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ABSTRACT
Pompe disease is an inherited metabolic disorder due to the deficiency of the lysosomal acid a-glucosi-
dase (GAA). The only approved treatment is enzyme replacement therapy with the recombinant enzyme
(rhGAA). Further approaches like pharmacological chaperone therapy, based on the stabilising effect
induced by small molecules on the target enzyme, could be a promising strategy. However, most known
chaperones could be limited by their potential inhibitory effects on patient’s enzymes. Here we report on
the discovery of novel chaperones for rhGAA, L- and D-carnitine, and the related compound acetyl-D-car-
nitine. These drugs stabilise the enzyme at pH and temperature without inhibiting the activity and acted
synergistically with active-site directed pharmacological chaperones. Remarkably, they enhanced by 4-fold
the acid a-glucosidase activity in fibroblasts from three Pompe patients with added rhGAA. This synergistic
effect of L-carnitine and rhGAA has the potential to be translated into improved therapeutic efficacy of
ERT in Pompe disease.
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Introduction

Glycogen storage disease type 2, or Pompe disease (PD, OMIM
232300) is an inborn metabolic disorder caused by the functional
deficiency of the acid lysosomal a-glucosidase (GAA, acid maltase,
E.C.3.2.1.20), the enzyme hydrolysing a-1,4 and a-1,6-glucosidic
bonds in glycogen and belonging to family GH31 of the carbohy-
drate-active enzyme (CAZy) classification (www.cazy.org1). GAA
deficiency results in glycogen accumulation in lysosomes and in
secondary cellular damage, with mechanisms not fully under-
stood2–5. In PD, muscles are particularly vulnerable to glycogen
storage, and disease manifestations are predominantly related to
the involvement of cardiac and skeletal muscles. However, central
nervous system involvement is emerging as part of the clinical
spectrum in infantile-onset patients6.

It is assumed that to obtain positive therapeutic effects it is
enough that the enzymatic activity of GAA is rescued at about
10% of the wild type, meaning that a relatively small increase in
activity can mitigate the clinical course2. Therapeutic strategies
include the supply of wild type enzymes, such as enzyme replace-
ment therapy (ERT), gene therapy, or small-molecule drugs able to
adjust cellular networks controlling protein synthesis, folding, traf-
ficking, aggregation, and degradation, thus facilitating the escape
of mutated proteins from the endoplasmic reticulum-associated
degradation (ERAD) machinery7–10.

Since 2006, enzyme replacement therapy (ERT) with recombin-
ant human a-glucosidase has been approved and is currently con-
sidered the standard of care for the treatment of PD, improving
survival by stabilising the disease course6,11–13. However, limitations
are also known, in fact, despite treatment, some patients experi-
ence little clinical benefit or show signs of disease progression14.
Several factors concur in limiting the therapeutic success of ERT,
including the age at the start of treatment15,16, the immunological
status of patients17, the insufficient targeting of the enzyme to skel-
etal muscle18, the possible instability at neutral pH of the recom-
binant enzyme during the transit to lysosomes19–21, the relative
deficiency of the cation-independent mannose-6-phosphate recep-
tor, required for enzyme uptake in muscle cells22,23, and the build-
up of the autophagic compartment observed in myocytes24–26.

For all the reasons pointed above, alternative treatments, like
pharmacological chaperone therapy (PCT), would be highly desir-
able. This approach, which has been designed for the treatment of
protein misfolding diseases (PMD), exploits small-molecule ligands
that may bind directly to the defective enzymes, templating the
folding of proteins in the most stable conformation(s) and prevent-
ing their recognition and disposal by the ERAD machinery27–30.

Most pharmacological chaperones (PC) proposed or used for
the treatment of lysosomal storage diseases (LSD) are reversible
competitive inhibitors of the target enzymes. Compared to ERT,
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small-molecule chaperones have important advantages in terms of
biodistribution, oral availability, and reduced impact on patients’
quality of life. Recent studies have shown that 1-deoxynojirimycin,
N-butyl-deoxynojirimycin (DNJ, 1 and NB-DNJ, respectively, Figure
1), and 1-deoxygalactonojirimycin (DGJ, 2), may also potentiate
the effects of the enzymes used for ERT in Pompe31 and Fabry dis-
eases, respectively21,32. However, these active-site-directed PCs
interfere with the activity of the targeted enzymes5,33. The para-
dox that an inhibitor can increase the enzymatic activity is
explained by the fact that therapeutic levels can be reached at
sub-inhibitory intracellular concentrations and that the high con-
centrations of the natural substrate accumulated in the lysosome
or the acidic conditions within the organelle may displace the PC
inhibitor from the active site.

An ideal chaperone should be able to protect the enzymes
from degradation without interfering with its activity, be largely
bioavailable in tissues and organs, reach therapeutic levels in cel-
lular compartments where its action is required, show high specifi-
city for the target enzyme with negligible effects on other
enzymes, and have a good safety profile. The extensive search for
new PCs is currently being performed by high-throughput screen-
ing of chemical libraries34 for molecules specific for GAA35, b-glu-
coceramidase (GCase)36–38, and b-hexosaminidase39, or by
biochemical characterisation of known inhibitors40. However, a
reason of major concern on the clinical use is that the majority of
PCs identified so far for the treatment of LSD are active-site
directed competitive inhibitors33.

We focussed our search on drugs already approved for human
therapy for their rapid clinical translation without the need for

phase I clinical trials. We found that N-acetylcysteine (NAC, 3,
Figure 1), a known pharmaceutical drug, and the related aminoa-
cids N-acetylserine (NAS, 4) and N-acetylglycine (NAG, 5), structur-
ally unrelated to known inhibitors of GAA, behave like novel
allosteric PCs for this enzyme41. These molecules stabilise rhGAA
at non-acidic pH, enhanced the residual activity of mutated GAA,
and improved the efficacy of rhGAA used for ERT in Pompe dis-
ease41,42. The high-resolution 3D-structure of rhGAA in complex
with NAC allowed to identify two binding sites for this PC in
regions distant from the active site, and to explain the chaperon-
ing activity of NAC43.

Following the same approach, here we report on the results of
screening for other putative allosteric chaperones, already
approved as drugs or nutraceuticals. We found that L-carnitine
(L-CAR, 6 in Figure 1), D-carnitine (D-CAR, 7), and the related com-
pound acetyl-D-carnitine (A-D-CAR, 8) can stabilise rhGAA at non-
lysosomal pH and improve the activity of GAA in PD patient’s
fibroblasts. Therefore, these molecules are novel potential pharma-
cological chaperones with excellent perspectives for the treatment
of Pompe disease alone and in combination with ERT.

Materials and methods

Reagents

rhGAA (a-glucosidase, Myozyme), was from Genzyme Co,
Cambridge, MA, USA. As a source of enzyme, authors used the
residual amounts of the reconstituted recombinant enzyme pre-
pared for the treatment of PD patients at the Department of

Figure 1. Pharmacological chaperones for lysosomal storage diseases. deoxynojirimycin (DNJ) (1), 1-deoxy-galactonojirimycin (DGJ) (2), N-acetylcysteine (NAC) (3), N-
acetylserine (NAS) (4), N-acetylglycine (NAG) (5), L-carnitine (L-CAR) (6), D-carnitine (D-CAR) (7), and acetyl-carnitine (A-D-CAR) (8).
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Translational Medical Sciences of the University of Naples,
“Federico II”. D-CAR, A-D-CAR were from Sigma-tau; L-CAR, DNJ,
and 4NP-Glc were purchased from Sigma–Aldrich.

Enzyme characterisation

The standard activity assay of rhGAA was performed in 200mL by
using 0.2mM at 37 �C in 100mM sodium acetate pH 4.0 and
20mM 4NP-Glc. The reaction was started by adding the enzyme.
After 2min incubation time the reaction was blocked by adding
800 mL of 1M sodium carbonate pH 10.2. Absorbance was meas-
ured at 420 nm at room temperature and an extinction coefficient
of 17.2mM�1 cm�1 was used to calculate enzymatic units. One
enzymatic unit is defined as the amount of enzyme catalysing the
conversion of 1 lmol substrate into the product in 1min, under
the indicated conditions.

The effect of pH on the rhGAA stability was measured by pre-
paring reaction mixtures containing 6.8 mM of enzyme in the pres-
ence of 50mM sodium phosphate, pH 7.4. After incubations at
37 �C, aliquots were withdrawn at the times indicated in Results
and the residual a-glucosidase activity was measured with the
standard activity assay described above. To test the effect on the
pH stability of rhGAA by the chaperons, experiments were per-
formed as described above by adding to the reaction mixtures
the amounts of the different compounds indicated in the Results.

Thermal stability of rhGAA

Thermal stability experiments of rhGAA were performed as
described in Porto et al.41 and the dissociation constant of L-CAR
was measured as described in Roig-Zamboni et al.43. Briefly,
0.9mM of the enzyme were incubated in the absence and in the
presence of L-CAR, D-CAR A-D-CAR, NAC, and DNJ in 25mM
sodium phosphate buffer, pH 7.4, and 150mM NaCl.

The effect of L-CAR on rhGAA stability was tested by analysing
the specific activity. L-CAR at various concentrations was incu-
bated with rhGAA and the enzymatic specific activity was meas-
ured after 5 h of incubation at pH 7.4.

Thermal stability scans were performed at 1 �C/min in the
range 25–95 �C in a Real-Time LightCycler (Bio-Rad). Differential
Scanning Fluorimetry (DSF) scans were performed at ten concen-
trations of L-CAR (from 2 to 20mM) and changes in the fluores-
cence of SYPRO Orange dye were monitored as a function of
temperature at pH 7.4. Thermal scans were performed in triplicate
and melting temperatures were calculated according to Niesen
et al.44. For the determination of the dissociation constant (KD) of
L-CAR experimental data were best fitted according to a simple
cooperative model equation reported in Vivoli et al.45 by using
the software GraphPAD Prism (GraphPad Software, San Diego, CA,
USA). The melting temperature values were plotted as a function
of ligand concentration.

Fibroblast cultures

Fibroblasts from PD patients were derived from skin biopsies after
obtaining the informed consent of patients. Normal age-matched
control fibroblasts were available in the laboratory of the
Department of Paediatrics, Federico II University of Naples. All cell
lines were grown at 37 �C with 5% CO2 in Dulbecco’s modified
Eagle’s medium (Invitrogen, Grand Island, NY, USA) and 20% foetal
bovine serum (Sigma–Aldrich, St Louis, MO, USA), supplemented

with 2mM/L glutamine, 100U/ml penicillin and 100mg/ml
streptomycin.

Incubation of fibroblasts with rhGAA and GAA assay

To study the rhGAA uptake and correction of GAA activity in PD
fibroblasts, the cells were incubated with 50mM rhGAA for 24 h, in
the absence or in the presence of 10mM L-CAR. Untreated cells
were used for comparison. After the incubation, the cells were
harvested by trypsinization and disrupted by 5 cycles of freezing
and thawing.

GAA activity was assayed by using the fluorogenic substrate 4-
methylumbelliferyl-a-D-glucopyranoside (4MU) (Sigma–Aldrich)
according to a published procedure31. Briefly, 25mg of cell homo-
genates were incubated with the fluorogenic substrate (2mM) in
0.2M acetate buffer, pH 4.0, for 60min in incubation mixtures of
100 ml. The reaction was stopped by adding 1ml of glycine-car-
bonate buffer, 0.5M, pH 10.7. Fluorescence was read at 365 nm
(excitation) and 450 nm (emission) on a Promega GloMax
Multidetection system fluorometer. Protein concentration in cell
homogenates was measured by the Lowry assay.

Immunofluorescence analysis and confocal microscopy

For immunofluorescence studies, cells (human fibroblasts) grown
on coverslips were fixed using methanol (5min at �20 �C to study
the colocalization GAA-LAMP2), permeabilized using 1% PBS
(phosphate-buffered saline)—Triton 0,1% and blocked with 0.05%
saponin, 1% BSA diluted in 1% PBS (blocking solution) at room
temperature for 1 h. The cells were incubated with the primary
antibodies anti-GAA rabbit polyclonal antibody (PRIMM) and anti-
LAMP2 mouse monoclonal antibody (Santa Cruz Biotechnology),
and diluted in blocking solution overnight at 4 �C. Then, cells
were washed with 1% PBS and then incubated with appropriate
autofluorescent secondary antibodies (anti-rabbit or anti-mouse
antibodies conjugated to Alexa Fluor 488 or 596) and DAPI (40,6-
diamidino-2-phenylindole, Invitrogen) in 0.05% saponin, 3% BSA,
1% PBS. Samples were then washed, mounted with Mowiol
(Sigma), and examined with a Zeiss LSM700 confocal microscope.
Colocalization and quantitative analysis were performed with Fiji
(ImageJ, NIH, USA) software.

Results

L-CAR improves rhGAA stability in vitro

In the framework of our search for novel PCs, which led to the
identification of NAC/NAS/NAG (3–5 in Figure 1)41, we embarked
on the search of molecules already approved as pharmaceutical
drugs and/or nutraceuticals that can be rapidly introduced in
therapeutic treatments without the need of long and expensive
clinical trials. Among the molecules considered, L-carnitine (6) was
identified as a possible target. In addition, D-carnitine and the
related compound acetyl-D-carnitine were also analysed. L-CAR is
a well-known conditionally essential micronutrient and nutraceut-
ical46,47, whereas for D-CAR side effects have been documented,
including toxicity in patients treated with dialysis, and in rats and
fishes48–50. In fact, most of the study was performed on L-CAR.

To test this molecule on GAA, we analysed its effect on the pH
stability of the enzyme similarly to previous studies on lysosomal
enzymes20,41,51. In particular, we analysed rhGAA residual activity
on 100mM 4-nitrophenyl-a-D-glucopyranoside (4NP-Glc) in
100mM sodium acetate buffer, pH 4.0. These assays, in which
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rhGAA is optimally active and stable for up to 24 h, were used to
test the enzyme stability. In fact, at acidic or neutral pHs (pH 3.0
and 7.0, respectively), which are lower and higher, respectively, to
the one of the lysosomal compartments, the enzyme halved its
activity in about 5 h41.

L-CAR, already at the concentration of 10mM, rescued the
activity of rhGAA on 4NP-Glc after 5 h of incubation at pH 7.4
(Figure 2(a)). The stabilising effect on the rhGAA activity was main-
tained even after 48 h of incubation in the presence of 20mM L-
CAR (Figure S1(a)). No effect on the specific activity of rhGAA was
observed when L-CAR at any concentration was included in the
a-glucosidase assay, indicating that it did not interact with the
active site of the enzyme (Figure S1(b)).

Interestingly, L-CAR increased in a dose-dependent manner
also the structural stability of rhGAA as analysed by DSF (Figure
2(b)). The variations of the melting temperature (DTm) increased
by about 2 �C at every 2mM increment of L-CAR concentration
(Figure 2(c)).

The dissociation constant of L-CAR for rhGAA was measured
by DSF according to Vivoli et al.45 (Figure 2(d)). L-CAR showed
a KD similar to that of the allosteric chaperone NAC
(9.16 ± 1.02 and 11.57 ± 0.74mM, respectively)43. As expected for
molecules that do not bind to the rhGAA active site, these
values are higher than the typical Ki of 3.4mM exhibited by
active-site directed molecular chaperones, such as the DNJ
inhibitor41.

Figure 2. Comparison of the effect of L-carnitine on the stability of rhGAA. (a) Effect of L-CAR on the rhGAA stability; (b) Effect of L-CAR on the structural stability of
rhGAA; (c) Summary of the Tms measured by DSF; (d) Determination of the KD rhGAA-L-CAR by DSF.
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Effect on rhGAA stability by the combined action of allosteric
and active-site directed PCs

Similar stabilising effects were also observed with the related
compounds D-CAR and A-D-CAR (Figure 1, 7 and 8, respectively).
Both compounds rescued the activity of rhGAA on 4NP-Glc after
5 h of incubation at pH 7.4 (Figure S2(a)). Again, no effect on the
specific activity of rhGAA at 0.1–10mM concentrations was
observed (Figure S2(b)), indicating that D-CAR and A-D-CAR also
did not interact with the active site of the enzyme. Compared to
the L-isomer (compare 6 and 7 in Figure 1), D-CAR showed a com-
plete rescue of rhGAA activity already at 10mM concentration vs.
20mM of L-CAR (Figure S2(c)), maintaining the stabilising effect
even after 24 h of incubation (Figure S1(a)). DSF analysis showed
that D-CAR increased the structural stability of rhGAA in a dose-
dependent manner (Figure S2(d)) and that the DTm increased by
about 2 �C at every 2mM increment of D-CAR concentration
(Figure S2(e)).

To test if carnitine L- and D-enantiomers had additive effects,
we analysed rhGAA stability in the presence of equimolar amounts
of D- and L-CAR. As shown in Figure 3, when rhGAA was incu-
bated with 10mM total concentration of the two enantiomers
(resulting from L-CAR 5mMþD-CAR 5mM), the DTms of
9.4 ± 0.8 �C corresponds to the sum of the DTms measured when
the enzyme was incubated with either L- or D-CAR at 5mM con-
centration (DTms of 4.3 ± 0.2 and 4.9 ± 0.1 �C, respectively). A simi-
lar additive effect was observed when the concentration of each
enantiomer was increased to 10mM of D- and L-CAR (Figure 3(b)).

The combined effect on rhGAA by L-CAR and other active-site
directed or allosteric chaperones is shown in Figure 4. At a con-
centration of 10mM, L-CAR increased the Tm of rhGAA by 9.0 ± 0.3
(Tm 58.6 ± 0.2 vs. 49.6 ± 0.1 �C of rhGAA alone) a value similar to
that obtained with NAC at the same concentration (9.6 ± 0.2 �C),
but slightly lower than that of the active-site directed pharmaco-
logical chaperone DNJ (Figure 1: 1) at a concentration of 0.1mM

(þ12.1 ± 0.3 �C) (Figures 4(a,b)). To understand the mechanism of
stabilisation towards rhGAA we combined these molecules in DSF
experiments. L-CAR was mixed at 10mM concentration in equimo-
lar ratios with NAC (Figure 4(a)) or with 0.1mM DNJ (Figure 4(b)).
The stabilising effect of L-CAR in the presence of 10mM equimolar
amounts of NAC (20mM total) was identical to the effect
observed when each of the allosteric PCs was used individually at
20mM concentration (Figure 4(a)). However, when L-CAR and NAC
were combined, the DTm of 14.4 ± 0.2 �C was almost identical to
those observed when L-CAR and NAC were used singularly at
20mM concentration each (14.3 ± 0.2 and 14.3 ± 0.1 �C, respect-
ively) (Figure 4(a)).

The DTms obtained with either 10mM L-CAR combined with
0.1mM of the active-site directed allosteric chaperone DNJ, were
exactly additive with DTm of þ9.0 ± 0.3, þ12.1 ± 0.3, and
þ23.2 ± 0.2 �C with L-CAR, DNJ, and L-CARþDNJ, respectively,
confirming that these PCs interact with different sites of rhGAA
(Figure 4(b)).

Effect of L-CAR in PD fibroblasts

We studied the effect of L-CAR on mutant GAA activity in cultured
fibroblasts from three PD patients carrying different mutations
and with early-onset phenotypes (see Table 1). Fibroblasts were
incubated in the presence of 0.1 to 10mM L-CAR for 24 h and the
GAA activity was compared to that obtained in untreated cells.
The chaperone had negligible and non-significant effects on
endogenous residual activity in the cells from patients 1 and 2,
while significantly enhancing effects were seen in cells from
patient 3, homozygous for the p.L552P mutation, that had been
already reported to be responsive to the active site-directed chap-
erones DNJ and NB-DNJ (Figure 5)52. Significant increments in
activity were observed in a range of L-CAR concentrations
between 1 and 10mM, with a 2.8-fold increase at 2mM.

Figure 3. Effect of a racemic mixture of D/L-CAR on the structural stability of rhGAA. (a) DSF analysis. L-CAR and D-CAR were incubated with rhGAA either alone (5
and 10mM) or in combination (at 5 or 10mM each). (b) Summary of the Tm measured by DSF.
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It has been shown previously that active site-directed chaper-
ones enhance the activity of recombinant enzymes used for ERT
in PD and Fabry disease31,32, with a synergistic effect. In PD fibro-
blasts the iminosugar NB-DNJ enhanced rhGAA efficacy by �1.3-
to 2-fold. An enhancing effect on correction of GAA deficiency by

rhGAA and a better enzyme processing was also demonstrated
with the allosteric chaperone NAC41.

We tested whether the allosteric PC L-CAR also shows a similar
effect in combination with ERT in the three cell lines indicated
above. We first studied the optimal conditions to evaluate this
effect. We compared a protocol based on pre-incubation of cells
with L-CAR for 24 h, followed by co-incubation of L-CAR and
rhGAA for an additional 24 h, with a protocol based on co-incuba-
tion of L-CAR and rhGAA for 24 h (Figure 6(a)). The results of both
protocols were compared with those obtained in cells treated
with rhGAA alone. The second treatment protocol gave the best

Figure 4. Comparison of the effect of allosteric and non-allosteric chaperones on the stability of rhGAA. (a) Analysis of the synergistic effect of L-CAR and NAC. rhGAA
was incubated with L-CAR either alone (10 or 20mM) or in combination with NAC, at 10mM each. (b) Analysis of the synergistic effect of L-CAR and DNJ. L-CAR was
incubated with rhGAA either alone (10 or 20mM) or in combination with DNJ (0.1mM).

Table 1. Mutants used in this study.

Patient ID Mutation allele 1 Mutation allele 2 Phenotype

PD 1 p.L552P p.P79Rfs�12 Infantile-onset classic
PD 2 p.R375L p.V755Sfs�41 Infantile-onset classic
PD 3 p.L552P p.L552P Infantile-onset atypical
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results and was selected to evaluate the optimal L-CAR concentra-
tion for rhGAA enhancement.

With the co-dosing of rhGAA and L-CAR (1–20mM) GAA activ-
ity enhancements were observed at 5, 10, and 20mM L-CAR con-
centrations (Figure 6(b)). The highest and statistically most
significant enhancements were obtained at 10 and 20mM. Higher
L-CAR concentrations (up to 50mM) were toxic for fibroblasts (not
shown). Thus, we selected the concentration of 10mM for further
experiments, as this concentration appeared to combine efficacy
and safety for cells.

We next studied the effect of L-CAR on rhGAA processing in
PD1 and PD2 fibroblasts. For enzyme replacement therapy rhGAA
is provided by the manufacturer as a 110 kDa precursor. Once
internalised by cells through the mannose-6-phosphate receptor
and the endocytic pathways, the enzyme is converted into an
intermediate of 95 kDa and the active molecular proteoforms of
76 and 70 kDa. Cells were incubated for 24 h with rhGAA alone or
with rhGAA in combination with 10mM L-CAR. In the cells treated
with the combination of rhGAA and L-CAR the amount of the
70–76 kDa mature GAA active peptides was dramatically improved
(Figure 6(c)). The corresponding GAA activities measured in PD1
and PD2 cells (Figure 6(d)) confirmed the enhancing effect of
L-CAR and were in line with those observed in previous
experiments.

We also studied the kinetics of GAA enhancements at different
time points in PD fibroblasts treated with rhGAA alone or in com-
bination with 10mM L-CAR. GAA activity increased progressively
over time and an enhancing effect of co-incubation with L-CAR
was already detectable at 2 h and became progressively more pro-
nounced up to 24 h (Figure 7(a)). The amounts and the processing
of rhGAA, analysed by western blot, also improved over time
(Figure 7(b)).

We next looked at the effects of rhGAA and L-CAR co-dosing
on the lysosomal trafficking of the recombinant enzyme. The cells
were incubated under the conditions selected in the previous
experiments, and co-localization of rhGAA with the lysosomal
associated membrane protein 2 (Lamp2), a common lysosomal
tag, was analysed by confocal immune-fluorescence microscopy.
In all three cells lines the co-localization was improved (Figure
8(a)). This result was confirmed by a quantitative analysis of the
total GAA signal (Figure 8(b)) and of the GAA signal co-localized
with Lamp2 (Figure 8(c)) performed by ImageJ Software.

Discussion

The problems connected to the inhibitory effect of active-site-
directed PCs currently used in clinics for LSD can be addressed by
the identification of novel allosteric chaperones, that, not binding
to the active site of the enzyme, are non-inhibitory and can be
potentially more effective than active-site directed PCs. Several
studies demonstrated that this can be a convenient avenue for
the treatment of Gaucher53,54 and Pompe diseases41,55. Another
limitation of inhibitors acting as PCs is that they are effective in
rescuing only some disease-causing missense mutations, mainly
located in the catalytic environment of enzyme scaffolds, and are
thus potentially effective only in a limited number of patients. For
PD, it was proposed that about only 10–15% of patients may be
amenable to PCT with the iminosugar DNJ56.

Based on our previous experience with NAC, and related com-
pounds NAS and NAG41, we embarked on the identification of
novel allosteric pharmacological chaperons for PD. In the study
presented here, we show that L-CAR and the related compounds
D-CAR and A-D-CAR can stabilise GAA without interfering with its
activity. In cell-free assays, these PCs prevented the loss of GAA
activity at pH 7.0 and increased the enzyme thermal stability in a
concentration-dependent manner like previously shown with
NAC41,43. In addition, the combination of L-CAR and the active
site-directed chaperone DNJ showed clearly an additive effect
(Figure 4(b)) confirming that the two molecules bind to different
sites of the enzyme.

The crucial experiment demonstrating the efficacy of L-CAR on
PD was the correction of the enzyme defect in patient’s fibroblasts
to a greater extent than that observed with NB-DNJ. When the

Figure 5. Effect of L-CAR in PD fibroblasts. (a) Effect of L-CAR on the residual
activity of mutated GAA in fibroblasts. Fibroblasts derived from three PD patients
were incubated in the presence and in the absence of 0.1–10mM L-CAR before
being harvested and used for GAA assay. The untreated cells (UT) were used as a
control. The chaperone has significant effects on endogenous residual activity in
the cells from patient 3.
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recombinant enzyme was administered to the patient’s fibroblasts
in combination with L-CAR, the lysosomal trafficking, the matur-
ation, and the intracellular activity of the enzymes increased up to
4-fold when compared to the combination ERT/NB-DNJ treatment
(Figures 6–8)31.

The ability of L-CAR and its derivatives to bind to rhGAA is
rather surprising and previously unpredictable since L-CAR is
structurally different from the DNJ and NAC (Figure 1). The main
difference between L-CAR/NAC on one hand and DNJ/NB-DNJ on
the other on stabilising rhGAA is the 2-fold higher concentration
used for the formers to observe similar DTms. The mM affinity of
active-site directed iminosugars, as deduced from Ki values, can
be explained by the structural similarity with GAA natural sub-
strates. On the other hand, the mM values of the KD of the allo-
steric pharmacological chaperones indicate lower affinity but a
specificity higher than those of chemical chaperones or compat-
ible solutes (e.g. osmolytes, sugars, amino acids, etc.), working at
molar concentrations57,58.

We demonstrated by the inspection of the high-resolution 3D-
structure of the rhGAA/NAC complex, that NAC could bind at the
interface between the catalytic and auxiliary domains, thereby
explaining its chaperoning activity by enhancing the structural

stability of the overall enzyme’s scaffold and by preventing dele-
terious oxidation of Cys93843. The binding mode of L-CAR is cur-
rently not known. The sigmoidal saturation curve for rhGAA when
incubated with the L-CAR indicated cooperativity in the binding
mode of this allosteric chaperone (Figure 2(d)). In addition, the
non-additive stabilising effect of L-CAR when used with NAC
(Figure 4) and their similar KD, suggesting that these molecules
could bind to rhGAA by a similar mechanism. The carboxylate
group of NAC makes water-mediated contacts in two different
sites of rhGAA43. Possibly, also carnitine derivatives might form
weak interactions with the enzyme, through their carboxylates
groups like the N-acetylated amino acids (3–8 in Figure 1).
Structural data that would be needed to understand the mechan-
ism of action of D- and L-CAR are complicated by the weak bind-
ing of these molecules to rhGAA. We endeavoured manifold trials
to obtain crystal structures of rhGAA in complex with both L-CAR
or D-CAR, employing respectively crystal-soaking and co-crystal-
lisation techniques, but unfortunately, our efforts were not coro-
nated by success. The reasons of these failures might be
attributed either to the weak binding of the chaperones to rhGAA
(although massive doses had been used) or to the fact that the
genuine binding sites were obstructed by molecular packing

Figure 6. Synergy between L-CAR and rhGAA in PD fibroblasts. (a) Setting the conditions for evaluation of synergy between L-CAR and rhGAA. Different treatment
protocols were evaluated: (i) pre-incubation of cells with L-CAR for 24 h, followed by co-incubation of L-CAR and rhGAA for an additional 24 h; (ii) co-incubation of L-
CAR and rhGAA for 24 h. (b) Setting the optimal L-CAR concentrations for evaluation of synergy between L-CAR and rhGAA. Fibroblasts were incubated with rhGAA
and different L-CAR concentrations (1–20mM). GAA activity enhancements were observed at 5, 10, and 20mM L-CAR concentrations with the highest and statistically
most significant enhancements at 10 and 20mM. (c) Effect of L-CAR on rhGAA processing in PD fibroblasts. Cells were incubated for 24 h with rhGAA alone or with
rhGAA in combination with 10mM L-CAR. In the cells treated with the combination of rhGAA and L-CAR the amount of the 70–76 kDa mature GAA active peptides
were dramatically improved, as indicated by quantitative analysis by western blot. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is the loading control. (d) GAA
activities measured in PD fibroblasts. The increase of GAA activity confirms the enhancing effect of L-CAR.
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arrangements within the crystal lattice. In this context it is note-
worthy mentioning that crystallisation conditions for rhGAA are
extremely stringent, with all the rhGAA structures reported in the
Protein Data Bank having been obtained (by us or by others) in
exactly the same conditions, explaining why experimental settings
are not favourable to unveil binding-sites hidden by crystal-lat-
tice contacts.

The presence in proteins of weak binding sites for small mole-
cules has been predicted and several experimental and in silico
studies showed “hotspots” on protein surfaces that can bind
weakly to small molecules, even at low M range, expanding
potential druggable sites59–62. Thus, further studies are needed to
identify carnitine binding sites on rhGAA, however, our study sug-
gests that other molecules, whose chaperoning activity cannot be
simply inferred from their molecular structure, may be effective as
PCs for LSDs, thereby opening new and wider opportunities for
the identification of novel therapeutic drugs.

The use of L-carnitine as a drug for the treatment of PD is par-
ticularly attractive. L-CAR is involved in fatty acid metabolism and
synthesised mainly in the liver and kidneys from the essential
amino acids lysine and methionine as ultimate precursors to form
trimethyl lysine. L-CAR is not toxic at the concentration normally
administrated and its use is approved as nutraceutical. Instead,
the use of D-carnitine and acetyl-D-carnitine in clinics is less

reliable. D-Carnitine can interfere with the uptake and transport of
L-carnitine by inhibiting the carnitine acetyltransferase and its use
in patients affected by kidney illnesses is avoided49. In addition,
documented clinical use of acetyl-D-carnitine and its pharmaco-
logically acceptable salts is limited to the therapeutic treatment
of glaucoma63. Therefore, L-CAR might be promptly included in
clinical protocols for the treatment of PD while its D-CAR and
A-D-CAR derivatives need more investigations.

The enzyme/PCs molar ratios used to obtain the stabilisation of
rhGAA described here, ranged from 1:102 to 1:104 for DNJ and
L-CAR/NAC, respectively. This indicates that even the more specific
inhibitor DNJ is used at saturating conditions and that L-CAR,
showing a lower affinity for the allosteric binding sites on rhGAA,
required relatively high concentrations to promote a stabilising
effect. However, the toxicity of L-CAR is reported to be low even
at doses higher than those used in our study. In fact, L-CAR, with
doses of 3 g daily as an oral supplement, is used to treat patients
affected by congestive heart failure, end-stage renal disease,
hyperthyroidism, male infertility, myocarditis, polycystic ovary syn-
drome, and toxic side effects caused by the drug valproic acid.
Instead, an intravenous infusion of 60mg/kg of L-CAR is used for
patients suffering from angina pectoris64.

The synergy between L-Car and ERT demonstrated here may
be translated into improved clinical efficacy of ERT, as proposed

Figure 7. Kinetics of GAA enhancements at different time-points in PD fibroblasts treated with rhGAA alone or in combination with 10mM L-CAR. (a) GAA activity
increased progressively over time and an enhancing effect of co-incubation with L-CAR was already detectable at 2 h and became progressively more pronounced up
to 24 h (a). The amounts and the processing of rhGAA, analysed by western blot, also improved over time (b).
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for other PCs in Gaucher, Pompe, and Fabry diseases20,21,31,32. It is
worth noting that, while the activity enhancement of endogenous
defective enzymes by chaperones in most cases resulted in minor

changes in terms of residual activity, likely leading to a modest
impact on patients’ outcomes, the synergy between ERT and
L-CAR based PCT has the potential to determine remarkable

Figure 8. Effects of rhGAA and L-CAR co-dosing on lysosomal trafficking of the recombinant enzyme. The cells of three Pompe patients were incubated under the con-
ditions selected in the previous experiments, and co-localization of rhGAA with Lamp2 was analysed by confocal immune-fluorescence microscopy. In all three cells
lines the co-localization was improved (a). This result was confirmed by a quantitative analysis of total GAA signal (b) and of GAA signal co-localized with Lamp2 (c).
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increases of specific activity, independently of mutations affecting
individual patients.
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