive effect in cardiac regeneration [9],
we discovered novel inhibitors of cathepsin A [10]. Studies in mice
with these inhibitors revealed a remarkable reduction in cardiac
hypertrophy and atrial fibrillation in heart failure models, pointing
to a hitherto unknown pathophysiological role of cathepsin A in
cardiac hypertrophy and atrial arrhythmogenesis [10,11].

In addition, cathepsin A has been reported to be involved in the
regulation of chaperone-mediated autophagy through the inactiva-
tion of the lysosomal receptor Lamp2a [12].

The structure of the 54 kDa inactive cathepsin A precursor was
published by Rudenko et al. [13], but here the active site was
blocked by the activation domain. During activation, an activation
peptide is proteolytically removed, resulting in active protein con-
sisting of a 32 k and a 20 k domain, linked via two disulfide bonds.

In our paper on the discovery of cathepsin A inhibitors [10], we
described two crystal structures of cathepsin A–inhibitor com-
plexes. In this paper, we will describe the catalytic mechanism
and structure of the activated form of cathepsin A in greater detail,
looking at the apo-form, a complex with a covalent inhibitor mim-
icking the tetrahedral intermediate and a product-like complex.
2. Materials and methods

2.1. Protein purification and crystallization

His-tagged human procathepsin A was expressed in High Five
cells and purified by metal-chelate and gel-filtration chromatogra-
phy as described [10].

2.2. Generation of the active cathepsin A two-chain form by limited
proteolysis

The proenzyme was activated by limited proteolysis with
cathepsin L or trypsin. Several conditions were tested to obtain
the ideal cleavage specificity and speed. Best results were obtained
with trypsin immobilized on agarose beads (TPCK treated, Sigma
T4019, 27 U/ml) at RT. 5 mg procathepsin A at 0.85 mg/ml was
incubated with 0.5 ml equilibrated trypsin-agarose (25 mM Tris
pH 8.0, 300 mM NaCl) for 4 h at RT rotating in 10 ml tube at
30 rpm. The reaction was slowed down on ice and the progression
of cleavage was monitored on a 4–12% SDS–PAGE. After additional
1 h incubation at RT the trypsin beads were separated by filtration
thought a disposable column. Slightly turbid solution was cleared
by 5 min centrifugation at 10,000�g at 4 �C and passage through
a 0.22 lm PVDF membrane filter (Millipore). The presence and
integrity of the disulfide bound two-chain cathepsin A was verified
on SDS–PAGE using LDS-sample buffer under reducing and non-
reducing conditions.

2.3. Crystallography

Cathepsin A was crystallized as described [10] using the hang-
ing drop method: 1 ll of protein solution, containing 6.5 mg/ml
cathepsin A, 25 mM Tris–HCl (pH 8.0) and 300 mM NaCl, was
mixed with 1 ll reservoir solution, containing 100 mM NaAcetate
(pH 4.5), 18–20% PEG400 and 100 mM CdCl2, and set to equilibrate
at 4 �C. Rod-shaped crystals appeared in about 1 week. Crystals
were soaked with inhibitors by transferring them to a drop of
9 ll reservoir solution with 1 ll of a 100 mM solution of the inhib-
itor under study in DMSO. For cryoprotection, 20% glycerol was
added to the soaking solution and the crystal was picked with a
small nylon loop and flash frozen in liquid nitrogen. Data were
measured at the ESRF at beam lines ID29 and ID14-4 and processed
with XDS/XSCALE [14] as implemented in APRV [15]. The struc-
tures were solved using a previously solved cathepsin A structure
as a starting model. The initial model was obtained by molecular
replacement with Phaser [16] using the cathepsin A precursor
structure (pdb code 1IVY; [13]) as a starting model. Model building
was done with Coot [17] and refinement was done with Refmac
[18] or Buster [19]. No r cutoff was used during refinement.
3. Results

3.1. Expression, purification and activation of recombinant human
procathepsin A

Procathepsin A was expressed by insect cells at good yields
around 20 mg/l without degradation or aggregation issues. With
a two-step purification a purity of more than 95% could be
achieved. The protein was stable after freezing at �80 �C.

However, crystal structures of cathepsin L activated cathepsin A
showed an unwanted modification in the active site. To obtain
pure and stable mature cathepsin A for crystallization, cleavage
with trypsin agarose was employed. For enzyme activation limited
proteolysis with immobilized trypsin at near physiological pH
yielded the best results in terms of stability, homogeneity, enzyme
activity and formation of crystals. The activation procedure results
in about 30% yield of mature enzyme from the proenzyme. Analyt-
ics showed a homogenous preparation with intact disulfide bridges
between the chains of mature cathepsin A.

3.2. Crystallization, structure determination and overall structure

Crystals of cathepsin A diffracted to high resolution (up to 1.6 Å)
and the structure was readily solved with molecular replacement
using the 1IVY structure as a starting model [13]. Data collection
and refinement statistics of the three crystal structures discussed
in this paper are given in Table 1.

Whereas procathepsin A crystallized in space group P21212 with
two molecules in the asymmetric unit, mature Cathepsin A crystal-
lized in space group C2 with one molecule in the asymmetric unit.
In this case, the dimer is formed by two molecules that are crystal-
lographically related. With the exception of the activation domain,
most amino acids were well defined in the electron density maps.
At the N-terminus, one or two residues of the insect prepromellitin
signal sequence were also visible. The edges of the activation do-
main are not very well defined. Coming from the N-terminus, the
electron density around Pro258–Ser259 becomes progressively
more disordered, and from around Met299–Asp300 towards the
C-terminus, the electron density gets clear again. Blobs of density
in between suggest that more residues of the activation loop are
still present but not clearly visible due to disorder. At the C-termi-
nus, an extra glutamine is present as leftover from the myc-tag.
Here the electron density is very well defined, indicating that the
remainder of the myc and His-tags has been cleanly cut during
the expression in insect cells.

3.3. Overall structure, based on the 1.6 Å apostructure

Just like the precursor, mature cathepsin A forms a heart-
shaped dimer (Fig. 1), which in our case is formed by two crystal-
lographically related monomers. Superposition with the precursor
(Fig. 2) reveals that mature cathepsin A is indeed very similar to
the precursor with r.m.s. differences in Ca positions of 0.72 Å
(412 Ca atoms, monomer A) and 0.64 Å (411 Ca atoms, monomer
B) for all equivalent atoms and 0.25 Å (327 Ca atoms, monomer A)



Table 1
Crystallographic data collection and refinement statistics.

Inhibitor apo Compound 1 Compound 2

Data collection
Space group C121 C121 C121
Cell dimensions

a,b,c (Å) 90.32 102.03 48.55 90.11 101.29 48.08 89.65 102.53 49.40
a,b,c (�) 90.00 101.27 90.00 90.00 101.91 90.00 90.00 100.94 90.00

Resolution (A) 33.44�1.58 (1.66�1.58)* 66.25�1.97 (2.07�1.97)* 66.74�1.89 (1.94�1.89)*

I/rI 18.1 (2.3) 11.47 (4.12) 14.12 (3.76)
Observed reflctns 185236 (18688) 106951 (9949) 133006 (9779)
Rmeas (%) 5.1 (47.8) 9.4 (33.3) 9.1 (41.2)
Completeness (%) 96.6 (94.3) 96.2 (73.5) 99.9 (100.1)
Redundancy 3.3 (2.3) 3.7 (3.3) 3.8 (3.8)

Refinement
Protein atoms 3388 3284 3292
Inhibitor atoms 0 33 14
Water atoms 614 358 911
Other atoms 84 35 61
Resolution (Å) 33.44�1.58 (1.62�1.58)* 36.11�1.98 (2.04�1.98)* 44.02�1.89 (1.94�1.89)*

Reflections used 56890 27298 33271
Rfactor (%) 16.6 (22.0) 17.3 17.3 (21.5)
Rwork (%) 16.5 (22.0) 17.0 (26.3) 14.1 (16.5)
Rfree (%) 19.0 (23.4) 23.2 (33.1) 21.1 (23.6)
Average B-factors (Å2)

Protein 19.8 19.3 13.1
Ligand 30.9 16.5
Solvent 39.7 29.6 37.6

Wilson B-fact 17.4 25.0 20.2
Rmsd bond (Å) 0.007 0.014 0.013
Rmsd angles (�) 0.91 1.71 1.41

* The highest resolution bin is given in brackets.

Active site cleft

A B

N

C

Fig. 1. (A) Cartoon of the cathepsin A dimer built from two crystallographically-related monomers. One monomer is indicated in green (32 k domain) and red (20 kDa
domain, the other monomer is indicated in white and pink. (B) Molecular surface of the mature cathepsin A dimer in green and white with a cartoon depiction of the
superimposed cathepsin A precursor (pdb code 1ivy; [13]). Clearly visible is how the maturation domain completely fills the active site cleft.
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and 0.24 (297 Ca atoms, monomer B) for Ca atoms deviating less
than 3r. The largest differences occur near the beginning and
the end of the maturation domain, which has been removed during
the activation process. Here the remaining polypeptide chains have
moved away from the active site. Two loops around Glu392 and
Asp404 have shifted as well. Whereas the loop around Asp404 is
solvent exposed and disordered, the loop around Glu392 on the
surface of the protein near the dimer interface is well defined.
There are no differences in the neighboring residues which could
explain the observed differences.

The maturation domain (residues 260–299) is not visible in the
electron density maps and has not been modeled. Scattered blobs
of electron density in the active site cleft suggest that not the
whole maturation domain has been proteolytically removed, but
that part of it is still present but disordered. The two termini, be-
fore and after the removed/disordered maturation domain, are
linked via a disulfide bond, which nicely explains how the matura-
tion domain can be removed without disrupting the rest of the pro-
tein structure. Fig. 1B shows how the maturation domain of the
precursor structure, completely fills the active site cleft thus pre-
venting any proteolytic activity.

A large active site cleft of ca. 9 Å long and 20 Å wide spans al-
most the whole width of the cathepsin A monomer (Fig. 1B). The
active site itself is a tunnel, which facilitates the displacement of
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Fig. 2. Deviation in Ca position after superposition of the two independent monomers in the cathepsin A precursor (pdb code 1ivy; [13]) and the single monomer of active
cathepsin A (this study). Solid line: monomer A; dotted line: monomer B. Also indicated is the position of the disulfide bond, linking the termini of the 32 k and 20 k domains.
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water molecules when the substrate molecule enters the active
site. The geometry of the active site and the position of the cata-
lytic residues and the oxyanion-hole will be described in detail in
the paragraph about the covalent inhibitor below.
Asp372
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Ser150 Tyr151
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Oxy- 
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holeCatalytic 
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Fig. 3. Binding of compound 1 to cathepsin A. (A). Catalytic machinery of cathepsin A
compound 1 (stick model) in the cathepsin A active site (surface representation), viewed
1, viewed from the exit of the active site tunnel.
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One of the screening hits (compound 1) turned out to be a cova-
lent inhibitor of cathepsin A:
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The resulting covalent complex (Fig. 3) represents the tetrahe-
dral intermediate as it occurs during catalysis. Fig. 3A clearly
shows that Cathepsin A is a classical serine protease with a cata-
lytic triad consisting of Asp372, His429 and Ser150 and an oxyan-
ion hole made by the main-chain nitrogen atoms of Gly57 and
Tyr151. The hydrogen bonds, indicated as grey dotted lines have
almost perfect geometry, indicative of a highly optimized active
site. Interestingly the two hydrogen bonds involving the oxyanion
are shorter than usual (2.5 Å), most likely due to the negatively
charged oxygen.

The oxadiazole and phenyl groups are located in the tunnel be-
hind the active site, while the ethyl, leucine and morpholino
groups are located in the active site cleft. The leucine residue
makes multiple van der Waals contacts with Gly57, Pro58, Cys60,
Tyr247, Pro301 and Asn339. Its carbonyl oxygen makes a hydrogen
bond with the OH of Tyr247 and the nitrogen makes a hydrogen
bond with the carbonyl oxygen of Gly57.

The ethyl group makes van der Waals contacts with Gly57 and
Cys375 and is located next to the covalent link with Ser150. The
morpholino group does not interact with the protein and its elec-
tron density is very weak, indicating that it is disordered.
3.5. Cleavage of a ligand: structure of cathepsin A crystals soaked with
compound 2

High throughput screening produced a cluster of 33 com-
pounds, the so-called malonamids. One example, compound 2, is
shown below:

Br

N
N

N
O

O
O

O

Compound 2

Compound 2 was soaked into cathepsin A crystals and the X-ray
diffraction pattern was recorded to 1.9 Å. However, the resulting
high-resolution electron density maps only showed density for
part of the inhibitor (Fig. 4A). The most likely explanation for this
observation is that a fragment of compound 2, which resembles a
carboxyterminal amino acid, was cleaved off by the proteolytic
activity of cathepsin A:
Glu69

Asp

A B

Fig. 4. Binding of compound 2 to cathepsin A. (A) Omit electron density observed after so
the two carboxylate groups of the malonamide fragment.
(2) 
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Proteolytic cleavage

The fragment remained bound to cathepsin A by nearly perfect
hydrogen-bonding network involving the two carboxylate groups
(Fig. 4B). This network includes Asn55, Asp64, Glu69, Glu149 and
the catalytic residues Ser150 and His429, as well as the main-chain
nitrogen atoms of Gly56, Gly57 and Tyr151, of which the latter two
form the oxy-anion hole.

This network involves direct hydrogen bonds between four
carboxylic acid groups of Asp64, Glu69, Glu149 and the inhibitor.
These hydrogen bonds can only exist if at least one of the
participating oxygens is protonated. Also, repulsion between
deprotonated, negatively charged carboxylates would destroy this
hydrogen bonding network. This would happen at non-acidic pH’s
and provides a nice explanation for the acidic pH optimum of the
carboxypeptidase activity of the enzyme.
4. Discussion

The current crystal structures show that the structure of mature
cathepsin A is identical to the structure of the precursor and that
activation depends solely on the removal/disorder transition of
the activation domain. The active catalytic domain is held together
by a strategically located disulfide bridge, linking the loose ends
that were formed after removal/disorder transition of the activa-
tion domain.

Our crystals were grown at acidic pH (4.5) and the formation of
a tetrahedral intermediate upon soaking the crystals with
compound 1 shows that the protein in the crystals is catalytically
active. Also the formation of a cleavage product upon soaking the
crystals with compound 2 shows that the protein is active under
the conditions used for crystallization. The cyclohexyl ‘‘side chain’’
of the cleavage product fits very well with the preference of the S1’
specificity pocket of cathepsin A for hydrophobic residues like
leucine, tyrosine and alanine [4].

The presence of a cluster of carboxylate groups (of Asp64, Glu69
and Glu149) in the carboxylate recognition site may allow the
Ser150

Glu149

64

His429

Asn55
Gly56

Gly57

Tyr151

aking a cathepsin A crystal with compound 2. (B) Hydrogen bonding network around
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switch from carboxylase activity at acidic pH with neutral carbox-
ylates and an intact carboxylate recognition site, to deamidase
activity at neutral pH, when the carboxylate recognition site is dis-
rupted due to repulsion of the now negatively charged carboxylate
groups.

Also a second effect, put forward by Bullock et al. [20], based on
the structure of the complex of benzylsuccinate with wheat serine
carboxypeptidase II, may play a role with cathepsin A as well: At
acidic pH, the catalytic histidine is most likely fully protonated,
making it impossible to accept a proton from the catalytic serine
either just before or during the nucleophilic attack of this serine
on the substrate carbonyl group. In our structure of the complex
with the cleavage product, as in the structure of the very similar
benzylsuccinate complex by Bullock et al., the carboxylate group,
corresponding to the carboxy-terminal carboxylate group of peptide
substrates, is hydrogen bonded to the catalytic histidine and could
accept a proton from this histidine during catalysis, which would al-
low catalysis to proceed at acidic pH’s. In case of amidated sub-
strates, the amidated carboxylate group is not able to accept a
proton from the histidine, shifting the optimum pH for the reaction
to neutral or basic pH, as is normally observed for serine proteinases.

The position of the catalytic site at the entrance of the active
site tunnel perfectly explains the observed carboxypeptidase (exo-
peptidase) activity of cathepsin A and lack of proteinase (endopep-
tidase) activity observed in an FITC-casein proteinase assay [21].
More difficult to explain, however, is the endopeptidase activity
proposed to occur during the degradation of lamp2a [12]. Here
the polypeptide chain of lamp2a gets cleaved between the luminal
and transmembrane domains by a membrane-associated form of
cathepsin A. In this case one has to assume that either cathepsin
A undergoes some conformational change upon membrane associ-
ation (possibly with opening of the 253–303 disulfide link), or that
the lamp2a chain adopts a sharply bent conformation, which al-
lows it to bind to the cathepsin A active site, which would normally
not accept residues beyond P10. More studies will be necessary to
solve this issue.

Accession numbers

Coordinates and structure factors have been deposited in the
Protein Data Bank with the accession numbers 4ci9, 4cia, and 4cib.
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