pharmaceuhcg

Therapeutic Strategies for Gaucher Disease: Miglustat (NB-DNJ) as a
Pharmacological Chaperone for Glucocerebrosidase and the
Different Thermostability of Velaglucerase AIfa and Imiglucerase

Olga Abian,® P23 pilar Alfonso,* "+ Adrlan Velazquez- Campoy, V Pilar Giraldo,"#©
Miguel Pocovi,” 1% and Javier Sancho™*

"Unidad de Investigacion Traslacional, Miguel Servet Universitary Hospital, Zaragoza, Spain
j’.Aragon Health Sciences Institute (I+CS), Zaragoza, Spain
SInstitute of Biocomputation and Physics of Complex Systems (BIFI), University of Zaragoza, BIFI-IQFR (CSIC)-Joint Unit, Spain

ICentro de Investigacion Biomédica en Red en el Area Tematica de Enfermedades Hepaticas y Digestivas (CIBERehd) and Centro
de Investigacion en Red de Enfermedades Raras (CIBERER), ISCII], Spain

*Department of Biochemistry and Cellular and Molecular Biology, University of Zaragoza, Spain
VFundacién ARAID (ARAID-BIFI), Diputacién General de Aragon, Spain
OService of Hematology, Miguel Servet Universitary Hospital, Zaragoza, Spain

ABSTRACT: Gaucher disease (GD) is a disorder of glycosphingolipid 3 mRNA 5

metabolism caused by deficiency of lysosomal glucocerebrosidase ? )
(GlcCerase) activity, due to conformationally or functionally defective R protein ,'..Z::f::ﬂf,res f::",:':::‘es
variants, resulting in progressive deposition of glycosylceramide in ke l s

macrophages. The glucose analogue, N-butyldeoxynojirimycin (NB- &'— M &
DN], miglustat), is an inhibitor of the ceramide-specific glycosyltransfer- [\ pH=7 Y
ase, which catalyzes the first step of glycosphingolipid biosynthesis and is oo 2% % \‘..
currently approved for the oral treatment of type 1 GD. In a previous * N | / *
work, we found a GlcCerase activity increase in cell cultures in the

presence of NB-DNJ, which could imply that this compound is not only a & &
substrate reducer but also a pharmacological chaperone or inhibitor for Golgi N\, K Cegpramion Golgi

GlcCerase degradation. In this work we compare imiglucerase (the
enzyme currently used for replacement therapy) and velaglucerase alfa (a
novel therapeutic enzyme form) in terms of conformational stability and enzymatic activity, as well as the effect of NB-DN]J on
them. The interaction between these enzymes and NB-DNJ was studied by isothermal titration calorimetry. Our results reveal
that, although velaglucerase alfa and imiglucerase exhibit very similar activity profiles, velaglucerase alfa shows higher in vitro
thermal stability and is less prone to aggregation/precipitation, which could be advantageous for storage and clinical
administration. In addition, we show that at neutral pH NB-DNJ binds to and enhances the stability of both enzymes, while at
mildly acidic lysosomal conditions it does not bind to them. These results support the potential role of NB-DNJ as a
pharmacological chaperone, susceptible of being part of pharmaceutical formulation or combination therapy for GD in the future.
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1. INTRODUCTION they represent different degrees of severity along a broad
Gaucher disease (GD, OMIM #230800) is an inherited lipid SP ethm. The only two treatments currently approved for GD
storage disorder caused by the insufficient act1v1ty of the patlent.s are enzyme replagement therapy (ERT) and substrate
enzyme glucocerebrosidase (GlcCerase, EC 3.2.1. 45)," and it is reduction therapy (SRT)'.

characterized by intralysosomal accumulation of glucocerebro- The first used ther:jlpeutlc enzyme was alglucerase (Ceredase;
side (glucosylceramide; GlcCer) that leads to dysfunction in Genzyme Corpora.tlon, s Cambridge, MA)’ .extfacted fror.n
multiple organ systems.” Mutations in the glucocerebrosidase human g%acental tissue.” Due to major 11m1tat1f)n§ of this
gene generate misfolded or unstable, degradation-prone protein product,”” a recombinant form of the enzyme, imiglucerase
variants with diminished catalytic activity or aberrant trafficking (Cerezyme; Genzyme Corporation, Cambridge, MA), was
from the endoplasmic reticulum (ER) to the lysosome,

reducing its lysosomal concentration and activity.”* Con- Received: June 22, 2011

sequently, GD is characterized by the presence of lipid-laden Revised: ~ September 19, 2011

macrophages (Gaucher cells) in the liver, spleen, bone, and Accepted: October 11, 2011

lungs. Three types of GD have been described, but, actually, Published: October 11, 2011
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developed. A novel form of GlcCerase with an amino acid
sequence identical to that of the natural human protein,
recently approved in the USA for the treatment of Gaucher
disease, is gene-activated human GlcCerase (velaglucerase alfa,
VPRIV, Shire HGT, Dublin, Ireland).8 Both enzymes act like
their natural active equivalent GlcCerase to break down the
GlcCer that has accumulated in Gaucher cells.”'® ERT
improves the visceral and hematologic manifestations of the
disease," ' without serious adverse effects.”’? Disadvantages
of ERT include regular intravenous infusions, little direct effect
on the neurological manifestations of the central nervous
system because of its inability to cross the blood—brain
barrier,”''"* and high cost precluding many patients from
access to therapy."

The second therapeutic approach is SRT with N-butyldeox-
ynojirimycin (NB-DN]J) (miglustat; Zavesca; Actelion Pharma-
ceuticals, South San Francisco, CA, USA), an iminosugar that
reversibly inhibits glucosylceramide synthase and reduces
GlcCer biosynthesis.'®'” Studies showed that this oral
treatment improved organ volumes, bone density and
hematological parameters of patients with mild to moderate
type 1 Gaucher.'"®™>® Other possible treatment strategies
include the use of pharmacological chaperones, which are
small molecules designed specifically to bind to their target
macromolecule (e.g, a mutated enzyme) and, ideally, may
induce refolding and conformational stabilization®*~>" against
unfolding and/or protection against degradation by the ER-
associated quality-control system.”*>° Glycoside hydrolases are
exposed to different intracellular environments where their
function must be finely tuned: they are involved in the turnover
of intracellular substrates in the acidic environment (pH ~ 5.2)
of the lysosome;>' however, these enzymes are synthesized and
folded at the neutral-pH environment of the ER, exported to
the Golgi apparatus for sorting, and subsequently trafficked to
lysosomes.

It has been demonstrated that sugar-analogue reversible
inhibitors can increase the activity of mutant lysosomal
enzymes in patient fibroblasts by acting as pharmacological
chaperones (chaperone mediated therapy).>>™>” It has also
been reported that the preincubation of GlcCerase with
isofagomine (IFG), a slow-binding inhibitor, effectively
stabilizes GlcCerase in vitro and appears to P otect the enzyme
against thermal and chemical denaturation.”>**~*!

The mature GlcCerase enzyme has 497 amino acid residues
with a molecular weight of ~62 kDa.*”** The recombinant
enzyme imiglucerase differs from human GlcCerase in a single
replacement of histidine instead of arginine at position 495.
However, the novel form velaglucerase alfa is identical to the
natural human protein.®

The three-dimensional structures of imiglucerase, ligand-
free* or complexed with NB-DNJ or N-nonyldeoxynojirimycin
(NN-DNJ),* and velaglucerase alfa*® are available. The X-ray
structure of recombinant GlcCerase at 2.0 A resolution revealed
that it contains three domains, including a catalytic domain
(residues 76—381 and 416—430 of domain III) and an
immunoglobulin-like domain.***” Additionally, the structure
of GlcCerase conjugated with an irreversible inhibitor,
conduritol-B-epoxide, CBE, has been determined.*” Compar-
ison of these structures indicates there are no global structural
changes between the GlcCerase-CBE structure and that of free
GlcCerase, suggesting that the binding of inhibitors to the
active site and, presumably, the binding of the lipid substrate do
not induce significant conformational rearrangements.
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The X-ray structure of velaglucerase alfa is very similar to
those of recombinant GlcCerases produced in other expression
systems, with the R49SH mutation in imiglucerase having no
effect on the secondary structure. The main difference between
imiglucerase and velaglucerase alfa concerns their glycan
structures, with the latter containing longer chain high-
mannose type glycans compared to core mannose structures
found on imiglucerase. This difference in their glycosylation
patterns appears to be related to the increased cellular uptake of
velaglucerase alfa over imiglucerase, which could lead to a faster
response and improvement of clinical parameters in patients
and, potentially, to increased therapeutic efficacy.*’

Different studies suggest that a significant amount of the
therapeutically administered GlcCerase may become inactive
due to unfolding and/or lack of structural stability during its
transit through plasma, because of body temperature and the
neutral pH of blood before reaching the target lysosomal
membrane.***

In this work we have characterized effects of pH and NB-
DN]J binding on the thermostability and the activities of
imiglucerase and velaglucerase alfa in an attempt to understand
the physical basis of its potential chaperoning role. Both
enzymes have been assayed at two pH values: neutral pH,
reflecting the endoplasmic reticulum environment (for
endogenous GlcCerase) and the blood environment (for
ERT GlcCerase), and mildly acidic pH, reflecting the lysosomal
environment.

2. EXPERIMENTAL SECTION

2.1. Enzymes and Chemicals. Lyophilized imiglucerase
(Cerezyme; Genzyme Corporation, Cambridge, MA) and
velaglucerase alfa (VPRIV; Shire HGT, Dublin, Ireland) were
reconstituted in the appropriate buffer and dialyzed for 6—16 h
(10 kDa molecular mass cutoff) and degassed prior to the
corresponding experiment. NB-DNJ (Zavesca, Actelion Phar-
maceuticals, South San Francisco, CA, USA) was dissolved in
the same buffers employed for the enzymes.

2.2, Differential Scanning Calorimetry (DSC). The heat
capacity of proteins was measured as a function of temperature
with a high-sensitivity differential scanning VP-DSC micro-
calorimeter (MicroCal, Northampton, MA). Protein samples
and reference solutions were properly degassed and carefully
loaded into the cells to avoid bubble formation. Thermal
denaturation scans were performed with freshly prepared
buffer-exchanged protein solutions. The baseline of the
instrument was routinely recorded before experiments. Experi-
ments were performed in 164 mM NaCl, 10 mM sodium
phosphate, pH 7.2, or 178 mM NaCl, 10 mM sodium acetate,
pH 5, at a scanning rate of 1 °C/min. Experiments were carried
out with 4 yM enzyme (imiglucerase or velaglucerase alfa) and
200 uM ligand when required. Data were analyzed using
software developed in our laboratory implemented in Origin 7
(OriginLab).

In the case of imiglucerase, a thermodynamic model could
not be applied to analyze data because severe ag§regation
occurred upon denaturation, as previously reported.” There-
fore, for imiglucerase, our analysis is limited to differences in
the midtransition denaturation temperature, T}, of normalized
data.

2.3. Enzyme Activity Assays. The levels of activity of
both enzymes (imiglucerase and velaglucerase alfa), with or
without NB-DNJ at a concentration of 0.6 uM, were monitored
by initial rate assays using the fluorescently labeled synthetic
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substrate (4-methylumbelliferyl-3-p-glucopyranoside, 4MU-
Glc) (Sigma-Aldrich, St. Louis, USA). The final reaction
mixture (150 uL) contained 100 uL of 0.1 M sodium
phosphate/citrate pH S (Sigma-Aldrich, St. Louis, USA), 15
UL of 0.2% sodium taurodeoxycholate (Sigma-Aldrich, St.
Louis, USA), and 4 mM 4MU-Glc. Samples were incubated for
10 min at different temperatures (intervals of 3 °C, ranging
from 30 to 65 °C). The amount of 4-methylumbelliferone was
continuously monitorized in a fluorometer (FluoDia T70
fluorescence microplate reader, Photon Technology Interna-
tional) using 390 and 500 nm as excitation and emission
wavelengths, respectively. Enzyme activity was quantified as
initial rate of product production. The values shown are mean
values of, at least, three different measurements.

2.4. Isothermal Titration Calorimetry (ITC). NB-DNJ
binding to both proteins, imiglucerase and velaglucerase alfa,
was determined with a high-sensitivity isothermal titration VP-
ITC microcalorimeter (MicroCal, Northampton, MA). Protein
samples and reference solutions were properly degassed and
carefully loaded into the cells to avoid bubble formation during
stirring. Experiments were performed with freshly prepared
buffer-exchanged protein solutions. Experiments were per-
formed in 164 mM NaCl, 10 mM sodium phosphate, pH 7.2,
or 178 mM NaCl, 10 mM sodium acetate, pH 5 at 25, 30, and
37 °C. Experiments were carried out titrating 10 yM enzyme
solution (imiglucerase or velaglucerase alfa) in the calorimetric
cell with a 200 M solution of NB-DNJ. The heat evolved after
each ligand injection was obtained from the integral of the
calorimetric signal. The heat due to the binding reaction was
obtained as the difference between the reaction heat and the
corresponding heat of dilution, the latter estimated as a
constant heat throughout the experiment, and included as an
adjustable parameter in the analysis. The association constant
(K,) and the enthalpy change (AH) were obtained through
nonlinear regression of experimental data to a model for a
protein with a single binding site. Data were analyzed using
software developed in our laboratory implemented in Origin 7
(OriginLab). The dissociation constant (Kj), the free energy
change (AG) and the entropic change (AS) were obtained
from basic thermodynamic relationships.

2.5. ANS Fluorescence Emission. Thermal denaturations
of imiglucerase/velaglucerase alfa were also monitored by using
the extrinsic fluorescent probe 8-anilino-1-naphthalenesulfonate
(ANS) (Sigma-Aldrich, St. Louis, USA). Experiments were
performed in a FluoDia T70 Fluorescence Microplate Reader
(Photon Technology International). Protein solutions or
protein ligand solutions (200 uL total volume) were dispensed
into 96-well microplates and overlaid with mineral oil. Protein
solutions contained 100 uL of 2 M enzyme in buffer (164 mM
NaCl, 10 mM sodium phosphate, pH 7.2, or 178 mM NaCl, 10
mM sodium acetate, pH 5), 20 uL of 1 mM ANS, 4 uL of NB-
DNJ when required, and buffer up to 200 uL total volume.
Protein solutions were incubated at 25 °C for 5 min before
loading into the microplate reader. Thermal denaturations were
monitored by following the increase in ANS fluorescence
intensity associated with protein unfolding, using 390 and 500
nm as excitation and emission wavelengths, respectively.’!
Unfolding curves were recorded at a scan rate of 1 °C/min.
Samples were allowed to equilibrate at each temperature for 1
min before signal acquisition. In practice, this represents an
operational heating rate of about 0.25 °C/min. Data were
analyzed using software developed in our laboratory
implemented in Origin 7 (OriginLab).
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3. RESULTS

3.1. Temperature Profile of the Enzymatic Activity.
The enzymatic activities of each enzyme as a function of
temperature are shown in Figure 1. The temperature for
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Figure 1. Enzymatic activities of imiglucerase (squares) and
velaglucerase alfa (circles) at 0.6 uM in the absence (open) or in
presence of NB-DN]J (closed) at different temperatures. Initial rates
were determined using 4-methylumbelliferyl f-p-glucopyranoside as
fluorogenic substrate.

maximum enzymatic activity for velaglucerase alfa is slightly
higher than for imiglucerase, around 46 and 43 °C, respectively.
The temperature/activity profiles are nevertheless very similar.
The presence of NB-DNJ in the assay did not affect
significantly the enzymatic activity values.

3.2. Thermal Stability. Influence of pH and NB-DNJ.
DSC experiments at pH 7.2 and pH S were carried out with
both proteins in order to evaluate the influence of the pH in the
thermal stability (Figure 2). Both enzymes were more stable at
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Figure 2. Thermal denaturation followed by DSC. Calorimetric
profiles of imiglucerase (closed) and velaglucerase alfa (open) at 4 uM
and pH 7.2 (squares) and pH S (circles).

lysosomal pH than at endoplasmic pH: T}, values of 54.5 and
50.5 °C for imiglucerase, and T, values of 55.2 and 50.7 °C for
velaglucerase alfa. The DSC thermogram for imiglucerase
(Figure 2) showed a steep decrease starting from SO °C (pH
72) or 60 °C (pH S), which indicated aggregation or
precipitation. This behavior, not observed for velaglucerase
alfa, was more pronounced at neutral pH. Apart from this
aggregation/precipitation problem, no major differences were
observed in the stability of imiglucerase and velaglucerase alfa
either at pH 5 or 7.2 as their T, values were similar. However,
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the apparent unfolding enthalpy for imiglucerase at pH 7.2 is
considerably smaller than that of velaglucerase alfa (Figure 2),
although the aggregation/precipitation of the protein might
affect the energetics of the observed transition.

A thermodynamic unfolding model-based analysis could be
performed only in the case of velaglucerase alfa, because no
aggregation upon denaturation occurred. Unfolding did not
follow a standard two-state model, since the van’t Hoff analysis
provided a AH, 505/ AH, ratio close to 2, suggesting that
both proteins self-associate in oligomers in the native state. The
dimeric nature of GlcCerase has been reported previously.>*>*

The influence of NB-DNJ on the thermal stability of the
enzymes was determined by DSC. Figures 3A and 3B show
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Figure 3. Thermal denaturation followed by DSC. Calorimetric
profiles of imiglucerase (squares) and velaglucerase alfa (circles) at 4
uM and pH 5 (A) and pH 7.2 (B) in the absence (closed) or presence
of NB-DNJ 200 uM (open).

DSC experiments carried out in the presence of NB-DNJ at pH
S and pH 7.2, respectively. The presence of this ligand slightly
increases the T,, at pH 7.2 (AT, = 0.4 °C), but not at pH §
(see Table 1).

Table 1. Thermal Stability Parameters for Imiglucerase and
Velaglucerase Alfa from DSC Experiments

pH 7.2 pH S
T,* (°C) AT, T,*(°C) AT,”
imiglucerase 50.0 553
imiglucerase + NB-DNJ 504 0.4 58.3 0.0
velaglucerase alfa 50.2 55.5
velaglucerase alfa + NB-DNJ 50.6 0.4 SS8.5 0.0

YAT, is the T, upshift induced by NB-DNJ. “Error in T, is 0.2 °C.
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Additional differences in the thermal unfolding behavior of
the two enzymes were observed in thermal unfolding curves
followed spectroscopically. First, thermal denaturation followed
by circular dichroism was attempted, but aggregation of
imiglucerase precluded the analysis (not shown). Thermal
unfolding curves were recorded in the presence of the
fluorescence dye 8-anilino-1-naphthalenesulfonate (ANS), a
valuable probe for the detection and analysis of conformational
changes in proteins.”® In addition, the lower concentration
required for these assays allowed assessing the influence of the
protein concentration on its thermal stability. The thermal
denaturation profiles of imiglucerase and velaglucerase alfa
using ANS as extrinsic fluorescent probe showed similar
features compared to those observed by DSC (Figures 4A and
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Figure 4. Thermal denaturation followed by ANS fluorescence.
Imiglucerase (A) and velaglucerase alfa (B) at 2 4uM and pH S (open
squares) and pH 7.2 (closed squares).

4B): (1) both proteins showed higher stability at pH S, in
agreement with the DSC results; and (2) NB-DNJ increased
the thermal stability inducing a thermal upshift of 0.4—0.5 °C
(not shown). However, while velaglucerase alfa presented one
apparent transition (Figure 4B), two apparent transitions can
be observed in the imiglucerase curves (Figure 4A). The second
transition might be associated with precipitation/aggregation of
imiglucerase observed by DSC.

The T, values observed in the spectroscopic denaturations
were, in all cases, 4 °C lower than those values obtained from
DSC denaturations. Because there was a 2-fold difference in
protein concentration between the calorimetric and spectro-
scopic experiments, this is consistent with a self-associating
oligomeric native state: a protein concentration increase led to
increased thermal stability. In addition, ANS could exert a mild
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denaturant effect which may further reduce the T, values
observed spectroscopically.

3.3. Interaction with NB-DNJ. Influence of pH and
Temperature. At pH 7.2 and 25 °C NB-DNJ binds to
imiglucerase and velaglucerase alfa with association constants,
K, of 2.0 X 10° M™" and 4.9 X 10° M/, respectively (Figures
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Figure S. Raw data thermograms (upper panels) and binding
isotherms with integrated heats (lower panel) for the titration of
imiglucerase (A) and velaglucerase alfa (B) at 10 4uM with NB-DNJ
200 uM at 25 °C pH 7.2.

SA and SB). Therefore, imiglucerase bound NB-DNJ with 4-
fold higher affinity compared to velaglucerase alfa. However,
titration of imiglucerase and velaglucerase alfa with NB-DNJ at
pH 5 and 25 °C did not give rise to any calorimetric profile.
The absence of NB-DN]J binding at pH § is in agreement with
the absence of induced stabilizing effect on the proteins at pH 5
(see above).

Calorimetric titrations allowed the determination of the
enthalpy and entropy components of enzyme/ligand inter-
actions. Binding of NB-DNJ to both proteins is entropically
driven (—TAS value of —8.1 and —6.9 kcal/mol for
imiglucerase and velaglucerase alfa, respectively), while the
enthalpic contribution is very small and favorable (AH value of
—0.5 and —0.9 kcal/mol for imiglucerase and velaglucerase alfa,
respectively).

Calorimetric titrations at different temperatures were carried
out at pH 7.2 (Figure 6 and Table 2). At 30 °C NB-DN]
exhibited binding to imiglucerase and velaglucerase alfa with K,
of 82 X 10* M~" and 6.2 X 10* M, respectively (Figures 6A
and 6B). Therefore, at this temperature NB-DNJ bound to
both enzymes with approximately the same affinity. At 37 °C
the affinity value for NB-DNJ binding to velaglucerase alfa was
5.5 X 10* M, whereas no calorimetric profiles were detected
upon titration of imiglucerase with the ligand.

These results are in agreement with the thermal behavior of
both enzymes. The association constants for NB-DN]J binding
to velaglucerase alfa and imiglucerase decreased at higher
temperatures as it could be expected for an exothermic binding
process. In addition, as mentioned above, imiglucerase was very
susceptible to aggregation/precipitation upon unfolding and
this could further affect NB-DNJ binding at 37 °C.
Interestingly, the temperature profile of the enthalpy of NB-

2394

time (min) time (min)
50 100 150 200 0 50 100 150 200
002l . ; . — T . T ]

0.00 - 1 r 1

(=]

-0.02} 1t 1
-0.04 1+ 1
-0.06
-0.08 1 i

07+ 4 L 4

08}

Q (kcal/mol of injectant) dQ/dt (ucal/s)

00 05 10 15 20 25 30 35
[NB-DNJ] /[Velaglucerase]

00 05 10 15 20 25 30 35
[NB-DNJ] /[Imiglucerase],

Figure 6. Raw data thermograms (upper panels) and binding
isotherms with integrated heats (lower panel) for the titration of
imiglucerase (A) and velaglucerase alfa (B) at 10 4uM with NB-DNJ
200 uM at 30 °C pH 7.2.

Table 2. NB-DNJ Binding Parameters Measured by ITC (10
mM Sodium Phosphate, 164 mM NaCl, pH 7.2)“

imiglucerase velaglucerase alfa

temp (°C) K; (uM)  AH (kcal/mol) Ky (uM)  AH (kcal/mol)
15 0.38 —02 nd” nd

25 0.50 —-04 2.10 —-0.8

30 12.00 -0.6 16.00 —-0.9

37 nd nd 180.00 -5.6

“Relative errors in Ky and AH are 15% and 5%, respectively. “Not
determined.

DN] binding to velaglucerase alfa is clearly nonlinear (Table 2),
indicating a temperature-dependent binding heat capacity
associated with a conformational change coupled to the binding
of the ligand (above 30 °C the protein approaches its unfolding

T,).

4. DISCUSSION

One of the objectives of this study was to validate that
velaglucerase alfa exhibited, at least, the same enzymatic activity
and structural stability as imiglucerase, so that it could be used
in Gaucher treatment with the same, or better, efficiency.

In terms of T}, values no significant differences between both
enzymes have been found. However, a considerably lower
unfolding enthalpy for imiglucerase at pH 7.2 was observed,
which could be related to the R49SH substitution or the
different glycosylation pattern. In addition, the van’t Hoff
analysis of the experimental of the DSC curves and the ANS
fluorescence assays revealed that the denaturation process
seems to follow a mechanism in which a homodimeric native
state dissociates upon unfolding.

Even though these results indicate that the thermal
denaturation behavior of imiglucerase and velaglucerase alfa is
very similar in terms of T,,, it should be emphasized that (1)
imiglucerase undergoes aggregation/precipitation around 50
°C, which does not occur to velaglucerase alfa; (2) the actual
thermal stability below the T, of imiglucerase at pH 7.2 might
be much lower than that of velaglucerase alfa because the
enthalpy of unfolding is much smaller. Thus, velaglucerase alfa
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might possibly show better long-term stability at storage
conditions than imiglucerase, with longer shelf life or serum
lifetime after administration.

Previous studies in our group33 revealed that, in cultured
cells, NB-DNJ upregulated or maintained the cellular activity of
glucocerebrosidase, especially in some mutated enzymes tested.
These evidence led to consideration of a new role for NB-DN]J
as a pharmacological chaperone. Therefore, another objective
of this work was to study the interaction of imiglucerase and
velaglucerase alfa with NB-DNJ in vitro and evaluate its
potential function as a pharmacological chaperone.

Calorimetric titrations revealed that NB-DNJ binds to
imiglucerase with higher affinity (K; = 0.5 uM) than to
velaglucerase alfa (Kj = 2 yuM) at 25 °C at neutral pH. But at
higher temperatures, the affinity difference between both
enzymes diminishes; at 30 °C their dissociation constants are
almost the same (12.2 and 16.0 uM, respectively); and at 37 °C
velaglucerase alfa shows a dissociation constant of 180 uM,
while imiglucerase did not show apparent binding. A possible
explanation for this could be that increasing temperatures does
not affect both protein structures in the same way, as it has
been mentioned before regarding the aggregation-prone
behavior of imiglucerase.

There is evidence that the enzyme is more stable when it
forms a complex with NB-DNJ. Both enzymes are more stable
at low pH, where they are most active, but they neither bind
NB-DNJ nor show a stability increase in its presence at this pH.
However, at neutral pH the addition of NB-DNJ slightly
increases the stability of both enzymes and they show ligand
binding. Additionally, the enzymatic activity measurements in
vitro did not show any remarkable influence from the ligand,
indicating that NB-DN]J does not interfere with the catalytic
process.

The small stabilization effect exerted by NB-DN]J on both
enzymes in terms of increase in T, is somewhat surprising.
Given the affinity of the complexes and the enthalpy of binding
(Table 2), the concentration of enzyme and ligand in the
thermal unfolding assays and the enthalpy of binding (see
Table 2), an estimated increase in T,, of 2 °C was expected.
The discrepancy can be due to NB-DNJ binding to the
unfolded thermally denatured state. A small or negligible
stability increase, or even a further destabilization, in the
presence of bound ligand has been reported for other
proteins.**~® Other small molecules, like N-nonyldeoxynojir-
imycin (NN-DNJ) and isofagomine (IFG), show a stabilization
effect on GlcCerase much larger than that observed for NB-
DNJ.***3% In the case, of IFG, T, changes of ~9 °C and ~4
°C at pH 7.4 and 5.2, respectively, have been reported.*® In
addition, high binding affinities of <12 nM and >S50 nM at
neutral and mildly acidic pH, respectively, have been reported
for IFG binding to GlcCerase.%"°* The higher affinity for IFG
explains the larger stabilization effect on GlcCerase compared
to NB-DNJ. Therefore, IFG binds with high affinity and
stabilizes GlcCerase at both pH values.

Our results show that the enzyme-ligand binding is pH-
dependent: while NB-DNJ and GlcCerase form a moderately
strong complex at neutral pH, they dissociate under mildly
acidic lysosomal conditions, where GlcCerase exhibits higher
stability. In addition, at neutral pH, similar to that of plasma or
cytosol, the low solubility of NB-DN]J favors binding to the
active site of GlcCerase due to increased hydrophobicity.
However, at the low pH, typical of the lysosomal environment,
NB-DNJ is charged, which increases its solubility and makes the

free energy of binding less negative, favoring dissociation from
the enzyme. Thus, NB-DN]J binds at pH 7.2 favored by its
higher affinity and low solubility, and dissociates at pH §,
favored by its lower affinity and high solubility.

NB-DN]J binds to both enzymes, imiglucerase and
velaglucerase alfa, at pH 7.2, slightly stabilizing them. Bound
NB-DN]J may accompany and protect them from deleterious or
degrading processes through the blood and/or cytosol, with
subsequent dissociation once both proteins enter the acidic
inner lysosomal environment. Ligand binding could stabilize
and protect mutant variants of these enzymes from degradation
or impaired trafficking under certain conditions. The
combination therapy (enzyme replacement therapy and
pharmacological chaperones) for the treatment of lysosomal
storage diseases has been already suggested for Gaucher
disease™ and for Pompe and Fabry diseases.”> As NB-DNJ
triggers an increase in cellular enzymatic activity in cultured
cells,®® our proposal for future work is to design new molecules
in our laboratory capable to act as pharmacological chaperones
and to perform in vitro studies for determining the chaperone
binding parameters and the enzyme structural stability
parameters for the most representative and clinically relevant
mutant enzymes from patients, and measuring in vivo the action
of pharmacological chaperones by monitoring the lifetime of
the enzymes in patient’s sera or cells, as well as the enzymatic
activities. The majority of disease-causing mutations occur
randomly throughout the protein gene and lead to unstable
protein products that never exit the ER or are degraded before
reaching the lysosome.®*

Comparing the affinities of NB-DNJ and IFG binding to
GlcCerase at neutral and mildly acidic pH, the conclusion is
that NB-DN]J binding is controlled by pH, whereas binding of
IFG is less affected by pH. Whether the chaperone binding is
regulated or not by pH may be important for its chaperone
efficacy, and it remains as an open question.

Pharmaceutical proteins are relatively unstable, during both
manufacture and storage. Injected misfolded human proteins
often cause an immune response.”* The instability may be
reduced or eliminated by including a pharmacological
chaperone in the manufacture, storage, and therapeutic
administration of pharmaceutical proteins. In addition,
combining pharmaceutical protein with chaperone during
treatment may also improve the stability and diminish
degradation in vivo, reducing the need for frequent dosage.
Combined use of chemical and biological therapeutics may be
an exciting new approach to the treatment of Gaucher disease,
as suggested by other authors.*"%
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ANS, 8-anilinonaphthalenesulfonic acid; DSC, differential
scanning calorimetry; ERT, enzyme replacement therapy;
GD, Gaucher disease; GlcCer, glucosylceramide; GlcCerase,
glucocerebrosidase; ITC, isothermal titration calorimetry; NB-
DNJ, N-butyldeoxynojirimycin; SRT, substrate reduction
therapy; T, midtransition unfolding temperature, AH, o
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