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Abstract

Intravenous enzyme replacement therapy (ERT) with purified glucocerebrosidase (GLA) leads to
significant improvement of the clinical manifestations in patients with Type 1 Gaucher disease.
However, the high doses required, slow response and inability to recover most of the infused enzyme
in the target tissues may be attributed to losses occurring during transit en route to the lysosome. Pre-
incubation of GLA with isofagomine (IFG), a slow-binding inhibitor, significantly increased stability
of the enzyme to heat, neutral pH and denaturing agents in vitro. Preincubation of GLA with
isofagomine prior to uptake by cultured cells results in increased intracellular enzyme activity
accompanied by an increase in enzyme protein suggesting that reduced denaturation of GLA in the
presence of isofagomine leads to a decrease in the degradation of the enzyme after internalization.
Pre-incubation of GLA with slow-binding inhibitors before infusion may improve the effectiveness
of ERT for Gaucher disease.
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Introduction

Gaucher disease is the most prevalent metabolic storage disorder of humans. It is caused by
insufficient activity of the lysosomal enzyme glucocerebrosidase (GLA, EC 3.2.1.45)[1]. The
consequent accumulation of glucocerebroside leads to anemia, thrombocytopenia,
hepatosplenomegaly and skeletal abnormalities. Neurological deterioration occurs in some
patients. The disease is classified clinically into type 1 (non-neuronopathic), type 2 (acute
neuronopathic) and type 3 (chronic neuronopathic)[2]. Enzyme replacement therapy (ERT) by
intravenous infusion of purified GLA is an effective treatment for patients with type 1 disease
(reviews[3;4;5]). More than 5000 patients currently receiving this treatment experience marked
clinical improvement. However, response is often slow, the dose required for treatment is high
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compared to the total body burden of glycolipid and animal studies have shown that delivery
of active enzyme through the circulation to target lysosomes is inefficient[6]. The enzyme
recovered from mouse liver and spleen had only 50-70% of the catalytic capacity of the infused
enzyme[7]. A similar phenomenon was also observed following intracerebral administration.
Only about 50% of the administered activity was recovered from rat brain immediately after
perfusion[8]. These studies suggest that a significant amount of the enzyme may have been
denatured during its transit through plasma, extracellular and intracellular fluids and
endosomes prior to reaching the target lysosomal membrane[7;9]. Thus, a modification of the
delivery system to protect exogenous GLA from denaturing conditions may improve the
effectiveness of ERT.

The inefficient delivery of GLA to target tissues may be caused in part by high susceptibility
of exogenous GLA to denaturation in plasma and tissue fluids. Owing to the hydrophobic and
membrane-associated property of native GLA, the purified enzyme used for clinical
administration is solubilized with detergents and treated with solvents to remove most of the
associated lipid before formulation of the enzyme as an aqueous solution. These steps may
lead to an altered conformation compared with native lysosomal (endogenous) GLA leading
to greater susceptibility to the action of proteases or denaturation during transit from the site
of injection. Some active-site inhibitors induce conformational stabilization of enzymes that
protect the active site and stabilize enzymes[10], a strategy previously exploited during
purification of various active proteins. We hypothesized that preincubation of GLA with such
an inhibitor prior to infusion may reduce denaturation of the enzyme in extracellular fluids and
improve the effectiveness of ERT. We chose slow-binding inhibitors, a special class of
reversible active-site inhibitors, as candidates for this purpose. Unlike most reversible
inhibitors that dissociate immediately after dilution, slow-binding inhibitors are released
slowly from the enzyme upon dilution[11;12;13]. These inhibitors may also display very high
affinity i.e. low dissociation constants in the nanomolar range and thus can be used at very low
concentrations prior to infusion minimizing the risk to the patient. Since the enzyme/inhibitor
(EI complex will be diluted by extracellular fluids after infusion the slow dissociation of the
enzyme and inhibitor will allow prolonged protection of the enzyme in the extracellular fluids
but release the enzyme from inhibition when the lysosomal target is reached. In this study, we
investigated our hypothesis in vitro and in tissue cultured cells by using isofagomine (IFG),
an active-site inhibitor of GLA which has been shown to be a slow-binding inhibitor of almond
B-glucosidase[13].

Glucocerebrosidase assay

Activity of GLA was determined fluorimetrically at pH 5.9 using 4-methylumbellferyl-§-
glucopyranoside as substrate as previously described[14].

Slow release of IFG from El Complex

GLA (Imiglucerase, as a gift from Genzyme Corporation, Cambridge, MA) diluted to 0.16 U/
ml in saline was preincubated with IFG (obtained from Amicus Therapeutics, Inc, Cranbury,
NJ) in saline from 0-2uM for 30 min at room temperature (RT). The reaction was started by
further 20-fold dilution of the enzyme-inhibitor (EI) complex with substrate solution pre-
warmed to 37°C, and the released 4-methylumbelliferone was determined at various times after
dilution as described above.

In vitro stabilization of GLA

GLA (8 U/ml) was preincubated with IFG at a final concentration of 0-5 puM as above. The
EI complex was diluted 50-fold with various solutions below. For experiments assessing the
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stability of the enzyme to heat-inactivation, the complex was diluted with saline and heated at
54°C, aliquots removed at various times and enzymatic activity assayed immediately at 37°C.
To assess the stability at various pH’s or in buffered plasma, the complex was diluted with
either citric acid/phosphate buffer (pH 5.0), or phosphate-buffered saline (PBS) (pH 7.4 or 8.0)
each containing 0.1% bovine serum albumin (BSA) or human plasma (pH 7.4, buffered
containing 20 mM HEPES) and was then incubated at 37°C prior to immediate enzyme assay
as above. To assess the stability to sodium dodecyl sulfate (SDS), the complex was diluted
with 0.1 % or 0.2% SDS in saline containing 0.1% BSA and incubated at RT for 30 min.

In vitro uptake and binding studies

The mouse macrophage cell line J774E, expressing mannose-specific endocytic receptors
[15] were obtained from Dr. Phillip Stahl, Washington University, St. Louis, MO and
maintained in RPMI medium with 10% fetal bovine serum (FBS) and 10 ug/ml of 2-amino-6-
mercaptopurine (Sigma, St. Louis, MO). GLA was preincubated with 5 uM IFG for 30 min at
RT. The complex was diluted with pre-warmed growth medium to achieve a 50-fold dilution
and added to the cells. After incubation, medium was removed by aspiration, cells were washed
with PBS and then treated with 0.125% trypsinin 1.1 mM EDTA at 37°C for 10 min to eliminate
extracellular GLA. Cells were harvested, rinsed with PBS (pH 7.4) and assayed for enzyme
activity.

Stability of internalized enzyme was determined by loading macrophages with enzyme for 1
hr, washing three times with PBS, and then further incubation without enzyme at 37°C for the
indicated time points, at which time cells were harvested for enzyme assay and Western blot.

To assess internalization of membrane-bound enzyme, cells were pre-incubated with enzyme
in medium containing 25 mM HEPES, pH 7.4 at 4°C for 2 hrs, washed with PBS and incubated
in medium without enzyme at 37°C for 45 min. Internalized GLA was analyzed by enzyme
assay and Western blot.

Western blot analysis

Results

Cell supernatants obtained following by brief sonication in a citric acid/sodium phosphate
buffer (pH 6.0) containing 0.2% Triton X-100 and 1% sodium taurocholate, and centrifugation
at 20,000g for 30 min at 4°C were used for analysis. Protein concentration was determined
with the BCA protein assay reagent (Pierce, Rockford, IL)[16]. Lysates were denatured with
LDS sample buffer (Invitrogen, Carlsbad, CA) and heated at 70°C for 10 min. Total protein
loaded in each lane was 25 pg. Separation was performed using 10% Bis-Tris NUPAGE gels
(Invitrogen) and electrophoretically transferred[17] to PVDF membranes. Membranes were
blocked with 5% skim milk then incubated with rabbit polyclonal antibody to human GLA (a
gift from the Genzyme Corporation, Cambridge, MA) for 2 hrs at RT. The signal was detected
by use of the SuperSignal West Femto kit (Pierce). As loading control, actin was detected with
a monoclonal antibody to p-actin (Sigma). The amount of GLA-specific protein was
determined by densitometry using AlphaEase software (Alpha Innotech Corporation, San
Leandro, CA).

IFG is a slow-release inhibitor of human GLA

The slow release of IFG from human GLA, was demonstrated by preincubation of GLAwith
IFG (GLA-IFG) and following the kinetics of the return to full activity after dilution into assay
buffer. A time-dependent increase in reaction rate of the enzyme was observed (Fig 1 A and
B) that was inversely related to IFG concentration. Following dilution of GLA-IFG at the
lowest concentration tested (2.5 and 5 nM IFG final), the hydrolysis rate approaches that of
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the uninhibited enzyme after approximately 6 min indicating slow release of the inhibitor from
the enzyme.

IFG protects GLA from denaturation in vitro

GLA-IFG was preincubated at room temperature for 30 min, then the El mixture was diluted
50-fold under various conditions of heat, pH and in the presence of denaturants. Stability was
assessed in parallel by enzyme assay and Western blots. GLA rapidly lost activity to less than
10% of the original value within 8 min when heated at 54 C in unbuffered saline. Preincubation
of GLAwith IFG (1- 2.5 uM) increased the stability of the enzyme in a dose-dependent manner
(Fig 2A). At pH 5.0, GLA was stable with no loss of enzyme activity during 1 h incubation at
37 C (data not shown), however, at neutral and mildly alkaline pH (pH 7.4 and 8.0) in PBS, it
lost its activity rapidly with time (Fig 2B). IFG-preincubation (2.5 pM) significantly increased
the stability of the enzyme at both neutral and alkaline pH. The loss of activity of untreated
enzyme in plasma (pH 7.4) at 37 C was similar to that described for PBS (pH 7.4). IFG (1-5
uM) significantly slowed this loss of activity in a dose-dependent fashion (Fig 2C). The half-
life of enzyme activity was increased from 46.9 min to 127.2 min by preincubation with 5 pM
IFG. There was no significant change in the intensity of GLA-specific bands detected by
Western blot after 3 hrs exposure to PBS (pH 7.4) or plasma (pH 7.4) at 37 C with or without
IFG-preincubation (data not shown). This suggests that the loss of activity of GLA in plasma
should be attributed to denaturation rather than degradation of the enzyme. Untreated GLA
was susceptible to loss of activity in SDS, losing 70% of its initial activity when incubated for
30 minin 0.1% SDS or 99% in 0.2% SDS for 30 min (Fig 2D). In contrast, GLA-IFG provided
nearly complete protection from the lower SDS concentration and greatly diminished the
inactivation of GLA in 0.2 % SDS.

IFG leads to higher uptake of GLA by cultured macrophages

Following 30 min incubation of J774E macrophages with exogenous GLA or GLA-IFG,
intracellular activity increased to more than 6 times the endogenous GLA level. Intracellular
activity peaked at 2 hrs incubation and started to decrease thereafter (Fig 3A). At all times,
intracellular activity of cells loaded with GLA-IFG was markedly higher than that of cells
loaded with untreated GLA (Fig 3A, upper). Endocytosed GLA-specific protein was also
analyzed by Western blot. Cells loaded with GLA-IFG contained a significantly higher amount
of GLA-specific protein than cells loaded with untreated enzyme (Fig 3A, lower). Enzyme
activity and GLA-specific protein level of endogenous GLA in control cells were not altered
by IFG present in the media (Fig 3A, upper).

Stability of the endocytosed enzyme was assessed by loading J774E cells with GLA (with or
without preincubation with IFG) for 1 hr as above followed by incubation in culture media
without enzyme for various time periods. The loss of intracellular activity of GLA with and
without IFG-preincubation was similar with half-life of 6.93 and 5.75 hrs respectively (Fig 3B,
upper) indicating IFG did not significantly alter enzyme stability after endocytosis. However,
GLA activity of the cells that were loaded with GLA-IFG was much higher than cells loaded
with untreated GLA throughout the 5 hrs observation period. Western blot analysis showed
that the cells loaded with GLA-IFG contain significantly higher amount of GLA than untreated
enzyme for up to 20 hrs after removal of enzyme (Fig 3B, lower). The decrease of the GLA-
specific protein quantified by densitometry of the Western blot paralleled that of enzyme
activity (Fig 3C) suggesting that the loss of activity after endocytosis is mainly due to
degradation of the enzyme. In the culture medium at 37 C and neutral pH the activity of
untreated GLA was lost rapidly with time. IFG alleviated this loss of activity resulting in more
than a doubling of the half-life of enzyme activity (from 33.8 min to 72.8 min). The amounts
of GLA-specific protein remaining in the media were similar between GLA and GLA-IFG
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during 2 hrs of incubation (Fig 3D) suggesting that IFG stabilized GLA against denaturation
in the culture medium and that degradation did not occur.

Efficiencies of GLA binding and internalization into cells were also assessed to clarify whether
these processes were affected by IFG resulting in higher uptake of GLA-IFG. Plasma
membrane bound enzyme was determined by binding at 4 C and analyzing GLA-specific
protein by Western blot. There was no difference in GLA-specific protein at 4 C between GLA-
IFG and untreated enzyme (Fig 3E). To assess the effect of IFG on internalization of GLA,
cells incubated with the untreated enzyme or the GLA-IFG at 4 C were transferred to 37 C to
allow internalization of surface-bound GLA to proceed. There was no significant difference
in the amounts of intracellular GLA-specific protein between the cells loaded with GLA-IFG
and untreated enzyme (Fig 3E). Results showed both the binding and internalization steps of
the enzyme were not altered by IFG-preincubation.

Discussion

IFG effectively stabilizes GLA in vitro and appears to protect the enzyme against denaturation
by heat, neutral pH and denaturant. Preincubation with IFG led to substantially increased
uptake of GLA by cultured macrophages. The results suggest the potential utility of slow-
binding inhibitors in improving ERT for Gaucher disease.

In ERT, the administered GLA is subjected to considerable stresses during transit through the
circulation and tissue fluids. Body temperature and the neutral pH of blood may rapidly
denature the enzyme. In addition to these factors, GLA could be more susceptible to
denaturation since it may already be misfolded as a result of purification steps such as
solubilization by detergents, or removal of protective lipid such as phosphatidylserine[18]. In
our study, GLA lost activity rapidly after exposure to neutral pH at 37 C as might be
encountered in human plasma. Binding of IFG to GLA increased the stability of the enzyme
in these conditions. A recent crystal structure study has shown that IFG binds to the GLA active
site and induces critical alterations in loops at the mouth of the active site[19]. Although the
mechanism by which IFG protect exogenous enzyme from denaturation needs elucidation, it
seems that interaction of IFG with key active-site residues of GLA locks the active-site
conformation, reduces its flexibility and thus prevents the disruption of the active site caused
by various external stresses.

Theoretically, preincubation of any enzyme with an inhibitor at 10-times the dissociation
constant will result in greater than 90% occupancy of the enzyme active site by the inhibitor.
If the enzyme is then administered to a patient by infusion of a small volume relative to the
total plasma volume, dissociation will occur resulting in release of the free (fully active)
enzyme. In our studies we modeled our dilution on the commonly used infusion volume (100
ml) of enzyme diluted by a total plasma volume of 5 liters (a 50-fold dilution). Further dilution
will occur before the enzyme arrives at the target organelle. The slow release of the inhibitor
makes this a feasible approach to stabilizing the enzyme during this transit phase.

IFG-preincubation led to significantly higher intracellular GLA activity compared to untreated
enzyme. This higher enzyme activity is proportional to the higher amount of GLA protein taken
up. We speculate that the greater amount of GLA following exposure to IFG-preincubated
GLA compared to the untreated enzyme might be the result of reduced denaturation of the
enzyme in the culture medium. Endocytosed proteins are subjected to proteolytic degradation
to various degrees. As denatured GLA may be more susceptible to degradation than the intact
enzyme, areduction in the proportion of denatured enzyme prior to internalization could reduce
the amount of enzyme subjected to degradation following internalization. Thus, the
denaturation state of exogenous enzyme may affect the rate of loss of intracellular enzyme
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after endocytosis. The finding that IFG did not increase the level of endocytosed GLA when
membranes were preloaded with enzyme under conditions where little denaturation occurs,
such as at 4 C (Fig 3E), supports this speculation.

In our initial experiments, we assessed the potential stabilization effect of N-
octadecylglucosylamine, a well-characterized slow-binding inhibitor of GLA ([12]). Similar
to IFG, N-octadecylglucosylamine alleviated loss of enzyme activity caused by heat
inactivation suggesting that other slow-binding inhibitors may have a similar protective effect.
The slow-releasing property of these inhibitors may be important in their utility in ERT offering
prolonged protection of the enzyme during transit in the circulation or in tissue fluids. Further
studies need to be conducted to screen and compare other slow-binding inhibitors and to verify
their ability to improve enzyme delivery in animal models.

To date ERT is the safest and most effective treatment for patients with type 1 Gaucher disease
although recent studies have shown that chemical chaperones[20;21;22] and substrate
reduction therapy[23] may be viable as alternative treatment strategies. Our study demonstrates
that by preincubation of GLA with IFG, the level of active GLA that reached the targeted
destination within the lysosomes was increased. Stabilization of exogenous GLA by inhibitors
may provide an improved ERT for patients with Gaucher disease by reducing the dose and
frequency of infusions. This approach may also be applied to a variety of other enzyme or
protein deficiencies in which the administered protein must be delivered in an active form.
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Figure 2.

Stabilization of GLA by IFG-preincubation in vitro. GLA was preincubated with IFG at room
temperature for 30 min. The EI complex was diluted 50-fold, incubated for indicated length
of time at indicated temperature, and then assayed for activity. Concentrations indicated are
final concentrations of IFG in EI complex. (A) El complex was diluted in saline and was heated
at 54°C. (B) El complex was diluted with PBS (pH 7.4 and pH 8.0) and heated at 37°C. (C)
El complex was diluted in human plasma and was heated at 37°C. (D) EI complex was diluted
in SDS solutions (0.1% and 0.2%) and incubated at room temperature for 30 min. Enzyme
activity is expressed as relative activity to untreated enzyme. For (A-C), results are the mean
of duplicate assays and are representative of two independent experiments. For (D), data are
presented as mean * SE (n = 3). *P<0.004, comparison of the enzyme with and without IFG
preincubated, two-tailed Student’s t test.
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Figure 3.

Effect of IFG on enzyme uptake by macrophages. (A) Uptake of GLA with or without IFG-
preincubation. Intracellular enzyme was assessed by enzyme activity (upper) and Western blot
analysis (lower). Data are presented as mean + SE (n = 3). *P < 0.005, **P<0.05, activity of
the cells loaded with IFG-preincubated enzyme compared to that with untreated enzyme, t test.
(B) Stability of endocytosed GLA with or without IFG-preincubation. Intracellular enzyme
was assessed by enzyme activity (upper) and Western blot analysis (lower). Data are presented
asmean + SE (n = 3). (C) Comparison of activity and protein level of endocytosed GLA through
20 hrs after removal of enzyme from medium. Protein level was quantified by densitometry.
Enzyme activity was obtained by subtracting the endogenous GLA activity in control cells
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from the activity in enzyme-loaded cells. (D) Effect of IFG on stability of the enzyme in the

culture medium. GLA with or without IFG-preincubation was incubated in the medium at 37°
C, and the enzyme amount was assessed by Western blotting. (E) Effect of IFG on binding and
internalization of the enzyme to the cells. Binding was conducted at 4°C for 2 hrs. To assess

internalization of surface-bound protein, the cells were transferred to 37°C and incubated for
45 min.
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