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G202R/L444P cells. In two lines of N370 homozygous cells and N370S/8¢GG cells, NN-DNJ did not reduce EEA of NOV, but again the effects of these two compounds were not
additive. To further confirm this lack of co-operation, we evaluated in vitro inhibitory activity of NN-DNJ in the presence or absence of NOV and found that NOV caused a dose-

dependent decrease in the efficacy of NN-DNJ (Fig. 1¢). The ICsg values for NN-DNJ were 0.31 & 0.03 and 1.6 & 0.31 uM (means £ SEM, nn=3), in the absence and presence
of NOV (3 uM), respectively. This NOV effect was not specific for NN-DNJ but 2 similar decrease in the inhibitory activity was also observed for CBE. As a negative control, N-
buty!-B-valienamine, which has a very weak in vitro inhibitory activity (see Fig. 4), failed to affect the activities of NN-DNJ and CBE.

3.3. EEA of NOV on recombinant mutant B-Glu expressed in COS cells

Primary-cultured human cells have several disadvantages for evaluation of EEA, including their genetic heterogeneity and heterozygosity of the mutations. For example, we could
not tell from the positive effect of NOV in N188S/G193W cells which of the two mutants {or both of them) responded to NOV. As an alternative method to evaluate EEA, we used
heterologous expression of recombinant B-Glu in COS cells. A problem with this system was the endogenous B-Glu activity of COS cells. To circumvent this problem, we placed a
Flag-epitope at the C-terminus of recombinant B-Glu and determined the enzyme activity recovered in anti-Flag immunoprecipitates. Practically, 24 h after transfection, the cells
were exposed to NOV for another 24 h, and cell lysates were subjected to anti-Flag M2 immunoprecipitation. As shown in Fig Za, the immunoprecipitates from mock-transfected
cells contained virtually no activity whereas those from cells transfected with mutant Flag--Glu contained various levels of activities, The relative levels of the activities in
immunoprecipitates (Fig. 2a, right panel) faithfully reflected the relative levels in lysates (left panel), suggesting similar efficacies of immunoprecipitation between the different
constructs.
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Fig. 2. Effects of NOV on recombinant B-Glu expressed in COS cells. COS cells were transfected with
Flag-tagged B-Glu constructs. 24 h post-transfection, cells were treated with or without NOV for 24 h. (a)
Basal activities of B-Glu in cell lysates (left panel) and anti-Flag immunoprecipitation (IP) products (right
panel). The activities were expressed as relative to that of the wild-type protein (100%). The values for the
wild-type protein in lysates and IP products were 132 = 16 and 310 & 12 nmol/mg protein/h

(means == SEM, n = 3), respectively. (b, ¢) Effects of NOV on protein levels and activities of recombinant
B-Glu in anti-Flag IP products. In b, cells were treated with or without increasing concentrations of NOV
and the IP products were subjected to in vitro enzyme assay or anti-Flag immunoblotting as described in
Materials and methods. Molecular weights are given on the left (kDa). The data with NOV concentrations
at 0 and 10 pM were depicted in a bar graph in ¢ for comparison of NOV effects on individual mutants. All
in a—c, each bar or point represents mean & SEM of more than 3 determinations. #p < 0.05, statistically
different from the values in the absence of the drug (¢ test).

By using this immunoprecipitation/enzyme assay, we evaluated EEA of NOV on the wild-type and 6 kinds of B-Glu mutants and found dose-dependent, positive effects on N188S,
G202R, F2131 and N370S mutants, and negative effects on G193W and L444P mutants (Fig. 2b). The profiles of dose-dependence were different from those in human cells: with
the exception of N188S, the maximum effects of NOV were obtained at 10 uM, the highest concentration applied. The effect on the wild-type B-Glu was negative. EEA of NOV
on the 4 kinds of mutants were statistically significant as analyzed using the data at an NOV concentration of 10 uM (Fig. 2c). Anti-Flag Western blotting of immunoprecipitation
products showed that NOV caused dose-dependent increases in the protein levels of N188S, G202R and F2131 mutants. The protein levels of N370S mutant was marginally
increased by NOV, whereas the levels of G193W and L444P mutants were not at ali affected (Fig. 2b).

3.4. Intracellular localization and processing of recombinant B-Glu expressed in COS
cells

In our previous study using F2131 homozygous human cells {15}, we could show by immunofluor and cell fractionation experiments that NOV restored lysosomal
localization of the mutant B-Glu. Having shown EEA of NOV on the recombinant proteins expressed in COS cells, we examined whether there were any differences in the
intracellular localization and processing of the proteins between the wild-type and mutants, and whether NOV caused any alterations.

Anti-Flag immunofluorescence of the wild-type Flag-B-Glu showed reticular distribution throughout the cytosol, indicating its predominant localization in the ER. The anti-Flag
signals showed little co-localization with Lysotracker red (Fig. 3a, upper panels). This distribution was in contrast to lysosomal localization of the endogenous, wild-type B-Glu in
human fibroblasts {15, but was not specific to COS cells. Similar intracellular distribution was reproduced in CHO, HeLa and HEK293 cells (data not shown). This distribution
was neither specific for the Flag-tagged protein because similar distribution was observed for recombinant proteins tagged with 2 myc-epitope or GFP (data not shown).
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Fig. 3. Intracellular localization and processing of recombinant 8-Glu expressed in COS cells. (a)
Immunofluorescence. Cells were transfected with wild-type Flag-B-Glu (upper panels) or F2131 mutant.
Cells transfected with F2131 mutant were cultured for 24 h in the absence (middle panels) or presence
(lower panels) of NOV (10 uM). They were exposed to Lysotracker red before fixation and stained with
anti-Flag antibody. Bound antibody was visualized with Alexa488-conjugated secondary antibody. Shown
are the images obtained with a confocal microscope. (b) Endo-H sensitivity. Lysates from cells transfected
with each Flag-B-Glu construct were subjected to Endo-H digestion followed by SDS-PAGE and anti-Flag
immunoblotting (upper panel). Cells transfected with wild-type Flag-B-Glu or F2131 mutant were treated
with or without NOV (lower panel). Molecular weights are given on the left (kDa). All results shown were
representative and were reproduced at least twice.
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Like the wild-type protein, F2131 mutant Flag-p-Glu (Fig. 3a, middle panels) as well as other mutant proteins (data not shown) were mainty Jocalized in the ER and did not ¢co-
focalize with Lysotracker red. To confirm this localization, we tested sensitivity of expressed proteins to Endo-H digestion (Fig. 3b). Anti-Flag Western blotting of the wild-type
Flag-B-Glu gave two bands: the major band at 66 kDa and the minor band at 62 kDa, which represented the immature ER form and the mature post-Golgi form, respectively [11].
As d, Endo-H digestion abolished the 66 kDa band and yielded a band at 58 kDa, which corresponds to the non-glycosylated protein, whereas it barely affected the 62 kDa
band. The same experiments on mutant proteins revealed similar results, confirming predominant localization in the ER of both wild-type and mutant proteins in COS cells.

NOV treatment of transfected cells failed to alter the intracellular distribution and processing of expressed proteins, as assessed by anti-Flag immunofluorescence (Fig. 3a, lower
panels) and Endo-H digestion (Fig. 3b). These findings suggested that the site of action of NOV was the ER, consi with our ption that it acted as a pharmacological
chaperone to protect mutant proteins from ERAD. However, these results also indicated that the heterologous expression was inappropriate as an experimental system to assess
lysosomal transport of rescued proteins.

3.5. EEA of N-alkyl-valienamines related to NOV

All of the pharmacological chaperones for mutant lysosomal enzymes described so far are inhibitors of the target enzyme [21]. The hypothesis “the best chaperone is the best
inhibitor” postulates that the activity of a molecule as a chaperone depends on its binding affinity to the target enzyme, and hence on its inhibitory activity [22]. We have shown
previously that the in vitro inhibitory activity of N-alky\-B-valienamines against B-Glu depended on the number and the length of the acyl chain [23] and [24]. To examine whether

the above hypothesis holds true for N-alkyl-B-valienamines, we prepared compounds with various lengths of the acyl chain and compared their in vitro inhibitory activities and
EEA. Compounds a-e listed in Fig, 4a contained a single acyl chain with various lengths, whereas compound f contained double acyl chains. Compound g carried a
glucopyranosy! head group instead of a valienamine head group, and was included as a negative control,
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Fig. 4. Profiling of N-alkyl-B-valienamines. (a) Chemical structures of the compounds evaluated in this
study. Compounds a—f are N-alkyl-B-valienamines with different acy! chains. They are all in a

hydrochloride form, except for f. Compound g contains a glucopyranosyl head group instead of a

valienamine head group. (b) In vitro inhibition of f-Glu. B-Glu activity in lysates from control human
fibroblasts was determined in the absence or presence of increasing concentrations of each compound. Each
point represents the mean of triplicate determinations obtained in a single experiment. ICsq values for
individual compounds (means of three independent determinations) were given in a. (c) EEA on F2131
mutant B-Glu expressed in COS cells. Cells transfected with F2131 mutant Flag-B-Glu were incubated in the
absence or presence of increasing concentrations of each compound. B-Glu activity of anti-Flag
immunoprecipitates was determined as described in Materials and methods. Values were shown as relative
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to the values in the absence of any compound. Each point represents the mean = SEM of 3 determinations.
#p < 0.05, statistically different from the values in the absence of any compound (Z test).

In vitro inhibition experiments using cell lysates from control human fibroblasts revealed that compound f with double acyt chains was the best B-Glu inhibitor among these
compounds, with the following rank order of potency: f> b, e > ¢, d > a, g (Fig. 4b, and the IC;;, values were given in Fig. 4a). Immunoprecipitation/enzyme assays using COS
cells transfected with F213] mutant Flag-8-Glu showed that compound ¢ (N-dodecacyl-B-valienamine) exhibited EEA, which was as potent as that of compound b (NOV).
Compound d exhibited week EEA, whereas compounds e and f rather suppressed the enzyme activity. Compounds a and g, both of which had a weak in vitro inhibitory activity,
failed to alter the enzyme activity of the F2131 mutant (Fig. 4c, and the relative efficacies were summarized in Fig, 4a). These findings indicated that the simple “the best
chaperone is the best inhibitor” hypothesis did not hold true for N-alkyl-B-valienamines, and suggested that the presence of a single acyl chain with an appropriate length (i.e.,
carbon numbers between 8 and 14) was necessary for them to act as a chaperone for mutant B-Glu.

4, Discussion

In the current study, we evaluated EEA of NOV in human GD cells using two assays: ex vivo enzyme assay (Fig. 1a) and intact cell enzyme assay (Fig. 1b). With the exception of
N370S/84GG cells, these two assays gave the same results: NOV exhibited EEA in 5 GD cell lines with mutations of F2131/F2131, N1885/G193W, G202R/L444P and
N370S/N3708S, whereas it was ineffective in cells with mutations of L444P/L444P, L444P/RecNcil and D409H/unknown. It was also ineffective in cells with mutations of
nt1447del20insTG/L444P and nt1447del20insTG/unknown, in ex vivo enzyme assay, NOV was only marginally effective in N3708/84GG cells as assessed by ex vivo enzyme
assay whereas it caused clear EEA in the same cells as assessed by intact cell enzyme assay. The precise reason for this discrepancy was left unknown, but it may suggest that
intact cell enzyme assay was more seasitive than ex vivo enzyme assay to detect EEA.

Using heterologous expression of recombinant Flag-tagged B-Glu in COS cells, we could further confirm EEA of NOV (Fig. 2). It was effective on N188S, G202R, F2131 and
N370S mutants but was ineffective on G193W and L444P mutants. These results confirmed the selective effects of NOV on individual mutants as expected from its effects in
human cells. Besides, this analysis suggested that EEA of NOV on N188S/G193W human cells reflected its selective effect on N188S mutant. Anti-Flag Western blotting showed
that NOV-induced increase in the enzyme activity was accompanied by increased protein levels of the mutant proteins, consistent with an action of NOV as a pharmacological
chaperone. The identical genetic background of this heterologous expression system is a clear advantage over human cells to assess EEA. However, it also had a disadvantage that,
unlike the endogenous protein, the expressed protein was retained in the ER (Fig. 3) and hence the lysosomal transport of rescued protein could not be assessed. Nonetheless, the
heterologous expression system will be a useful alternative to evaluate EEA when human cells with specific mutations are not available.

Studies on genotype—phenotype relationships in human patients have shown that except for the N370S mutation, which is exclusively associated with type I, non-neuronopathic
form, the other three mutations with positive responses to NOV (N188S, G202R, F2131I), can be associated with type 2 or 3, neuronopathic forms [19] and [25).

Recently, X-ray crystallography of human B-Glu revealed that it consisted of three structural domains {26). Domain [l contains the catalytic site, whereas the functional
significance of domains I and 11 is left unknown. All the mutations with positive responses to NOV (N188S, G202R, F2131 and N370S) were located in domain 111, whereas those
with negative responses, L444P and D409H were located in domain II and 1, respectively. Since NOV is a structural mimic of the substrate, it is expected to bind to domain I11.
Therefore, localization of the mutations in domain I1I might be a prerequisite to pharmacological rescue of the mutant proteins by NOV. However, an alternative possibility
remains that the selective effects of NOV simply reflected the degree of instability of individual mutant proteins.

By using intact cell enzyme assay in human GD cells, we compared effects of NOV and NN-DNJ and found similar responses of individual cells to the two compounds (Fig. 1b).
This was not surprising, given that NN-DNJ was also a structural mimic of the substrate and was expected to act in a manner similar to NOV. An important finding was that these
two compounds did not work synergistically, but simultaneous addition of the two rather suppressed the action of each compound. Although the molecular mechanism for this lack
of co-operation was left unknown, suppression of in vitro inhibitory activity of NN-DNJ by NOV (Fig. 1¢) suggested that the presence of NOV hindered the binding of NN-DNJ to
the enzyme, and vice versa.

We have shown that the optimal concentration of the hydrochloride form of NOV to elicit EEA on F2131 homozygous celis was 10 times lower than that of the non-hydrochloride
form, most likely because of its better solubility in the medium (Fig. 1a). By profiling the activities of N-alkyl-B-valienamines, we also found that N-dodecacyl-f-valienamine
elicited EEA as potent as that of NOV (Fig, 4). In addition, NOV appeared to work better than NN-DNJ at the same concentration, at least in intact cell enzyme assay using human
cells (Fig. 1b). These findings in cultured cells, however, do not allow us to predict which compound works best as a pharmacological chaperone in whole animals, and hence has
the best therapeutic value. To prove the activity of N-octyl-B-epi-valienamine, an isomer of NOV, as a pharmacological chaperone for mutant B-galactosidase, we developed
transgenic mice that lacked the endogenous wild-type enzyme and instead expressed a mutant human enzyme [27]. The same strategy will be used to confirm EEA of NOV and
related compounds in whole animals, and to determine which compound works best as a pharmacological chaperone for mutant B-Glu.
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