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Translational readthrough of GLA nonsense mutations suggests dominant-negative
effects exerted by the interaction of wild-type and missense variants
Silvia Lombardi a, Mattia Ferrarese a, Saverio Marchi b, Paolo Pinton b, Mirko Pinotti a, Francesco Bernardi a,
and Alessio Branchini a

aDepartment of Life Sciences and Biotechnology, University of Ferrara, Ferrara, Italy; bDepartment of Morphology, Surgery and Experimental
Medicine, Section of Pathology, Oncology and Experimental Biology, University of Ferrara, Ferrara, Italy

ABSTRACT
Nonsense mutations are relatively frequent in the rare X-linked lysosomal α-galactosidase A (α-Gal)
deficiency (Fabry disease; FD), but have been poorly investigated. Here, we evaluated the responsive-
ness of a wide panel (n = 14) of GLA premature termination codons (PTCs) to the RNA-based approach of
drug-induced readthrough through expression of recombinant α-Gal (rGal) nonsense and missense
variants.

We identified four high-responders to the readthrough-inducing aminoglycoside G418 in terms of
full-length protein (C56X/W209X, ≥10% of wild-type rGal) and/or activity (Q119X/W209X/Q321X, ~5-7%),
resulting in normal (Q119X/Q321X) or reduced (C56X, 0.27 ± 0.11; W209X, 0.35 ± 0.1) specific activity.

To provide mechanistic insights we investigated the predicted amino acid substitutions mediated by
readthrough (W209C/R, C56W/R), which resulted in correct lysosomal localization and appreciable
protein/activity levels for the W209C/R variants. Differently, the C56W/R variants, albeit appreciably
produced and localized into lysosomes, were inactive, thus indicating detrimental effects of substitu-
tions at this position.

Noticeably, when co-expressed with the functional W209C or W209R variants, the wild-type rGal
displayed a reduced specific activity (0.5 ± 0.2 and 0.6 ± 0.2, respectively) that, considering the dimeric
features of the α-Gal enzyme, suggested dominant-negative effects of missense variants through their
interaction with the wild-type.

Overall, we provide a novel mechanism through which amino acids inserted during readthrough
might impact on the functional protein output. Our findings may also have implications for the
interpretation of pathological phenotypes in heterozygous FD females, and for other human disorders
involving dimeric or oligomeric proteins.
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Introduction

Lysosomal storage disorders are a group of inherited meta-
bolic diseases associated with the accumulation of undegraded
substrates within lysosomes due to mutations in genes coding
for lysosomal proteins [1].

Fabry disease (FD, OMIM #301500) is a rare (1:40,000–
117,000 worldwide) [2,3] X-linked glycolipid storage disorder
caused by mutations in the GLA gene (Xq22; MIM #300644),
encoding the lysosomal α-galactosidase A (α-Gal) hydrolase.

The α-Gal enzyme is synthesized as a ~50 kDa precursor of
429 amino acids that undergoes maturation in endoplasmic
reticulum (ER) and Golgi apparatus and is finally delivered to
lysosomes through the mannose-6-phosphate (M6P) pathway
[4]. In the ER, the signal sequence (residues 1–31) is removed
[5], resulting in the mature 46 kDa form, and three N-linked
carbohydrates are attached to residues N139, N192 and N215,
which are then modified in the Golgi by addition of phos-
phate groups to form the M6P moieties essential for transport
to lysosomes [6]. Once in lysosomes, the functional α-Gal

enzyme is formed as a homodimer [4,7], in which an exten-
sive interface consisting of 30 residues from each monomer
maintains the correct packing [8]. Each monomer, composed
of two domains, contains the catalytic residues (D170 and
D231) enclosed by the side-chains of 13 residues forming
the active site, which acts through a double displacement
reaction mechanism [9].

The deficiency of α-Gal activity leads to a failure in the
metabolism of glycosphingolipids, mainly globotriaosylcera-
mide (Gb3), resulting in the progressive deposition of Gb3 in
plasma and lysosomes of all tissues [10], with severe clinical
consequences for kidneys, heart and brain [11]. The disease is
mainly classified into classic or late-onset FD subtypes. Very
low activity levels (<1% of normal) or the complete loss-of-
function are associated with classic FD, while residual activity
might lead to a slow progression of the disease and a milder
late-onset phenotype [11,12].

To date, more than 500 FD mutations have been identified
(human gene mutation database, HGMD, http://www.hgmd.cf.
ac.uk/ac/index.php; http://fabry-database.org/) [13,14]. Among
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these, nonsense mutations, relatively frequent in FD, show the
highest association with the classic form.

Nonsense mutations, accounting for ~11% of all described
disease-causing gene lesions [15], are caused by premature
termination codons (PTCs) that may lead to the so-called
null phenotypes. However, misrecognition of PTCs and incor-
poration of an amino acid at the nonsense position results in
the synthesis of the full-length protein through translational
readthrough [16]. The efficiency of this recoding process is
influenced by PTCs sequence contexts [17,18] and by the type
of amino acid inserted at the PTC [19–21], with the latter
dictating the protein output in terms of biosynthesis and
function [22–24].

Since translational readthrough can be potentiated by
drugs, it has been proposed as therapy for several disorders
[25–28]. The proof-of-principle of this RNA-based correc-
tion approach in FD would make it particularly relevant in
the view of new readthrough-inducing compounds that,
due to their small size, have been shown the potential
ability to cross the blood–brain barrier [29], which still
represents an unmet need in FD therapy [12,30].
However, despite these premises, the approach based on
translational readthrough has never been extensively inves-
tigated for FD.

Here, by exploring drug-induced readthrough on a wide
panel of GLA nonsense mutations, we observed three variants
with appreciably rescued enzyme activity (≥5%) and
a discrepancy between protein and functional levels that was
not compatible with amino acid insertions as the unique
determinant. Indeed, for the first time, we suggest a novel
readthrough-mediated output resulting in potential domi-
nant-negative effects on α-Gal enzyme activity due to the
interaction of wild-type and missense variants.

Results

A total of 14 GLA nonsense mutations were rationally selected
according to the features of PTCs sequence contexts (Fig. 1A),
which represent a first hallmark of responsiveness to drug
induction [17]. In particular, we included a panel of PTCs
(TGA-C/A/G) predicted to result in a high degree of read-
through, and TAG PTCs with similar sequence contexts as
comparators. In addition, all these contexts predict the inser-
tion of the original residue [19]. The selected PTCs were
challenged with the readthrough-inducing agent G418, the
most potent drug among aminoglycosides [17].

Readthrough induction resulted in detectable full-length
rGal proteins

As a first attempt to assess the responsiveness of the whole
panel of GLA nonsense mutations to translational read-
through, we performed Western blotting analysis on lysates
from cells expressing Myc-tagged recombinant α-Gal (rGal)
nonsense variants in the absence or presence of G418. In this
setting, we did not observe a band compatible with the full-
length rGal form in basal conditions (data not shown), but
only upon drug induction. The differential intensity of bands
suggested a different degree of PTCs suppression (Fig. 2A).

To quantify the amount of full-length rGal produced, we
carried out a double ELISA assay that takes advantage of
a capture antibody recognizing the Myc epitope tag, whose
presence ensures the immobilization of the full-length protein
produced as a result of readthrough. Two variants (C56X, 10.0
± 1.7% of wild-type rGal; W209X, 17.4 ± 2.1%) revealed full-
length protein levels ≥10% of wild-type rGal, while the major-
ity (n = 10) showed protein levels ranging from ~4% to ~9%

Figure 1. Sequence features and positions of GLA nonsense mutations selected for the study.
(A) Schematic representation of α-Gal and relative position of nonsense mutations (top) and of predicted missense changes arising from translational readthrough
(bottom). The sequence contexts of nonsense mutations, namely the PTC (underlined) and the following nucleotide (italic), are also indicated above each nonsense
mutation. SP, signal peptide; Myc, carboxyl-terminal Myc tag. (B) Sequence alignment among human (NP_000160.1), chimpanzee (XP_003954083.2), rhesus macaque
(XP_001093625.1), pig (NP_001171396.1), bovine (NP_001179665.1) and mouse (NP_038491.2) α-Gal proteins. Positions 56, 119, 209 and 321 are marked by black
rectangles.
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and two (Q333X and Q397X) displayed a very low response
(<1%) (Fig. 2B). Full-length proteins were undetectable in
lysates from untreated cells.

These first data indicate that all GLA nonsense muta-
tions tested in our experimental system were differentially
susceptible to induction of translational readthrough and
resulted in the synthesis of detectable full-length rGal
proteins.

Activity of rGal variants was partially restored upon
drug-induced readthrough

The major goal of a correction approach such as drug-
induced readthrough, together with responsiveness at the
protein level, is represented by the rescue of enzyme activity.
Since no protein levels were detectable in the absence of
induction, the functional impact of readthrough was assessed
only on cell lysates collected after treatment of cells with the
readthrough-inducing agent G418.

The Q119X, W209X and Q321X variants revealed the
highest range of activity rescue (~5–7% of wild-type rGal)
upon treatment, whereas the majority of rGal nonsense
variants (n = 7) showed functional levels ranging from 1%
to 3%. Activity of the remaining variants (C52X, Q333X,
W340X and Y397X) was undetectable (Fig. 3A). As
a consequence, only two variants (Q119X and Q321X)
showed a specific activity (0.94 ± 0.03 and 0.84 ± 0.01,
respectively), referred as the ratio between activity and pro-
tein levels, similar to that of wild-type rGal. The majority of
variants, as the C56X (0.27 ± 0.11) and W209X (0.35 ± 0.1),
high responders in terms of full-length protein levels,
showed a specific activity ranging from 0.24 to 0.42 (Fig.
3B). No specific activity was calculable for those nonsense
variants with undetectable enzyme activity.

These observations indicate that only three variants
showed a relevant functional rescue after drug-induced trans-
lational readthrough (≥5% of wild-type activity), and provide
the evidence for a low response in comparison with measured
full-length protein levels.

Amino acid substitutions predicted from readthrough
showed a differential impact on rGal protein and activity

To provide insights into the effects of amino acid changes
produced by readthrough over the GLA nonsense variants
displaying the highest full-length protein levels (C56X and
W209X) or specific activity (Q119X and Q321X), we charac-
terized the predicted missense variants. Indeed, prediction of
readthrough-deriving amino acid insertions, based on the type
of PTC [19], prompted us to produce the Q119K/Y, Q321K/Y,
C56W/R and W209C/R missense variants.

Expression studies with rGal variants bearing amino acid sub-
stitutions at positions 119 and 321 showed protein levels of 49.4 ±
8.9% (Q119K), 66.1 ± 12.6% (Q119Y), 37.3 ± 2.5% (Q321K) and
3.7 ± 0.8% (Q321Y). Functional studies showed activity levels
similar to those of wild-type rGal for protein variants at position
119 (Q119K, 90.6 ± 1.1%; Q119Y, 101.7 ± 4.3%), while slightly
lower than protein levels (Q321K, 24.4 ± 3.2%) or undetectable
(Q321Y) for variants at position 321 (Fig. 4, left). Protein levels
were well-detectable for all missense variants at positions 56
(C56W, 32.6 ± 12.4%; C56R, 40.7 ± 8.1%) and 209 (W209C,
45.1 ± 6.4; W209R, 64.1 ± 24%), while activity levels were clearly
detectable only for the W209C (40.8 ± 8.6%) and W209R (70.8 ±
16%) variants (Fig. 4, right).

These data on rGal missense variants indicate that amino
acid substitutions were compatible with detectable protein
levels but exerted a differential impact on enzyme activity,
particularly evident for those at positions 56 and 209.

The rGal C56R and W209C variants showed correct
localization into lysosomes

Since amino acid substitutions may impact on protein function as
well as on correct localization into lysosomes, which is essential
for rGal to achieve full enzyme function [4,7], we performed
immunofluorescence studies. The C56R and W209C variants
were chosen as paradigmatic examples due to their overlapping
protein levels. Both missense variants, clearly detectable by anti-
rGal antibodies (Fig. 5, red signal), were appreciably visualized
into lysosomes (Fig. 5, green signal), as indicated by the co-

Figure 2. Evaluation of drug-induced readthrough over GLA nonsense mutations.
(A) Representative Western blotting analysis on full-length rGal variants resulting from treatment of transiently transfected HEK293 cells with G418. For rGal
detection, wild-type lysate was further diluted (1:20) and used as reference. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as control. Mock, cells
transfected with the gutted vector; wt, wild-type rGal. (B) ELISA-based analysis of full-length rGal variants transiently expressed in HEK293 cells treated with G418.
Results, indicated as % of wild-type rGal, are reported as mean ± standard deviation from three independent experiments. In both analyses, the full-length rGal
arising from nonsense variants was not observed in untreated conditions.
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localization of the rGal and the lysosomal LAMP1 fluorescence
signals, which were qualitatively comparable to that of wild-type
rGal (Fig. 5).

These results indicate that the functional defect of the
C56R variant is not due to altered lysosomal localization,
and leaves unexplained the discrepancy between protein/func-
tional levels of the nonsense variant at position 209 upon
readthrough.

Readthrough-deriving missense variants exerted
potential dominant-negative effects

The discrepancy between protein and functional levels observed
for the W209X nonsense variant as well as the data obtained on
predicted missense variants at the same position, prompted us to
hypothesize that, by introducing amino acid changes, readthrough
might result in missense monomeric variants endowed with

Figure 4. Expression studies with readthrough-deriving missense variants.
Protein amount (black bars) and activity (grey bars) of rGal missense variants (see striped bars in Figure 3B) predicted to arise from translational readthrough of GLA
PTCs. Results, indicated as % of wild-type rGal, are reported as mean ± standard deviation from three independent experiments. nd, not detectable.

Figure 3. Functional evaluation of rGal variants after drug-induced translational readthrough.
(A) Activity of full-length rGal variants, produced by readthrough induction, towards the 4-MU-α-D-galactopyranoside fluorogenic substrate. Results, indicated as % of
wild-type rGal, are reported as mean ± standard deviation from three independent experiments. (B) Specific activity, referred as the ratio between enzyme activity
(panel A) and protein amount (Fig. 2B), of rGal nonsense variants after induction of translational readthrough. The most responsive rGal variants in terms of specific
activity (Q119X and Q321X) or protein levels (C56X and W209X) were selected (striped bars) for further characterization. nd, not detectable.
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virtually normal specific activity but exerting dominant-negative
effects on the wild-type molecule.

To test our hypothesis, we performed co-expression studies
with wild-type rGal and the readthrough-deriving missense var-
iants at position 209 (W209C/R), as well as those at position 56
(C56W/R) as comparison (Fig. 6A). Co-expression of wild-type
rGal with W209C/R or C56W/R resulted in protein levels higher
than (W209C, 86.2 ± 17.3% of wild-type rGal; W209R, 110.7 ±
25.5%; C56W, 85.4 ± 5.7%) or similar to (C56R, 55.6 ± 8.5%) those
obtained with wild-type rGal (50.3 ± 30.8%). Enzyme activity was
not increased (W209C, 46.9 ± 22%; W209R, 63.0%±16%; C56W,
47.2 ± 4.6%) or was even decreased (C56R, 26.7 ± 1.3%) as
compared with wild-type (55.6 ± 27.5%). As expected, the specific
activity of wild-type rGal co-expressed with C56W (0.55 ± 0.02,
p = 0.0085) or C56R (0.44 ± 0.04, p = 0.0045), both devoid-of-
function variants, was significantly lower than that of control wild-
type (1.2 ± 0.2). Noticeably, the specific activity of wild-type rGal
co-expressed with W209C or W209R was also significantly lower

(W209C 0.5 ± 0.2, p = 0.0027; W209R 0.6 ± 0.2, p = 0.0061) than
that of wild-type rGal, despite both variants had shown relevant
catalytic activity when expressed alone.

These results suggest that amino acid substitutions intro-
duced by readthrough might produce rGal monomers exerting
potential dominant-negative effects on activity of the resulting
enzymes due to interaction of wild-type and missense variants,
thus lowering the functional rescue mediated by readthrough.

Discussion

In this study, we explored the approach based on drug-induced
translational readthrough as a correction strategy for a wide panel
of FD-associated nonsense mutations in the GLA gene. While
several lysosomal disorders have been challenged with drugs
inducing readthrough [31–33], a broad investigation of this
approach has never been extensively attempted in FD.

Figure 5. Co-localization studies with C56R and W209C variants.
Intracellular localization of rGal missense variants. Fluorescently labelled secondary antibodies were used to visualize LAMP-1 (lysosomes, green) or rGal (red) as well
as their co-localization (yellow). Image magnifications (white squares) for each channel are also shown. Cells transfected with the gutted vector (-) or expressing wild-
type rGal (WT) were used as controls.
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The interplay between PTCs sequence contexts and amino
acid(s) inserted upon readthrough induction resulted in a low
degree of responsiveness for the majority of nonsense var-
iants. This observation is partially explained by naturally-
occurring missense mutations, mainly associated with classic
FD (Supplementary Table 1), thus indicating that many posi-
tions do not tolerate amino acid substitutions. Indeed, unfa-
vourable amino acid insertions help also explaining the
absence of responsiveness of the GLA R227X (TGA,
c.679C>T) mutation, the unique attempt of readthrough
induction in FD [34]. This residue contributes to the

formation of the active site of the enzyme [8], thus being
unlikely that a missense change at this position would pro-
duce a functional α-Gal enzyme. On the other hand, in our
system, three variants (Q119X, W209X and Q321X) revealed
an enzyme activity ≥5%, an arbitrary threshold for appreciable
functional readthrough. Interestingly, an activity range of
5–10% has been hypothesized to be sufficient to prevent
clinically relevant Gb3 accumulation [35].

Evaluation of specific activity of rGal nonsense variants upon
readthrough indicated that two (Q119X and Q321X) out of three
high responders showed values similar to those of wild-type rGal.

Figure 6. Potential dominant-negative effects of missense variants co-expressed with wild-type rGal.
(A) Co-expression studies of wild-type rGal with W209C/R or C56W/R variants. The empty plasmid was used as control. Results, indicated as % of wild-type rGal, are
reported as mean ± standard deviation from three independent experiments. **, p < 0.05. (B) Schematic representation of the impact of readthrough-deriving amino
acid insertions on full-length α-Gal biology. Drug-induced readthrough is predicted to result in a full-length α-Gal with wild-type features or bearing missense
changes. Once transported into lysosomes, α-Gal monomers dimerize to form functional homodimers (upper panel) or heterodimers due to the interaction of
monomers bearing both the original residue (grey monomer) or a missense change (black monomer) resulting in dominant-negative effects on enzyme function
(lower panel).
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Conversely, we clearly observed a reduced specific activity for the
C56X andW209X variants (Fig. 3B), despite the high response to
readthrough induction in terms of full-length protein (both) or
functional (W209X) levels (Figures 2B and 3A).

To provide mechanistic insights we expressed missense
variants bearing amino acid substitutions predicted to arise
from readthrough [19], namely tyrosine/lysine (Q119 and
Q321) for TAG, and tryptophan/arginine (C56) or cysteine/
arginine (W209) for TGA PTCs. Expression studies further
highlighted a gradient of impact of amino acid changes on
protein/activity. In particular, both residues inserted at posi-
tion 119 produced variants (Q119K/Y) with unaffected func-
tion, while those at position 321 slightly (Q321K) or strongly
(Q321Y) affected protein synthesis/activity, a finding compa-
tible with the degree of conservation (119, low; 321, high) of
these residues (Fig. 1B). Missense changes at position 56
(C56W/R) were tolerated in terms of protein biosynthesis
but abolished rGal activity (see also Supplementary Table 1)
due to disruption of a conserved disulphide bridge, thus
explaining the low activity/protein ratio observed for the
C56X nonsense variant after readthrough induction.
Conversely, substitutions at position 209 (W209C/R) resulted
in appreciable/normal protein and activity levels. This is con-
sistent with the poor conservation of residues at this position
(Fig. 1B), at which naturally-occurring mutations are not
reported, but not with the protein/activity discrepancy
observed for the W209X nonsense variant.

The absence of α-Gal activity could be attributable to the
impact of readthrough-mediated amino acid substitutions on
enzyme activity itself [22,23] or on altered lysosomal localiza-
tion, which is required for full enzyme function [4,7].
Immunofluorescence studies on cells expressing the W209C or
the C56R variants demonstrated a correct targeting of the pro-
teins to lysosomes, while leaving unexplained the low activity/
protein ratio observed for the W209X after readthrough. These
data prompted us to hypothesize that the interaction of wild-
type molecules with missense monomeric variants arising from
readthrough might result in potential dominant-negative effects
on enzyme activity due to formation of heterodimers.

As a matter of fact, in co-expression experiments of wild-
type rGal with the W209C/R or C56W/R variants, we
observed a reduced specific activity for both mutants, which
showed null (C56W/R) or virtually normal (W209C/R) spe-
cific activity when expressed alone. This observation could be
explained by two different mechanisms. Missense variants at
position 56 showed detectable, albeit reduced, rGal protein
levels, but undetectable function. This indicates that the
effects of C56 missense variants, when co-expressed with the
wild-type, would be additive in terms of protein levels but not
of catalytic activity, thus resulting in a decrease of specific
activity. Differently, missense variants at position 209, with
virtually normal catalytic activity when expressed alone,
showed a reduction in specific activity only when co-
expressed with wild-type rGal, thus suggesting their mutual
interaction with the formation of dysfunctional heterodimers.
This observation could also be interpreted in light of the
symmetric nature of the dimer formed by α-Gal monomers
(PDB 1R46), in which even a small distortion caused by an
amino acid substitution in one of the two monomers might

lead to a heterodimer with reduced catalytic efficiency.
Overall, these findings depict a scenario in which, once trans-
ported into lysosomes, part of the amino acid changes poten-
tially introduced by readthrough leads to the assembly of
wild-type and missense monomeric variants resulting in
a fraction of functional homodimers as well as heterodimers
with lower or no function (Fig. 6B).

Our previous results on a wide panel of nonsense muta-
tions associated with bleeding disorders such as factor VII
deficiency [22] or haemophilia B [23,24] highlighted that
favourable conditions such as i) re-insertion of the original
residue, ii) tolerated missense changes, iii) rare gain-of-
function effects, or iv) localization of nonsense mutations
in regions that are removed during protein processing (i.e.
signal peptides) may result in appreciable functional read-
through. Here, we suggest a fifth and novel mechanism
dictating the functional protein output after translational
readthrough. Noticeably, responsiveness of α-Gal might be
further influenced by the formation of dysfunctional hetero-
dimers stemming from missense monomeric variants com-
bined with the wild-type monomer. To the best of our
knowledge, this is the first evidence for translational read-
through on a dimeric enzyme that results in potentially
dominant-negative effects related to the heterodimerization
process.

Our findings prompt us to speculate that the potential
dominant-negative effects, already hypothesized by others
[36,37], might have implications for the large proportion
(60–75%) of heterozygous females presenting with signs
and symptoms of FD [38, 39]. Interestingly, these patholo-
gical phenotypes in heterozygous females are still not
explained by skewed X-inactivation alone [40,41], and our
hypothesis could provide an additional mechanism to inter-
pret these observations. Our data foster additional studies on
the effects of missense changes on altered α-Gal
dimerization.

Conclusions

Taken together our results i) identify GLA nonsense mutations
(i.e. Q119X, W209X and Q321X) that, due to favourable nucleo-
tide and protein features, can be rescued by readthrough induc-
tion, ii) provide the first evidence for a novel mechanism acting
through dominant-negative effects and influencing the func-
tional response to drug-induced readthrough, and iii) might
have implications for the understanding of pathological pheno-
types in heterozygous FD female carriers, as well as for other
human disorders affecting dimeric or oligomeric proteins.

Materials and methods

Nomenclature

All residues are reported according to the Human Genome
Variation Society (HGVS) nomenclature [42], with number-
ing starting at the A (+1) nucleotide of the AUG (codon 1)
translation initiation codon.
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Creation of expression vectors for recombinant α-Gal
variants

The human GLA cDNA (reference sequence NM_000169.2)
was cloned into the pCMV6-XL4 expression plasmid through
EcoRI-SacII restriction sites. The 5ʹCATTAAAAGACTTACT
TGGATCCAAAAAAAAAAAAAAAAC3ʹ oligonucleotide was
used to delete the natural GLA stop codon and to insert the
BamHI restriction site (underlined). The Myc-tag sequence,
obtained by annealing of the forward 5ʹgatccGAGCAGAAAC
TCATCTCAGAAGAGGATCTGTAAg3ʹ and reverse 5ʹgatccT
TACAGATCCTCTTCTGAGATGAGTTTCTGCTCg3ʹ oligo-
nucleotides (BamHI compatible ends in italic), was inserted
downstream of the GLA coding sequence through cloning
with BamHI to obtain the pCMV6-XL4-GLA-Myc plasmid
expressing the Myc-tagged recombinant α-Gal protein (abbre-
viated as rGal).

Expression vectors for rGal nonsense and missense variants
were created by site-directed mutagenesis (QuickChange® II XL
Site-Directed Mutagenesis Kit, Agilent Technologies, Santa
Clara, CA, USA) [43] of the human GLA cDNA with the oligo-
nucleotides listed in Supplementary Table 2.

Cell culture and transient expression of rGal variants

Human embryonic kidney (HEK) 293 cells were maintained
in DMEM medium (Gibco, Life Technologies, Carlsbad, CA,
USA) supplemented with 10% foetal bovine serum (FBS;
Gibco, Life Technologies) and 1% penicillin/streptomycin
(Gibco, Life Technologies). Cells were incubated at 37°C
under 5% CO2 controlled atmosphere.

Cells were seeded in 12-well culture plates (2.5x105 cells/well)
24 h before transfection and then transiently transfected in
serum-free medium (Opti-MEM, Gibco, Life Technologies)
with the Lipofectamine 2000 reagent (Life Technologies),
according to manufacturer’s protocol. Briefly, a mixture of plas-
mid DNA (2 µg) and Lipofectamine 2000 (2 µL) in 150 µL Opti-
MEM medium was incubated at room temperature for 20 min
and then added to cells. For co-transfection studies, cells were
transfected with a mixture of 1 μg of wild-type plasmid and 1 μg
of plasmid either gutted or encoding missense variants. Wild-
type alone (2 μg) was used as reference. Transfection medium
was removed 4–6 h after transfection and 1 mL of fresh DMEM
was added, with or without an optimized concentration (100 µg/
ml) of geneticin (G418, SIGMA-Aldrich, St. Louis, MO, USA)
[22–24], depending on the experimental set-up. Cell lysates were
prepared 48 h post-transfection as previously described [44].

Evaluation of rGal protein levels

The total protein amount for each lysate was measured by
BCA (Pierce BCA Protein Assay Kit; ThermoFisher Scientific,
Waltham, MA, USA).

Cell lysates, normalized for total protein amount, were loaded
on Bolt 4–12% Bis-Tris Plus gels (Invitrogen, ThermoFisher
Scientific) and transferred onto nitrocellulose membranes.
Western blotting analysis was conducted essentially as described
[23]. Full-length rGal was detected by polyclonal goat anti-Myc
and donkey anti-goat HRP-conjugated antibodies (Bethyl

Laboratories, Montgomery, TX, USA). Blotting images were
acquired through the Image Laboratory Software version 4.0
(Bio-Rad, Hercules, CA, USA).

A double ELISA-based assay was performed with coated
anti-Myc antibodies followed by detection with polyclonal
rabbit anti-α-Gal (SIGMA) and goat anti-rabbit HRP-
conjugated (DAKO, Agilent) antibodies. Serial dilutions of
cell lysates containing wild-type rGal were used as reference.

Evaluation of rGal activity with fluorogenic functional
assays

Activity levels were evaluated according to a previously
described protocol [44]. Briefly, rGal activity in cell lysates,
normalized for the total protein, was revealed by the 4-methy-
lumbelliferone-α-D-galactopyranoside fluorogenic substrate on
a microplate fluorometer (TECAN, Salzburg, Austria). Cell
lysates from HEK293 cells expressing wild-type rGal, whose
activity was preliminarily evaluated and validated in comparison
with untagged recombinant rGal (Supplementary Fig. 1), were
used as reference. The endogenous α-Gal activity measured in
lysates from cells transfected with the gutted vector was sub-
tracted from the activity measured in lysates from cells expres-
sing mutant or wild-type rGal [45]. Specific activity was
calculated as the ratio between activity and protein levels.

Lysosomal localization studies by immunofluorescence

Immunofluorescence studies on cells expressing the rGal var-
iants were essentially as described [46]. Briefly, transiently trans-
fected cells, seeded on glass coverslips, were fixed (4%
paraformaldehyde) and permeabilized (0.1% Triton X-100).
Non-specific binding sites were blocked with PBS-5% milk (w/
v)-0.1% Triton X-100 (Blocking buffer). Polyclonal goat anti-
Myc (Bethyl Laboratories), monoclonal mouse anti-lysosomal-
associated membrane protein 1 (LAMP-1) (clone eBioH4A3;
ThermoFisher Scientific) antibodies were diluted in Blocking
buffer and incubated overnight at 4°C. Detection was performed
by Alexa Fluor-conjugated donkey anti-goat (594 nm; Myc tag)
and anti-rabbit (488 nm; LAMP-1) antibodies (ThermoFisher
Scientific) incubated for 1 h at room temperature. Images were
acquired on the Zeiss LSM510 confocal microscope [47].

Statistical analysis

Data were analysed with GraphPad Prism 5 software (San Diego,
CA, USA) and statistical differences were analysed by t-test.
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