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ABSTRACT: Protein therapeutics represents a niche
subset of pharmacological agents that is rapidly gaining
importance in medicine. In addition to the exceptional
specificity that is characteristic of protein therapeutics,
several classes of proteins have also been effectively
utilized for treatment of conditions that would otherwise
lack effective pharmacotherapeutic options. A particu-
larly striking class of protein therapeutics is exogenous
enzymes administered for replacement therapy in patients
afflicted with metabolic disorders. To date, at least 11
enzymes have either been approved for use, or are in
clinical trials for the treatment of selected inherited
metabolic disorders. With the recent advancement in
structural biology, a significantly larger amount of
structural information for several of these enzymes is
now available. This article is an overview of the
correlation between structural perturbations of these
enzymes with the clinical presentation of the respective
metabolic conditions, as well as a discussion of the
relevant structural modification strategies engaged in
improving these enzymes for replacement therapies.
Hum Mutat 30:1591–1610, 2009. & 2009 Wiley-Liss, Inc.
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Introduction

Proteins are unique macromolecules involved in a variety of key
physiological processes ranging from structural and contractile
roles in the formation of supporting and muscle tissues, to
biochemical processes including receptor channel formation and
signal transduction, to transport functions by hemoglobin or
albumin, as well as a plethora of other highly specialized functions
such as immunomodulation and catalysis of reactions. For this
reason, it is often the defect or deficiency of these functionally
distinct molecules that form the basis of severe pathological
conditions. Conversely, it is also the exceptional specificity and
potency of proteins that placed them in a pharmacologically

favorable position over conventional small-molecule chemical
therapeutic agents [Leader et al., 2008].

Proteins as a whole, present as a trove of potential therapeutics,
with the structure–function relationship playing a critical role in
the biological activity and potency of the protein to the target
receptor. To date, approximately 130 proteins and peptides have
been approved for clinical use in the United States and in
European countries, with many more in developmental stages
[Leader et al., 2008; Rader, 2007]. In early 2008, Leader et al.
[2008] reviewed the list of protein therapeutics approved as
therapeutic agents, and these agents were classified according to
their pharmacological and functional applications. Among the list
of proteins approved by the U.S. Food and Drug Administration
(FDA), over 30 products are based on the unique subset of
enzymes therapeutics [Rader, 2007], which in addition to
possessing the trait of impeccable affinity to their respective
target receptors, are also responsible for the catalysis of complex
biochemical reactions.

Based on their therapeutic applications, we further classified
enzymes that are currently approved for use as therapeutics or
have entered clinical trials into two major groups. The focus of
this article is placed on the first group of therapeutic enzymes
(Table 1), which serves the niche purpose of enzyme replacement
therapy (ERT) in patients afflicted by hereditary metabolic
diseases, in which genetic defects result in the structural defect
or absence of endogenous enzymes critical for metabolic path-
ways. These metabolic defects in turn, result in the accumulation
of substrates and/or its intermediates, leading to pathological
states. The second group of therapeutic enzymes alleviates
symptoms of pathological conditions by augmenting existing
endogenous pathways, or by exerting novel catalytic functions
(Table 2). Group II therapeutic enzymes have been successfully
utilized in a variety of pathological conditions ranging from
oncology, to neuromuscular dysfunctions, to hemostasis, and even
cosmetic surgery.

The concept of ERT was first suggested more than 40 years ago
by De Duve and Waittiaux for the treatment of lysosomal storage
disorders [Rohrbach and Clarke, 2007]. Prior to the advent of
ERT, patients with metabolic conditions faced strict dietary
restriction and symptomatic management of the conditions
[Holtzman, 1970]. However, for metabolic diseases such as
lysosomal storage diseases that could not be alleviated through
these measures, patients are often faced with drastic treatment
modalities and these conditions are frequently fatal [Beutler,
2006a; de Fost et al., 2003]. The first ERT product, Alglucerase
(Ceredase), was first approved by the FDA in 1991 for the
treatment of Gaucher disease (MIM] 230800) (glucocerebrosi-
dase; MIM] 606463, GBA; EC 3.2.1.45) [Barton et al., 1991], and
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Table 1. Group I Therapeutic Enzymes

Enzyme Trade name Therapeutic application, mode of action Structure (PDB code) Reference

Glucocerebrosidase Ceredases,

Cerezymes,

Velaglucerase,

prGCD

Gaucher disease: degradation of glucosylceramide X-ray (1OGS) Barton et al.

[1991];

Grabowski

et al. [1995]

a-galactosidase Replagal,

Fabrazymes
Fabry disease: degradation of globotriaosylceramide X-ray (1R47) Eng et al. [2001];

Schiffmann

et al. [2001]

Acid a-glucosidase Myozymes,

LumizymeTM
Pompe disease: degradation of glycogen at 1.4- and 1.6-glycosidic linkages Homology model Amalfitano et al.

[2001]

a-L-iduronidase Aldurazymes Hurler and Hurler-Scheie forms of mucopolysaccharidosis I: hydrolysis

of unsulfated a-L-iduronosidic linkages in glucosaminoglycans,

heparin sulfate, and dermatan sulfate

Homology model

(1Y24)

Kakkis et al.

[2001]

Iduronate-2-

sulfatase

Elaprases Hunter Disease (MPS II): cleavage of sulfate group from the 2-position of L-iduronic

acid present on glycosaminoglycan, dermatan sulfate, and heparan sulfate

Homology model Muenzer et al.

[2007]

N-acetyl-

galactosamine-

4-sulfatase

Naglazymes Mucopolysaccharidosis VI: cleaving of terminal sulfate from sulfated

glycoaminoglycans, glycoproteins, and glycolipids

X-ray (1FSU) Hopwood et al.

[2006]

Arylsulfatase A MetazymeTM Metachromatic leukodystrophy: cerebroside 3-sulfate X-ray (1AUK) Lukatela et al.

[1998]

Acid

sphingomyelinase

rhASM Niemann-Pick disease: hydrolysis of sphingomyelin to phosphocholine and ceramide Partial homology

model

Miranda et al.

[2000]

Tissue-nonspecific

alkaline

phosphatase

fusion protein

ENB 0040 Hypophosphatasia: hydrolysis of phosphomonoester including phosphoethanolamine,

inorganic pyrophosphate, and pyridoxal 5-phosphate

Homology model Millan et al.

[2008]

Porphobilinogen

deaminase

Porphozym Acute intermittent porphyria: third catalytic step of heme biosynthesis

pathway in which four porphobilinogen molecules are condensed into tetrapyrrole

Homology model Louie et al. [1992]

Phenylalanine

ammonia lyase

rAvPAL-PEG Phenylketonuria: degradation of phenylalanine X-ray (3CZO) Wang et al. [2008]

Table 2. Group II Therapeutic Enzymes�

Enzyme Trade name Function Origin

Thrombosis and hemostasis

Alteplase Activases Conversion of plasminogen to plasmin Recombinant human tissue plasminogen activator

Reteplase Retivases Conversion of plasminogen to plasmin Recombinant variant of human tissue plasminogen activator

(nonglycosylated kringle 2 and protease domain)

Tenecteplase TNKases Conversion of plasminogen to plasmin, with increased

specificity compared to Activase and Retivase

Recombinant variant of human tissue plasminogen activator

(T103D, D117Q, tetraalanine 296–299 substitutions)

Urokinase Abbokinases Conversion of plasminogen to plasmin Human neonatal kidney cells

Streptokinase Streptases Conversion of plasminogen to plasmin Group C b-hemolytic streptococci bacteria

Anistreplace Eminases Conversion of plasminogen to plasmin, with prolonged

duration of action compared to streptokinase

Anisoylated derivative of plasminogen-streptokinase

activator complex

Drotrecognin-a Xigriss Antithrombotic effect by inhibiting Factors Va and VIIIa;

antiinflammatory effects

Recombinant human activated protein C

Factor VIIa

oncology

Novosevens Activation of extrinsic coagulation pathway Recombinant human coagulation Factor VIIa

L-Asparaginase ELSPARs Exogenous asparaginase activity, used in for treatment

of acute lymphocytic leukemia

Escherichia coli L-asparaginase type EC-2 enzyme

PEGylated

L-asparaginase

Oncaspars

Carboxypeptidase VoraxazeTM (orphan

drug status)

Cleaves folates and related compounds containing folic acid

moieties, used in chemotherapy

Recombinant Variovorax paradoxus carboxypeptidase G2

enzyme

Rasburicase Eliteks Enzymatic oxidation of uric acid into allantoin Recombinant Aspergillus flavus urate oxidase

Others

Adenosine

deaminase

Adagens Metabolism of adenosine in SCID patients PEGylated purified bovine adenosine deaminase

Botulism toxin

type A

Botoxs Cleaves SNAP25 at neuromuscular junction, disrupting

SNARE complex and preventing acetylcholine release

Clostridium botulinum toxin

Botulinum

neurotoxin

type A complex

Dysports

Botulism toxin

type B

Myoblocs Cleaves synaptobrevin at neuromuscular junction, disrupting

SNARE complex and preventing acetylcholine release

Clostridium botulinum toxin

Hyaluronidase HylenexTM Hydrolysis of hyaluronic acid Recombinant human hyaluronidase

Amphadases Bovine hyaluronidase

HydaseTM Bovine hyaluronidase

Vitrases Ovine hyaluronidase

�From Leader et al. [2008] and Rader [2007].
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took the form of human glucocerebrosidase laboriously purified
from human placenta. This pioneering application of ERT was met
with stunning success, and ERT was subsequently developed for
several other forms of metabolic disorders including Pompe
disease (MIM] 232300) (acid a-glucosidase; MIM] 606800;
GAA; EC 3.2.1.20), Hurler, Scheie, and Hurler-Scheie forms of
mucopolysaccharidosis Type I (MIM]s 607014, 607015, and
607016) (a-L-iduronidase; MIM] 252800; IDUA; EC 3.2.1.76),
Mucopolysaccharidosis Type II (MIM] 309900) (iduronate-2-
sulfatase, IDS; EC 3.1.6.13), mucopolysaccharidosis Type VI (MIM]
253200) (N-acetylgalactosamine-4-sulfatase; MIM] 611542, ARSB;
3.1.6.1), and Fabry disease (MIM] 301500) (a-galactosidase; MIM]
300644, GLA; EC 3.2.1.22) [Leader et al., 2008]. In addition,
enzyme candidates for ERT in metachromatic leukodystrophy
(MIM] 250100) (arylsulfatase A; MIM] 607574, ARSA; EC 3.1.6.8)
[Lukatela et al., 1998]; Niemann-Pick disease (MIM]s 257200,
607616) (acid sphingomyelinase; MIM] 607608, SMPD1; 3.1.4.41)
[Miranda et al., 2000]; hypophosphatasia (MIM] 146300) (tissue-
nonspecific alkaline phosphatase; MIM] 171760, TNSAP; EC
3.1.3.1) [Millan et al., 2008]; acute intermittent porphyria (MIM]
176000) (porphobilinogen deaminase; MIM] 609806, HMBS; EC
4.3.1.8) [Sardh et al., 2007]; and phenylketonuria (PKU; MIM]
261600) (enzyme substitution with phenylalanine ammonia lyase,
EC 4.3.1.5) [Sarkissian et al., 2008] have also been developed and
entered Phase II clinical trials.

The current strategy of ERT involves exogenous administration of
native enzymes deficient in patients afflicted with the metabolic
disease states. Despite the fact that the target patient population for
each of the therapeutic enzymes is comparatively limited compared
to conventional pharmaceutical products, and is typically one of the
most costly products [Wraith, 2006], this specialized subset of
biological therapeutics is rapidly gaining grounds. Due to the
massive medical costs involved in ERT (estimated 4$200,000 USD
per patient per year) [Beutler, 2006b], there is a continuing effort in
improving the catalytic and therapeutic efficacy of these enzymes as
well as optimizing the usage of these enzymes. Several protein
engineering efforts have shown that by strategically engineering and
refining the enzymes’ architecture, it is theoretically possible to
redesign the enzymes’ catalytic and biochemical characteristics
[Penning and Jez, 2001; Toscano et al., 2007]. The wealth of
structural information advanced in the recent years for several of
these therapeutic enzymes have positioned them as potential
candidates for rational protein engineering and refinement of
enzyme architecture to enhance catalytic activity and site-specific
delivery. In addition, several other enzyme candidates for the
treatment of specific metabolic diseases are in development. These
include b-glucuronidase for mucopolysaccharidosis VII [LeBowitz
et al., 2004; Orii et al., 2005], galactosylceramidase for globoid cell
leukodystrophy (GLD) or Krabbe disease [Lee et al., 2005],
N-acetylgalactosamine-6-sulfate sulfatase for Morquio syndrome
[Tomatsu et al., 2008], sulfamidase for mucopolysaccharidosis IIIa
(Sanfilippo A syndrome) [Gliddon and Hopwood, 2004], and
a-mannosidase for a-mannosidosis [Roces et al., 2004], which are all
in preclinical studies. However, these preliminary agents fall beyond
the scope of the current review and are not discussed in this work.
Herein, we review some of the available structural information for
therapeutic enzymes that are currently approved or in/beyond phase
II clinical trials for the treatment of metabolic conditions.

Glucocerebrosidase in Gaucher Disease

Gaucher disease is the most prevalent form of lysosomal storage
disorder [Brady et al., 1965], affecting approximately 1:40,000 to

1:60,000 in the general population [Grabowski, 1993]. This
autosomal recessive condition [Brady et al., 1965] results in
defects in the peripheral membrane enzyme glucocerebrosidase
(GlcCerase, acid b-glucosidase, d-gluco-N-acyl-sphingosine glu-
cohydrolase [Sawkar et al., 2005]), preventing the degradation of
glucosylceramide [Brady et al., 1965]. The resulting intracellular
accumulation of glucosylceramide in macrophages leads in turn to
hepatomegaly, splenomegaly, anemia, skeletal complications, and
neurological complications [Zhao and Grabowski, 2002]. One of
the major advances in the management of Gaucher disease came
with the effective management of disease state through ERT using
purified (Ceredases), and subsequently recombinant glucocer-
ebrosidase (Cerezymes). Glucocerebrosidase is a 497-residue
monomeric enzyme with the mature unglycosylated polypeptide
having a molecular weight of �56 kDA [Berg-Fussman et al.,
1993], and final glycosylated molecular weight between 59 and
67 kDA [Brumshtein et al., 2006; Dvir et al., 2003; Grace et al.,
1994]. For glucocerebrosidase to be functional, the enzyme needs
to undergo a reconformation into the active form by interaction
with negatively-charged head groups of lipids such as phospha-
tidylserine [Basu et al., 1985; Qi and Grabowski, 1998] and
saposin C [Qi and Grabowski, 1998; Wilkening et al., 1998].
Cerezymes contains a single amino acid substitution of R495 H
relative to the native enzyme due to a cloning artifact, which was
concluded to bear no impact on the structural or biochemical
properties of the enzyme [Dvir et al., 2003; Friedman et al., 1999;
Weinreb, 2008].

The three-dimensional (3D) structure of Cerezymes partially
deglycosylated with N-glycosidase F was elucidated in 2003, with
its crystal structure refined to 2.0 Å [Dvir et al., 2003]. The
structure of the fully-glycosylated Cerezymes was subsequently
solved, and found to be virtually identical to the previous
structure [Brumshtein et al., 2006]. The overall architecture of the
enzyme is comprised of three noncontiguous domains. Domain I
is made up of residues 40 to 66 and 422 to 453 of the translated
protein sequence, and comprises a three-stranded antiparallel
b-sheet as well as an amino terminal strand. The immunoglobulin-
like Domain II is formed by two b-sheets made up of residues
69 to 114 and 470 to 536, while the (b/a)8 TIM barrel Domain III
is the key catalytic domain made up of residues 115 to 420 and
455 to 469 [Dvir et al., 2003]. Residue E379 was identified as the
nucleophile to the catalytic site, while residue E274 acted as the
acid/base for the completion of catalytic reaction [Fabrega et al.,
2000; Miao et al., 1994]. A discontinuous series of seven aromatic
residues (F167, W218, Y283, F285, Y352, W420, and F436) was
also noted to line the entrance of the active site pocket, possibly
involved in substrate recognition [Dvir et al., 2003]. The entrance
to the active site was noted to be in the proximity of two loops
(S384–E388 as loop 1, and V433–D438 as loop 2) that form a lid
to the active site entrance [Premkumar et al., 2005].

The glucocerebrosidase’s structure consists of seven cysteine
residues, of which C43, C55, C57, and C62 are involved in
disulfide bridge formation within Domain I [Dvir et al., 2003].
Mutagenesis studies confirmed that these disulfide interactions are
critical in maintaining catalytically viable forms of the enzyme.
Although C287 and C381 are not involved in disulfide bridge
formation, serine-substituted analogs have compromised or
abolished catalytic activities. The remaining C167 is the only
cysteine residue that is not shown to be directly implicated in the
activity of the enzyme [Zhao and Grabowski, 2002].

A total of five potential glycosylation sites [Asn-Xaa-(Ser/Thr)]
have been identified on glucocerebrosidase, namely N58, N98,
N185, N309, and N501. Site-directed mutagenesis demonstrated
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that except for N501, the remaining four sites are N-glycosylated
[Berg-Fussman et al., 1993]. Activities of p.N98Q, p.N185Q, and
p.N309Q were comparable to wild type, but were drastically
reduced for p.N58Q, p.N501Q, and p.N501D. The poor catalytic
activities of N501 mutants were not entirely unexpected
considering the proximity of the asparagine residue to R502, a
known mutation site [Berg-Fussman et al., 1993; Hong et al.,
1990]. These results suggest that the nature of the amino acid at
glucocerebrosidase’s first glycosylation site, as well as the
occupancy of specific glycosylation sites are critical for the
catalytic activity of the enzyme. Glycosylation at N58 has also been
suggested to act as a nidus for the correct conformation of the
native protein [Berg-Fussman et al., 1993; Liou et al., 2006].
Further, trimming of the oligosaccharide residues to the mannosyl
core at the various glycosylation sites facilitated mannose
receptor-mediated uptake of the enzyme into macrophages
[Doebber et al., 1982]. For this reason, the initial placental
enzyme and the subsequent recombinant enzyme were trimmed to
the core mannose to improve uptake into the reticuloendothelial
system [Furbish et al., 1981]. Subsequent efforts to express
glucocerebrosidase containing terminal mannose structures of
various sizes at the four glycosylation sites in several alternative
expression systems did not show any distinct biochemical
pharmacological advantages over Cerezymes [Van Patten et al.,
2007]. Interestingly, while the deglycosylation of N185 resulted in
the decreased thermostability of the glucocerebrosidase, deglyco-
sylation of glucocerebrosidase with a p.N58D mutation was noted
to be hyperresponsive to activation by negatively-charged
phospholipid (NCP) [Berg-Fussman et al., 1993]. The most
common mutation p.N409S variant [Beutler and Gelbart, 1993]
which is responsible for mild, nonneuronopathic Gaucher disease,
was also noted to have a greater activation effect by NCP [Zhao
and Grabowski, 2002].

To date, over 200 different mutations implicated to Gaucher
disease have been documented [Beutler et al., 2005; Hruska et al.,
2008; Steet et al., 2006]. In contrast to mild mutations, which are
generally associated with Type I nonneuronopathic Gaucher
disease, patients with severe or null mutations typically present
with Type II or Type II neuronopathic Gaucher disease. In Dvir
et al. [2003], the authors illustrated the distribution of the
different mutations reported in GeneDis Human Genetic Disease
Database (www.tau.ac.il/lifesci/bioinfo/genedis/gaucher/gaucher.
html) across all three domains in the structure of glucocerebro-
sidase. It was suggested that the severe phenotypic effects of
selected mutations correlated to their proximity to critical
structural features, including the seven aromatic residues lining
the entrance of the active-site pocket and the active site,
immunoglobulin-like Domain II, and the interface of Domain II
and III.

The review article by Beutler et al. [2005] provided an update
on the list of mutations to 236 single or combined mutations. Of
the 50 mutations sites that resulted in severe Gaucher disease, 11
reside in Domain I, six were observed in the hydrophobic core of
the immunoglobulin-like Domain II, while the remaining
occurred within the catalytic Domain III (Fig. 1A). Of the 11
severe mutation sites from Domain I, five are located on loop 2 of
the lid to the active site, falling within a 5-Å radius of the aromatic
lining. Nine out of the 33 mutation sites within Domain III reside
within 5 Å of either the active site E379 nucleophile, acid/base
E274, or the seven aromatic residues (F167, W218, Y283, F285,
Y352, W420, and F436) lining the entrance of the active site
(Fig. 1B). Interestingly, while a high density of mutation points
occur on the entrance of the active site pocket, only a single severe

mutation point (p.Y343C/M) was found on the posterior surface
of TIM barrel motif of Domain III.

Another cluster of severe mutation sites was found in the region
of a3 and a4 helices of the TIM barrel catalytic Domain III. These
sites include p.G234W, p.L236F, p.K237E, p.E272 M, p.H294Q,
and p.R296Q, all falling within a 5-Å radius of one another

Figure 1. A: Overall mutation for glucocerebrosidase (PDB
code 1OGS). The structure of glucocerebrosidase is divided into
Domain I (pale green), Domain II (pink), and Domain III (blue-white).
The residues shown in ball-and-stick representation are active-site
residues E274 (purple) and E379 (cyan), respectively. Mutations
resulting in severe disease are indicated in red, while those resulting
in mild disease are indicated in yellow. Null mutations or frameshift
mutations are not indicated in this diagram. B: Severe mutation sites
around active-site pocket of glucocerebrosidase; 9 out of the 33
severe mutation sites (red ball-and-sticks) located within catalytic
Domain III are situated within 5 Å proximity of the seven aromatic
residue (green sticks) lining the entrance of active site. C: Severe
mutation sites around a3 and a4 helices of glucocerebrosidase
Domain III.
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(Fig. 1C). While it is not surprising to note that mutations at or
around the active site result in impairment of the enzyme’s
functionality, the observed cluster of mutations in Figure 1C is
indicative of suggested functional roles of a3 and a4 helices of
Domain III.

While certain mutations that result in drastic changes to the
charge or size of the side chains of the residues concerned will
obviously be detrimental to the structure and function of the
enzyme, the effects of certain conservative substitutions (e.g.,
p.L483R, p.V433L, and p.H350R, resulting in severe disease) were
certainly unexpected. More importantly, it is interesting to note
that although a total of 33 mutations are found on the 319-residue
Domain III, nearly one-half of these mutations occurred in these
two foci. In contrast, the 37 mutation sites resulting in mild
Gaucher disease are distributed throughout the three domains,
with no specific focus point. These observations suggest that the
locations, in addition to the type of mutation, are critical in
determining the phenotypic outcome of Gaucher disease.

a-Galactosidase in Fabry Disease

Fabry disease is the second most prevalent lysosomal storage
disorder, and is the second metabolic condition to be approved for
treatment with ERT [Garman and Garboczi, 2004]. The reported
incidence of Fabry disease in newborn males ranges from 1:40,000
to nearly 1:4,000 [Spada et al., 2006]. This lysosomal storage
disease is caused by an X-linked recessive inheritance, leading to
the mutation of a-galactosidase and the subsequent accumulation
of globotriaosylceramide substrate within lysosomes [Scriver,
2001]. Patients with the classical form of Fabry disease are typically
devoid of the functional a-galactosidase enzyme, and present with
severe symptoms including chronic pain of extremities, corneal
clouding, hypohidrosis, liver and kidney impairment, and vascular
and cardiac deterioration. A milder form of the condition presents
in patients who retain residual galactosidase activity, and usually
exhibit milder clinical manifestations [Scriver, 2001]. To date,
nearly 500 different types of mutation have been reported on the
GLA gene (www.hgmd.cf.ac.uk/ac/index.php).
a-Galactosidase is a homodimeric protein, with each monomer

having 398 amino acid residues. The mature polypeptide sequence
is posttranslationally N-glycosylated for recognition of the enzyme
to mannose 6-phosphate receptors on endosomes that are
responsible for the transportation of the 46 kDA mature enzyme
into lysosomes [Sugawara et al., 2008a]. It had also been suggested
that similar to glucocerebrosidase, the activity of a-galactosidase is
also positively influenced by affector proteins. However, instead of
saposin C, which was noted to be essential for the former case,
a-galactosidase is activated by saposin B, a closely-related analog
derived from the same precursor [Kase et al., 1996, 2000; Kretz
et al., 1990; Sun et al., 2008].

Two recombinant glycosylated a-galactosidases are currently
approved for the treatment of Fabry disease [Eng et al., 2001;
Schiffmann et al., 2001]. Amino acid sequences for both of these
products are identical, but exhibited differences in glycosylation
due to the expression in different cell lines. In 2004, Garman and
Garboczi [2004] elucidated the 3D structure of Replagals

(agalsidase alfa), the a-galactosidase expressed in genetically
engineered human cell lines. The crystal structure was determined
to a resolution of 3.25 Å, revealing the structure of the
homodimer. Each monomer is comprised of two domains, with
residues 32 to 330 forming the catalytic (b/a)8 TIM barrel
Domain I and residues 331 to 429 forming the b sandwich
Domain II. The first 31 residues belong to the signal sequence and

are not considered in part of the structure. The active site of each
monomer is made up by residues W47, D92, D93, Y134, K168,
D170, E203, L206, Y207, R227, D231, D266, and M267, as well as
C142, which forms a disulfide bridge with C172. Except for E203
and L206, all remaining 13 active site residues were conserved across
40 homologous sequences of galactosidases [Garman and Garboczi,
2004]. D170 acts as the nucleophile to the catalytic reaction, while
deprotonation of a water molecule by D231 completes the catalytic
reaction by attacking the reaction intermediate.

A total of 12 cysteine residues and three cis proline residues are
present in the sequence of the mature a-galactosidase, including
C142, which is also involved in the formation of the active site. Ten
cysteines are involved in forming disulfide bridges present in the
structure of each monomer (C52–C94, C56–C63, C142–C172,
C202–C223, and C378–C382). Incidentally, mutation for any of the
cysteine residues involved in disulfide bridge formation results in
Fabry disease [Ashley et al., 2001; Ashton-Prolla et al., 2000; Blanch
et al., 1996; Blaydon et al., 2001; Davies et al., 1996; Eng et al., 1993,
1994, 1997; Galanos et al., 2002; Germain and Poenaru, 1999;
Okumiya et al., 1995; Ploos van Amstel et al., 1994; Rodriguez-Mari
et al., 2003; Schafer et al., 2005; Shabbeer et al., 2002; Topaloglu
et al., 1999; Yasuda et al., 2003]. C90 and C174 are present as free
cysteines [Garman and Garboczi, 2004], and are neither involved in
the formation in the dimer, nor near the hydrophobic interface of
the two monomers. Not surprisingly, these are the only two cysteine
residues not implicated in Fabry disease.

A total of four potential glycosylation sites (N139, N192, N215,
and N408) are found on each monomer of a-galactosidase. Unlike
N408, which is unoccupied, N139, N192, and N215 are conserved
glycosylation sites and are typically glycosylated in the mature
protein [Scriver, 2001]. Elimination of any two of the glycosyla-
tion sites has been shown to result in unstable enzymes that result
in the degradation of the protein before transport to lysosomes
can be completed [Ioannou et al., 1998; Scriver, 2001]. In contrast,
glycosylation site 3 (N215) has been demonstrated to be the
critical glycosylation site required for the solubility, stability, and
enzymatic activity of a-galactosidase [Ioannou et al., 1998].

Of the more than 430 mutations that have been reported for
a-galactosidase, over 294 mutations represented missense muta-
tions (www.hgmd.cf.ac.uk/ac/index.php). Schaefer et al. [2005]
recently examined the correlation between the genotypic and
phenotypic profiles of 545 patients in 157 families monitored
under the Fabry Outcome Survey. Several earlier publications have
suggested that residues affected by mutation are not restricted to
the region of the active site but distributed throughout the two
domains of the enzyme structure (Fig. 2A) [Garman, 2007]. By
using the crystal structure of human a-galactosidase and the
current mutation database, 47 severe mutation sites were found
within a 10-Å radius of the substrate galactose, while 36 and 21
severe mutation sites were found within a similar radius of active
site residues D170 and D231, respectively. An extensive number
of buried mutation sites was also observed in the human
a-galactosidase structure [Garman, 2007; Garman and Garboczi,
2002, 2004], with foci around the b-strands of the TIM barrel core
as well as the domain interface (Fig. 2A). Mutations resulting in
the classical phenotypic form of Fabry disease were noted to be
disruptive to the hydrophobic core of the enzyme [Garman and
Garboczi, 2002]. These observations, commensurate with earlier
observations that tryptophan and cysteine residues have the
highest mutation rates within the a-galactosidase structure
[Garman, 2007; Garman and Garboczi, 2002], indicate that
structural disruption is likely to be one of the main reasons for
loss of enzymatic activity in the mutant analogues.
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Acid a-Glucosidase in Pompe Disease

Pompe disease is an autosomal recessive condition arising from
the deficiency of the lysosomal enzyme acid a-glucosidase (GAA),
with an estimated incidence of Pompe disease ranging from
1:40,000 to 1:300,000 [Scriver, 2001]. GAA catalyses the hydrolysis
of glycogen and other natural a-glucans by hydrolyzing a-1,4- and
a-1,6-glucosidic bonds. Consequently, the deficiency of GAA
results in the intracellular accumulation of glycogen in various
tissues, with the largest impact on cardiac, respiratory, and skeletal
muscles [Hers, 1963; Scriver, 2001]. Until the recent approval of a
recombinant form of GAA, Myozymes (alglucosidase alfa), no
effective form of therapy was previously available for the
alleviation of Pompe disease [Geel et al., 2007].

Based on amino acid sequence similarity, GAA has been
classified under Family 31 of glycosyl hydrolases [Ernst et al.,
2006; Frandsen and Svensson, 1998; Henrissat and Bairoch, 1993].
Although a recombinant form of GAA has been approved for use
in ERT of Pompe disease, the structure of GAA has not been
reported to date. By constructing homology models based on
partial crystallographic data from another Family 31 glycosyl
hydrolase, Ma1A (residues 152–604) from Sulfolobus solfataricus,
Tajima et al. [2007] proposed the 3D structure of the catalytic
domain (residues 344–795) of GAA. The constructed model of the
catalytic domain of GAA showed a (b/a)8 TIM barrel motif, a
common motif seen in lysosomal hydrolase active sites [Durand
et al., 1997]. Of the seven N-linked glycosylation sites present in
the 952-residue precursor sequence, three were present in the
catalytic domain constructed, and were found to be exposed on
the surface of the molecule. The sites at N882 and N925 were
ultimately cleaved off in the proteolytic maturation steps. It was
also demonstrated that except N233, which is critical for the
enzyme’s stability, localization, and maturation, elimination of
glycosylation at the remaining six glycosylation sites was
noncritical [Hermans et al., 1993]. Interestingly, N652 was located
in a region stabilized by the disulfide bridge C647–C658 [Tajima
et al., 2007].

By comparison with the substrate binding residues of MaIA,
residues D404, D518, R600, D616, and H674 were determined to
be critical for substrate binding and catalysis in GAA [Tajima

et al., 2007]. These deductions concur with earlier literature
concluding that D518 is the nucleophile for the catalysis reaction
[Hermans et al., 1991], as well as previous work by Durand et al.
[1997], which predicted that key catalytic residues of lysosomal
hydrolases reside on the C-terminal ends of b-strands of the TIM
barrel motif.

In order to gain perspective of the structural features of the
remaining domains of GAA not examined by Tajima et al. [2007],
we constructed another homology model using the automated
mode of homology modeling on the Swiss-Model Comparative
Protein Modeller Server [Schwede et al., 2003]. Template selection
was performed by a ‘‘first approach mode,’’ in which human
intestinal maltase-glucoamylase (NtMGAM; PDB code 2QLY)
[Sim et al., 2008], another member of Family 31 glycosyl
hydrolases, was selected by the server. As compared to the 30%
sequence identity between GAA and Ma1A used in the previous
homology model by Tajima et al. [2007], the NtMGAM is the first
eukaryotic structure of Family 31 glycosyl hydrolases, and has a
42.8% identity to GAA. Sequence alignment and homology
modeling were automatically generated based on residues 84–952
of the GAA sequence (Supp. Fig. S1). The model of GAA overlaps
well with the structures of NtMGAM, as well as Ma1A
a-glucosidase used as template in the previously reported
homology model, with root mean square deviation (RMSD) of
0.056 Å and 1.36 Å, respectively (Supp. Fig. S2). Similar to the
structure of the template NtMGAM, the model of GAA could
be divided into a Trefoil Type P domain, an N-terminal
b-sandwich domain, a (b/a)8 TIM barrel motif catalytic domain,
a proximal C-terminal domain, and a distal C-terminal domain
(Supp. Fig. S3).

A total of 111 missense point mutation sites were identified on
the sequence of GAA [Kroos et al., 2008] (www.pompecenter.nl).
Of these, 92 sites results in severe or unknown clinical
presentation, and 19 resulted in mild or intermediate Pompe
disease. Aside from 33 sites of severe/unknown severity that
generally lie within the hydrophobic cores of the four noncatalytic
domains, the remaining 59 mutation sites with severe/unknown
effects are localized within the 451-residue catalytic domain
(Fig. 2B). Not surprisingly, most of the mutation sites either were
either buried within the hydrophobic core of the domain, or along

Figure 2. Overall mutation of enzymes. Unless otherwise stated, mutation sites resulting in severe, moderate, and mild forms of the metabolic
conditions are highlighted in red, green, and yellow, respectively. Mutations resulting from splicing, deletion, truncation, and frameshifts are not
included in the diagrams. A: Dimeric GLA (PDB Code 1R47), with Domain I in blue-white, Domain II in pale-green, and galactose in cyan. For
clarity, mutation sites are only marked on 1 of the 2 monomers. B: Structural domains to the homology model of GAA is divided into the Trefoil
Type-P domain (light green), C-terminal domain (light yellow), catalytic domain (light pink), proximal N-terminal domain (light blue), and distal
N-terminal domain (light orange). C: Structure of the homology model of IDUA (PDB Code 1Y24) may be divided into the catalytic domain (pale
green), b-sandwich domain (pale pink), C-terminal chain (cyan), as well as a small a-helix domain (pale yellow). Active site residues E299 and
E182 are presented in cyan and red ball-and-stick, respectively. D: Known missense mutation sites for IDS are highlighted in red, while
purported active site residues D45, D46, K135, and D334 are shown in cyan ball-and-sticks. E: Structure of ARSB (PDB Code 1FSU) comprises of
a larger N-terminal domain (blue white) and a smaller C-terminal domain (light pink). A putative recognition element is colored in light green.
Catalytic C91 residue is presented in cyan ball-and-sticks while disulfide bridges are represented in green sticks. F: The structure of ARSA (PDB
Code 1AUK) in neutral pH exists in dimeric form. The monomer on the right is color-coded into its structural domains, with the core b-sandwich
domain in pale blue and the C-terminal beta sheet domain in pale pink. The loop region corresponding to the putative recognition element of 4-S
is highlighted in pale green and marked with an arrow. For clarity, mutation sites (red) and disulfide bridges (green sticks) are only marked in a
single monomer. FGly located in the catalytic pocket is marked in cyan. Interactions between the two monomers occur through three direct
hydrogen bond contacts (dots) as well as 25 water-mediated hydrogen contacts. Side chain of residues interacting with other monomer via
hydrogen bonds are represented in dots [Lukatela et al., 1998]. G: Mutation sites on TNSALP resulting in severe hypophosphatasia are
highlighted in red, while those resulting in 410% residual enzymatic activity are highlighted in yellow. Active site residues are presented in ball-
and-stick. C-terminal segment of TNSALP (indicated with blue arrow) involved in GPI formation is not presented in model. H: Homology model of
HMBS. Domain I is colored in pale pink, Domain II in pale green, Domain III in pale blue. Dipyrromethane cofactor bound to active site in Domain
III is shown in cyan sticks. Extra a-helix not seen in the E. coli template (PDB code 1PDA) is marked in yellow. All point mutation sites on HMBS
are marked in red.
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the b-strands of the TIM barrel core. Of particular note is the of a4

helix region of the TIM barrel domain, which has eight mutation
sites within the stretch of 24 residues. In contrast, mutation sites
that resulted in mild/intermediate clinical phenotypes were
typically located on loop regions exposed toward the surface.
Further, 7 out of 19 mild mutation sites are located on loops of the
216-residue C-terminal b-sheet domain, while the remaining 12
reside within the predominant catalytic domain. A particular
mutation site of interest is p.M439K, which although residing on
the b-strands that form the active-site pocket, only results in a
mild clinical phenotype. Interestingly, a short N-terminal region
of the GAA model corresponding to the Trefoil Type P domain
seen in NtMGAM contains a mutation site (C103G) that is
disruptive enough to result in severe Pompe disease. The exact
function of this Trefoil Type P domain in the corresponding
section of NtMGAM is unknown [Sim et al., 2008]. However,
considering the fact that the first 83 residues of GAA are not
included in the alignment and modeling, this putative Trefoil Type
P domain in the GAA model could well be a portion of a larger
and functionally relevant domain.

Noting the similarity between the overall architecture of GAA’s
homology model with both eukaryotic and prokaryotic members
of the Family 31 glycosyl hydrolases, it would be interesting to
explore the localization of the various analogs in an animal model.
Further, unlike the previously-discussed lysosomal enzymes that
are targeted for delivery into lysosomes via mannose-6-phosphate
receptors, the structural and molecular mechanism by which GAA
is targeted to muscle cells remains to be elucidated [Scriver, 2001].
Therefore, this information reiterates the necessity of obtaining
the 3D structure of the GAA enzyme.

a-L-iduronidase in Mucopolysaccharidosis Type I

Mucopolysaccharidosis Type I (MPS I) is an autosomal
recessive lysosomal storage disorder that results in the deficiency
of a-L-iduronidase (IDUA), a glycosyl hydrolase necessary for the
cleavage of terminal a-iduronic acid residues from glycosamino-
glycan, heparin sulfate, and dermatan sulfate. The estimated
incidence of MPS I in British Columbia and Northern Ireland is
approximately 1:76,000 and 1:300,000 newborns [Scriver, 2001].
Depending on the severity of the mutation, the consequent
accumulation of glycoaminoglycans results in a spectrum of
multisystemic clinical symptoms, ranging from mild clinical
phenotype (Scheie’s syndrome), to intermediate phenotype
(Hurler/Scheie’s syndrome), and the most severe clinical pre-
sentation, termed Hurler’s syndrome [Rempel et al., 2005].
A recombinant form of IDUA, Aldurazymes (laronidase), has
recently been approved for use in the treatment of MPS I [Kakkis
et al., 2001].

IDUA belongs to Family 39 of glycosyl hydrolases [Nieman
et al., 2003], and is synthesized in a 653-residue precursor form of
�76 kDA, which is subsequently posttranslationally glycosylated
and proteolytically cleaved to the mature monomeric form
[Myerowitz and Neufeld, 1981]. Recombinant IDUA expressed
by CHO cells indicated that all six glycosylation sites present on
the IDUA are utilized, with phosphorylated mannose oligosac-
charide on glycosylation sites 3 and 6 [Zhao et al., 1997].

Although the 3D structure of IDUA has not been reported thus
far [Ruth et al., 2000], the crystal structure of b-D-xylosidase from
Thermoanaerobacterium saccharolyticum was reported in 2004
[Yang et al., 2004]. A single subunit of the b-D-xylosidase dimer
molecule (PDB code 1PX8) was subsequently used as a template
for the homology modeling of monomeric IDUA (PDB code

1Y24) [Rempel et al., 2005]. However, due to the significant
difference in sequence length (IDUA is 153 residues longer), not
all sections of IDUA can be reliably modeled and interpreted from
the existing b-D-xylosidase structure. The most noticeable
limitation would be the segments between residues 1–35, and
523–653, which could not be reliably modeled into the crystal
structure [Rempel et al., 2005]. Nonetheless, the homology model
provided an insight to the structural features of Family 39 glycosyl
hydrolases, and is the closest current prediction of IDUA’s
structure.

As with the other lysosomal enzymes described earlier, the
catalytic domain of IDUA’s model also presents as a (b/a)8 TIM
barrel motif with the active-site residues similarly predicted to
reside at the C-terminal ends of the b-strands [Durand et al.,
1997]. This predominant domain is closely associated with a
smaller C terminal b-sandwich domain (Fig. 2C). The b-sandwich
domain is comprised of two twisted b-sheets made up of a six-
stranded antiparallel b-sheet, and a mixed three-stranded b-sheet.
Except for the N-terminal b-strand, which forms the first strand of
the mixed three-stranded b-sheet, nearly the entire b-sandwich is
made up of residues C-terminus to the catalytic domain. A small
a-helical domain made up of two antiparallel helices observed in
the original b-D-xylosidase structure was also seen in the IDUA
model, inserted between b-strands 16 and 17 of the b-sandwich
[Yang et al., 2004]. The C-terminal b-sandwich domain is trailed
by a short linear chain. However, due to the fact that the native
sequence of IDUA has an additional 523–653 segment that was not
incorporated into the model, the exact conformation and function
of the final C-terminal chain remains ambiguous [Rempel et al.,
2005]. Spatial alignment with the corresponding active site of the
b-D-xylosidase structure, corroborated with earlier biochemical
studies by Nieman et al. [2003], indicate that the active site
nucleophile and acid/base residue are E299 and E182, respectively.

Unlike Gaucher disease and Fabry disease, which have more
extensive databases of mutations of the enzymes concerned, the
number of point mutants documented for IDUA is comparatively
lower. Excluding the mutations that resulted in premature
termination and truncation of the protein, approximately 46
point-mutation sites have been reported (www.hgmd.cf.ac.uk/ac/
index.php) [Rempel et al., 2005; Sugawara et al., 2008b; Terlato
and Cox, 2003]. Of these, 32 sites resulted in the severe Hurler’s
syndrome, seven resulted in the intermediate form of Hurler-
Scheie’s syndrome, and the remaining seven resulted in the
attenuated form of Scheie’s syndrome. However, of this list, at
least six severe mutation sites, one intermediate mutation site, and
one mild mutation site could not be visualized in the available
homology model.

Earlier analysis by Rempel et al. [2005] and Sugawara et al.
[2008b] correlated the structural implications of certain mutations
with the phenotypic–genotypic presentation of the patients. While
certain mutations such as p.E182 K, which substitutes the critical
active site nucleophile, or p.R89Q, which displaces the activator
for the nucleophile, clearly result in defective enzyme and severe
clinical outcome, structural consequence to most of the remaining
mutations were less conclusive. Nonetheless, it was concluded that
most of the severe mutations generally lie within the core of the
protein, while the attenuated forms were mostly related to
mutations occurring at the molecule’s surface exposed regions
[Rempel et al., 2005; Sugawara et al., 2008b]. Interestingly, unlike
the previously-discussed lysosomal storage diseases, none of the
currently known mutation sites of IDUA reside on the critical
b-strands that form the catalytic TIM barrel domain of the
enzyme’s structural model. While the current model provides an
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indication of the structural features of IDUA, the presence of
several severe mutation sites on the �130 residues left out from
the current homology model is suggestive of critical functionalities
of these regions. Further, the homology model was constructed
based on the sequence of the precursor 653-residue polypeptide,
and not the extensive proteolytically maturated form of the
enzyme. These observations indicate the need for constant update
of mutation database, as well as reiterate the urgent need to
confirm the genotypic–phenotypic correlations with precise
structural data of the enzyme.

Iduronate-2-Sulfatase in Mucopolysaccharidosis Type II

Iduronate-2-sulfatase (IDS) is a member of the sulfatase family
that is responsible for the cleavage of sulfate group from the
2-position of L-iduronic acid present on glycosaminoglycan such
as dermatan sulfate and heparan sulfate [Scriver, 2001]. The
X-linked recessive condition of mucopolysaccharidosis Type II
(Hunter’s syndrome) results in the deficiency of IDS, leading to
symptoms such as mental retardation, skeletal deformities, as well
as multiorgan and tissue involvement that can potentially lead to
fatality [Sukegawa-Hayasaka et al., 2006]. The incidence of
Hunter’s syndrome ranges from 1:132,000 in the United Kingdom,
to as high as 1:34,000 in Israel [Scriver, 2001]. As with several
other forms of lysosomal storage disorders, Hunter’s syndrome
may present in a spectrum of phenotypic severity, largely
dependent on the mutations involved. The only treatment
modality available for Hunter’s syndrome is a recombinant form
of IDS, Elaprases (idursulfase), which has been recently approved
for use as an ERT [Muenzer et al., 2007].

The full-length gene of IDS encodes for a 550-amino acid
polypeptide that is posttranslationally glycosylated and phosphory-
lated to a �90-kDA precursor form [Froissart et al., 1995]. A total
of eight potential glycosylation sites, at N31, N115, N144, N246,
N280, N325, N513, and N537, have been identified on the
precursor molecule. While N-glycosylation have been observed at
all eight sites and shown to be crucial for the maturation and
enzymatic activity of IDS [Millat et al., 1997b], Millat et al. [1997a]
reported the sequential elimination of the glycosylation sites on the
precursor molecule and concluded that none of these sites were
essential for lysosomal targeting. The glycosylated precursor form
is then proteolytically processed into a final 45 kDA mature form
by proteolytic removal of eight residues after the 25-residue signal
sequence, and cleavage at residue 456 to remove a 95-residue
C-terminal polypeptide segment [Wilson et al., 1990].

Although the 3D structure of IDS has not been elucidated,
several groups have previously reported on the homology
modeling of IDS using structural templates of arylsulfatase A,
arylsulfatase B, and N-acetylgalactosamine-6S sulfatase [Kim et al.,
2003; Sukegawa-Hayasaka et al., 2006]. The model reported by
Sukegawa-Hayasaka et al. [2006] consisted of a larger domain with
a 10-stranded b-sheet sandwiched between a-helices, as well as a
smaller domain made up of a four-stranded antiparallel b-sheet
with an orthogonal a-helix. With reference to other lysosomal
enzymes, the putative catalytic residues of IDS included D45, D46,
C84, K135, and D334; of these, C84 was suggested to be
posttranslationally modified to formylglycine during maturation
of the enzyme [Schmidt et al., 1995; Sukegawa-Hayasaka et al.,
2006]. Through the use of these homology models, the structural
consequences of several mutations were correlated to the function
of the enzyme [Kim et al., 2003; Sukegawa-Hayasaka et al., 2006].
In Kim et al. [2003], it was suggested that the majority of 20 point
mutations examined resided in the periphery of the enzyme

model. In contrast, Sukegawa-Hayasaka et al. [2006] reported that
most of the eight mutations examined were associated with either
the hydrophobic core of the structure, or in proximity to the
catalytic residues. However, the overall distribution of mutations
was not described in either of the models.

To date, over 340 mutations have been reported to result in
Hunter’s syndrome (www.hgmd.cf.ac.uk/ac/index.php) [Froissart
et al., 2007]. Of these, 141 missense mutations occurring at 96
point residue sites have been reported. In view of the lack of actual
structural data of IDS, but increasing overall structural information
on the sulfatase family as a whole, we performed homology
modeling for IDS on the Swiss-Model Comparative Protein
Modeller Server [Schwede et al., 2003] based on the ‘‘first approach
mode.’’ The putative sulfatase from Bacteroides thetaiotaomicron
(PDB code 3P5Q) was identified by the server as the template with
highest level of homology. The RMSD between arylsulfatase B
(PDB code 1FSU) used in other homology modeling and the
sulfatase from the sulfatase from Bacteroides thetaiotaomicron used
in the current homology modeling is 2.70 Å. Except for three
helices on the flanks of the structure, as well as an additional
b-hairpin cumulating to a 6-stranded antiparallel b-sheet with an
existing C-terminal b-sheet, the structure of the modeled IDS
mirrors closely to the template molecule (Supp. Fig. S4).

Not surprisingly, the majority of the mutations were within the
hydrophobic cores of the helix–b-sheet interfaces, or at/in close
proximity to the purported active site residues D45, D46, C84,
K135, and D334 (Fig. 2D) [Sukegawa-Hayasaka et al., 2006].
Except for D46, which has not been reported as a mutation site,
the remaining four purported active site residues are known
mutation sites. Further, 22 additional severe mutation sites were
noted within a 5-Å radius around these active-site residues. This
observation is not unlike the trend of mutations seen in other
lysosomal storage diseases described earlier. Interestingly, except
for p.N181I and p.L182P that reside on the end of 1 of the 3
additional helices, none of the mutation sites were noted on the
additional b-hairpin at the C-terminus or the remaining helices
seen on the flanks of the model. It should, however, be noted that
proteolytic maturation of the enzyme to the final 45-kDA form
requires the removal of the C-terminal 95-residue chain of the
precursor molecule. This segment coincides with the six-stranded
antiparallel b-sheet at the C-terminus that harbors several
mutation sites implicated in Hunter’s syndrome.

In conclusion, the homology models offer an insight to the
structural features that may be present on the enzyme’s
architecture. However, the requirement for posttranslational
proteolysis and modification also indicate that conformation is
critical for the activity of the enzyme. Therefore, until concrete
structural data of IDS becomes available, phenotype–genotype
correlations should be made with prudence.

N-Acetylgalactosamine-4-Sulfatase
in Mucopolysaccharidosis Type VI

Mucopolysaccharidosis Type VI (MPS VI), also known as
Maroteaux-Lamy syndrome, is a rare autosomal recessive condi-
tion with an incidence of approximately 1:360,000 births, resulting
from the deficiency of N-acetylgalactosamine-4-sulfatase (ARSB;
previously known as arylsulfatase B). Similar to the 10 other
known mammalian sulfatases, ARSB is responsible for the
degradation of sulfated glycoaminoglycans, glycoproteins, and
glycolipids [Scriver, 2001]. Consequently, deficiency of ARSB leads
to intralysosomal accumulation and urinary excretion of derma-
tan sulfate, chondroitin sulfate, and other glycosaminoglycans.
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Similar to the other forms of lysosomal storage disease discussed
earlier, MPS VI exhibits a spectrum of clinical presentations,
depending on the extent of ARSB deficiency or impairment [Saito
et al., 2008]. However, unlike several other types of lysosomal
storage diseases, MPS VI does not involve the central nervous
system. A recombinant form of N-acetylgalactosamine-4-sulfatase,
Naglazymes (galsulfase), has recently been approved as an ERT
for the treatment of MPS VI [Hopwood et al., 2006].

The structure of ARSB was elucidated by Bond et al. [1997], and
the ARSB monomer is comprised of an N-terminal domain with
10-stranded b-sheet flanked by a series of helices on both sides,
forming an a/b sandwich domain [Bond et al., 1997; Ghosh,
2005]. The comparatively smaller C-terminal domain consists of
four-stranded antiparallel b-sheet with an a-helix lying perpendi-
cularly across the solvent exposed surface [Bond et al., 1997]. The
precursor ARSB molecule comprises of 533 residues, and
maturation of the ARSB molecule requires the glycosylation of
the precursor molecule and removal of the first 38 residues
forming the signal peptide, followed by subsequent cleavage of the
C-terminal end of residues 423 and 465 to generate the three final
chains (43 kDA a-chain; 8 kDA b-chain; and 7 kDa g-chain) of the
mature enzyme [Kobayashi et al., 1992].

The active site of ARSB is located in a narrow cleft on the
surface of the molecule, formed between the 10-stranded b-sheet
core and the flanking helices immediately C-terminus to the
b-sheet. Other than C91, which is posttranslationally modified to
form the Ca-formylglycine (FGly) critical for the catalytic
machinery of the enzyme [Bond et al., 1997; Brooks et al., 1995;
Recksiek et al., 1998], the active site of ARSB is lined with a series
of conserved residues [Bond et al., 1997]. These conserved
residues include D53, D54, P93, S94, R95, K145, H147, H242,
D300, N301, and K318, which are similarly identified in
corresponding regions of other members of the sulfatase family
[Waldow et al., 1999]. Residues R95, K145, H147, H242, and K318
are involved in the binding and stabilization of the sulfate ester
substrate that binds to the active site. The side chains of D53, D54,
D300, and N301 are involved in calcium ion coordination in the
metal binding site located at the base of the substrate binding
pocket [Bond et al., 1997].

Aside from C91, which is involved in the formation of the active
site FGly, the remaining eight cysteine residues are involved in the
formation of disulfide bridges that are responsible for linking the
three nonidentical chains of the enzyme. C121–C155 and
C181–C192 are intrachain disulfide bridges within the a-chain,
while C117–C521 and C405–C447 are responsible for bridging
a-chain to b-chain and a-chain to g-chain, respectively [Bond
et al., 1997; Kobayashi et al., 1992]. Except for C192, which has
been noted to be a mutation site that result in mild MPS VI, all
three other cysteine residues involved in intrachain disulfide
bridges have not been implicated in the condition. Interestingly,
while mutations of C117, C447, or C521 result in severe MPS VI
[Karageorgos et al., 2007], mutation of C405 results in an
attenuated form of the disease [Jin et al., 1992]. In addition, five
N-linked glycosylation sites are present on the mature polypeptide
sequence; except for N279, N426, and N366, it is unclear whether
N188 and N458 are glycosylated [Bond et al., 1997]. To the best of
our knowledge, no mutational studies to examine these glycosyla-
tion sites have been reported.

A total of 61 point mutation sites [Karageorgos et al., 2007;
Saito et al., 2008] have been highlighted on the structure presented
in Figure 2E, with the 46 mutation sites resulting in severe MPS VI
and 15 sites resulting in mild MPS VI (www.hgmd.cf.ac.uk/ac/
index.php). Mutations such as p.D54N, p.R95Q, p.G144R,

p.W146R/S/L, p.D300E, and p.G302R are situated within the
proximity of the active site or metal ion binding sites, and
expectedly result in severe forms of MPS VI. Saito et al. [2008] had
also examined structural changes associated with several of these
mutations and reported that most of the sites that result in severe
MPS VI have a low solvent accessible surface area, or are
associated with drastic changes near structurally important areas.
Although the specific functions of each of the structural domains
in the enzyme have not been clearly elucidated, the mutation sites
that result in MPS VI are generally distributed throughout the
entire structure of the molecule, mostly buried within the
hydrophobic cores of each domain.

Arylsulfatase A in Metachromatic Leukodystrophy

Metachromatic leukodystrophy is a rare autosomal recessive
metabolic disorder, arising from the deficiency of arylsulfatase A
(ARSA). The overall incidence of metachromatic leukodystrophy
is generally low, affecting approximately 1:150,000 in France and
Germany. However, incidence may be as high as 1:2,500 and
1:6,000 in isolated gene pools such as the Eskimos or Navajo
Indians [Scriver, 2001]. The consequent intralysosomal accumula-
tion of the cerebroside 3-sulfate substrate results in the progressive
demyelination of the central and peripheral nervous system,
leading to severe neurological impairment [Scriver, 2001].
Although a recombinant form of ARSA is currently under clinical
trials (Metazym; renamed HGT-1111 in 2008) (http://clinical
trials.gov) as an ERT, no treatment modality is currently available
for this fatal metabolic condition.

ARSA is a member of the sulfatase family, and possesses several
similarities to other members of this family of lysosomal enzymes.
As with most other lysosomal enzymes, posttranslational proces-
sing of the 507-residue preprotein includes cleavage of the signal
sequence, as well as high-mannose oligosaccharide glycosylation.
Glycosylation was observed at N158 and N184, but the third N350
glycosylation site remains unoccupied [Chruszcz et al., 2003].
Despite the fact that ARSA only shares �50% sequence similarity
to other sulfatases, the crystal structure of ARSA showed that the
secondary structure, active site topology, and overall conforma-
tion are highly similar to those observed in the structure of ARSB,
the human sulfatase implicated in MPS VI [Lukatela et al., 1998;
von Bulow et al., 2001]. The structure of ARSA also consists of a
large core a/b sandwich domain of a 10-stranded b-sheet flanked
by several helices, as well as a smaller four-stranded C-terminal
b-sheet with a closely associated orthogonal helix. As mentioned
earlier, the active site of sulfatases are lined by a series of conserved
residues that are important for the formation of the metal-ion
coordinating site and the critical FGly moiety. In this case, the
magnesium ion is coordinated by D29, D30, D281, and N282.
H125 assists in the cleavage of the enzyme-substrate intermediate,
while K123, K302, H229, and S150 contribute to the binding of
the sulfate substrate [Waldow et al., 1999]. A total of 15 cysteine
residues are present in the sequence of ARSA. Of these, 12 are
involved in disulfide bond formation, C38 and C294 exist as free
thiols, and C69 is posttranslationally modified to FGly of the
active site [Lukatela et al., 1998].

Unlike ARSB which exists as monomer, ARSA exists as dimer in
neutral pH and further oligomerizes into an octamer in acidic pH.
ARSA’s orthogonal a-helix is important for the interdigitation of
hydrophobic side chains at the dimer interface. Three direct
monomer–monomer contacts (H328–P42, S43–S432, and
Y439–T408) and 25 water-mediated hydrogen bond contacts were
also involved in the formation of the dimer interface. This dimer
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interface is mediated by the short b13 strands (residues 325–327)
of the core b-sheet, and four loops including 32–44, 286–300,
406–414, and 430–439. Subsequent oligomerization of the dimers
occur via interactions between the long a-helix I (residues
450–469) that lies orthogonal to each monomer, as well as
protonation/deprotonation of E424 [Lukatela et al., 1998].

The majority of the 76 missense mutation sites documented to
cause metachromatic leukodystrophy were noted to cluster
around the active site pocket, or in the loop regions on the
surface of the molecule where the active site cleft is situated
(Fig. 2F) (www.hgmd.cf.ac.uk/ac/index.php) [Simonaro et al.,
2002]. These include p.D29N, p.G32S, p.L68P, p.G122S, p.H227Y,
p.P231T, and p.D281Y that will potentially upset the coordination
of the metal ion or substrate binding, as well as other buried
mutation sites that disrupt the hydrophobic core of the molecule.
In contrast, except for p.G119R, p.A212V, p.F219V, and p.T274 M,
none of the remaining 72 mutation sites reside in the regions close
to the posterior surface of the active site pocket. Interestingly,
eight mutation sites (including 2 out of the 4 cysteine residues
forming the two disulfide bridges in this segment) were noted in
the short segment between residue 152–172, corresponding to the
proximity of the putative recognition element in ARSB’s structure.
This indicates that the conformation of the small putative
recognition segment is possibly critical for the activity of ARSA.
In contrast, the corresponding segment was noted to be extruded
out of the ARSB’s surface [Bond et al., 1997], but no known
mutation sites have been noted on this segment.

The cohesion of the monomers via the short b-strand and four
loops at the dimer interface through the cumulated effect of
hydrogen bonds was reported to be very strong [Lukatela et al.,
1998]. Therefore, it was not surprising to note a total of 11
mutation points in the dimer interface. In particular, the loop
region between residues 286–300 contained 7 of the 11 noted
mutations. The ability of these dimers to form octamers in acidic
media was also reported to be critical in yielding an active form of
the ARSA in the harsh lysosomal environment [Marcao et al.,
2003]. For example, the C300F mutant causes the generation of a
free thiol at C414, resulting in an unnatural dimerization through
disulfide bridge formation with a second monomer, and the
consequent severe impairment of octamerization of ARSA
[Marcao et al., 2003]. This theory was further supported by the
analysis of the p.P426L and p.P425 T mutants, which, although
they did not result in major structural alteration, resulted in a
failure in oligomerization and the consequent unstable enzymes in
lysosomes [Marcao et al., 2003; von Bulow et al., 2002].

Acid Sphingomyelinase in Niemann-Pick Disease

The sphingomyelin phosphodiesterase 1 (SMPD1) gene en-
codes for two proteins of the same sequence but with distinct
posttranslational modifications [Schissel et al., 1996]. The zinc-
stimulated secretory form of sphingomyelinase catalyzes the
extracellular hydrolysis of sphingomyelin to phosphorylcholine
and ceramide, while the second form of acid sphingomyelinase
(ASM) hydrolyzes the same substrate intralysosomally [Brady
et al., 1966]. A deficiency of ASM causes massive accumulation of
sphingomyelin in lysosomes, resulting in a lipid storage disorder
termed Niemann-Pick disease that exhibits a broad range of
phenotypic presentations. Patients presenting with the severe
infantile, neurological form (Type A) of the Niemann-Pick disease
deteriorates rapidly and often do not survive beyond the first 3
years of life. Type B Niemann-Pick disease patients present with
minimal neurodegeneration and milder overall clinical presenta-

tions [Seto et al., 2004]. The occurrence of Type A Niemann-Pick
disease is observed throughout the world, but has been observed
to be more frequent in Jewish populations, with an incidence of
1:40,000 newborns, but is likely to be even higher considering the
propensity for spontaneous abortions [Scriver, 2001].

The 629-residue protein encoded by the SMPD1 gene consists
of a signal peptide [Schuchman et al., 1991], a saponin B domain
(residues 87–165) [Ponting, 1994], a phosphodiesterase domain
(residues 201–472) [Seto et al., 2004], and a carboxy-terminal
region (residues 490–620) that does not possess a specific
functional motif [Seto et al., 2004]. The amino acid sequence of
ASM possesses six N-glycosylation sites (N88, N177, N337, N397,
N505, and N522), in which N505 is not occupied, while the
substitution of either of the last two sites inhibited the formation
of the active enzyme [Ferlinz et al., 1997]. Similar to other acidic
enzymes that are selectively delivered to lysosomes, the mannose-
6-phosphate moiety on the glycoprotein recognizes the mannose-
6-phosphate receptor on lysosomes for specific delivery into these
intracellular organelles [Ferlinz et al., 1997]. Ten putative
phosphorylation sites and six disulfide bonds (out of 17 cysteine
residues) were also reported [Lee et al., 2007]. Interestingly, while
it is not surprising that the disulfide linkages are critical for
maintaining the stability and overall conformation of the enzyme,
it was unexpected that activation of ASM requires the deletion of
the free cysteine residue C629 to acquire full catalytic activity [Qiu
et al., 2003]. Finally, a series of proteolytic cleavages at various
sites of the precursor molecule is also needed in order to generate
the mature �52-kDA ASM [Hurwitz et al., 1994].

Although the implication of ASM in Niemann-Pick disease had
been identified for more than half a century [Brady et al., 1966],
the structure of ASM has not been elucidated. In an attempt to
better understand the structural characteristic of ASM, Seto et al.
homology modeled the phosphoesterase domain (residues
201–472) of ASM based on purple acid phosphatase (PAP) [Seto
et al., 2004]. Due to the low level of homology of ASM to the
structure of known human protein, the structural template for
homology modeling was identified through multiple sequence
alignment search engines and fold recognition methodologies.
PAP was ultimately chosen as the template for the phosphoester-
ase domain of ASM. However, with only �15% homology
between the two proteins, the remaining sections of ASM could
not be modeled. Although over 80 missense mutations have been
identified (www.hgmd.cf.ac.uk/ac/index.php), we are not aware of
any reports attempting to correlate the structural features of ASM
with genotypic presentations of Niemann-Pick disease.

Although there is no currently approved ERT for the treatment
of Niemann-Pick disease, the recombinant form of human ASM,
is currently undergoing clinical trials (http://clinicaltrials.gov). In
attempt to target specific tissues affected by the condition,
Garnacho et al. [2008] has also recently reported an unconven-
tional method of delivery ASM to the lungs of murine Niemann-
Pick models using intercellular adhesion molecule-1-targeted
polymer nanocarriers.

Tissue-Nonspecific Alkaline Phosphatase
in Hypophosphatasia

Hypophosphatasia is a hereditary metabolic disorder caused by
the deficiency of tissue-nonspecific alkaline phosphatase
(TNSALP), consequently resulting in defective bone mineraliza-
tion that can present in various levels of clinical severity ranging
from as mild as loss of dentition, to the most severe perinatal form
that is nearly always fatal [Fraser, 1957]. As with most other
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metabolic disorders, hypophosphatasia has been observed in
various populations across the world. However, hypophosphatasia
is particularly prevalent in the inbred Mennonite family in
Manitoba Canada, with an incidence of 1:2,500 newborns, as
compared to the 1:100,000 incidence for the whole of Canada
[Scriver, 2001].

TNSALP anchors to the plasma membrane of osteoblasts’
matrix vesicles through a posttranslationally added glucosylphos-
phatidylinositol moiety (GPI), forming a specialized sheltered
environment in which inorganic phosphates are hydrolyzed for
the formation of hydroxyapatite bone crystals [Anderson, 1995;
Jemmerson and Low, 1987]. Of the four known alkaline
phosphatase isoforms present in man, the placental (PLAP), germ
cell (GCAP), and intestinal alkaline phosphatases exhibit tissue
specificity and are 90 to 98% homologous to one another. In
contrast, the TNSALP, as its name suggests, is found in several
tissue types and bears only about 50% homology to the three
tissue-specific isoforms [Harris, 1990]. Although the crystal
structure of TNSALP has not been elucidated, the crystal structure
of PLAP was reported by Le Du et al. [2001] at 1.8 Å, and serves as
a representative of this class of closely-related alkaline phospha-
tases. The 524-residue amino acid sequence of the TNSALP was
homology modeled with PLAP as the structural template on the
Swiss-Model Comparative Protein Modeller Server [Schwede
et al., 2003] on ‘‘first approach mode.’’

Except for a short C-terminal stretch that is not present in the
homology model, the model of TNSALP is highly similar to the
monomeric subunit of the homodimeric PLAP template with a
root mean square deviation (RMSD) of 0.0058 Å (Supp. Fig. S5).
The homology model and sequences of TNSALP and PLAP
indicate the conservation of potential glycosylation sites, the four
metal ion-binding sites, key catalytic residues (corresponding to
D110, S111, and R186 in PLAP), as well as the overall
conformation of the dimeric interface are conserved in the
homology model. Briefly, the core segment of the molecule
consists of a mixed 10-stranded b-sheet, flanked by several short
a-helices on one surface, and the active site domain on the other.
A metal-binding domain (residues 211–289) is seen on the surface
of the monomer opposite to the dimer interface. An interfacial
‘‘crown domain’’ is formed by residues 371–431, and has been
identified to be crucial for the catalytic activity of TNSALP [Numa
et al., 2008]. The N-terminal helix that was described in PLAP to
be remote from the rest of the monomer and to interact with the
second monomer was also observed in TNSALP, orientated in an
identical conformation [Le Du et al., 2001].

More than 150 mutations have been implicated with hypopho-
sphatasia. Of these, 110 mutations represent missense/nonsense
mutations occurring at 89 residues (Fig. 2G) (www.hgmd.cf.ac.uk/
ac/index.php) [Mornet, 2000]. Mutations at 84 sites resulted in
severe hypophosphatasia, while the remaining five sites resulted in
TNSALP with more than 10% residual activity. Based on the
clustering of mutations around various regions of the TNSALP
model, Mornet et al. [2001] proposed five regions of the enzyme
that are likely to result in hypophosphatasia. The first region is the
active site pocket in which residues critical for catalysis or Zn1/
Mg21 coordination reside. These mutations include p.A111T,
p.G120R, p.H171R/Y, and p.G334D [Di Mauro et al., 2002]. It
would also be expected that mutations to residues in a second
region forming the active site valley (p.T134N, p.R136H, p.E191K/
G, and p.R450H/C) would result in a similar impact on the
enzyme’s activity [Mornet et al., 2001]. The third region involves
the calcium ion binding site, in which mutations to either the
metal coordinating residues (E235, E291, and D306), or residues

in close proximity (R223, R272, P292, and M295) resulted in
hypophosphatasia. The final two mutation clusters include the
‘‘Crown Domain’’ region, as well as the dimeric interface. The
‘‘Crown Domain,’’ specifically the collagen binding loop (residues
422–452), contains the mutations p.V423A, p.G426C, p.Y436H,
p.S445P, p.R450C, and p.R450H that severely impairs the activity
of the enzyme [Mornet et al., 2001]. Mutations at the dimeric
interface such as p.R391C, p.A399S, p.D406G, and p.N417S, as
well as p.A33V and p.A40 V on the remote N-terminal helix
involved in monomer interaction, were also shown to result in
hypophosphatasia [Di Mauro et al., 2002; Mornet et al., 2001].

As described earlier, TNSALP is anchored to the plasma
membrane of specialized vesicles in the osteoblast via a GPI
moiety located on the C-terminal end of the enzyme. This specific
localization of the enzyme hindered effective production and
purification of the recombinant enzyme for characterization. In a
recent study by Di Mauro et al. [2002], GPI was eliminated to
result in a secreted form of the enzyme while leaving the kinetic
parameters of the mutant enzymes largely unaffected. This
strategy verified that deletion of the GPI anchor is not detrimental
to the activity of the enzyme, as well as dramatically improved the
production of soluble recombinant enzyme. Further work by
Nishioka et al. [2006] demonstrated that replacement of the GPI
anchor moiety with a stretch of acidic oligopeptide (L-aspartic
acid or L-glutamic acid) resulted in the selective delivery of
TNSALP to bone tissues. This strategy further led to the
development of a human TNSALP variant with a C-terminal
extension of a human immunoglobulin G (IgG) Fc region for
rapid purification, as well as a deca-aspartate sequence for
targeting to bone tissues. The variant was shown to be effective
in preventing skeletal manifestations of hypophosphatasia in
TNSALP-null murine models [Millan et al., 2008]. The engineered
TNSALP variant (ENB-0040) has recently entered clinical trials
(http://clinicaltrials.gov), with the potential of becoming one of
the first ERTs for a metabolic condition unrelated to lysosomal
storage disorder.

Porphobilinogen Deaminase in Acute Intermittent
Porphyria

Acute intermittent porphyria (AIP) arises from the deficiency of
the enzyme porphobilinogen deaminase (hydroxymethylbilane
synthase [HMBS]) involved in the third step of the heme
biosynthesis pathway, condensing four porphobilinogen molecules
into a linear tetrapyrrole [Scriver, 2001]. The incidence of AIP in
most parts of the world is approximately 1:200,000 [Scriver, 2001].
Unlike other metabolic conditions discussed earlier, AIP is the
result of autosomal dominant inheritance, and leads to the
accumulation of the heme precursors 5-aminolaevulinic acid and
porphobilinogen [Wood et al., 1995]. AIP is clinically character-
ized by acute episodes of gastrointestinal and neuronopathic
symptoms, while being clinically unremarkable between episodes.

The structure of E. coli HMBS was first elucidated by Louie
et al. [1002], and was shown to consist of three domains.
Domain I and Domain II possess similar overall conformations,
each with a mixed b-sheet core with a-helices packed on each face
of the strands. In contrast, Domain III consists of an antiparallel
b-sheet with one surface covered with three a-helices. The
connecting strands and limited number of interdomain non-
covalent interactions suggest that the domains might be flexible in
nature. The dipyrromethane cofactor, which is assembled from
substrate porphobilinogen, binds to C261 of the substrate binding
pocket in Domain III through the cleft formed between Domains I
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and II of the enzyme [Brownlie et al., 1994]. In addition, the
dipyrromethane cofactor interacts with HMBS by extensive
hydrogen-bonding and ion-pair interaction with active-site
residues. Residues K98, D99, S147, R149, T145, R150, and R173
interact with the side chain of the cofactor C1 ring; while residues
R26, S28, D99, R167, G168, L170, and R173 interact with the
cofactor C2 ring [Wood et al., 1995].

E. coli HMBS bears 43% sequence homology with human
HMBS, and was expected to possess conserved structural features
[Brownlie et al., 1994]. A homology model of the 313-residue
human HMBS was generated on the Swiss-Model Comparative
Protein Modeller Server [Schwede et al., 2003] based on ‘‘first
approach mode,’’ and the generated model of human HMBS was
found to be remarkably similar to the template E. coli HMBS
(PDB code 1PDA), with a RMSD of 0.19 Å. All structural features
in the template structure were essentially conserved in the
modeled human HMBS, with an additional helix (residue
299–325) inserted on the solvent-exposed flank of Domain III
(Fig. 2H).

More than 120 mutations have been noted on the human
HMBS gene (www.hgmd.cf.ac.uk/ac/index.php). Of these, 65 sites
affected by missense point mutations were identified on the
created homology model. Nearly all residues identified as critical
for interacting with the dipyrromethane cofactor were implicated
in causing AIP. D99 was previously suggested to be critically
involved in the catalysis, C261Y results in the elimination of the
binding site for the cofactor, and R167Q/W results in the
accumulation of enzyme-substrate intermediate but halts
the progress of the reaction [Wood et al., 1995]. Other mutations
interrupting the binding of the dipyrromethane cofactor include
p.R26C, p.S28N, p.K98R, p.D99G/N/H, p.R149Q/L, and
p.R173W/Q.

The three domains of E. coli HMBS were reported to be
maintained by a series of interdomain hydrogen bonds and salt
bridges [Louie et al., 1992]. These interactions were similarly
observed in the homology model of human HMBS, and include
hydrogen bonding between E216 and E250 and R116 and T241, as
well as ionic interaction between R116 and E250. AIP was
reported for patients with mutations at 3 (p.R116Q/W, p.G216D,
and p.E250A/K/Q/V) out of the 4 residues involved in the
formation of this interdomain hinge. A large number of
the remaining mutations resulted from the disruption of the
hydrophobic core regions due to steric clashes or drastic volume
changes resulting from side chain substitutions (e.g., p.L177R,
p.T269I, p.A122G, and p.A31 T) [Louie et al., 1992].

A recombinant form of porphobilinogen deaminase (Porpho-
zymTM) was previously developed by Zymenex (Hillerød,
Denmark; www.zymenex.com) for potential use as an enzyme
replacement therapeutic for AIP. Although PorphozymTM ex-
hibited the expected enzymatic activity on porphobilinogen, was
shown to have a favorable safety profile, and is well-tolerated by
patients, the development of the product was hampered by the
acute nature of the target condition compounded by issues of
patient variability and lack of targeting of the enzyme to the liver.
The development of PorphozymTM was subsequently discontin-
ued, and is not likely to resurface until specific targeting of the
enzyme can be achieved.

Phenylalanine Hydroxylase and Phenylalanine Ammonia
Lyase in Phenylketonuria

Phenylketonuria (PKU) is an autosomal recessive condition, in
which the accumulation of phenylalanine in the system results in

aberration of various physiological processes, the most severe of
which is the irreversible impairment of physical and intellectual
development. PKU has an incidence of approximately 1:15,000
newborns, and is one of the most commonly reported forms of
metabolic disorder [Scriver, 2001]. While several mutations to
genes relating to the enzymes involved in the biosynthesis and
regeneration of the tetrahydrobiopterin (BH4) cofactor were
found to be responsible for PKU state in some patients, the
majority of hyperphenylalaninemia patients exhibit classical PKU,
which is the direct result of impairment or deficiency of a
functional phenylalanine hydroxylase (PAH). Consequently,
because of the extensive population screened, PKU is also one
of the most well-studied monogenic metabolic conditions.

The human liver PAH is a 452-residue protein that exists in a
pH-dependent equilibrium of nonheme homodimers and homo-
tetramers [Martinez et al., 1995]. Although the structure of the
full-length PAH has not been solved, high-resolution crystal
structures for several truncated variants of PAH, as well as a
composite model of the full-length PAH, are available [Erlandsen
et al., 1997; Fusetti et al., 1998; Kobe et al., 1999]. Each PAH
monomer has an approximate molecular weight of 50 kDa and
comprises three structural domains: residues 1–142 form the
N-terminal regulatory domain, residues 143–410 form the
catalytic domain, and the C-terminal tetramerization domain is
made up of residues 411–452 [Kobe et al., 1999]. The a/b-
sandwich motif regulatory domain consists of four-stranded
antiparallel sheets flanked by two helices and the catalytic domain.
The catalytic domain consists of a ‘‘basket-like’’ arrangement of 14
helices and eight b-sheets, with 28 out of the 34 residues lining the
active site being hydrophobic residues. A key component to the
active site is a catalytic iron that is coordinated by H285, H290,
and E330, as well as three water molecules. The C-terminal
tetramerization domain is made up of a two-stranded antiparallel
sheet followed by a long a-helix [Erlandsen and Stevens, 1999].

To date, nearly 600 documented mutations resulting in PKU
have been reported (www.hgmd.cf.ac.uk/ac/index.php;
www.pahdb.mcgill.ca). Of these mutations, 365 missense muta-
tions occur at 216 sites on the protein sequence (Fig. 3). Based on
the structural information of the truncated variants of PAH, the
most prevalent single-point mutations resulting in PKU were
attributed to mutations that disrupt the active site, critical
structural residues, residues involved in the interdomain or dimer/
tetramer interfaces, as well as those involving the N-terminal
autoregulatory sequence. As these information have been
extensively discussed in several earlier reviews, they are not
detailed herein [Erlandsen et al., 2003; Erlandsen and Stevens,
1999; Pey et al., 2007].

Considering the fact that the offending substrate in PKU is
phenylalanine present in the patient’s plasma, PKU appears to be
readily amendable to ERT that has been extremely successful in
several other metabolic disorders. Various groups had attempted
the delivery of PAH by strategies such as PEGylation, as well as
fusion with a transduction domain [Eavri and Lorberboum-
Galski, 2007; Gamez et al., 2004]. However, the complex
regulatory requirements of PAH, overall instability of the
molecule, and the obligate requirement for a cofactor makes it a
challenging candidate for development into an ERT [Sarkissian
et al., 1999]. An alternative approach to the alleviation of classical
PKU is enzyme substitution therapy with phenylalanine ammonia
lyase (PAL; EC 4.3.1.24) derived from bacterial or yeast origins.

PALs converts L-Phe into the harmless metabolite transcin-
namic acid, which is converted into hippurate and readily excreted
in the urine [Hoskins et al., 1984]. Unlike PAH, PALs are
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independent of obligatory cofactors for its catalytic activity and
are devoid of any specific regulatory controls. Deamination of
L-Phe relies on a 4-methylidene-imidazole-5-one (MIO) prosthe-
tic group that is produced by the posttranslational condensation
of a sequential Ala-Ser-Gly triad within the enzyme [Sarkissian
et al., 1999; Wang et al., 2005]. Administration of Rhodosporium
toruloides PAL (RtPAL), derived from the yeast Rhodosporium
toruloides, to murine PKU models have already demonstrated
reduction in plasma Phe levels, reinforcing the feasibility of
utilizing PAL as a potential enzyme therapeutic for the treatment
of PKU [Hoskins et al., 1984; Sarkissian et al., 1999]. Recently,
Anabaena variabilis PAL (AvPAL), derived from cyanobacterium
Anabaena variabilis, was shown to have similar biochemical
characteristics with superior thermal stability and protease
resistance as compared to RtPAL [Moffitt et al., 2007; Wang
et al., 2008]. By optimizing AvPAL with PEGylation, we previously

demonstrated that PEG-AvPAL exhibits reduced immunogenicity
and improved pharmacokinetic characteristics that are suitable for
development into a potential enzyme therapeutic [Sarkissian et al.,
2008]. This molecule has recently entered into phase II clinical
trials for the treatment of PKU (http://clinicaltrials.gov), and may
potentially be the first enzyme substitution therapeutic developed
for the treatment of hereditary metabolic conditions.

Conclusions

In this review, we have discussed the structural information of
the enzymes used for ERT in 11 hereditary conditions. Aside from
the catalytic domain and active site pocket of the enzymes, the
functions of most of the structural domains of these enzymes are
not well characterized. Further, mutation sites that render the
enzymes inactive are generally widely distributed throughout the

Figure 3. Structure of human phenylalanine hydroxylase model. A composite model was derived based on the structures of catalytic/
regulatory domains of PAH (PDB 1PHZ) and catalytic/tetramerization domains (PDB 2PAH) [Erlandsen et al., 1997; Fusetti et al., 1998; Kobe et al.,
1999]. The catalytic domain is presented in green, while the regulatory and tetramerization domains are colored in light pink and light blue,
respectively. The catalytic iron of PAH’s active site is represented by the blue sphere. For clarity, only mutation sites on a single monomer are
presented. Mutation sites resulting in unknown or severe clinical phenotypes are marked in red. Mutation sites resulting in mild clinical
phenotypes are marked in yellow.
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various domains of the enzyme. Due to likely compensatory
variations of residues involved in the intramolecular interactions,
not all of the effects of point mutants could be adequately
rationalized. Nonetheless, point mutations that abolish biological
activity of these enzymes may be generally classified into the
following types: (1) Disruption of the hydrophobic core. Several of
the lysosomal enzymes share common structural frameworks. For
example, lysosomal hydrolases such as glucocerebrosidase,
a-galactosidase, and acid a-glucosidase possess a conserved
(b/a)8 TIM barrel catalytic domain [Durand et al., 1997], while
the sulfatases such as iduronate-2-sulfatase, N-acetylgalactosa-
mine-4-sulfatase, and arylsulfatase A possess an a/b sandwich
catalytic domain [Ghosh, 2005]. In nearly all cases, disruptions to
the hydrophobic cores of the catalytic domains or interfaces of the
domains were noted to result in severe phenotypes [Dvir et al.,
2003; Garman, 2007; Louie et al., 1992; Lukatela et al., 1998; Saito
et al., 2008; Sugawara et al., 2008b; Sukegawa-Hayasaka et al.,
2006; Tajima et al., 2007]. (2) Disruption of the multimer
interface. Dimer formation was also noted to be crucial for the
biological activity of TNSALP [Mornet et al., 2001], and both
dimer and octamer formation were important for a stable and
functional arylsulfatase A [Marcao et al., 2003; von Bulow et al.,
2002]. (3) Disruption to functionally relevant regions. Disruptions
to active-site residues of the enzymes invariably resulted in
abolishment of catalytic activity of the enzymes. In addition,
disruptions to conserved residues in proximity to the active site
pocket, such as the case of the sulfatases, or metal binding sites of
sulfatases and TNSALP were also detrimental to the enzymes. (4)
Substitutions to/from conformationally constraining residues such
as proline or cysteine frequently resulted in the disruption in
overall conformation of the enzyme. (5) N-glycosylation is a
critical form of posttranslational modification that is involved in
various stages of biosynthetic maturation of lysosomal enzymes.
While not all N-glycosylation sites are necessarily absolutely
conserved across the various types of lysosomal enzymes,
substitutions of these carbohydrate moieties are frequently
detrimental to the enzymes’ catalytic activities, lysosomal delivery,
as well as folding/maturation pathways. (6) Premature degrada-
tion of partially misfolded enzymes. Several of these enzymes
require proteolytic maturation steps to attain the fully-functional
mature protein. In certain cases, mutations to the precursor
sequence results in misfolding and rapid degradation of the
misfolded protein. For example, p.P86L, p.S333L, p.S349I,
p.R468Q, and p.R468L mutations to iduronate-2-sulfatase re-
sulted in severe phenotypes with only 73 to76 kDA precursors
detected [Sukegawa-Hayasaka et al., 2006]. Through the use of
monoclonal antibodies to epitopes expressed at various stages of
arylsulfatase A biosynthesis, Poeppel et al. [2005] also examined
the correlation of premature degradation with misfolding of
proteins, and suggested that metabolic conditions arising from
premature degradation of partially misfolded enzymes could
represent a form of ‘‘conformational disease’’ [Carrell and Lomas,
1997].

With the advancement of structural biology in the recent
decades, critical information on the structure–function relation-
ships of these enzymes is becoming increasingly available. In this
article, we have reviewed how perturbations to specific structural
features of these enzymes resulted in the clinical states of the
metabolic conditions concerned. However, except for selected
literature reporting the usage of these enzymes in the clinical
settings [Al Sawaf et al., 2008; Charrow, 2009; Hughes et al., 2008;
Pastores, 2008; van der Ploeg and Reuser, 2008; Wraith, 2008],
information correlating the structural features of the enzymes to

the delivery of the enzyme in the in vivo system, as well as the
consequent safety and efficacy of the final therapeutic enzyme
highlights direction for significant improvements.

Future Directions

ERT for lysosomal storage diseases marked a major milestone in
the treatment of metabolic conditions. However, advancement for
this class of therapeutic enzymes has been hampered by a series of
hurdles. First, the requirement for posttranslational proteolytic
processing of several lysosomal enzymes suggests that a con-
formational change is required for optimal substrate binding/
access and catalysis. Although structural data is now available for
several of these therapeutic enzymes, the unknown functions of
the various structural domains have made it particularly
challenging for enzyme redesign. Further, the 3D structures for
over one-half of the enzymes currently in clinical use remain to be
elucidated (Table 1). Second, analysis of the structural and
biochemical correlation of the mutants indicate a broad distribu-
tion of mutations throughout the various domains of the
structures of the native enzymes, making structural modification
an uphill task.

The next hurdle to development of ERT for lysosomal storage
diseases concerns the transport of these enzymes into lysosomes.
The need for organelle-specific delivery of the enzymes adds a
further barrier to the utilization of these enzymes. In specific
subsets of lysosomal diseases such as Pompe disease, the target
skeletal muscles forms a large portion of body mass, and are
separated from the circulatory system by the blood-muscle layer
[McVie-Wylie et al., 2008], and the inability to target the
exogenously administered enzyme can result in losses of over
80% of the administered dose [Geel et al., 2007]. The success of
ERT is largely dependent on delivery of a sufficient amount of
enzymes to the target tissue, and the inability of these therapeutic
enzymes to cross the blood-brain-barrier seriously limits the
applications of these exogenous enzymes in treating the most
severe forms of several lysosomal storage disorders that are
associated with neurological symptoms.

Despite that fact that the first ERT has been utilized for more
than a decade, no form of redesign of native enzymes or usage of
analogs from alternative sources has been reported. Although the
use of GAA derived from Aspergillus niger has been reported for
the treatment of MPS VI, this preliminary attempt called for high
doses of recombinant enzymes over long durations [Geel et al.,
2007]. This approach was further compromised by the risk of
immunogenicity and the lack of guarantee for lysosomal delivery.
Considering the fact that only a small amount of enzyme or
residual enzymatic activity is needed for preventing disease
progression in several of these conditions [Doebber et al., 1982],
a more pragmatic approach would be to optimize enzyme
targeting, as well as minimize premature degradation of
partially-active mutant enzymes. In another work, Silverman
et al. [2001] rationally mutated 142 residues of the 182 examined
residues in the 250-residue (b/a)8 TIM barrel catalytic domain of
a bacterial triosephosphate enzyme to be comprised of solely of a
seven-letter amino-acid alphabet. Interestingly, such compara-
tively drastic substitution did not result in significant loss of
biological activity of the enzyme. Such an example of advance-
ment in protein engineering promises a future of structural
insights and potential reengineering of lysosomal enzymes.

A possible approach to improving these therapeutic enzymes
would perhaps be the manipulation of specificity of enzyme
delivery. Glycosylation of the mature enzymes has been noted in
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all of the above-discussed lysosomal enzymes [Berg-Fussman
et al., 1993; Kobayashi et al., 1992; Millat et al., 1997b; Scriver,
2001; Zhao et al., 1997] for selective delivery of the enzymes into
lysosomes. The successful glycoengineering of acid a-glucosidase
with higher level of mannose-6-phosphate [McVie-Wylie et al.,
2008], and exposing of the mannose core of glucocerebrosidase
[Doebber et al., 1982] for targeting to the lysosomal mannose-6-
phosphate receptor indicate that a similar strategy may be applied
to other exogenous enzymes utilized for treatment of other
lysosomal storage diseases. Glycosylation at specific sites, the
nature of carbohydrate moieties and phosphorylation states, and
putative positive influences of certain mutations such as N19D on
the activation of glucocerebrosidase [Berg-Fussman et al., 1993]
suggest that manipulation of glycosylation state might be a
possible approach in optimizing enzyme function and specificity.
This is especially valid since many lysosomal enzymes share
common synthesis and processing pathways, involve extensive
posttranslational modification such as glycosylation, acquisition
of phosphomannosyl residues for lysosomal targeting via
mannose-6-phosphate receptor, and proteolytic cleavage
[Kornfeld, 1986]. Furthermore, glycosylation has been known to
improve the overall stability of proteins [Sola and Griebenow,
2009], and have been utilized to improve the circulation half-life
and activity of erythropoietin analogues [Sinclair and Elliott,
2005]. Several other alternative approaches independent of the
mannose-6-phosphate receptor pathway have also been attempted
in improving the ‘‘targeting’’ and delivery of therapeutic enzymes
to specific delivery sites. For example, the use of a stretch of acidic
oligopeptide dramatically enhanced the selective delivery of
TNSALP to bone tissues [Nishioka et al., 2006]. Fusion of
IGF-II fragments to the b-glucuronidase improves the delivery
of enzyme to storage in glomerular podocytes and osteoblasts
[LeBowitz et al., 2004], while attachment of the HIV Tat protein
transduction domain to the same enzyme improved delivery to
renal tubules, retina, and bone [Orii et al., 2005].

Although intravenous administration of appropriate exogenous
enzymes can halt or alleviate systemic symptoms to several of the
lysosomal storage diseases, the most severe forms of lysosomal
storage diseases are frequently associated with central nervous
system involvement that is not responsive to the current treatment
modality. Although intrathecal or intraventricular administrations
of certain therapeutic enzymes such as a-L-iduronidase or
glucocerebrosidase are already under investigation [Dickson
et al., 2007; Lonser et al., 2007; Pastores, 2008], these techniques
may not be sufficient in providing adequate doses of the

administered enzyme to the large areas of the brain due to a
dilution effect. Lonser et al. [2007] recently reported an image-
guided convective-enhanced direct delivery of therapeutic proteins
to afflicted tissues of the brain. Despite the fact that this method
holds the potential for direct delivery of enzymes to the affected
tissues in the brain, this method is invasive in nature and more
studies are required to prove the feasibility for use as a long-term
therapeutic option. An alternative approach that has been recently
reported involves the fusion of IDUA with a chimeric monoclonal
antibody to the human insulin receptor to transport a fusion
protein across the blood-brain-barrier via a ‘‘Trojan horse’’
approach [Boado et al., 2008].

An important upcoming therapeutic approach is the use of low-
molecular-weight chemical entities. These include synthetic
cofactors such as sapropterin dihydrochloride (Kuvans) for
phenylketonuria patients who are responsive to the obligatory
cofactor tetrahydrobiopterin [Levy et al., 2007], as well as
chemical chaperones that interact with folding intermediates
and facilitate folding into the correct conformation [Kolter and
Wendeler, 2003]. Such an approach would be particularly useful
when ERT is ineffective in providing neurological benefits for
severe forms of lysosomal storage disorders. To date, at least six
different small chemical pharmacological chaperones/low-mole-
cular-weight chemicals have been identified to facilitate the
refolding of mutant proteins or for substrate reduction therapy by
inhibiting glycosphingolipid biosynthesis (Table 3). Unlike the
therapeutic enzymes, the distinct advantage of these chemical
entities lies in the potential of crossing the blood-brain-barrier
and interacting with mutant enzymes trapped in misfolded
conformations, thereby preventing premature degradation by the
endoplasmic reticulum, and potentially enhancing the folding,
stability, and any remnant activity of the mutant enzyme [Brady,
2006]. This characteristic is of particular importance since the
more severe neuronopathic forms of several lysosomal conditions
are typically unresponsive to ERT.

The understanding of the structure–function relationship of
known mutations will be instrumental in the determination of the
correct therapeutic approach. For example, mutations that
destabilize the protein may be alleviated by providing chaperone
therapy, while mutations that led to ablation of enzymatic activity
will clearly be more responsive to ERT. By correlating the degree of
structural aberration of the mutation to a-galactosidase, Shin
et al. [2008] recently mapped the predictability of response of
mutated GAA to pharmacological chaperones, reinforcing the
feasibility of this strategy. While it is uncertain which of these

Table 3. Pharmacological Chaperones and Low-Molecular-Weight Chemicals

Chemical Trade name/code Therapeutic application, mode of action Reference

Migalastat

hydrochloride

AmigalTM Fabry disease: pharmacological chaperone Benjamin et al. [2009]

Isofagomine tartrate PliceraTM Gaucher disease: pharmacological

chaperone

Lieberman et al. [2007]

1-deoxynojirimycin

hydrochloride

HGT-3510 (Amicus

Therapeutics)

Pompe disease: pharmacological chaperone Okumiya et al. [2007]

Miglustat Zavescas Gaucher disease: substrate reduction

therapy; also demonstrated positive

effect in other lysosomal storage

disorders such as Tay-Sachs disease

Bembi et al. [2006];

Lachmann and Platt [2001];

Pastores [2006]

Pyrimethamine PYR GM2 gangliosidosis: pharmacological

chaperone

Maegawa et al. [2007]

Sapropterin

dihydrochloride

Kuvans Phenylketonuria: synthetic cofactor Levy et al. [2007]
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non-ERT approaches will ultimately prove to provide the ideal
therapeutic modality for alleviating lysosomal storage diseases, it
is clear that structural information for the enzymes concerned
would be pivotal for the rationale design of superior therapeutics.
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