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Abstract: Fabry disease (FD) is a lysosomal storage disease caused by mutations in the gene for the 

α-galactosidase A (GLA) enzyme. The absence of the enzyme or its activity results in the accumula-

tion of glycosphingolipids, mainly globotriaosylceramide (Gb3), in different tissues, leading to a 

wide range of clinical manifestations. More than 1000 natural variants have been described in the 

GLA gene, most of them affecting proper protein folding and enzymatic activity. Currently, FD is 

treated by enzyme replacement therapy (ERT) or pharmacological chaperone therapy (PCT). How-

ever, as both approaches show specific drawbacks, new strategies (such as new forms of ERT, or-

gan/cell transplant, substrate reduction therapy, or gene therapy) are under extensive study. In this 

review, we summarize GLA mutants described so far and discuss their putative application for the 

development of novel drugs for the treatment of FD. Unfavorable mutants with lower activities and 

stabilities than wild-type enzymes could serve as tools for the development of new pharmacological 

chaperones. On the other hand, GLA mutants showing improved enzymatic activity have been 

identified and produced in vitro. Such mutants could overcome several complications associated 

with current ERT, as lower-dose infusions of these mutants could achieve a therapeutic effect equiv-

alent to that of the wild-type enzyme. 

Keywords: alpha-galactosidase A; Fabry disease; pharmacological chaperones; rare diseases; en-
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1. Fabry Disease 

Fabry disease (FD) is an X-linked inherited lysosomal storage disease (LSD). The 

cause of the disease is the mutation of the gene that encodes the enzyme α-galactosidase 

A (GLA), which leads to a total or partial loss of its function. GLA is a lysosomal enzyme 

that belongs to the glycoside hydrolase family, and it is responsible for hydrolyzing alpha-

galactosyl terminal groups of glycolipids and glycoproteins. Its main substrate is glo-

botriaosylceramide (Gb3), a glycosphingolipid consisting of a ceramide attached to a 

sugar chain of one glucose and two galactoses. When Gb3 is not properly metabolized, it 

mainly accumulates in the lysosomes, endothelial cells being one of the most affected cell 
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types. As a result, different signs and symptoms associated with the disease begin to man-

ifest [1]. Other minor substrates of GLA include a deacylated form of Gb3, called glo-

botriaosylsphingosine (lyso-Gb3), digalactosylceramide, and blood group B glycosphin-

golipids. 

FD is considered an attenuated disease as patients survive to adulthood. However, 

those who lack GLA activity completely have a shortened life expectancy. FD patients 

present a wide and diverse spectrum of clinical manifestations, varying from classic FD 

in males to asymptomatic disease in females, with several variants between these two ex-

tremes [2]. Currently, more than 1000 different mutations have been described [3], many 

of which are “private” as they only occur in one family, resulting in a high heterogeneity 

of the disease. Moreover, there is a high phenotypic variability even between individuals 

with the same pathogenic variant, which makes it very difficult to establish genotype-

phenotype correlations. Having only one X chromosome, males are hemizygous for the 

pathogenic mutation, so they generally develop more severe signs and symptoms. As a 

result, the most severe phenotype or “classic phenotype” occurs predominantly in males 

and is characterized by zero or minimal residual activity of the enzyme. However, unlike 

other X-linked disorders, females may experience significant symptoms of the disease de-

pending on their residual GLA activity. Clinical manifestations are present in two thirds 

of women, who generally suffer from a milder disease. This heterogeneity is explained by 

the process of lyonization, which consists of the random inactivation of one of the X chro-

mosomes in the tissues and organs of the female [4]. 

Patients with the classic form of FD show no residual enzyme activity [5]. However, 

the residual activity threshold resulting in FD has not been clearly established. In this 

sense, it has been estimated that a residual activity of 30–35% of the mean normal α-ga-

lactosidase A activity is the cut-off to diagnose Fabry disease [6]. Moreover, such a thresh-

old may vary between organs and even between patients. The nonspecific, multi-organic 

nature and the relatively high population frequency of FD are risks for the wrong attrib-

ution of pathogenicity to certain GLA mutants. This can lead to unnecessary, expensive, 

and invasive therapies such as ERT. Therefore, before concluding that a mutant variant is 

pathogenic, one must demonstrate evidence of altered sphingolipid homeostasis. Clinical 

symptoms are mild at first, which can make diagnosis difficult or delayed, especially if 

there is no previous family history [7]. Symptoms are usually progressive and affect mul-

tiple organs. However, due to the heterogeneity of the disease, there are patients who 

experience phenotypes in just a single organ (for example, cardiac variant). This occurs 

mainly in those patients with significant residual activity [1]. Among the characteristic 

symptoms of FD, there are neurological (pain), skin (angiokeratoma), kidney (proteinuria 

and kidney failure), cardiovascular (cardiomyopathy and arrhythmia), cochlear-vestibu-

lar, ocular, and cerebrovascular problems (transient ischemic attacks and strokes). In ad-

dition, anhidrosis or hypohidrosis can occur, causing intolerance to heat and exercise [1]. 

FD presents a complicated diagnosis, particularly in childhood, as the symptoms are 

often nonspecific, and the disease is not widely known [8]. Furthermore, some of the char-

acteristic symptoms such as kidney and heart dysfunction appear only in more advanced 

stages of the disease. In males, hemizygous patients, enzyme activity can be used for di-

agnosis as it is drastically reduced or does not exist. For this, GLA activity in leukocytes 

is measured, and if it is significantly lower than normal values, FD can be diagnosed. 

However, in female patients and some variants of males, it is common that false negatives 

occur as activity can vary considerably in different cell and tissue types. Therefore, to di-

agnose a female, the most reliable method is the sequencing of the GLA gene [9]. This test 

can detect a disease-causing mutation in more than 97% of patients [2], but it has a high 

cost, making it difficult to use widely. Many attempts have been made over the years to 

find an ideal disease-specific marker that could serve as a rapid screening tool, as well as 

an indicator of response to the treatment. Gb3 was initially tested as a possible marker of 

disease; however, some healthy women showed elevated Gb3 levels in urine, making it 

difficult to differentiate FD patients from healthy ones. On the other hand, it was found 
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that the levels of lyso-Gb3 (product of Gb3 degradation, as well as minor substrate of 

GLA) correlate with the clinical condition and the type of mutation, thus making it a reli-

able predictor of the disease [2]. Furthermore, various studies have demonstrated that the 

levels of lyso-Gb3 decrease in patients undergoing ERT, particularly in patients with the 

classic phenotype [10]. However, even lyso-Gb3 has proven not to be always reliable as a 

FD biomarker. For example, a recent study by Bichet et al. showed that lyso-Gb3 is not a 

prognostic biomarker of migalastat treatment response in patients with FD [11], a finding 

similar to another one published for ERT [12]. These findings would compromise the use-

fulness of lyso-Gb3 as a biomarker in treatment follow-up. In this context, other possible 

markers (microRNAs, new Gb3 isoforms, and abnormal protein excretion) have been 

studied but are not yet widely used due to lack of data [13–15]. 

2. The Human Gla Enzyme 

2.1. Structure of GLA Enzyme 

The GLA gene encoding the GLA enzyme is located in the long arm of the X chromo-

some at position Xq22, spans approximately 13 kb, and contains seven exons. The cDNA 

contains 1290 bases and, upon translation, results in a protein of 429 amino acids that in-

clude a 31 amino acid signal peptide [16]. 

In lysosomes, the glycoprotein is presented as a homodimer, in which each monomer 

contains two domains. The N-terminal domain spans from residue 32 to 330 and is a clas-

sic (β/α)8 barrel with the active site in its center. The C-terminal domain extends from 

residue 331 to 429 and consists of an antiparallel β domain. Each monomer contains three 

N-linked carbohydrate sites, five disulfide bonds, two unpaired cysteine residues, and 

three cis proline residues (P210, P380, and P389) [17]. 

There are four potential N-glycosylation sites (N139, N192, N215, and N408), but only 

the first three (located in the first domain) are occupied by oligosaccharides. Of these, the 

third site N215 is significantly important for the solubility of the enzyme, as well as for its 

transport from the endoplasmic reticulum to the lysosomes [18]. In the structural analysis 

of the oligosaccharides linked to the glycosylation sites, it is observed that the oligosac-

charides of the secreted enzyme are markedly heterogeneous, with structures containing 

high levels of mannose, as well as complex or hybrid structures. Furthermore, a significant 

number of the oligosaccharides have phosphate monoester groups [19]. The absorption of 

the enzyme in the lysosomes is mediated by mannose-6-phosphate receptors (MPRs), 

which explains the presence of high levels of mannose-6-phosphate. 

Each GLA monomer contains 12 cysteine residues. Ten of them form disulfide bonds 

(C52-C94, C56-C63, C142-C172, C202-C223, and C378-C382) within the monomeric subu-

nits, while the remaining two (C90 and C174) contain free sulfhydryl groups. Disulfide 

bonds play important roles for protein structure and stability. Furthermore, cysteine C142 

is part of the active site of the enzyme, which is why the disulfide bond C142-C172 is 

relevant for the enzymatic activity. On the other hand, free cysteines play important roles 

in both protein structure and function, including dimerization, enzyme catalysis, redox 

regulation, and thermal stability [20]. The two free cysteines in GLA are found in different 

structural environments within the folded protein, which modulates the function of each 

one within it [21]. C90 is completely buried within the structure, while C174 is partially 

exposed on the surface of the protein. The active site is formed by the side chains of resi-

dues W47, D92, D93, Y134, C142, K168, D170, E203, L206, Y207, R227, D231, D266, and 

M267, with C172 making a disulfide bond with C142. 

2.2. GLA Synthesis and Trafficking 

The GLA enzyme precursor is synthesized in the rough endoplasmic reticulum and 

modified in the Golgi apparatus, where newly synthesized GLA acquires mannose-6-

phosphate (M6P) moieties on its N-linked oligosaccharidic chains. These M6P residues 

serve as recognition signals for mannose-6-phosphate receptors (M6PRs) that transport 
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GLA to endolysosomes in clathrin-coated vesicles through a cation-dependent (CD) and 

a cation-independent (CI) pathway. While the CD-M6PR appears to act intracellularly 

(i.e., in the trans-Golgi network, TGN, to endosome sorting), the CI-M6PR can mediate 

GLA transport from the TGN, as well as from the cell surface, helping to recapture se-

creted GLA. Once in the endosomes, the GLA-M6PR complex dissociates in the acidic 

environment, and the receptors recycle to their compartments of origin (plasma mem-

brane and/or TGN) [22]. 

2.3. Catalytic Mechanism of GLA 

The GLA enzyme is an α-retention glycoside hydrolase, because both the substrate 

and the product have anomeric carbons with α configurations. The mechanism of these 

enzymes occurs by means of a double displacement reaction, where two consecutive nu-

cleophilic attacks on the anomeric carbon lead to the general retention of the anomeric 

configuration. Two carboxylates are required, one acting as a nucleophile and the other 

as an acid/base [23]. The first nucleophilic attack on the substrate comes from D170, which 

cleaves the glycosidic bond and results in the formation of a covalent enzyme-intermedi-

ate bond. In the second step of the reaction, a molecule of water (deprotonated by D231) 

attacks carbon 1 of the covalent intermediate, releasing the second half of the catalytic 

product and regenerating the enzyme to its initial state. The enzyme is more effective at 

low pH, according to its highly acidic composition and lysosomal location [24]. 

3. Current Treatments For FD 

There have been numerous advances in the knowledge of the disease pathogenesis, 

as well as in its treatment. However, current available therapies are not curative, as they 

only delay the progression of the disease, in addition to presenting several limitations. 

Currently, two therapeutic approaches are approved for FD treatment: enzyme replace-

ment therapy (ERT) and pharmacological chaperone therapy (PCT). 

3.1. Enzyme Replacement Therapy 

ERT consists of systemic infusions of recombinant GLA. In this way, it is possible to 

replace the enzyme that is absent or deficient and eliminate, or reduce, the accumulation 

of Gb3 [25]. Treatment should be started as soon as the diagnosis is made, regardless of 

whether there are clinical manifestations or not, as Gb3 deposits already begin in intrau-

terine life [2]. Two formulations of recombinant human GLA have been developed: alpha 

agalsidase (Replagal, by Shire) and beta agalsidase (Fabrazyme, by Sanofi Genzyme). The 

first one is produced by overexpression in human fibroblasts and the second one in CHO 

cells. They are administered by intravenous infusions every two weeks (agalsidase alpha 

at a dose of 0.2 mg/kg and agalsidase beta at a dose of 1 mg/kg). Both treatments result in 

the reduction of Gb3 plasma and urinary levels, as well as decreased storage of glyco-

sphingolipids in lysosomes. The ERT response in patients can be influenced by several 

factors, an important one being the formation of anti-drug antibodies (ADAs). A high per-

centage of patients with Fabry disease lack the GLA enzyme completely; therefore, when 

the recombinant enzyme is administered, the immune system recognizes it as nonself, 

triggering an immune response. The apparition of ADAs may negatively influence the 

long-term efficacy of the treatment [26]. 

Apart from ADA formation, ERT for FD presents other potential limitations. It has a 

limited tissue penetration and lacks efficacy if started at advanced stages of the disease. 

GLA does not pass the blood–brain barrier and it may induce infusion adverse reactions. 

Finally, ERT is a lifelong therapy requiring intravenous administration every 2 weeks, 

where it is also associated with a high cost of the treatment. 

3.2. Pharmacological Chaperones 
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On the other hand, PCT is based on the use of small molecules (pharmacological 

chaperones, PCs) capable of stabilizing the mutant enzyme to ensure its correct folding. 

This prevents the degradation of the enzyme by unproper folding, allowing trafficking to 

the lysosomes where the PC and mutant enzyme dissociate, so that the enzyme can exert 

its function. The term “pharmacological chaperones” appears to label those molecules that 

can act as drugs, facilitating the proper folding of certain mutant proteins with incorrect 

folding. PCs should not be mistaken for molecular chaperones, as they are low-molecular-

weight chemical molecules instead of proteins [27]. 

Lysosomal storage diseases have become an important target in the study and devel-

opment of PCs, as the ER quality control often recognizes mutant forms of lysosomal en-

zymes that present minor modifications in their stability or conformation, but still retain 

catalytic activity. It results in a premature enzyme degradation, which prevents trafficking 

through the secretory pathway and causes the loss of function. 

For PCT to be effective, patients must have susceptible (amenable) mutations, that is, 

those with certain GLA residual activity [28]. Currently, there are at least 367 amenable 

and 711 nonamenable mutations known, based on an in vitro assay [29]. The first studies 

on PCT were carried out for FD. In 1995, a study carried out by Okumya et al. [30] showed 

that the administration of galactose stabilized GLA mutants, resulting in a higher secre-

tion and activity. Later, in 1999, a galactose analog (an iminosugar called 1-deoxygalac-

tonojirimycin, DGJ) was found to be more efficient than galactose in stabilizing GLA mu-

tants [31]. DGJ binds reversibly and selectively to the active site of GLA with high affinity. 

Iminosugars such as DGJ are charged molecules with a low capacity to cross membranes 

due to a negative octanol-water partition coefficient. Modifications to enhance lipophilic-

ity with alkylation have been proposed but resulted in lowered DGJ efficacy [32]. DGJ is 

a potent GLA inhibitor, stabilizing the enzyme at both neutral and acidic pH. This means 

that it can stabilize the enzyme in the ER, but it can also cause a partial inhibition of the 

enzyme in the lysosome [33]. Due to this, for DGJ to be effective, its administration has to 

be intermittent as the half-life of most GLA mutants is longer than the half-life of DGJ in 

vivo. Nowadays, PCT with DGJ is approved for FD treatment in patients with amenable 

mutations under the name “Migalastat,” a drug developed by Amicus Therapeutics. 

For amenable mutations resulting in the synthesis of a defective enzyme in which 

activity and stability are altered, PCT by orally administered Migalastat might be a better 

choice for addressing certain unmet medical needs associated with ERT (like antibody 

formation). On the other hand, inhibitors are not the ideal drugs, as they may not be able 

to fully revert the phenotype of the disease. As seen, DGJ represents a good starting point 

but has several limitations that could be improved. Therefore, the study of novel PCs 

could overcome this limitation, increasing therapy effectiveness. Due to this, it has been 

proposed to modify first-generation PCs to enhance their therapeutic effects. To test these 

(and others) new potential PCs, the identification of amenable mutations and, ideally, 

their production as recombinant enzymes is needed. 

4. GLA Mutations 

Currently, more than 1000 different mutations have been described in the GLA gene. 

According to the Human Gene Mutation Database [3], such mutations can be sorted in 

different categories: missense/nonsense (69%), deletions (19%), insertions (6%), splic-

ing defects (5%), and others (2%). They are related to several abnormalities, such as 

irregular intracellular trafficking, altered protein folding, reduced activity of the active 

site, and lower affinity for substrates. 

4.1. Most Frequent GLA Mutant Variants 

Isolation and sequencing of the entire genomic sequence of the GLA gene allowed 

the detection and characterization of the mutations causing FD. Furthermore, diffusion of 

screening studies in the high-risk population and in newborns has contributed to the iden-

tification of numerous genetic variants. Among the most frequent variants described in 
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the GLA gene, there are E66Q, A143T, D313Y, R118C, N215S, M296I, and R112H [4]. How-

ever, a percentage of mutations are classified by the scientific community as “genetic var-

iants of unknown significance” (GVUS), as it cannot be stated with certainty whether they 

are benign or pathogenic [34]. 

The classic phenotype in males can be caused by a diversity of GLA variants, includ-

ing genetic rearrangements of different sizes, splicing defects, and missense/nonsense mu-

tations [35]. On the other hand, people with atypical late-onset variants (kidney, cardiac, 

or cerebrovascular disease) present mainly missense and splicing mutations that lead to 

residual enzymatic activity. However, several pathogenic variants (e.g., R301Q) have been 

identified to appear both in individuals with the classic phenotype and cardiac variant, 

indicating that there may be other important factors in the manifestation of the disease 

[36]. Due to this, the correlation between genotype and phenotype is complex as the same 

mutation can give rise to different clinical manifestations. 

4.2. Most Frequently Mutated Residues 

Mutations in the GLA gene can be found throughout the whole sequence. According 

to the Human Gene Mutation Database, 69% of the residues of GLA have been found to 

be mutated in patients with Fabry disease. There are certain amino acids in which muta-

tions are most frequently located. Tryptophan is the amino acid with the highest mutation 

frequency in the GLA-described mutations. Of the 17 residues of tryptophan within the 

protein, 15 of them are found mutated in patients with Fabry disease (94% mutation rate). 

They are usually nonsense mutations, which can negatively affect the internal folding of 

the protein as tryptophan contributes to the formation of the hydrophobic nucleus. 

The second most frequently mutated residue is cysteine. Of the 13 cysteines present 

in the protein, only the cysteine of the signal peptide has not been found in any patient 

with Fabry disease, which gives a mutation rate of 92%. Numerous mutations in cysteines 

involved in disulfide bond formation have been identified, while mutations in free cyste-

ines are less common. Mutations in cysteine residues that form disulfide bonds result in 

incorrect folding of the protein and its complete or partial lack of function, indicating its 

importance in protein folding and thermodynamic stability. In most of the cases de-

scribed, mutations affecting disulfide bonds lead to the severe form of Fabry disease [37]. 

Mutations in free cysteines (C90X, C174G, and C174R) have been described but appear 

much less frequently and are associated with a late, attenuated phenotype of the disease 

[38–40]. Consequently, free cysteine residues play a minor structural role within the pro-

tein versus residues that form disulfide bonds. Studies of recombinant GLA have revealed 

the tolerance of free cysteine residues to amino acid change [37]. C90 is completely buried 

inside the protein surrounded by relatively large hydrophobic and aromatic residues (L45, 

Y88, L166, and F295) and covered by K168. Therefore, this position only tolerates certain 

conservative mutations with small side chains such as C90S, C90A, C90T, and C90V. In 

the case of C174, the amino acid change causes loss of activity, indicating a greater im-

portance in the protein. This residue is found on the surface of the enzyme with the sulfhy-

dryl side chain partially buried. Moreover, it is close to the disulfide bond formed by C142 

and C172, which is part of the active site. This explains the greater impact of mutations in 

this position compared to the other free cysteine. Other frequently mutated residues are 

glycine and arginine. As glycine is the smallest amino acid, changes to more voluminous 

amino acids could result in an alteration in the stability of the protein. Glycine has a mu-

tation rate of 84% in described mutations, as, of the 33 residues of glycine, 28 have a de-

scribed mutation in the Human Gene Mutation Database. Arginine can establish both hy-

drophobic and hydrophilic interactions. There are 21 residues of arginine within the se-

quence of the protein and 13 are found on the list of point mutations (62% mutation rate). 

Lysine is chemically similar to arginine but has a mutation rate significantly lower (35 %), 

indicating the importance of arginine in the functioning of the enzyme. The explanation 

could be that arginine is buried or partially buried inside the protein more frequently than 

lysine, which is almost always exposed on the surface. Other residues commonly mutated 
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are those that are part of the active site of the protein or are close to it. All residues that 

participate in the catalytic activity of the protein have been described with mutations in 

patients with FD; therefore, the active center is highly sensitive to mutations [41]. In the 

case of glycosylation sites, the main site affected by mutations that give rise to disease 

phenotypes is N215. However, different clinical manifestations have been described for 

the same mutation (N215S), including moderate phenotype [42], attenuated [43], and 

atypical variants [44]. This site, as previously mentioned, is important for the enzyme’s 

solubility, as well as for its transport from the endoplasmic reticulum to the lysosomes, 

which explains the appearance of the disease. Mutations at this site would alter the correct 

folding and transport of GLA, resulting in a nonfunctional protein [45]. The presence of 

an adjacent hydrophobic sequence supports the importance of this site in the solubility of 

the enzyme, as the hydrophobic zone must be covered by the oligosaccharide to prevent 

the aggregation and degradation of the enzyme. 

4.3. Nonsense Mutations 

Finally, nonsense mutations, where the mutation produces a stop codon, are also 

common. Premature termination results in shortened proteins at the C-terminus, and 

sometimes, the protein cannot be produced, due to early degradation of the mRNA. Gen-

erally, this type of mutation is associated with a severe phenotype. However, removal of 

the first residues has been found to give rise to a protein with superior enzyme activity 

[46,47]. 

4.4. Location-Dependent Biological Effect of Mutations 

Mutations in different locations of the protein can cause different effects. Mutations 

in enzyme active site residues result in a significant or total loss of enzymatic activity, 

while mutations in hidden residues inside the protein hamper the formation of the hydro-

phobic nucleus and affect correct folding. Both types of alterations can lead to the clinical 

manifestation of the disease. Figure 1 shows the location of described mutations through-

out the GLA monomer. Mutations in the proximity of the active site are common. How-

ever, most of the residues affected by point mutations in FD are distributed throughout 

the protein sequence and, mainly, in the hydrophobic nucleus, where more than half of 

the described mutations are found [48]. These mutations, which do not directly affect the 

active site of the protein, often lead to proteins that retain some residual activity. Residues 

affecting the correct folding of the protein have been found throughout the full-length 

protein, while mutations directly affecting the activity of the protein occur preferentially 

within, or in close proximity to, the active site [49]. 
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Figure 1. Tertiary structure of GLA monomer, showing (in blue) the location of point mutations 

described according to Human Gene Mutation Database [3], as well as the residues involved in the 

active site of the enzyme (in pink). Mutations for all residues in the active site have been found and 

described. Image obtained using UCSF ChimeraX software, based on PDB: 1R46 structure. 

4.5. GLA Mutants With Low Activity and/or Stability 

The majority of the above-mentioned GLA mutations are disease-causing. Taking 

into account the mechanism of pathogenesis, mutations can be divided into two groups: 

mutations that directly affect the active site (“catalytic”) and mutations that affect the cor-

rect folding of the protein (“noncatalytic”). Between these two, “noncatalytic” mutations 

are more prevalent, a fact that leads to the conclusion that FD is mainly a protein folding 

disease [1]. Several studies analyzing the activity and stability of these mutants confirmed 

that mutations interfering with the correct folding lead to proteins with residual activity 

and that are prone to degradation. This results in a loss of function, as they are not able to 

escape the ER and travel to the lysosome [28]. Further characterization of the mutants will 

allow the development of improved treatments for the disease, particularly in the case of 

mutations concerning the structural conformation of the protein. 

4.5.1. Mutants as Tools to Develop Pharmacological Chaperones 

Pathogenic mutants affecting correct GLA folding are excellent tools to study and 

develop the previously mentioned PCT. The current PC used to treat patients with ame-

nable mutations of GLA is DGJ, which represents a good starting point but has several 

limitations that could be improved. In this context, mutants with improper folding pro-

duced in vitro could have an important application used as a tool for the development of 

new PCs. 

The residual activity and stability of GLA mutants have been measured in the pres-

ence or absence of pharmacological chaperones, mainly DGJ, by several authors, demon-

strating the efficacy of this type of therapy in the treatment of FD. In Figure 2, some ex-

amples of known mutants with decreased activity are summarized, showing their enzy-

matic activity (in respect of that of the WT enzyme) both with and without DGJ. 
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Figure 2. Enzymatic activity of GLA mutants compared with that of wild-type enzyme, and effect of DGJ addition. In 

white, residual enzymatic activity without DGJ; in black, enzymatic activity after adding DGJ. The mutants shown are 

examples described by several authors. 

As can be seen, in all the GLA mutants tested, DGJ had a positive effect on the enzy-

matic activity displayed by such mutants. In some cases, enzymatic activity reached val-

ues very close (or even higher) compared to the wild-type enzyme. Moreover, in vitro 

prediction of the efficacy of PCs is possible, as the responses obtained by recombinant 

mutants of GLA have shown a high degree of consistency with the responses of Fabry 

patient’s cells, as indicated in several studies [49,50]. Thus, it can be concluded that these 

DGJ in vitro tests are a reliable tool to measure the residual activity ex vivo and respon-

siveness to PCs. 

Derivates of DGJ with improved therapeutic effect could also be examined. For ex-

ample, Yu et al. synthetized a DGJ-thiourea derivate with high efficacy to enhance the 

residual activity of FD-associated GLA mutants, reducing the accumulation of the sub-

strate Gb3 in FD cells. This chaperone, although inhibiting GLA at both neutral and acidic 

pH, showed a superior chaperoning effect than DGJ [51]. To avoid the inhibition of the 

enzyme in the lysosome, pH-sensitive derivates have been proposed. The strategy sug-

gested by Mena-Barragán et al. [52] is based on the incorporation of an orthoester segment 

into the iminosugar conjugate to switch the hydrophobic-hydrophilic balance of the mol-

ecule on going from the neutral ER to the acidic lysosome. This has a dramatic effect on 

the enzyme binding affinity, leading to irreversible dissociation of the PC-enzyme com-

plex at the lysosome [52]. 

Although pH-responsive chaperones could correct the problem of lysosomal inhibi-

tion, the ideal PC would be an allosteric ligand in order to achieve stabilization of mis-

sense mutations without obstructing the active site of the enzyme. 

In addition to modifying first-generation PCs, another option to search for new po-

tential molecules with these characteristics is molecular docking. Citro et al. identified an 

allosteric hot-spot for ligand binding by in silico docking, where 2,6-dithiopurine (DTP), 

a drug-like compound also identified in the study, binds preferentially. DTP showed a 

stabilization of lysosomal GLA in vitro also in mutants that do not show responsiveness 

to DGJ [53]. 

Another interesting approach in the search for new molecules for PCT is “drug repo-

sitioning,” which consists of using existing drugs for new therapeutic approaches. This 

strategy is particularly interesting for neglected diseases as it can speed up the develop-

ment of the drug and lower the costs [54]. In this way, the screening of FDA-approved 

drugs could result in the discovery of novel molecules with the ability of assist lysosomal 

enzymes, such as GLA, to achieve the proper folding. As a matter of fact, there are several 

cases in which small, approved drugs have been successfully repositioned as PCs for rare 
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diseases. An example is Diltiazem, an antihypertensive, that produces the restoration of 

mutant glucocerebrosidase activity in cells from patients with Gaucher disease [55]. In the 

case of FD, it was reported that Rosiglitazone (RSG), an antidiabetic approved by the FDA, 

when used in monotherapy or in conjunction with DGJ, resulted in a significant enhance-

ment of mutant GLA activity [56]. 

Another small molecule identified through high-throughput screening is Ambroxol, 

an expectorant approved by the FDA. Ambroxol was found to be an inhibitor and stabi-

lizer of lysosomal acid glucosylceramidase (Gaucher disease). However, its affinity is 

much lower in the acidic pH of the lysosome, allowing its dissociation [57]. Ambroxol has 

also showed efficacy for lysosomal GLA, but only in combination with DGJ [56]. This in-

dicates the possibility of finding drugs that could act in different lysosomal storage dis-

eases. The explanation for the wide-ranging effect of Ambroxol could be explained by the 

structural similarity of lysosomal enzymes, as well as the possible triggering of other sta-

bilizing mechanisms apart from binding the enzyme. 

There are other small molecules that can stabilize missense mutants, such as proteo-

stasis regulators (PRs), which enhance the capacity of the proteostasis network [58]. PRs 

can activate the protein quality control of the cell so that the availability of molecular 

chaperones is increased. Additionally, they can directly enhance the function and activity 

of chaperones. This results in reduced protein misfolding due to a high protein folding 

capacity [59]. PRs were first tested as therapeutic drugs to treat lysosomal storage dis-

eases. Seemann et al. investigated PRs for the treatment of FD, which resulted in the iden-

tification of small molecules (proteasome inhibitors such as MG132, BTZ, and CLC and an 

inhibitor of the ERAD) able to increase mutant GLA activity in patient-derived fibroblasts 

[60]. PRs can also work together with PCs in a synergistic mode of action to revert the 

disease of the phenotype, potentiating their therapeutic effect [61]. In the case of FD, the 

previously commented PRs identified also acted synergistically with DGJ, demonstrating 

the potential of combination treatment in a therapeutic application [60]. 

As already mentioned, not all GLA mutations can be corrected by PCT. Only patients 

with specific responsive, amenable mutations (those affecting correct protein folding and 

with residual activity) can benefit from this treatment [28]. Most GLA mutations leading 

to the manifestation of FD are private mutations, which makes it difficult to estimate the 

rate of responsive mutations. Due to this, further characterization of each described mu-

tation is needed to determine which mutations are responsive and which are not. As dif-

ferent laboratories have developed their own assays to investigate lysosomal glyco-

sidases, assay parameters (and conclusions) are often controversial. Therefore, a universal 

assay to check the responsiveness to PCT is needed. In any case, the current definition for 

a responsive mutation is with increases of 20% in the relative enzyme activity and 5% in 

the absolute enzyme activity compared to the wild-type enzyme [62]. 

There is a database, FabryCEP, that provides the comparison of results obtained by 

different experimental approaches for hundreds of GLA mutants in response to DGJ [63]. 

Additionally, if there are no experimental data for a specific mutation, it incorporates a 

predictive tool that provides a probability of a given mutation to be responsive to the drug 

based on a structural, functional, and evolutionary analysis. 

Altogether, there are multiple ways in which PCT can be improved for the treatment 

of FD. In any case, the identification, production, characterization, and testing of unfavor-

able GLA mutants to test the efficacy of potential drugs with therapeutic effect are re-

quired. 

4.6. GLA Mutants with Improved Activity and/or Stability 

As previously described, most of the GLA mutations have been found in patients 

suffering from FD. However, mutations leading to a GLA with improved properties such 

as activity, stability, and/or secretion than the wild-type enzyme have also been described. 

Such mutations are not detected, as people expressing these “improved mutants” are ex-

pected to be phenotypically healthy and do not develop FD. However, different works 
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involving the production of recombinant GLA mutants have found and described muta-

tions rendering improved versions of the GLA enzyme. 

For example, Qiu et al. produced in vitro recombinant mutants of GLA with the free 

cysteines (C90 and C174) mutated to understand their role in the structure and function 

of the protein [37]. Mutations in cysteines involved in disulfide bond formation are com-

mon in FD patients, but mutations in free cysteines appear less frequently. C90 is more 

tolerant to changes than C174, due to its structural environment. Conservative mutations 

at C90 do not affect protein function and showed even higher enzymatic activities than 

the wild-type enzyme did. These mutations were C90T, C90V, C90A, and C90S, and they 

showed 187%, 181%, 153%, and 119% of enzymatic activity compared to wild-type GLA, 

respectively (see Figure 3 panel A). The explanation for the increased catalytic activity 

could be that subtle modifications induced by conservative modifications lead to an en-

hancement of the conformational flexibility. 

Lukas et al. analyzed a significant number of mutations to establish a correlation with 

clinical manifestations and identify novel mutations [62]. In this study, two-point muta-

tions (N139S and R252T) showed higher enzymatic activities (see Figure 3 panel B) than 

the wild-type enzyme (148% and 117%, respectively) did. However, N139S was related to 

clinical manifestations of the disease in a study carried out by Havndrup et al. [9]. The 

mutation was found in a woman with asymmetric septal hypertrophy, a significant left 

ventricular outflow tract gradient, and chronic obstructive pulmonary disease cardiac 

symptoms. N139S is part of the 138GNK140 sequence, a signature sequence in the family 

27 of glycoside hydrolases, which could explain the pathogenesis of the mutation. The 

discrepancy between the higher activity and the presence of possible FD symptoms de-

mands for further characterization of the N139S mutation. 

Furthermore, carboxyl-terminal deletions have been reported to increase GLA enzy-

matic activity. Miyamura et al. produced in vitro mutants with various deletions of the C-

terminus in COS-1 cells to analyze their effect [47]. They reported an increase in enzymatic 

activity when the deletion occurs in the last ten residues. In contrast, if the deletion com-

prises more than those ten residues, it results in a drastic loss of enzymatic activity. The 

GLA activities observed were 420%, 620%, 560%, 230%, 460%, 480%, 270%, and 280% of 

those of WT GLA for ∆2, ∆4, ∆5, ∆6, ∆7, ∆8, ∆9, and ∆10, respectively (see Figure 3 panel 

C). 

Further characterization of the carboxyl-terminal truncations was carried out by Me-

ghdari et al. [46]. They produced (in the methylotrophic yeast Pichia Pastoris) and purified 

the mutant enzymes with deletions of 2, 4, 6, 8, and 10 C-terminal amino acids (Δ2, Δ4, 

Δ6, Δ8, Δ10, respectively) to perform quantitative enzyme assays. The results showed in-

creases in the kcat and Vmax with deletions of 2, 4, 6, and 10 amino acids (see Figure 3 

panel D). However, the deletion of 8 C-term amino acids decreased the kcat. Discrepancies 

in this Δ8 mutant with the previous report from Miyamura could be explained due to 

experimental differences between them. Meghdari et al. used P. Pastoris as the expression 

system, while, in the previous experiment, COS-1 cells were used. Therefore, there could 

be differences in GLA post-translational modifications that specifically affect the protein 

activity/stability of this mutant in each expression system, as well as the presence of other 

proteins in the cytoplasm of P. pastoris or COS-1 cells that could interact with the protein, 

affecting its catalytic activity. 
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Figure 3. Enzymatic activity of several “improved” GLA mutants, compared to wild-type GLA enzyme. The mutants 

shown are examples described by several authors. Abbreviations: WT: wild-type GLA; X: C-terminal deletions corre-

sponding to “X” missing residues. 

The final residues of each monomer in GLA do not have an associated electron den-

sity, and it is likely that it is a disordered region. Furthermore, there is a low sequence 

homology between GLA from different species. The C-terminus is located far from the 

active site, so mutations in this position do not directly affect the active site. Altogether, it 

can be hypothesized that the impact of C-terminus deletions on the activity of the enzyme 

could be due to alterations of the enzyme’s three-dimensional structure. This could influ-

ence enzyme dimerization, substrate binding, or potential interactions with other mole-

cules in the cell. 

4.6.1. Putative Applications of Improved Mutants in Innovative FD Therapies 

As mentioned before, the current therapy to treat patients suffering from FD, and 

particularly those with mutations that are not responsive to PCT, is enzyme replacement 

therapy (ERT). The administration of recombinant GLA decreases Gb3 levels and allevi-

ates clinical symptoms. However, the appearance of anti-drug antibodies (ADAs) against 

recombinant GLA can negatively influence the efficacy of the treatment by changing the 

distribution, cellular uptake, cellular localization, or catalytic activity of the administered 

enzyme [64]. Thus, further studies exploring the development of ADAs in FD patients 

using ERT and the potential impact of such antibodies on the efficacy of the therapy are 

necessary. 

Vedder et al. reported that administering higher doses of the enzyme resulted in a 

stronger decrease in Gb3 with less impact of antibody formation [65]. Therefore, the use 

of mutated enzymes with increased activity would be expected to overcome the inhibitory 

effect of antibodies on treatment effectiveness. By using an enzyme that is more active on 

a per milligram basis, a therapeutic effect equivalent to the wild-type enzyme could be 

achievable through infusion of a lower dose. However, this approach is not being ex-

plored despite its apparent benefits. One possible explanation to this could be related to 
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legal issues regarding the use of mutant enzymes instead of the wild-type enzyme, in 

terms of safety, side effects, and efficacy. 

Nevertheless, mutants have already been approved for the treatment of other dis-

eases, such as diabetes. Insulin lispro ([Lys(B28, Pro(B29)]-human insulin) is an insulin 

analogue in which the natural amino acid sequence of the B-chain at positions 28 and 29 

is inverted, reducing potential dimerization of the molecule [66]. This allows larger 

amounts of active monomeric insulin to be available for postprandial injections. Insulin 

lispro, based on a mutation in the C-terminus, was first approved for use in the United 

States in 1996 and has proved to be efficient and safe. 

As described above, removal of several residues from the C-terminal sequence of 

wild-type GLA results in a significant increase in enzymatic activity. Moreover, both 

agalsidase beta and agalsidase alfa display some degree of C-terminal heterogeneity with 

truncated species lacking either one or two C-terminal residues [67]. Agalsidase beta con-

tains mainly full-length protein with 7.6% of Δ1 and 22.8% of Δ2, while agalsidase alfa 

contains only 5.7% full length, with 73.2% of Δ1 and 21.1% of Δ2. These differences most 

likely occur due to proteolytic processing of the mature full-length protein, according to 

the authors. The significantly increased activity of some of the mutants with C-terminal 

deletions suggests the starting point for an improved treatment for FD. 

Furthermore, the existence of mutants with higher enzymatic activity raises the pos-

sibility of studying potential combinations of mutations that could lead to even higher 

activities. Therefore, further analysis and characterization of the mutations mentioned, as 

well as the investigation of novel mutations with similar properties, is required to deter-

mine the improvement that would mean the use of such mutants in ERT. 

4.7. Other Modifications in Recombinant GLAs in Innovative FD Therapies 

Other strategies to improve ERT have been studied, mainly regarding post-transla-

tional modifications, for example, the use of a recombinant GLA with enhanced sialylation 

obtained through in vitro glycosylation [68]. Sialic acid capping is essential for proper 

tissue targeting and increased half-life in serum as it masks the terminal galactose, pre-

venting it from being recognized by the asialoglycoprotein receptor in the liver, which 

would end in clearance from the blood. Another strategy studied is covalent bonding be-

tween two GLA subunits. Ruderfer et al. studied this approach using PEG-based cross-

linkers of various lengths and, currently, the developed enzyme (Pegunigalsidase alfa, by 

Protalix) is being tested in phase III of clinical trials [69]. These strategies could also be 

implemented with the use of improved mutants, which could result in a drug with in-

creased stability and half-life in serum, as well as with the possibility to overcome the 

inhibitory effect of ADAs by applying lower doses of the enzyme. 

5. Conclusions 

Although important actions have been taken to improve the treatment of FD, a de-

finitive cure is not yet available. An incomplete understanding of disease pathogenesis 

still limits the ability to effectively treat FD patients. ERT and PCT are currently approved 

for FD; however, these treatments are not curative and show several limitations. Further 

study of the mechanisms involved in the disease will allow the development of new ther-

apies, as well as the improvement of the existing ones. The current availability of animal 

models together with the study and characterization of GLA mutants can be used as tools 

for the purpose. 

In Figure 4, we summarize the putative use of GLA mutants as a tool for the study 

and development of novel drugs for the treatment of FD. For a small subset of patients 

with specific amenable mutations, treatment with PCs might be a suitable approach. Im-

provements in this therapy can be assessed by making use of unfavorable mutants with 

incorrect folding. Inhibitors such as DGJ (Migalastat) are not the ideal drugs, as they can-

not fully revert the phenotype of the disease. Therefore, the screening of new molecules 

and in vitro analysis with GLA mutants could lead to the discovery of novel PCs for the 
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treatment of FD. Concerning this matter, a useful approach is drug repositioning as it al-

lows the lowering of the costs and shortening of the duration of the approval process. For 

the remaining patients, ERT is still the main treatment of the disease. It is not genotype-

dependent, as PCT, but presents other limitations that influence its effectiveness. One of 

the main challenges with ERT (apart from targeted, specific delivery of GLA to difficult 

sites of pathology such as the kidney and heart in FD, infusion-associated reactions, and 

that it is a lifelong therapy requiring intravenous administration every 2 weeks associated 

with a high cost) is the associated formation of anti-drug antibodies (ADAs) against re-

combinant GLA. The use of mutated enzymes with increased activity could overcome the 

inhibitory effect of antibodies by achieving the same (or even higher) therapeutic effect 

with lower GLA doses. Such lower doses of infused enzyme would probably result in 

lower or reduced ADA formation. In this sense, the relationship between the amounts of 

infused GLA and ADAs titer has already been published—Vedder et al. reported that an-

tibodies were more frequent in patients treated with agalsidase beta at 1.0 mg/kg than in 

patients treated with agalsidase alfa at 0.2 mg/kg (p = 0.005) [65]. Thus, GLA mutations 

involving C-terminal deletions seem to be a very promising approach to obtain “im-

proved” versions of the therapeutic enzyme, allowing a similar therapeutic outcome with 

lower amounts of infused enzyme. 

 

Figure 4. Schematic overview of current therapies for FD treatment, and the putative use of GLA enzyme mutants as tools 

to develop new therapeutic approaches for FD. 

Enzymatic activity is not the only factor to take into account in order to obtain im-

proved therapeutic enzymes. Other characteristics such as proper biodistribution and 

pharmacokinetics or plasma stability, among others, are key to achieve better therapeutic 

effects. Such parameters should be deeply characterized for every mutant, apart from their 

specific enzymatic activity. For example, Qui et al. showed that mutants C90S, C174S, and 

C90S/C174S are enzymatically active, structurally intact, and thermodynamically stable, 

as measured by circular dichroism and thermal denaturation [37]. In another study, C-

terminal deletions of the GLA enzyme showed not only better enzymatic performance but 

also an equal thermal stability at 30° C, 40° C, and 50° C for wild-type and C-terminal GLA 
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mutants [46]. These studies show that researchers in the field are fully aware of the im-

portance of other parameters than only enzymatic activity to check new putative candi-

dates for ERT in FD. 

Different approaches to improve ERT are being investigated. Therefore, the combi-

nation of these strategies with the exploitation of favorable mutations could lead to a re-

combinant GLA enzyme with much higher activity and stability. One concern about the 

use of GLA mutants as drugs for FD treatment is their approval by regulatory authorities. 

However, it has great potential to confer clinical benefits and could mean an improvement 

in the current methods. Therefore, it may be worth investing more time and efforts, de-

spite the inconveniences, with the aim of achieving better results. Further investigation 

should be addressed to prove its safety and effectiveness. Our understanding of the path-

ogenesis of the disease is constantly changing and we should be ready to implement pos-

sible innovations. 

In the long-term, other strategies can be implemented, such as gene therapy. How-

ever, although a promising alternative, it still needs additional development. Therefore, 

for the moment, investing in improvements of current therapies is a more achievable op-

tion to develop new tools to treat FD patients. 
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