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ABSTRACT Human protective proteinycathepsin A
(PPCA), a serine carboxypeptidase, forms a multienzyme
complex with b-galactosidase and neuraminidase and is re-
quired for the intralysosomal activity and stability of these two
glycosidases. Genetic lesions in PPCA lead to a deficiency of
b-galactosidase and neuraminidase that is manifest as the
autosomal recessive lysosomal storage disorder galactosia-
lidosis. Eleven amino acid substitutions identified in mutant
PPCAs from clinically different galactosialidosis patients
have now been modeled in the three-dimensional structure of
the wild-type enzyme. Of these substitutions, 9 are located in
positions likely to alter drastically the folding and stability of
the variant protein. In contrast, the other 2 mutations that are
associated with a more moderate clinical outcome and are
characterized by residual mature protein appeared to have a
milder effect on protein structure. Remarkably, none of the
mutations occurred in the active site or at the protein surface,
which would have disrupted the catalytic activity or protective
function. Instead, analysis of the 11 mutations revealed a
substantive correlation between the effect of the amino acid
substitution on the integrity of protein structure and the
general severity of the clinical phenotype. The high incidence
of PPCA folding mutants in galactosialidosis ref lects the fact
that a single point mutation is unlikely to affect both the
b-galactosidase and the neuraminidase binding sites of PPCA
at the same time to produce the double glycosidase deficiency.
Mutations in PPCA that result in defective folding, however,
disrupt every function of PPCA simultaneously.

Galactosialidosis is a neurodegenerative lysosomal storage dis-
ease that is inherited as an autosomal recessive trait (1, 2).
Patients are classified according to age of onset and the severity
of symptoms as severe early infantile or milder late infantile and
juvenileyadult. The clinical features include cardiac and kidney
involvement, skeletal dysplasia, dysmorphism, angiokeratoma,
progressive neurological deterioration, reduced life expectancy,
and in some cases, mental retardation. At the biochemical level,
galactosialidosis is diagnosed as a combined deficiency of b-ga-
lactosidase and neuraminidase activities in the lysosomes (3–5)
that leads to storage of sialyloligosaccharides and glycopeptides in
patient’s tissues and body fluids (ref. 2 and references therein).
The primary defect, however, stems from the genetic alteration
of a third lysosomal protein, protective proteinycathepsin A
(PPCA) (1, 5).

PPCA is a multifunctional enzyme with distinct protective and
catalytic activities (6). It is synthesized as a 452-amino acid (54
kDa) precursor (5), containing four disulfide bridges and two
glycosylation sites (5, 7). In the endosomalylysosomal compart-
ment, the precursor undergoes endoproteolytic removal of a

2-kDa peptide, generating the mature and active form (5, 6, 8).
The enzyme is active at both acidic and neutral pH and functions
as cathepsin Aydeamidaseyesterase on a subset of neuropeptides
(9–11). The dual and separable activities of the protein may
reflect its capacity to participate in a variety of cellular processes
not necessarily restricted to the lysosomal compartment, although
its physiologic role is so far unknown. PPCA’s protective function
resides in its ability to form a multienzyme complex with b-ga-
lactosidase and neuraminidase, contributing to the stability and
lysosomal activity of both glycosidases (12, 13). Thus, the clinical
phenotype of galactosialidosis is apparently dictated by the loss of
PPCA protective function, with so far no discernible contribution
from the cathepsin A deficiency (2). The interaction with PPCA
is especially crucial for neuraminidase, which looses its enzymatic
activity in absence of PPCA, whereas b-galactosidase maintains
at least 10–15% of the normal enzyme values (2). In turn, the
severe early-infantile forms of galactosialidosis present with fea-
tures that are also observed in both the infantile and congenital
type II sialidosis, caused by a single neuraminidase deficiency, and
the GM1-gangliosidosis, caused by a primary defect in b-galacto-
sidase (14, 15). This is consistent with PPCA deficiencies causing
both glycosidases to malfunction.

The majority of the mutations identified so far in galacto-
sialidosis patients are missense mutations, and as seen in other
lysosomal storage disorders, the patient’s clinical severity often
depends on the combination of the two mutant alleles encod-
ing different PPCA variants (16–19). Many of these mutations
were characterized according to their expression levels and
functional deficits (16–18). For a few of them, homology
modeling has been attempted by using the distantly related
wheat serine carboxypeptidase structure (about 30% amino
acid sequence identity) (20, 21). However, a precise structural
understanding of how any of these mutations result in a
dysfunctional protein can only come from the three-
dimensional structure of PPCA itself (7). Herein, we have
modeled 11 amino acid substitutions in the three-dimensional
structure of the wild-type PPCA precursor. The results of this
study give insights into the structural basis of this unusual
lysosomal disease.

MATERIALS AND METHODS

Modeling studies of the mutations were performed by using
the macromolecular modeling package O (22) on a Silicon
Graphics interactive computer graphics system, Indigo XZ
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R4000. Further analysis of the effects of each amino acid
substitution, including interatomic contacts and solvent-
accessible surface calculations, was carried out by using pro-
grams from the CCP4 suite (23). The atomic structure used for
this analysis has been refined to 2.2 Å with a crystallographic
Rfactor of 21.3% (Rfree 5 26.8%) (7). Figures were drawn with
MOLSCRIPT (24) and RASTER3D (25).

RESULTS

We divided the 11 amino acid substitutions identified in PPCA
variants from different galactosialidosis patients into two
groups according to the ability of the mutant proteins to reach
the lysosomes. Nine of the variants (17, 18) do not compart-
mentalize in lysosomes and have the following amino acid
substitutions: Q21R, S23Y, W37R, S62L, V104M, L208P,
Y367C, M378T, and G411S (group 1). Mutations Y221N and
F412V result in a diminished but significant amount of protein
still detectable in the lysosomes (group 2) (16, 18). A 12th
mutation (SpDEx7) that generates an alternative splice site is
leaky and allows for a small amount of correctly spliced mRNA
resulting in low levels of wild-type protein (17). The mutations
S23Y, S62L, V104M, L208P, Y367C, and G411S occur in
compound heterozygosity with a second mutation from group
1 and are associated with a severe clinical manifestation of the
disease (17, 18). In contrast, Y221N, F412V, SpDEx7, or a
combination of these mutations results in a much milder
phenotype (16–18). The mutations Q21R, W37R, and M378T
have only been found in combination with F412V or SpDEx7.
In these cases, a mild phenotype is observed that is likely
dictated by the latter mutation (17, 18).

All 11 mutations were mapped in the three-dimensional
structure of wild-type PPCA, and their effect on the structural
integrity of the protein was assessed by substituting the wild-
type residue in the atomic model of the normal PPCA pre-
cursor with the residue found in the variant. Nine mutations
were localized in the core domain, whereas the other two were
situated in the cap domain (Fig. 1).

Group 1. A panel of mutations from group 1 is shown in Fig.
2. The Q21R, S23Y, S62L, V104M, and G411S variants
introduce a much bulkier side chain in the protein interior that
would be predicted to cause severe steric clashes and to thereby
have a detrimental effect on protein stability. For Q21R, S23Y,

W37R, S62L, and L208P, hydrogen bond donors or acceptors
are buried in the protein interior with no possibility for a
partner. Loss of a hydrogen bonding partner is probably
particularly detrimental for L208P, where a proline residue in
the middle of helix Ha2 disrupts the hydrogen bonding pattern
(Fig. 2f ). The mutations Q21R and W37R introduce a posi-
tively charged residue in the interior of the protein with no
apparent possibility of charge compensation, thereby decreas-
ing the stability of these mutants. Internal cavities, formed by
the introduction of smaller residues, might also contribute to
protein destabilization for Y367C and L208P. For Y367C,
introducing an extra free cysteine could have promoted the
formation of improper disulfide bonds and concomitant mis-
folded intermediates. Although it is difficult to predict the
precise effects of these mutations on protein structure without
the crystal structure of the different mutant proteins, overall
the impact of the group 1 mutations on protein folding is
expected to be severe.

Similarly to Y367C, mutation M378T was modeled in the
native structure without causing any strain because the sub-
stituted residue is smaller than the wild-type amino acid.
However, it was shown that no functional protein is produced
(18). The M378T substitution is peculiar in that it results in a
small cavity centrally located at the dimer interface. More
importantly, a consensus sequence for N-linked glycosylation
was created by this substitution (Asn376-Xaa-Thr378). Given
that biochemical studies have demonstrated that the M378T
variant is more heavily glycosylated than the wild-type, these
data strongly suggest that the additional glycosylation site is
indeed used (18). Glycosylation of Asn376, also located at the
dimer interface, must hinder dimerization and thereby cause
retention of the variant protein in the endoplasmic reticulum
(ER). The mutant W37R is puzzling in that biochemical
studies would suggest a folded variant, because the protein is
secreted; yet it is not detected in the lysosomes (17). The
mutant side chain easily packs in the core of PPCA (see Fig.
2c) but introduces a positive charge in the protein interior
without the possibility of charge compensation. This creates
unsatisfied hydrogen bonds that probably destabilize the pro-
tein to such an extent that the variant protein either fails to
reach the lysosomes or is degraded immediately in the or-
ganelle.

Three of the mutations were adjacent to each other in the
three-dimensional structure: Q21R, S23Y, and W37R (Fig. 1).
Ser23 and Trp37 are completely buried, whereas Gln21 is 98%
buried with the Cg and N«2 atoms exposing only 3.7 Å2 of
accessible surface to the solvent. Gln21 and Ser23 pack against
opposite sides of Trp37, forming van der Waals contacts with
Trp37 via side-chain carbon atoms. In addition, the O«1 of Gln21

is hydrogen bonded to the N«1 of Trp37 at an N–O distance of
3.0 Å. This surprising spatial concentration of residues, alter-
ation of which has clear detrimental effects, may define a
structurally or functionally sensitive region of the protein.

On the basis of the atomic model of normal PPCA, eight
substitutions in group 1 are likely to have dramatic destabi-
lizing effects on the protein monomer, whereas the ninth
mutation affects the protein dimer. For the group 1 substitu-
tions, the mean thermal B factors in the wild-type structure for
residues Gln21, Ser23, Trp37, Ser62, Val104, Tyr367, and Gly411 fall
between 7 and 13 Å2 (averaged over all atoms). This is lower
than the average for all atoms in the dimer (17 Å2), as would
be expected for core residues. The structural importance of
residues Ser23, Trp37, Ser62, Val104, Leu208, Tyr367, and Gly411

in maintaining the protein fold is supported by the fact that
they are almost completely conserved in the human, mouse,
and chicken PPCAs, as well as in wheat and yeast serine
carboxypeptidases (20, 26, 27). Consequently, the group 1
mutations probably destabilize the protein to such an extent
that folding is severely hindered and the stability of the protein
is drastically diminished. The misfolded mutant is retained to

FIG. 1. Schematic diagram of the PPCA monomer, which is present
as a dimer in the crystal structure. The core domain contains the
catalytic triad (shown in blue). The cap domain consists of a three-
helical bundle and a small mixed b-sheet involved in enzyme inacti-
vation. The PPCA mutations found in galactosialidosis patients are
shown in red (group 1) or green (group 2).
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a large extent in the ER and essentially no functional protein
can reach the lysosomes.

Group 2. The mutations F412V and Y221N appear to have
a markedly milder effect on the structural integrity of the
protein compared with the group 1 mutations (Fig. 3). Phe412

is located in the core domain on strand Cb11 at the dimer
interface and is strictly conserved among the human, mouse,
and chicken PPCAs (Figs. 1 and 3 a–c) (26). In the monomer,
68 Å2 of Phe412 is solvent-accessible, which equates to about
28% of its surface. Upon dimer formation, 83% of this exposed
area (57 Å2) becomes buried through contacts with hydropho-
bic residues of the symmetry related monomer. As a result, the
side chain of Phe412 is virtually inaccessible in the dimer with
only 11 Å2 exposed to the solvent. Introducing a Val at position
412 creates a hydrophobic cavity of about 54 Å3 (calculated by
using side-chain volumes given in ref. 28), which is expected to
carry an unfavorable energetic price (Fig. 3b). Destabilization
of the dimer interface at two places, one cavity at the surface
of each subunit, would explain the biochemical observation
that this variant is found largely as a monomer and is more
rapidly degraded in the lysosome (16). Liao et al. (20) first
suggested the importance of a large hydrophobic residue at
position 412 for the dimer interface, pointing out that the
dimeric wheat serine carboxypeptidase has a tryptophan at the
equivalent position. Consistent with this argument, the yeast

serine carboxypeptidase (27), which occurs only as a monomer,
has a very different residue at the equivalent position, glutamic
acid.

The Y221N mutation appears both clinically and biochem-
ically to be the mildest mutation known (18). Biochemical data
have shown that only a fraction of the Y221N mutants reach
the lysosome (16, 17) and that the serine carboxypeptidase
activity is more drastically reduced than is the protective
function (as monitored by the amount of b-galactosidase,
neuraminidase, and cathepsin A activities still present) (17).
Tyr221 is located in the cap domain, in a loop between Ha2 and
Ha3 (Fig. 1), and is directly adjacent to Thr278 and Arg279 (Fig.
3 d–f ). These residues are located C-terminally to the ‘‘block-
ing peptide’’ (residues 272–277), which fills the active site in the
PPCA precursor rendering the enzyme catalytically inactive
(7). The aromatic side chain of Tyr221 stacks between the
aliphatic side chains of three surface residues [Glu184, Arg279,
and Asp222 (Fig. 3 d and e)], forming extensive interactions
with them. Carbon atoms of Glu184 (Ca, Cb, Cg, and Cd), Asp222

(Ca, Cb, and Cg), and Arg279 (Cb and Cg) make good van der
Waals contacts with atoms of the aromatic ring of Tyr221, with
distances ranging from 3.5 to 4.5 Å. Although Tyr221 is near the
surface, only 7% of the side chain, involving the hydroxyl group
and the Cz and the C«2 atoms, is in contact with the solvent. An
Asn residue can easily be incorporated at position 221 without

FIG. 2. Panel of PPCA mutations in group 1. Wild-type residues are shown in yellow, and the mutant side chains are shown in purple. Relevant
side chains that interact with the residue of interest are depicted and labeled. b-strands, helices, and coils indicate the secondary structure elements
that form the scaffold for the interacting residues. Color coding: carbon atoms, aqua spheres; nitrogen atoms, blue spheres; oxygen atoms, red
spheres; sulfur atoms, green spheres; hydrogen bonds, green dotted lines. The impact of each mutation on the protein structure was assessed as
follows. (a) Steric clashes due to incorporation of a larger side chain, positive charge introduced in hydrophobic interior, loss of hydrogen bond
donor for N«1 Trp37, no hydrogen bond acceptors for Nh1 Arg at position 21, and Nh2 Arg at position 21. (b) Steric clashes upon introduction of
a larger side chain and loss of hydrogen bond to N«2 His35. (c) Positive charge introduced in hydrophobic interior and no hydrogen bond acceptors
for Nh1 Arg37 and Nh2 Arg37. (d) Steric clashes due to introduction of a larger side chain, forcing two b-strands (Cb3 and Cb6) in the central b-sheet
apart, and loss of hydrogen bonds to main chain atoms: O Leu98 and N Asn55. (e) Steric clash with backbone carbonyl of Gly59 due to incorporation
of a larger side chain while presence of disulfide Cys60–Cys334 limits possibilities for conformational changes accommodating the mutation. ( f) Loss
of hydrogen bond donor for main chain atom O Leu208, located in the middle of a helix, cavity created possibly disrupting packing. (g) Extra cysteine
introduced, could promote formation of incorrect disulfides, smaller side chain incorporated introducing cavity. (h) New N-linked glycosylation
site created at the dimer interface, and cavity introduced at the dimer interface due to incorporation of a smaller side chain. (i) Steric clashes due
to incorporation of a larger side chain while backbone conformation at position 411 demands Ramachandran angles only favorable for Gly.
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causing steric clashes; however, this would drastically alter the
hydrogen bonding network (Fig. 3e). It is more likely that the
surrounding side chains rearrange to accommodate the smaller
residue. Unlike its human and mouse counterparts, chicken
PPCA has a His residue located at the position equivalent to
Tyr221 (6). Comparison of the Y221N and chicken PPCA
models shows that the Asn Nd2 atom of the Y221N PPCA
variant can be placed at a position corresponding to that of the
Nd1 atom of the imidazole ring of the chicken protein, but the
Od1 atom of the Asn coincides with the Cd2 of the imidazole
ring (data not shown). This finding suggests that the Y221N
mutation can be tolerated structurally to some extent. It is
tempting to speculate that small rearrangements take place
that alter the binding of the blocking peptide to the active site
cleft in the Y221N precursor. In fact, in vitro enzyme activation
of recombinant Y221N precursor with trypsin appears to only
nick the protein and to not remove the 2-kDa excision peptide,
as occurs in the wild-type enzyme (18). In this mutant, the
enzymatic function is more likely to be impaired than is the
protective function. However, biochemical studies have shown
that the amount of Y221N enzyme detected in the lysosome is
reduced (18). The primary effect of the Y221N amino acid
substitution must, therefore, be on the efficiency of entry into
the lysosome and on the stability of the variant in the lysosome.

Overall, molecular modeling of the Y221N and F412V
substitutions in the three-dimensional structure of PPCA
suggests that these mutations have a milder effect on protein
structure than do the group 1 mutations. This is consistent with
the biochemical observation that a small amount of group 2
mutant proteins still reaches the lysosomes and its residual
activity causes a less-severe phenotype.

DISCUSSION

The localization of 11 naturally occurring PPCA mutations in
the three-dimensional structure of the wild-type PPCA pre-
cursor is striking. None of the mutations is found directly at the
protein surface or in the active site, indicating that none of
them brings about its detrimental effects by directly disrupting

the ‘‘protective function’’ or the ‘‘catalytic machinery’’ of
PPCA. This is atypical among the numerous genetic deficien-
cies for which a three-dimensional structure of the affected
protein is known or for which a homology model is available.
These include hemoglobin (29), apolipoprotein E (30, 31),
factor IX (32–34), antithrombin III (35), a1-antitrypsin (36),
medium-chain acyl-CoA dehydrogenase (37, 38), and myosin
(39). Mutations in globular proteins that are associated with
genetic diseases are usually found to be distributed into
different categories according to how they predominantly
affect the function or structure of the protein. Major categories
are (i) impairment of the catalytic machinery; (ii) disruption of
a functional site, such as substrate or cofactor binding sites,
receptor binding regions, or protein processing loops; (iii)
modification of intersubunit interfaces, thereby preventing
correct oligomerization or creating undesirable aggregation
states; and (iv) destabilization of the protein.

All of the mutations in human PPCA that we analyzed, with
the exception of F412V and Y221N, disrupted properties
necessary for correct protein folding (40, 41). This predomi-
nance of folding defects as the molecular basis for galactosia-
lidosis is likely shared by other lysosomal enzyme deficiencies.
The folding defects appeared to result from (i) introducing
unsatisfied charged groups and hydrogen bonds donorsy
acceptors to the protein core; (ii) introducing steric clashes,
because of a bulkier side chain, that disrupt the packing of the
protein core; and (iii) creating cavities in protein interiors and
interfaces. Such defects in proteins that are normally trans-
ported through the ER and Golgi apparatus, such as plasma
membrane or lysosomal proteins, are likely to have a profound
effect on their localization. It is now clear that cells have
developed quality-control mechanisms that retain proteins
that are not correctly folded or assembled after synthesis, for
refolding or degradation (42, 43). The efficient release of
normal PPCA precursor from the ER en route to the lysosome
depends on its early oligomerization, which probably requires
accurate folding (16). Coupled to these two events is the
interaction of the precursor with neuraminidase and b-galac-
tosidase that is known to occur shortly after synthesis and to
influence the intracellular targeting of the two glycosidases
(ref. 44 and A.d.A. unpublished results). Thus, a genetic lesion
that would affect proper folding of the precursor could impair
all other functions of the protein from synthesis on and could
ultimately influence the fate of neuraminidase and b-galacto-
sidase, as would null mutants of PPCA. This would explain why
virtually all of the protective protein variants discovered so far
in galactosialidosis patients appear to affect folding. If the
binding sites for b-galactosidase and neuraminidase are dis-
tinct on the protective protein, complete loss of the multien-
zyme complex would require at least two drastic mutations per
allele to disrupt both binding sites. The probability of such an
event is extremely low. However, removal of the protective
protein (in part or totally) through the introduction of folding
defects could achieve the same effect with a single mutation
per allele. Can we predict the identification of patients with
mutations that do disrupt the binding sites for either neur-
aminidase or b-galactosidase? Such patients might be difficult
to identify, because they may be clinically and biochemically
indistinguishable from classic sialidosis or GM1-gangliosidosis,
and they may have completely normal cathepsin A activity. It
is, therefore, conceivable that patients presenting clinically
with a sialidosis phenotype may not carry a mutation in the
neuraminidase structural gene but instead may carry a muta-
tion in the PPCA binding site for neuraminidase (45).

The F412V mutation raises an interesting point because it is
located at the dimer interface (this paper) and was shown to
impair proper dimerization of the precursor (16). It is possible
that the extent to which heterodimers can be formed between
different PPCA variants or mutant and wild-type polypeptides
will influence the amount of PPCA retained or discharged

FIG. 3. Panel of PPCA mutants in group 2. (a) The locations of
Phe412 in the PPCA precusor dimer. (b) Substitution of Phe412 (in
yellow) with Val (in magenta). (c) The predicted effects of the F412V
mutation on protein structural integrity. (d) The environment of
Tyr221 in the PPCA dimer. (e) Substitution of Tyr221 (in yellow) with
Asn (in magenta). A lilac sphere has been modeled to show how a
water molecule or ion could participate in the interactions between
Asn221 and the other side chains, allowing the formation of a more
extensive hydrogen bonding network between the loop with Asn221, the
blocking peptide, and the helix containing Asp187. ( f) Proposed effects
of the Y221N mutation on the local protein environment. Color
coding: carbon atoms, aqua spheres; nitrogen atoms, blue spheres;
oxygen atoms, red spheres; sulfur atoms, green spheres; blocking
peptide (residues 272–277), orange; hydrogen bonds, green dotted
lines.
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from the ER. It is unknown whether oligomerization occurs
before, during, or after folding of the PPCA precursor. How-
ever, one could envisage that a ‘‘milder’’ mutation such as
F412V, when present in heterozygosity with the product of the
normal allele, could still be able to partially interact with the
normal protein, thereby depleting the total pool of normal
molecules reaching the lysosomes. The end effect on the two
glycosidases, particularly neuraminidase, would be that of a
dominant negative mutation. In line with this assumption, we
have noticed that in the parents of a late-infantile galactosia-
lidosis, homozygous for the F412V mutation, the lysosomal
activity of neuraminidase was exceptionally low, although they
never developed the disease (46).

The data presented herein provide a structural explanation
for the failure of some mutant PPCAs to reach the lysosomes
and further substantiate the observed correlation between the
clinical severity of galactosialidosis and the amount of residual
protein found in lysosomes.
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