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Figure 4. Expulsion of 65-NDI-NJ from living fibroblasts, Living GD fibroblasts
were incubated with 30 M 65-NDI-NJ for four days, then washout. The cells
were further cultured for 1-6 d, The medium was aspirated for measurement
of 65-NDI-NJ concentration at indicated time. 65-NDI-NJ medium was mea-
sured as described in experimental section,

and mature neurons respectively, We found that 65-NDI-NJ can
enter both immature and mature neurons after four days’ incu-
bation {Figure 6 B). Additionally, 65-NDI-NJ. showed na toxicity
on neuronal cells at a maximum concentration of 10 um,
whereas both intact and lysate assays showed that 65-NDI-NJ
enhanced B-Glu activities of neuronal cells, the maximum
chaperone activity being reached at 1 um concentration {Fig-
ure 6A). At higher concentrations the chaperone effect is coun-
terbalance by the inhibitory effect, which becomes predomi-
nant at 10 pm.

High concentrations of glucose do not competitively inhibit
cellular uptake of 6S-NDI-NJ

At present, there is no information about the cellular uptake
pathways of chemical chaperones. Considering the structural
similarity of the polyhydroxylated cyclic nojirimycin framewaork
and o-glucose, it seemed reasonable that this family of com-
pounds might share the cell-uptaké mechanisms through glu-
cose-specific transporters. Notwithstanding, we found that the
presence of o-glucose at 25, 50, and 100 mm in the incubation
medium had no influence on the intracellular fluorescent in-
tensities of 65-NDI-NJ in the human normal fibroblasts (data
not shown). The absence of competitive inhibition by o-glu-
cose in the internalization of 6S-NDKNJ suggests that the
chemical chaperone enters the cells through glucose-transport-
er-indépendent mechanisms.

Discussion

To circumvent the limitations of ERT and SRT to neurological
manifestations, new therapeutic avenues for GD have been
explored in recent years.*® Chemical chaperone therapy is a
promising approach because of its potential for simple oral ad-
ministration, penetration of the blood-brain barrier, and low
cast. Chaperones are small molecules that can specifically bind
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to a misfolded protein and help it fold into the correct three-
dimensional shape. This allows the protein to be properly traf-
ficked from the ER and distributed to the lysosome in the cell,
thereby increasing enzyme activity and cellular function and

. reducing substrate and stress on cells.*”*™ Up to now, a broad

battery of chemical chaperones has been developed for GD,
including both sugar-like and non-sugar-related molecules. Re-
cently, we found that bicyclic derivatives featuring a 2-imino-

~ oxazolidine, -thiazolidine, or imidazolidine five-membered ring

fused to a polyhydroxylated pyperidine cycle, termed sp-imi-
nosugars, behaved as selective competitive inhibitors of the
lysosomal [-Glu and exhibited significant chaperone activity
for several neuronopathic GD mutations.’”

Although the concentration of mutant GD- proteins in the
lysosome has been shown to be enhanced by the presence of
chemical chaperones, thereby supporting the proposed rescu-
ing mechanism, to the best of our knowledge there is no
direct information available about the intracellular distribution
and cellular uptake pathways of such compounds. To clarify
these questions, we have synthesized a fluorescently tagged
version of the previously reported bicyclic nojirimycin spimi-
nosugars NOI-NJ, 65-NOI-NJ; and 6N-NOI-NJ, namely 6-thio-
(5N,65)-[4-(N"-dansylamino)butyliminomethylidenelnojirimycin
(65-NDI-NJ). Actually, the general approach previously devel-
oped for the synthesis of bicyclié nojirimycin derivatives of the
sp’iminosugar type  was purposely conceived to allow intro-
duction of molecular diversity in the structure at a relatively
low. synthetic cost.

In the molecular design of 6S-NDI-NJ, we took advantage of
the information previously obtained from X-ray crystallography
and thermodynamic studies-on bicylic sp*iminosugars in com-
plex with recombinant human B-glucocerebrosidase™ or with
the B-glucosidase from the extremophile microorganism Ther-
motoga matitima,* an enzyme that belongs to the same clan
GHA: as P-Glu In the CaZy classification.”® The octyl chain at
the exocyclic nitrogen of NOI-MNJ, 65-NOI-NJ, or &N-NOI-NJ
{Scheme 1) in the enzyme-inhibitor complexes was found to
occupy a hydrophobic pocket at the entrance of the: active site
in all cases, while. maintaining substantial flexibility. it was then
inferred that structural modifications at this portion of the mol-
ecule would not affect the extenisive hydrogen-bond network
involving the hydroxyl groups and would be well tolerated as
far ‘as its hydrophobic nature is preserved. The 6-thio-5N,65-(al-
kyliminomethylidene)nojirimycin bicyclic core was chosen in
view of the good chaperone activities previously obtained
with 65-NOI-NJ- for several mutant B-Glu, Moreover, the iso-
thiourea segment can be generated with high efficiency from
a vic-hydroxythiourea intermediate 2, which is readily accessi-
ble from the known S-amino-5-deoxy-o-glucofuranose deriva-
tive 1 by activation of the OH function as a sulfonate ester fol-
lowed by nucleophilic displacement by the thiocarbonyl sulfur
atom (~3). The subsequent furanose—pyranose rearrange-
ment is a very efficient process that affords the desired bicyclic
sp>-iminosugar core 4. The terminal amino group in the N-alkyl
substituent in 4 was then exploited for the incorporation of
the fluorescent probe in the structure by coupling reaction
with dansyl chloride (Scheme 2).

ChemBioChem 2010, 11, 2453 - 2464
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Figure 5. Intracellufar distribution of 65-NDI-NJ in GD fibroblasts. A) Cells in the absence or the presence of 65-NDI-NJ (30 pim) were double stained with anti
B-Glu and LAMP2 antibody or anti B-Glu antibody. B) The:cells were cultured for 4.d in the presence of 65-NDI-NJ (30 am) and stained with anti-calnexin anti-
body or anti-LAMP2 antibody. Bound antibodies were visualized with different secondary antibody. Theé images obtained with a confocal microscope are

shown.

First, we confirmed that the insertion of the dansyl group
was not detrimental for the biological activity. According to
the collected data, 6S-NDI-NJ is a specific inhibitor of B-Glu
(Figure 1), exhibits no cytotoxicity at the maximum- assayed

ChemBioChem 2010, 11, 2453 - 2464 © 201
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concentration of 30 um in human fibroblasts, and can enhance
B-Glu- activities in human F213I/F213} and N370S/N370S GD
fibroblasts {Figure 2). All these characteristics are similar to
those previously reported for 65-NOI-NJ.P¥ Moreover, fluores-
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cence spectroscopy measurements. showed  that the spectra{
properties of 6S-NDI-NJ in aqueous and orgamc media were
well suited for studies of the |nteractlons of. thxs mofecule with
cultured cells, :

Prior to examining the: abiisty of 65-NDI-NJ to increase the
concentration of mutant B-Glu in the lysosome, we examined
its capacity to attenuate time-dependent loss of mutant B-Glu
activity in vitro at pH 7 at 37 and 48°C. This protecting effect
has been shown to be an indication of good chaperone capa-
bilities, and was ascribed to its efficiency in forcing a correct
folding.***" The GD mutants F2131/F213! and N3705/N3705S
are not stable in the neutral pH environment of the ER and un-
dergo endoplasmic-reticulum-associated degradation (ERAD)
to a great extent. In vitro experiments showed that the degra-
dation rate at pH 7.0 at either 37°C or 48°C in vitro dramatical-
ly decreased in the presence of the dansyl derivative 65-NDI-
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mature neuronal cells- were cultured foradin the pxesence b S-ND]-NJ '(30 M) ahd R
stained with anti-Blli-tubulin antibody and anti-MAP2 antibody, Bound a_rxtibodues weré . §
visualized with a drfferent secondary antlbody. Shcwn are the Images obtained W o

NJ. On the contrary, the L444P/L444P mutant protein
was found to be as stable as the wild-type (WT) B-
Glu at pH 7.0 at 37°C and also showed similar activi-
ty, in_agreement with previous: results by Sawkar
et-all% Heat denaturation: at 48°C was also efficiently
attenuated by GS-NDI-NJ in the-WT and the L444pP/
L444P mutant. Nevertheless, the Ig-like domain in
“which the L444P mutation-is located is not tolerated,
and although it does not cause mstabiiaty assocuated

cence :ntensnty in the living cells (data not shown)
and a concomitant increase in the concentration of

te at once in the lyso-
ttenuate ﬁ~Glu actmty

aperone" actlvity must operate
) , ] RAD, than in the lysosome. Be-
cause they act’ as competitlve inhibitors, once in the lysosome
the high. concentrations of substrate accumulated in: GD cells
will compete with the inhibitor in binding to the enzyme
Given that chemical chaperone therapy by using sp*imino-
sugar glycomimetics was proposed mainly for neuronopathic
GD, it was of interest to investigate the effect of 65-NDI-NJ in
neurons. For this purpose, we have used cultured normal neu-
ronal cells, which were differentiated from P19 embryonal car-
cinoma cells. We found that 65-NDI-NJ could enter immature
and mature neurons after four-days incubation and enhanced
B-Glu activities, with a maximum chaperone effect at 1 um

RO
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concentration, compared to 30 um in fibroblasts. It seems that
neuronal cells are much more sensitive to chaperone therapy.
Because a much lower concentration of ¢haperone in the CNS
than in peripheral tissues is expected upon oral administra-
tion,"” the possibility to use relatively high doses of sp*imino-
sugars. might result in optimal chaperone activity simultane-
ously in both types of tissues, making them potentially more
practical for the treatment of neuronopathic GD.

in addition to intracellular localizationi studies, the fluores-
cently labeled chemical chaperone. 65-NDI-NJ provides an ex-
cellent opportunity to explore the preferred cellular uptake
pathways of sp™iminosugars. Considering that the piperidine
ring in 6S-NDI-NJ has a hydroxylation profile of stereochemical
complementarity with that of p-glucose, it seemed reasonable
to consider that it might share identical internalization mecha-
nisms. Because o-glucose is a polar molecule that requires
transport proteins to cross biological membranes, this would
imply that the chapérone and the monosaccharide: compete
for the same transporters. Notwithstanding, we found: that
high concentrations of p-glucose did ot result in competitive
inhibition of 65-NDI-NJ uptake; suggesting instead that the
sp*iminosugar enters the cells through glucose-transporter-
independent pathways. The amphiphilic character of 65-NDI-NJ
and the previously studied sp’iminosugar chemical chaper-
ones, with a hydrophilic polyhydroxylated moiety and a hydro-
phobic substituent in the lateral chain;, might facilitate passive
diffusion across the' cell membrane. Concentration gradient
and B-Glu binding affinity would then trigger uptake and re-
lease of 6S-NDI-NJ. The fact that the chaperone co-localizes
with acid -Glu in lysosome-related organelles and that its con-
centration in the cell is closely related to. the concentration of
the enzyme is consistent with this mechanism. Alternative en-
docytic routes would be expected to lead primarily to localiza:
tion of the internalized fluorescent chaperone in'endosomes,
independently of the PB-Glu concentration. Further research
using specific endocytosis inhibitors is currently underway to
fully ascertain this aspect.

In summary, the present body of work provides evidence for
the rescuing of GD PB-Glu with mutations at- the catalytic
domain by sp*iminosugars, facilitating trafficking from the ER
to the lysosome. The concentration of the mutant enzyme in
the lysosome correlated with the intracellular concentration of
65-NDI-NJ both in fibroblasts and in neuronal cells, which
underlines the importance of the internalization process in the
efficiency of a chemical chaperone. Actually, when screening
chemical chaperones we often found that some candidates
with very low IC,, values against the target enzyme exhibited
disappointingly low chaperone activity-when using intact cells.
Their inability to cross the cell membrane attenuates their
chaperone activity. The amphiphilic character of the sp>imino-
sugar chemical chaperones seems to favor a passive diffusion
pathway that facilitates cell internalization. Structural modifica-
tions aimed at optimizing the hydrophilic/hydrophohbic balance
might further increase their ability to cross the cell membrane
and improve their chaperone activity. Although further work is
needed to fully unravel the relationships between molecular
structure, cellular uptake pathways, and chaperone activity,

ChemBioChem 2010, 11, 2453 - 2464 © 20

these results should help to improve the present strategies for
the development of efficient chemical chaperones.

Experimental Section

Materials: Dulbecco’s modified Eagle's medium (DMEM) and fetal
bovine serum (FBS) were obtained from Life Technologies Inc
(Gibco BRL, MD, USA), Reagents and solvents were purchased from
commercial sources and used without further purification. 65-NDI-
NJ was synthesized in our laboratories by followirig the reaction
sequence described hereinafter. A stock solution of the compound
was-prepared in DMSO at 30 mm and stored at —30°C.

Spectroscopic and chromatographic techniques: Optical rota-
tions were measured with a JASCO P-2000 polarimeter, by using a
sodium l@amp (A=589 nm) at 22°C in 1cm or 1 dm tubes. NMR
spectroscopy experiments were performed at 300 {75.5) and 500
{125.7) MHz by using: Bruker DMX300 and DRX500 spectrometers.
1D TOCSY as well as 2D COSY and HMQC spectroscopy expefi-
ments weré carfied out to assist in signal assignment, In the
FABMS spectra, the primary beam consisted of Xe atoms with a
maximum energy of 8 keV. The samples were dissolved in m-nitro-
benzyl alcohol or thioglycerol as the matrices, and the positive
ions were separated and accelerated over a potential of 7 keV. Nal
was added as cationizing agent. Thin-layer chromatography was
performed on E. Merck precoated TLC plates, silica gel 30F-245,
with: visualization by UV light and by charring with 10% H,50, or

0.2% {w/v). cerium(lV) sulfate-5% ammeonium molybdate in 2m
H,50; or- 0.1%. ninhydrin in EtOH Column chromatography was
performed on Chromagel (SdS silica 60 AC.C 70-200 pm). Elemen-
tal analyses were performed at the Servicio de Microanalisis del
Instituto de Investigaciones Quimicas de Sevilla.

Synthesis: The: dansyl-tagged sp*iminosugar 6S-NDI-NJ was syn-
thesized from 5-amino-5-deoxy-1,2-di-O-isapropylydene-6-O-tetra-
hydropyranyl-c-p-glucofuranose (1) as indicated in Scheme 2.
Compound 1 was generated from the corresponding 5-azido deriv-
ative®™ {700 mg, 2.13 mmol) by dissolution in MeQH (12 mL) and
hydrogenation at atmospheric pressure for 1 h by using 10% Pd/C
(234 mg) as a catalyst, and was used without further purification.”®

5-[N-(4-tert-Butoxycarbonylaminobutyl)thioureido]-5-deoxy-1,2-
O-isopropylidene-a-p-glucofuranose (2): Et;N (1.6 mL, 11.7 mmol)
and  4-{tert-butoxycarbonylamino)butyl isothiocyanate (433 mg,
2 mmol) were added to a solution of 1 (2.13 mmol) in pyridine,
(12 mL), and the mixture was stirred at RT for 18 h. The solvent
was removed under reduced pressure, and the residue was co-
evaporated several times with toluene, The resulting syrup was dis-
solved in CH;C!Z/MeOH {1:1, 42ml) and p-toluenesulfonic acid
(69 mg, 0.16 mmol) was added. The mixture was stirred for 2 h at
RT, then diluted with CH,Cl, (15 mL), washed with sat. aq NaHCO,
{215 mL), dried (MgSO,), filtered, and concentrated. The resulting
residue was purified by column chromatography using 30:1—15:1
CH;C!ZIMeOH as eluent to give 2 (629 mg, 70%). R,=033 (15:1,
CH,Cl,/MeOH); [alp=+455 (c=1.0 in CH,Cl); "H NMR (300 MHz,
CDCly, 313 K): 6 =696 {brs, TH; N H), 6.72 (brd, Jyus=7.8Hz, TH;
NH), 5.92 (d, J;5=3.6 Hz, 1H; H-1), 5.07 (brs, 1H; OH), 4.82 (brs,
1H; NH), 4.58 (d, 1H; H-2}, 4.54 (m, 1H; H-5), 419 {d, J5,=19 Hz,
1H; H-3), 4.09 (dd, J;5==9.8 Hz, 1H; H-4), 4.03 {dd, J5e=11.3 Hz
L, =3.1Hz, 1H; H-6a), 3.80 (dd, S5, =3.0Hz, TH; H-6b), 3.47 (m,
2H; CH,NHCS), 3.11 {m, 2H; CH,NHCO), 1.60 {m, 4H; CH,), 1.49 (s,
3H; CMes), 1.31 (s, 3H; CMe,), 149 ppm (s, 9H; CMey); “CNMR
(75.5 MHz, CDCl,, 313 K): 6=181.8 (CS}, 156.7 (CO), 111.6 (CMe,),
104.9 (C-1), 84.7 {C-2), 79.8 (CMe,), 79.7 (C-4), 73.8 (C-3), 62.4 (C-6),
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53.7 (C-5), 44.1 (CH,NHCS), 40.2 (CH,NHCO), 28.4 {CMe;), 27,4 (CH,),
26.7, 26.0 {CMe,), 25.7 (CH,); MS (FAB): m/z (%6): 472 {100) [M++Na] ¥,
450 (15} [M+H*; IR: 7,,,,==3342, 2933, 1682, 1549, 1367, 1254,
1165, 1075 cm™; UV: A, (CH.CL) =247 nm (g, = 12.3); elemental
analysis calcd (%) for CygHisN,0;5: C 50.76, H 7.85, N 9.35, § 7.13:
found: C 50,78, H 7.93, N 9.28, S 6.96,

(4R)-2-(4-tert-Butoxycarbonylamino)butylamino-4-[(4'R)-1°,2'-O-
isopropylidéne--L-threofuranocs-4"-yll-2-thiazoline (3): Methane-
sulfonic chloride (110 uL, 1.42 mmol, 1.2 eq) was added to a solu-
ton of the corresponding  thioureido derivative 2. (514 mg,
1.14 mmol) in anhyd pyridine (17 mL) at —20°C under argon. The
mixture was stirred for'7 h and allowed to warm to RT. Then, ice-
water {30 mbL) was added, a@nd the solution was extracted with
CH,Cl, (3% 20 mlL). The combined extracts were washed with iced
sat. ag NaHCO; (25 mL}, dried (MgSO‘,), filtered, and concentrated.
The resulting residue was puurified by column’ chromatography by
using 20:1-—10:1 CH;CL/MeOH as eluent to give 3 (384 mg, 78%),
[0lo=—73 {c=10 in CH,Cl): R 046 (CH,CI/MeOH 7:1); 'H NMR
(360 MHz, CDC!Q 8=593 {d, J,,=3.6 Hz, TH; H-1),.4.79 (brs;, 1H;
NH), 4.54 {d, 1H; H-2), 4.42 {m; 1H; H-5) 4.25 (brs, 2H; OH, NH),
423 1d, J34-25Hz, 1H; H—B); 4.03 (dd, J,5=8.4 Hz, 1H; H-4), 3.51
(dd, Jae0=10.9 Hz, Jsza=7AHz, TH; H-63), 3.39 (dd, =49 Hz,
TH; H-6b), 3.24 (m, 2H; CH;N), 311 {m; 2H; CH,NHCO), 1.53 (m,
4H: CHY), 1.48 (s, 3H; CMe,), 1.30 (s, 3H; CMe,), 1.33 ppm (s, 9H;
CMey); C NMR(75.5 MHz, CDC;): d=164.6 (CN), 156.1 (CO), 111.5
{CMe,), 1051 (C:1), 85.2 (C-2}, B1.6 (C-4), 79.3 (CMe;), 74.9 (C-3),
69.8° (C-5), 44.9 (CH,N), 40.0 {CH,NHCO), 374 (C-6), 284 (CMey),
27.3, 26.8 (CH,), 26.8, 26.1 ppm (CMey); IR: 7, = 3372, 2934, 1696,
1521, 1367, 1251, 1166, 1075cm™"; MS (FAB): m/z (%): 454 (50)
[M+Na]™, 432 (100); elemental analysis caled (36) for CyeHzN;0,S:
€ 5288, H 7.71, N 9.74, S 7.43; found: C 5266, H 7.65; N 9.48, §
7.19,

5-N,6-5-[N'-(4-Amino)butyliminomethylidenel-6-thionojirimycin

hydrochloride (4): The 2-amino=2-thiazdline precursor 3 (340 mg,
0.79'mmol) was treated with TFA/H,0 (9:1, 3.5 mL} for 30 min, con-
cenfrated under reduced pressure, coevaporated several times
with H,0, neutralized with Amberlite IRA-68 (OH") ion-exchange
resin; and subjected to column chromatography by using 10:1:1
- 6:3:1 CHyCN/H,O/NH,OH as eluent. The residue was dissolved. in
dil HCl and freeze-dried to obtain compound 4 as the correspond-
ing hydrochloride (258 mg, 82%). w/f=1:0.1 (H-1 integration); A=

022 (6:3:11 CHyCN/H,ONH,OH) [alp=~11.3 (=10 in HO); «

anomer: 'H NMR (500 MHz, D,0): =5.61 {d, J;,=3.7 Hz, 1H; H-1),
432 (m, TH; H-5), 3.76 (m, 2H; H-3, H-6a), 3.62 (dd, J,;=9.5 Hz,
TH; H-2), 356 (t, Jyy=Ji5=96Hz, 1H; H-4), 3.46 {m, 3H; H-6b,
CH,N), 3.00 {t, *Jy,=7.1 Hz, 2H; CH:NH), 1.73 ppm (m, 4H; €H,);
PCNMR {125.7 MHz, D,0); d=1757 (CN), 79.0 (C-1), 75.7 (C-4),
74.2 (C-3), 73.1 (C-2), 66.0 {C-5), 50.6 (CH,N), 41.5 (CH,NH;), 33.9 (C-
6); 27.7, 26.5 ppm (CH,); i anomer: "H NMR (500.MHz, D,0): &=
502 (d, J;, =82 Hz, 1H; H-1), 408 {m, T1H; H-5), 3.76 (m, 1H; H-3),
3,70 (dd; Jmhmﬂ 6 Hz, Jsg,=7.6Hz, 1H; H-6a), 3.60 (m, 1H; H-2).
3.56'(m, TH; H-4); 3.46 (m, 3H; H-6b, CH;N), 3.00 (m, 2H; CH,NH,),
173 ppm (m, 4H, CHy); *C NMR (125.7 MHz, D,0): 6=175.7 (CN),
874 (C-1), 7.1 (C-4), 758 (C-3), 72.8 (C-2),.69.1 (C-5), 50.5 (CH,N),
41.5 (CH,NH,}, 32.5 (C-6), 27.9, 26.5 ppm (CHy); MS (FAB): m/z (%):
314 (40) (M+Na—HCl™, 292 {90); elemental analysis calcd (%) for
CyH»CINLO,S: C 4030, H 6.76, N 12.82, S 9.78; found: C 39.95, H
647, N 1249,5 941,

5-N,6-S-[N-{4-Dansylamino)butyliminomethylidene]-6-thionojiri-
mycin (6S-NDI-NJ): Et;N (64 ul, 0.21 mmol) and 5-dimethylamino-
naphtalene-1-sulfonyl chloride (61.8 mg, 1.1 eq) were added to a
solution of 4 (68 mg, 021 mmol) in anhyd DMF (15mL) at 0°C
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under argon: The mixture was stirred for 4 h, and the solvent was
removed under reduced pressure, The resulting residue was puri-
fled by column chromatography by using 90:10:1--60:10:1 CH,Cl/
MeOH/H,0 1o obtain the target fluorescent sp “iminosugar 65-NDI-
NJ (107 mg,. 98%). R=063 {40:10:1 CH,CL/MeOR/H,0); [ulp=
~74 {c=0.7 in MeCH); 'H NMR (500 MHz, CD,CN): 6==8.52 {d, 1H;
dansyl), 8.24 (d, 1H; dansyl), 815 (d, 1H; dansyl), 7.60 (m, 2H;
dansyl), 7.28 (d,.1H; dansyl), 5.48 {d, J;,=3.4 Hz, 1H; H-1), 3.79 (m,
1H; H-5), 3.62 (t, fy=Uty;=95Hz, 1H; H-3), 346 (dd, Jun=
11.2 Hz, Jig =44 Hz, TH; H-6a), 3.40 {dd, TH; H-2), 3.30 (t; J;;=
93 Hz, TH; H-4), 3.10 (dd, Jys=7.3Hz, 1H; H-6b), 3.06 (t, “fu=
10.5 Hz,- 2H; CH;N), 3.00 (m, 2H, CH,NH), 2.83 (brs, 6H; dansyl),
144 (m; 2H; CH,), 1.34 ppm {m, 2H; CHy); "CNMR (125.7 MHz,
CD,CN): 9=163.1 (CN), 1520 1354 130.2-129.5, 129.2, 1284,
123.7, 1197, 1155 (dansyl) 76.3 {C-1), 743 (C-4), 728 [C~3) 71.5 (C-
6), 61.1 (C-5), 545 (CH;N), 44.9 (dansyl), 42.5 (CH,NH) 31.2 {C-6),
26.8, 26,7 ppm: (CHy); HRMS (FAB): m/z: 547.1661 [M+Na]™; ele-
mental analysis caled (%) for CHipN,O.S; (547.1661): C 52,65, H
6.15, N 1068, S 12.22; found: C 52.34, H 6.10, N 10.47, S 11.89.

Cell cultore: Human skin fibroblasts were cultured in DMEM/10%
FBS at 37°C in a humidified atmosphere containing 5%.CO,. One
control cell line (H37) and three lines 'of GD cells that carried the j3-
Glu mutations F2131/F213, L444P/1444P, and N3705/N370S, respec-
tively were used/™ The culture medium was replaced every 2d
with fresh media supplemented with or without chaperone at the
indicated concentrations.

In vitro neural cell differentiation: The P19 mouse embryonic car-
cinoma (EC) cells, obtained from ATCC (American Type Culture Col-
lection}, were grown in o-minimum  essential medium (0-MEM;
Gibco BRL, MD, USA} containing 109% of fetal bovine serum and
1%_antibiotic-antimycotic X100 (Gibco BRL) at 37°C in the pres-
ence of 5% CO;. For the différentiation process, the P19 cells were
removed from the culture flask with 0.25% trypsin solution, and
1x10° cells were seeded into 10 mL of @-MEM containing 5% fetal
calf sérum;, and 0.6 um all-trans retinoic acid (Sigma)/™* Cells
were cultured for one of two-weeks to. get immature and mature
neuronal cells.

Immunoblotting: Except otherwise stated, all procedures were car-
ried out at 4 °C. Fibroblasts were lysed by sonication in PBS supple-
mented with 1% Triton X-100 and a protedse inhibitor cockeail
{Roche Diagnostics). After a brief centrifugation to remave insolu-
ble material, the supernatant was collected. For the enzyme assay,
4l of the precipitates was used as described below. For immuno-
blottmg, supernatant with the same volume of 2x SDS-PAGE
sample buffer was heated at 100°C for 3'min, SDS-PAGE and West-
ern transfer were carried out as previously described." ' The blots
were probed ‘with: rabbit polyclonal anti-B-glucosidase and mouse
monocdlonal anti-a-tubulin antibodies (Santa Cruz Biotech, Santa
Cruz, CA, USA) and developed by using an ECL kit {(GE Healthecare
Japan).

In vitro enzyme assay: Lysosomal enzyme activities in cell lysates
were determined as described.**** Briefly, cells were scraped into
ice-cold H;0 (10° mL) and lysed by sonication. Insoluble materials
were removed by centrifugation and protein concentrations were
determined with a BCA microprotein assay kit (Pierce Biotech, Wal-
tham, MA, USA). The lysate {10 ul) was incubated at 37 C with the
substrate solution (20 pl)} in 0.1 m citrate buffer, pH 4.5. The sub-
strates were 4-methylumbelliferone-conjugated a-p-glucopyrano-
side (for w-glucosidase), o-p-galactopyranoside (for wu-galactosi-
dase), p-p-galactopyranoside (for fi-galactosidase), and N-acetyl-p-
p-glucosaminide (for B-hexosaminidase) obtained from Sigma, For
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(-Glu, activities in cell lysates were determined by using 4-methyl-
umbelliferone-conjugated fi-p-glucopyranoside as a substrate. The
lysates 10 pL were incubated at 37°C with the substrate solution
(20 ul} in 0.1m citrate buffer, pH 5.2, supplemented with sodium
taurocholate (0.8% w/v). The reactions were terminated by adding
0.2mL of 0.2m glycine sodium hydroxide buffer (pH 10.7). The li-
berated 4-methylumbelliferone was measured with a Perkin-Elmer
Luminescence Spectrometer {(excitation wave length: 340 nm;
emission: 460 nm). One unit of enzyme activity was defined as
nmol of 4-methylumbelliferone released per hour and normalized
for the amount of protein contained in the lysates (Figure 1).1%™!

Intact-cell enzyme assay: 3-Glu activities in live cells were estimat-
ed by the methods described by Sawkar et al!™ with some modifi-
cation. Briefly, cells in 96-well assay plates were treated with com-
pounds for 4 d. After-washing with PBS, the cells were incubated
in PBS {8 L) and 0.2 m acetate buffer (8 uL; pH 4.0). The reaction
was started by addition of 5 mm 4-methylumbelliferyl-B-o-gluco-
side (10 pL), followed by incubation at 37°C for 1 h. The reaction
was stopped by lysing the cells by the addition of 0.2m glycine
buffer (200 ul; pH 10.7), and the liberated 4-methylumbelliferone
was quantified. For neuronal cells, experiments were performed in
35 mm dishes. Every experiment was performed in parallel with
cells that had been preincubated with or without conduritol B
epoxide (CBE, Toronto Research Chemicals; North York, Ontario,
Canada) at 0.5 mm for 1h. The CBE-sensitive component was as-
aribed to lysosomal fi-Glu, whereas the CBE insensitive component
was ascribed to non-lysosomal -Glu (Figure 2).

Cytotoxicity assay: Cytotoxicity assay was performed by using the
colorimetric assay reagent TetraColor One (Seikagakuy, Tokyo,
Japan)*¥ according to the manufacturer’s instructions. Cells were
seeded on a 96-well assay plate at a density of 3.0x10* cells/mL
medium and incubated for 4 d with the chaperone. Then, TetraCol-
or One reagent (10 ul) was added to each well, and cells were in-
cubated for another 2 h. The absorbance at 450 nm was measured
with a reference wavelength at 630 nm in the microplate reader.
Measurement was repeated in triplicate and then averaged for
each sample, Results are expressed as mean < standard deviation
(sD).

pH-dependent and heat stability of f-Glu in vitro: Cell lysates
were incubated in 0.1M citrate-phosphate buffer at pH 7 at 37°C
and 48"C for the time indicated. Incubation was terminated by the
addition of 3 volumes of 0.2m citrate phosphate buffer {(pH 5.2),
immediately followed by chilling on ice. The enzyme assay was car-
ried out at pH 5.2 as described above (Figure 3).'¥

Measurement of 65-NDI-NJ release from living fibroblasts:
Living GD fibroblasts were incubated with 65-NDiI-NJ in DMEM/
10% FBS (30 L) at 37 °Cin 5% CO, for 4 d, then the loading solu-
tion was replaced with fresh medium after washing twice with
DMEM. The cells were cultured for 1-6 d. The medium was aspirat-
ed for measurement of the 65-NDI-NJ concentration, Release of 6S-
NDI-NJ from fibroblasts into the surrounding medium was moni-
tored with a Perkin-Elmer Luminescence Spectrometer (excitation
wave length: 337 nm; emission: 517 nm) (Figure 4).%¢

Immunofluorescence staining, confocal microscopy and fluoro-
metrical analysis: Fibroblast and neuronal cell lines were grown
on glass coverslips in 35 mm dishes. The cells were treated without
or with 6S-NDI-NJ (30 uL) at 37°C in 5% CQ, for 4d. Cells were
then fixed with 4% formaldehyde for 20 min. After serial washings

and permeabilization with 0.1% Triton X-100, rabbit polyclonal

anti-glucocerebrosidase antibody (H-300, Santa Crug, 1:100), rabbit
polyclonal anti-calnexin antibody (H70, Santa Cruz, 1:100), mouse
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monoclonal LAMP-2 antibody (H4B4, Santa Cruz, 1:100), mouse
monoclonal anti-B 1l tubulin antibody {H70, Santa Cruz, 1:100) and
rabbit polyclonal anti-MAP2 antibody (H-300, Santa Cruz, 1:100)
were applied for 1h, followed by secondary antibody Alexa
Fluor 647 goat anti-rabbit IgG (1:500); Alexa Fluor 647 goat anti-
mouse IgG (1:500), Alexa Fluor 546 donkey anti-goat IgG (1:500),
Alexa Fluor 546 goat anti-mouse anti-mouse IgG (1:1000) and
Alexa Fluor 546 goat anti-rabbit 1gG (1:1000) {Invitrogen, Carlsbad;
CA, USA). For nuclear staining, cells were incubated with Syto 59
{Invitrogen) for 30 min. Fluorescent images were collected by
using a Leica TSC SP2 confocal laser microscope (Leica, Wetzler,
Germany)."*' For fluorometrical anlysis, fluorescence intensity in
randomly selected- 25 fields per cells was measured by using an
Infinite F500 plate reader (Tecan Japan, Tokyo, Japan; Figures 5 and
6).

Competitive inhibition of 6S-NDI-NJ uptake by glucose in fibro-
blast: Normal fibroblasts were seeded in 35 mm dishes with cover-
slips and cultured in- DMEM/10% FBS for 2 d.. The medium was
removed and replaced with 30 um 65-NDI-NJ solutions: containing
25, 50, and 100 mm glucose (Wako, Tokyo, Japan).®¥ After 1 h incu-
bation, cells were washed in PBS (2x%) and fixed. Fluorescent
images were collected by using confocal laser microscope.
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Introduction

Dysfunctional lysosomal hydrolases activities trigger
accumulation of waste products that consequently lead to a variety
of severe human diseases. For example, Fabry disease (OMIM:
301500), GM1-gangliosidosis (OMIM: 230500) and Gaucher
disease (OMIM: 230800) are caused by deficiencies of -
galactosidase A (Davies et al., 1996; Okumiya et al., 1993a), &-
galactosidase(Boustany et al., 1993) and a-glucosidase(Amaral
et al., 2000), respectively. In particular, single mutations of &-
glucosidase, which catalyzes the cleavage of the a-glucoside bond
of sugar chains under acidic conditions in the lysosome, can
lead to the accumulation of glucosylceramide (Figure 1A)
(Suzuki, 2006; Suzuki, 2008; Suzuki et al., 2007). Although

some of these mutant enzymes do not lose their activity
completely, the proteins are degraded and hence fail to be
transported into the lvsosome. As such, the absence of a-
glucosidases in the lysosome is considered to be the dominant
reason for the accumulation of glycolipids rather than a decrease
in catalytic activity of the enzyme.

In (Okumiya et al., 1995) reported that galactose restores
mutant a-galactosidase activity (Okumiya et al., 1995b).
Subsequently, Fan et al. (1999) discovered a paradoxical
phenomenon that 1-deoxvgalactonojirimycin, an mhibitor of a-
galactosidase A, restores intracellular activity of mutant a-
galactosidase A in cultured lymphoblasts from human patients
and in transgenic mouse tissues expressing the mutant enzyme
(Fan et al., 1999). Furthermore, Lin et al. reported that N-octyl-
a-valienamine (NOV, Figure 1B), an inhibitor of 4-glucosidase,
exhibits similar effects on the intracellular activity of a-
glucosidase (Lin et al., 2004).

The molecular mechanism describing how enzyme activity is
restored by these inhibitors was proposed as follows:(Matsuda
et al., 2003; Yam et al., 2005) (1) mutant enzymes are degraded
in the cytoplasm because they are unstable at neutral pH, (2)
binding of certain inhibitors in the ER/Golgi compartment
provides stabilization of the misfolded mutant enzymes which
consequently allows transport of the enzymes to the lysosome
without degradation, and (3) dissociation of the inhibitors from
the mutant enzymes rescues intra-lysosomal activity, thereby
clearing accumulated glycolipids. These inhibitors are termed
“chemical chaperones™ because they stabilize proteins in a
similar manner to chaperone proteins(Leandro and Gomes, 2008;
Perlmutter, 2002).

However, there is insufficient information detailing the
paradoxical role of the chemical chaperones: the enzyme activity
in the lysosome is restored by strong inhibitors. Consequently,
the detailed mechanism of action of chemical chaperones remains
poorly understood.
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Figure 1: The structures of glycosylceramide and the chemical compounds docked to B-glucosidase in this study. (A) glycosylceramide, (B) N-octyl-B-valienamine
(NOV), (C) N.N-dibutyl-f-valienamine (NNBV). (D) N N-dioctyl--valienamine (NNOV), and (E) the complex of NOV (red) and B-glucosidase. Colored in magenta is
F213 residue analyzed in later sections. Numbering of atoms of NOV are shown in (F).

Here we show the mechanism of restoring action of NOV on
human B-glucosidase using molecular dynamics (MD) simula-
tions. Initially, a plausible conformation of the B-glucosidase-
NOV complex was predicted using a docking routine. The con-
formation was subjected to further structural optimization. The
free energy changes of B-glucosidase by binding of NOV were
calculated both at pH 5 and 7 using the Molecular Mechanics
Poisson-Boltzmann Surface Area (MM/PBSA) method (Swanson
etal., 2004) implemented in the AMBERY package (Case et al.,
2006). For the MD simulations, the pH 5 and 7 conditions were
modeled by varying the protonation states of ionizable residues
estimated by PROPKA (Bas et al., 2008; Li et al., 2005). The
AG of the complex at pH 5 was calculated to be higher than the
AG value at pH7. At pH7, NOV was found to be inserted deeper
into the active pocket cavity than at pH 5. The nitrogen atom in
the carbon chain of NOV was found to possibly provide the pH-
dependent change in binding affinity. The results are consistent
with the hypothesis describing the mechanism of restoring ac-
tion of the chemical chaperone in which NOV dissociates from
the enzyme in the acidic environment of the lysosome.

Materials and Methods
Preparation of structural data

The tertiary structure of NOV was generated using ChemDraw
and Chem3D (CambridgeSoft Co.) using the first report of its
chemical synthesis (Ogawa et al., 1996). Structure optimization
was performed using the MM2 force field in Chem3D. Simi-
larly, the structure of N, N-dibutyl-B-valienamine (NNBV, Fig-
ure 1C) was also prepared as a homolog of N, N-dioctyl-B-

valienamine (NNOV, Figure 1D). NNOV has been reported to
be an inhibitor of B-galactosidase without chemical chaperone
activity(Lei et al., 2007; Ogawa et al., 1998). Since an MD simu-
lation of the NNOV-enzyme complex provided a distorted NNOV
structure (data not shown), NNBV was employed as an alterna-
tive ligand. The atomic composition of NNBV is equivalent to
NOV. The optimized structure of NOV was superimposed upon
the structure of 5-hydroxymethyl-3,4-dihydroxypiperidine
(isofagomine, IFM) in the structure of the human B-glucosi-
dase-IFM complex (PDBID: 2nsx) (Lieberman et al., 2007).
Following the superimposition, the conformations of the car-
bon chains of NOV and NNBV were manually adjusted in the
binding site to decrease steric hindrances. These conformations
were employed as a complex structure of human B-glucosidase
and either NOV or NNBV (Figure 1E).

The ionizable residues were protonated according to the pKa
value of each residue predicted by PROPKA (Bas et al., 2008:
Lietal., 2005) to represent pH 5 and 7 conditions. For example,
an ionizable residue in the pH 5 condition was protonated if the
predicted pKa of the residue was larger than 5. Otherwise, the
deprotonated form was employed.

Molecular dynamics simulation

The force field for NOV and NNBV was generated using the
Antechamber module of the AmberTools software suite using
the BCC charge model (Case et al., 2005). The generated force
field was employed for subsequent molecular dynamics (MD)
simulations of the B-glucosidase-NOV complex in combination
with the AMBER99-SB force field (FF99SB) and the General
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AMBER force field (GAFF) in the AMBERY package.

Optimizations and production MD simulations of the com-
plex were conducted using the AMBERY package. FF99 was
employed for the force field of the B-glucosidase enzyme mod-
els, whereas the force field for NOV and NNBV was generated
from GAFF by the Antechamber module of the AMBERY pack-
age. TIP3P explicit water molecules and counter sodium ions
were added to the environment. Distances between the enzyme
and edges of the box of the periodic boundary conditions were
set at 10 A. The cutoff distances of the van der Waals interac-
tions were 8 A. The Particle Mesh Ewald method (Essmann et
al., 1995) was employed for electrostatic interactions.

Under these conditions, five steps of MD simulations were
performed: (1) energy minimization of water, (2) energy mini-
mization of the whole system, (3) adjustment of the temperature
(300 K), (4) adjustment of the pressure (1 atm) and (5) produc-
tion of 3 ns of MD simulations.

In all MD simulations, the time step was 2 fs and the SHAKE
algorithm (Ryckaert et al., 1977) was applied. Production MD
was performed in the NPT condition. The temperature and the
pressure were maintained at 300 K and 1 atm, respectively.

Calculation of the binding free energy change

The obtained MD trajectory was used to calculate the binding
free energy change using the MM/ PBSA method(Swanson et
al., 2004) implemented in the AMBERY package (Case et al.,
2006). The representative values of the binding free energy
changes shown in “‘Results” section are averages of those calcu-
lated from snapshots obtained every 10ns. In MM/PBSA, the
binding free energy change AGbind is defined as follows:

AGbind = G*- G" - G+

where G, G® and G are the free energies of the complex,
protein (human B-glucosidase) and ligand, respectively. Each
term (denoted GX below) is calculated using the following for-
mula,

G*=E,,+G,+G, +TS,,
where E,,, is the molecular mechanical energy, G, is the polar
part of the solvation free energy calculated with a numerical
solution of the Poisson-Bolzmann equation, G, is the non-po-
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lar part of the solvation free energy calculated with a linear model
dependent on the surface area and TS, is the solute entropy
term. The linear model for G,, is defined as the following for-
mula:

an=aS+b

where S is the solvent-accessible surface area, and a and b are
parameters. The default settings of a and b in AMBER9
(a=0.0072, b=0.0) were employed. The contribution from the
solute entropy term TS, was ignored in this study.

Analysis of the complex structure in equilibrium

Several structural characteristics of the docked ligand were
evaluated using the equilibrated enzyme-ligand complex struc-
ture. In this study, the depth of the docked ligand in the active
site and the number of hydrogen bonds (H-bonds) between the
enzyme and the ligand were measured. The depth of insertion
of the ligand into the active site was measured by the distances
between the delta carbon of active residues (GLU235 and
GLU340) and seven atoms of NOV. GLU235 and GLU340 have
been identified as the acid/base catalyst and the nucleophile,
respectively (Fabrega et al., 2000: Miao et al., 1994; Premkumar
et al., 2005). The formation of an H-bond between the donor
and acceptor atoms was judged to exist when the distance be-
tween the donor-acceptor pair was < 3.0 A and the H-bond di-
hedral angle was > 120; & for at least 20% occupancy of the
total simulation period. The criterion of occupancy was deter-
mined after examining previous works considering stability of
H-bonds using MD simulations, for example a study presenting
50 ps of H-bond duration as the stability criterion(KieseritzKy et
al., 2006) and another one which termed less than 10% occu-
pancy as weak H-bonds (Rodziewicz-Motowidlo et al., 2006).
In this study, we adopted 20% occupancy as the criterion of H-
bond because it was appropriate to exclude trivial donor-accep-
tor pairs, which emerge when comparatively looser criteria such
as 50 ps of duration are employed.

Protonation and conformation of NOV

Further MD simulations were performed on three structural
states of NOV whose nitrogen atoms were in different protona-
tion states (Figure 2). This approach was used to evaluate the
binding free energy contribution of the H-bond between GLU235

2.0

RMSD({angstrome)
1.0

Q0.5

piiT
~~~~~~ pHS
EHEX

0.0

4] 500 1660 1300 2000 2300 30C0
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Figure 2: The three possible protonation states of the nitrogen atom of NOV in solvent. (A) The R configuration. (B) the S configuration and (C) the protonated state.
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and the N atom of NOV. This additional experiment was moti-
vated by (1) The N atom of NOV corresponds to the glycosyl
oxygen atom of glucosylceramide with which GLU235 forms
an H-bond during the hydrolytic cleavage process of -glucosi-
dase, and (2) the equilibrium conformation of NOV indicates a
correlation between the number of H-bonds on the N atom of
NOV and the binding free energy change (See “Results™ for
details). With respect to the N atom of NOV, three conforma-
tions are possible in the solvent: K- (Figure 2A) and S-confor-
mations (Figure2B), the lone-pair electron orbitals being ori-
ented syn and gauche to the cyclohexene rings, respectively,
and the protonated conformation (Figure 2C). The protonated
structure of NOV is abbreviated NOV (P) throughout this pa-
per. These three conformations were subjected to MD simula-
tions and energy calculations by MM/PBSA to evaluate the cor-
relation between the binding free energy change and an H-bond
connecting the N atom of NOV and GLU235.

Analysis of F2131 mutant structure

Effects of NOV on the mutant B-glucosidase were analyzed
using the F213I mutation (See Figure 1E for the location of
F213 residue). F213I is one of the mutations on which NOV
exhibits significant diagnostic effects (Lin et al., 2004). The
singleresidue mutation was incorporated in the wild-type struc-
ture using the UCSF Chimera (Pettersen et al., 2004). Protona-
tion was performed according to a prediction result of PROPKA.
MD simulations and energy calculations were conducted on the
obtained structure of the F213I mutant complex using the same
procedures presented above.

Results
Protonation

The predicted pKa values by PROPKA provided protonation
of ionizable residues at pH 5 and 7. With respect to aspartic
acid, glutamic acid and histidine residues, 14 residues and 4
residues were protonated at pH 5 and 7, respectively (Table 1).
The prediction suggested deprotonation of the proton donor
GLU235 and protonation of the nucleophilic group GLU340.

Residue pKa pH7 pHS
ASP127 571 - +
ASP380 714 | + +
GLU233 928 | + +
GLU340 524 +
GLU481 5.06 +
HIS60 625 | - +
HIS145 65 ¥
HIS162 734 | + +
HIS223 643 +
HIS274 6.43 +
HIS290 6.43 ¥
HIS328 643 | - +
HIS311 749 | + +
HIS495 6.5 *
NOV 869 | + +

Table 1: Predicted pKa values and protonation states of ionizble residues and
NOV (+: protonated). Aspartic acid. glutamic acid and histidine residues which are
protonated at pH 5 are shown.
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Figure 3: RMSD of the production MD of (A) the B-glucosidase-NOV complex
and (B) the enzyme-NNBV complex at equilibrium. The trajectories over the pe-
riod of 1-3 ns were employed to calculate the binding free energy changes.

Since this prediction contradicts generally considered protona-
tion states of active residues, another structure was prepared in
which GLU235 was deprotonated and GLU340 was protonated.
This structure is termed “pH 5X”, whereas the other structures
reflecting the PROPKA predictions are called “pH 7” and “pH
57. The protonation state of pH 5X is same as pH 5 except for
GLU235 and GLU340. Regardless of the protonation state of
residues in the pH 5 or 5X structures, the proton donor residue
was deprotonated at pH 7.

MD simulations and energy calculations

Structural optimization and subsequent MD simulations were
performed on six complexes: three structures (pH 7, 5 and 5X)
bound by either NOV or NNBV. The RMSDs of the complexes
reached a plateau after 1 ns of simulations (Figure 3).

The obtained structures demonstrated that NOV inserts more
deeply into the active site of B-glucosidase at pH 7 than at either
pH 5 or 5X (Figure 4A). This was corroborated by the distances
between delta carbon atoms of the active residues and the C1-6
atoms of NOV (Table 2). Figure 1F provides the nomenclature
of the constituent atoms of NOV.

Due to the different binding depths, particular differences were
observed in the H-bonds between NOV and the two residues,
ASP127 and GLU235. At pH 7, ASP127 formed two stable H-
bonds (occupancy > 99%) with NOV via the two oxygen atoms
04 and O5 (Figure 4B and Table 3), whereas H-bonds were
formed between ASP127 and other oxygen atoms, O3 and 04,
at pH 5 and 5X (Figure 4C and D, respectively). The two oxy-
gen atoms of the GLU235 side-chain formed Hbonds with the
nitrogen atom of NOV at pH 7 (Figure 4B and Table 3). At pH 5
and 5X, only one H-bond was observed between GLU235 and
the N atom (Figure 4C, D and Table 3). GLU235 was found to
form a second H-bond with the O2 atom of NOV at pH 5 (Table
3 and Table 4).
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Figure 4: Configurations of NOV bound in the active site. (A) Superposed average structures of NOV (cyan: pH 7. magenta: pH 5, yellow: pH 5X). The enzyme structure
is the average structure of B-glucosidase at pH 7. (B?D) H-bonds between the enzyme and NOV at pH 7. 5 and 5X, respectively.

Distance
Atoml Atom2 oH7 DHS HEX
GLU235 CD NOV N 3.182+0.104 3.309+0.135 3.81440.125
GLU235 CD NOV C1 4.118+0.133 4.152+0.109 4.694+0.166
GLU235CD NOV C2 3.78620.176 3.986+0.149 4.954+0.214
GLU235CD NOV C3 5.357+0.187 5.432+0.153 6.436+0.206
GLTU235CD NOV C4 6.254+0.193 6.494+0.174 7.362+0.206
GLU235CD NOV C5 6.226+0.169 6.440+0.114 7.167+0.165
GLU235CD NOV C6 5.364+0.143 5.505+0.105 6.067+0.160
GLU340 CD NOV N 5.430+0.197 6.152+0.248 5.461+0.240
GLU340 CD NOV C1 4.486+0.174 5.478+().258 4.388+0.241
GLU340 CD NOV C2 3.947+0.114 4.768+0.209 4.095+0.154
GLU340 CD NOV C3 3.691+0.144 4.837+0.305 4.092+0.200
GLU340 CD NOV C4 5.119+0.151 6.301+0.327 5.412+0.211
GLU340 CD NOV C5 5.760+0.166 7.021+0.318 5.626+0.320
GLU340 CD NOV C6 5.516+0.185 6.697+0.298 5.211+0.354

Table 2: Interatomic distances of NOV and the active site residues at three ditferent pH values (mean + S.D. A). The distances at pH 7 were measured to be smaller than
at the lower pH values retlecting deeper insertion of the ligand in Figure 4A. See Figure 1F for the nomenclature of the constituent atoms of NOV.

The binding free energy change between B-glucosidase and
NOV at pH 7 was lower than the values calculated at pH 5 and
5X. In contrast, NNBV’s binding free energy change at pH 7
was almost unchanged in comparison with the values at pHS5,
and was higher than the value at pH 5X (Table 5). The binding
free energy changes of p-glucosidase and NOV (P) were AG =
246.26 kcal/mol at pH 7, -14.46 kcal/mol at pH 5 and -9.62
kcal/mol at pH 5X. The energy calculations by the MM/PBSA
module in AMBERY were conducted using a trajectory of 1.0-
3.0 ns.

Protonation of NOV, hydrogen bond and binding free en-
ergy change

We then focused on the correlation between the binding free
energy changes and the number of Hbonds between GLU235
and the N atom of NOV. Three different protonated structures
of NOV (R, S and P) were prepared to vary the number of pos-

sible H-bonds formed (see Materials and Methods). The pre-
dicted pKa value of NOV (pKa = 8.69) suggested that NOV (P)
is the dominant conformation in solution. The production MD
simulations of the three NOV configurations reached equilib-
rium by 1 ns. Two H-bonds between GLU235 and the N atom
were formed in the case of NOV (P) at pH 7 (Table 4 and Figure
5A). The other conditions showed the formation of only one H-
bond (Figure 5B and C).

An approximate correlation was observed between the bind-
ing free energy change and the number of H-bonds between
GLU235 and the N atom of NOV. NOV (P) at pH 7 exhibited
the lowest binding free energy change of AG = 746.26 kcal/mol
among all nine combinations, three configurations of NOV(R,
S and P) and three differently protonated enzymes (Table 5). All
three configurations exhibited an increase in the binding free
energy change at pH 5. In particular, NOV(P) exhibited the larg-
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pH7

Atom(NOV) Residue Occupancy (%) Distance(A) Angle(degree)
N GLU235 22.2 2.761+0.10 48.77+9.29
N GLU235 86.05 2.826+0.09 17.34+10.25
02 GLU 340 21.6 2.893+0.08 48.17+9.00
02 GLU340 99.9 2.567+0.08 14.7448.77
03 TRP179 31.9 2.906+0.06 33.8948.89
03 GLU34(0 55.6 2.813+0.11 16.96+7.82
04 TRP381 41.75 2.895+0.07 35.60+10.46
04 ASP127 99.35 2.642+0.10 13.03+7.19
05 ASN396 35.95 2.890+0.07 20.65+12.66
05 ASP127 99.15 2.596+0.09 15.96+8.90

_pHS

Atom(NOV) Residue Occupancy (%) Distance(A) Angle(degree)
N GLU235 94.55 2.796+0.08 15.2447.96
02 GLU 340 89.15 2.747+0.10 33.25+12.33
02 GLU235 100 2.533+0.07 11.92+6.51
03 ASP127 27.3 2.798+0.11 16.17+9 41
03 ASP127 47.7 2.798+0.11 23.04+11.68
04 ASP127 65.45 2.721£0.10 14.85+8.39
04 ASN396 26.75 2.691+0.11 16.17+9.42
05 ASN396 16.15 2.715+0.12 19.36+11.51

pH5X

Atom(NOV) Residue Occupancy (%) Distance(A) Angle(degree)
N GLU235 95.25 2.793+0.09 17.61+9.07
02 GLU 340 24.1 2.833+0.13 35.79+14.04
02 GLU 340 93.85 2.639+0.11 18.34+10.24
03 ASP127 86.15 2.757+).11 14.20+7.83
04 TRP381 34.35 2.896+0.07 32.78+11.49
04 ASN396 96.796.7 2.704+0.11 17.69+9.14
035 ASN396 49.85 2.886+0.07 21.07+10.67

Table 3: Distances and angles between the atoms of NOV and the active residues considered to form H-bonds (mean = S.D. A and degree. respectively). Occupancy
percentage is the duration of a H-bond over simulation time. The atom-residue pairs of occupancy > 10% are presented here.

H-bond of NOV-GLU235
Protonation Ligand Possible Observed AG
pH7 NOV(P) 2 2 -46.26
pH7 NOV(R) 1 1 -24.31
pH7 NOV(S) 1 1 -27.01
pH5X NOV(P) 1 1 -9.62
pH5X NOV(R) 2 1 -13.45
pH5X NOV(S) 2 1 -21.73

Table 4: Number of H-bonds formed between GLU2335 and the nitrogen atom of NOV. NOV/(P) at PH 7 provided two H-bonds (see also Figure 5A) and the lowest binding
free energy change (kcal/mol).

NOV(P) NOV(®P)
OH Dk
. GLU235 | . GLE235
;\ g \"‘\('/ e 1\. .v.\\-///x. \'\'//.,—
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Figure 5: Possible H-bonds between NOV's and the GLU233 residue. (A) Two H-bonds are formed on NOV(P) at PH 7. whereas only one H-bond is formed on NOV(P)
atpH 5X (B) and on NOV(S) at pH 7 (C). (D) NOV(S) at pH 53X can provide two H-bonds.
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Protonation Ligand G¢ Gr G AG AAG

pH7 NNBV -9789.57 -9830.74 56.88 -15.72 "
pHS NNBV -9623.12 -9660.33 51.67 -14.46 1.26
pH5X NNBV -9641.08 -9668.93 51.64 -23.79 -8.07
pH7 NOV(P) -9806.97 -9808.45 47.73 46.26 .
pH5 NOV(P) -9619.59 -9652.92 47.8 -14.46 318
pH5X NOV(P) 9595.54 -9633.78 47.86 -9.62 36.64
pH7 NOV(R) -9829.37 -0852.35 50 -27.01 -
pHS NOV(R) -9680.33 -9712.39 45.51 -13.45 13.56
pH5X NOV(R) -9661.72 -9687.94 45.82 -19.61 74
pH7 NOV(S) -9846.67 -0869.74 47.37 -24 31 -
pHS NOV(S) -9656.28 -9679.67 40.21 -16.81 7.5
pH5X NOV(S) -9647.41 -9667.32 41.64 -21.73 2.58

Table 5: Binding free energy changes of B-glucosidase and three configurations of NOV in three different protonation states (kcal/mol).

est increase in the binding free energy change (i.e. AAG = 36.64
kcal/mol) among the three configurations/combinations of NOV
(Table 5).

F213I

According to the prediction by PROPKA, the resultant proto-
nation state of the protein including F2131 mutation was identi-
cal to the wild-type enzyme. The energy calculation showed that
the binding free energy change at pH 7 (AG = ?38.44 kcal/mol)
was lower than at pH 5 and 5X (AG = -17.36 kcal/mol and -
12.14 kcal/mol, respectively).

Discussion

The MD simulations presented herein theoretically corrobo-
rated the hypothetical mechanism of a chemical chaperone. The
binding free energy change between B-glucosidase and NOV
was demonstrated to increase at pH 5. This is in agreement with
the proposed mechanism for a chemical chaperone that dissoci-
ates from the target protein in the lysosome and leads to the
recovery of enzyme activity (Suzuki, 2008). It was suggested
that the binding of a natural substrate/inhibitor homolog NNBV
and the enzyme is almost unchanged or rather tighter at pH 5
than at pH 7. This result does not contradict previous studies on
NNOV that showed that NNOV does not function as a chemical
chaperone (Lei et al., 2007) but inhibits lysosomal activity
(Ogawa et al., 1998). These affinity changes are due to a de-
crease in the number of H-bonds between the enzyme and NOV
primarily caused by the protonation states of the residues ASP127
and GLU235. It has been broadly reported that protonation of a
few residues can trigger drastic shifts of the pKa or pH optima
of enzymes (Brandsdal et al., 2006; Joshi et al., 2000).

The protonation states of the active residues are influential in
the configuration of NOV. Since ASP127 is deprotonated only
at pH 7, the hydroxyl groups of NOV show no repulsion to-
wards ASP127 due to unfavorable electrostatic forces. There-
fore, deprotonated ASP127 allows deeper binding of NOV into
the active site than at pH 5 and 5X. The deeper binding leads to
the formation of additional H-bonds between NOV and the en-
zyme. In particular, the number of the H-bonds between the
nucleophile GLU235 and the N atom of NOV were presented to
be in correlation with the binding free energy changes. Ifa ligand
of B-glucosidase has an oxygen atom at the position of the N
atom, such as glucosylceramide, the O atom can form a H-bond
with GLU235 at pH 5X but not at pH 7. Since the O atom is not
capable of being protonated, the H-bond can be formed only
when GLU235 is protonated i.e. pH 5X in this study. At pH 7,
the H-bond cannot be formed because neither GLU235 nor the

O atom are protonated. Based on the correlation between the
binding free energy changes and the number of H-bonds (Table
4), it is anticipated that the complex of the enzyme and such a
ligand without the N atom may exhibit a lower binding free
energy change at pH 5X than calculated at pH 7. Namely, the
ligand without the aforementioned N atom does not show an
affinity decrease in acidic conditions which is required if the
ligand is to function as a chemical chaperone. This suggests
that the position of the N atom is presumably a crucial factor for
NOV to acquire chemical chaperone activity towards p-glucosi-
dase The relative decrease of enzyme-NOV affinity at pH 5 was
observed for the F2131 mutant and the wild-type structure. The
predicted pKa value of each residue in the F213I mutant was
calculated to be very similar to the pKa values of the residues of
the wild-type protein. The binding free energy changes at pH 5
and 5X were higher than at pH 7. Therefore, we conclude that
the mechanism of action of NOV upon the F213I mutant is al-
most identical to that of the wild-type protein. This result is in
agreement with a previous biochemical study (Lin et al., 2004).

The strategy used here is applicable to other mutations, chap-
erones and other glycosidases. Although not examined, there
are several single-residue mutations of human B-glucosidase,
including L444P and N370S. Among these mutants, the enzy-
matic activity of the L444P mutation is not significantly restored
in the presence of NOV (Lin et al, 2004). In addition, the chemi-
cal compound N-(n-nonyl) deoxynojirimycin (NN-DNIJ) has been
shown to increase the activity of the N370S mutant
enzyme(Sawkar et al, 2002). Further studies are required to elu-
cidate why NOV does not function as a chemical chaperone
with the B-glucosidase L444P mutant. The mechanism of NN-
DNJ in rescuing the activity loss caused by the N370S mutation
also requires further studies. Apart from B-glucosidase, human
a-galactosidase is a feasible target to examine its interaction
mechanism with a known chemical chaperone 1-
deoxygalactonojirimycin. This is because the 3D structure, de-
tailed kinetic properties and structural stability of several mu-
tants are available for this enzyme(Fan & Ishii, 2007; Garman
& Garboczi, 2004; Ishii et al, 2007). We believe that this study
presents a MD simulation strategy for understanding the mecha-
nisms of action of chemical chaperones on lysosomal storage
diseases.

Although we have described the action mechanism of a chemi-
cal chaperone which binds to an enzyme at pH 7 and dissociates
at pH 5, there remains a number of questions to answer, includ-
ing how chemical chaperones improve protein folding stability
during the transport process. To fully understand the roles of
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chemical chaperones from the ER to the lysosome, molecular
mechanisms of folding stabilization during transport requires
further investigation. Recently, several approaches have been
proposed to extract “collective dynamics’ or ‘essential dynam-
ics’ of proteins from MD trajectories using principal compo-
nent analysis (Berendsen and Hayward, 2000; Kitao and Go,
1999). Such approaches have been employed to evaluate fold-
ing stability (Creveld et al., 1998; Kazmirski et al., 1999). It is
noteworthy to apply the collective approaches to glycosidases to
elucidate how the chemical chaperones stabilize folding of the
enzymes during the transport process, which consequently res-
cues the enzymes from degradation prior to localization in lyso-
somes.

In conclusion, the MD simulations results strongly support
that residue protonation states at low pH values force dissocia-
tion of NOV from the B-glucosidase in the lysosome. Conse-
quently, the hypothesis describing the mechanism of action of
NOV was theoretically corroborated.
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B-Galactosidosis is a group of disorder based on heterogeneous mutations of GLB1 gene coding for the
lysosomal acid B-galactosidase (B-gal). A decrease of the B-gal enzyme activity results in progressive
accumulation of substrates in somatic cells, particularly in neurons, leading to severe neuronal dysfunction.
We have previously reported that N-octyl-4-epi-3-valienamine (NOEV), a chemical chaperone compound,
stabilized various mutant human (-gal proteins and increased residual enzyme activities in cultured
fibroblasts from human patients. These data proved a potential therapeutic benefit of chemical chaperone
therapy for patients with missense B-gal. This effect is mutation specific. In this study, we have established a
sensitive luciferase-based assay for measuring chaperone effect on mutant human B-gal. A dinoflagellate
luciferase (Dluc) cDNA was introduced to the C-terminus of human B-gal. When COS7 cells expressing the
Dluc-tagged human R201C B-gal was treated with NOEV, there happened a remarkable increase of the
mutant 3-gal activity. In the presence of NH4Cl, luciferase level in the medium increased in parallel with the
enzyme activity in cell lysates. We also found that proteasome inhibitors enhance chaperone effect of NOEV.
These results demonstrate that the luciferase-based assay is a reliable and convenient method for screening
and evaluation of chaperone effects on human B-gal mutants, and that it will be a useful tool for finding

novel chaperone compounds in the future study.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Lysosomal acid B-galactosidase (B-gal, EC 3.2.1.23), encoded by
GLB1 (3p21.33) in humans, hydrolyzes the terminal B-galactosyl
residues from ganglioside Gy and related glycoconjugates such as
oligosaccharides derived from glycoproteins and keratan sulfate in
somatic cells [1]. Allelic mutations of the gene result in excessive storage
of the substrates in various cells and tissues. Genetic B-galactosidase
deficiency (or B-galactosidosis) is a group of disorders including two
clinically distinct diseases: Gpy-gangliosidosis (OMIM 230500) and
Morquio B (OMIM 253010). Until now, more than 130 GLB1 gene
mutations are collected [1-3]. Gy;-gangliosidosis is a generalized

Abbreviations: B-gal, R-galactosidase; NOEV, N-octyl-4-epi-B-valienamine; Dluc,
dinoflagellate luciferase; DMEM, Dulbecco’s modified Eagle's medium; 4-MU,
4-methylumbelliferone.

* Corresponding author. Division of Functional Genomics, Research Center for
Bioscience and Technology, Tottori University, 86 Nishi-cho, Yonago, 683-8503, Japan.
Fax: + 81 859 38 6470. .
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neurosomatic disease in children (infantile form, juvenile form), and
rarely in adults (adult form). The abnormal storages of ganglioside
Gwm1, mucopolysaccharide keratan sulfate and glycoprotein-derived
oligosaccharides are widely distributed in the central nervous system
(CNs), skeletal system, and visceral organs. Morquio B disease (OMIM
253010) is a generalized skeletal dysplasia without neurological
involvement. _

At present only symptomatic and supportive therapy is available
for the brain damage in human Gy;-gangliosidosis patients. Different
strategies have been explored to treat this disease including allogenic
bone marrow transplantation [4], gene therapy [5] and substrate
reduction therapy [6]. These approaches are promising but still far
from clinical application. The enzyme replacement therapy conducted
for Gaucher disease and other lysosomal storage diseases is not
available at present for B-galactosidosis [7].

Based on the study on mutant a-galactosidase A in Fabry disease
(8], we proposed chemical chaperone therapy for brain pathology
in Gy1-gangliosidosis, using an in vitro enzyme inhibitor N-octyl-4-epi-
B-valienamine (NOEV), a chemical compound newly produced by
organic synthesis, as a potent stabilizer of mutant #-gal in somatic cells
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from patients with this disorder [9]. The experiments on patients’
fibroblasts and model mice revealed remarkable restoration of mutant
enzyme activity and reduction of the substrates storage. Oral treatment
with NOEV in mice expressing human R201C mutation showed a
decrease in CNS Gy content and prevention of neurological deterio-
ration [9,10]. The screening of NOEV effect on patients' fibroblasts
conducted in our initial study indicated that the chemical chaperone
effect is mutation specific [11].

Bioluminescence reporter proteins have been widely used to
monitor biological events and gene expression [12]. Firefly luciferase
is the most common reporter protein. However, it is not suitable for
pharmacological assay in live cells because of the difficulties in
controlling the intracellular concentrations of the substrates, luciferin,
ATP and pH [13]. Several secretory luciferase proteins have recently
been identified and emerged as powerful tools for continuous
monitoring of biological events in live cells [14,15]. These proteins
enable us to simply measure luciferase activities in the extracellular
space as for monitoring the amount of the functional proteins [16].

In this study, we established a secreted dinoflagellate luciferase-
based assay for measuring chaperone effect on mutant human -gal to
achieve a high throughput system for screening new chaperones.

2. Materials and methods

2.1. Materials

Dulbecco's Modified Eagle's Medium (DMEM) and DMEM without
L-glutamine and phenol red were obtained from Wako (Tokyo, Japan).
Fetal bovine serum (FBS) was from Hyclone (Waltham, MS, USA).
Lipofectamine 2000 and Zero Blunt TOPO PCR Cloning Kit were purchased
from Invitrogen (Carlsbad, CA, USA). 4-Methylumbelliferone-conjugated
@-D-galactoside (4-MU-B-galactoside) was from Sigma (St. Louis, MO,
USA). A dinoflagellate luciferase (Dluc) cDNA and its substrate were
kindly provided from TOYO B-Net Co. Ltd (Tsukuba, Japan) [15].
Proteostasis regulators, MG132 and celasterol, were purchased from
Calbiochem (La Jolla, CA, USA).

2.2. Chaperone compound NOEV

A chaperone compound for B-galactosidase, N-octyl-4-epi-B-
valienamine (NOEV), was synthesized by modification of a glucocere
brosidase inhibitor [9,17]. It is stable at room temperature and
strongly inhibits human B-galactosidase in vitro. It is freely soluble in
methanol or dimethyl sulfoxide, and soluble in water up to 3-5 mM at
room temperature. The molecular weight is 287.40. Stock solution of
NOEV was prepared in sterile dH,0 and stored at —30 °C.

2.3. Construction of B-gal-flag-Dluc expression plasmids

Human GLB1 (hGLB1) cDNA was subcloned into a mammalian
expression vector, pCMV-script (Stratagene, La Jolla, CA, USA). A flag-
epitope was introduced into the C-terminus of hGLB1 by PCR (B-gal-
flag). Directional cloning was then carried out via restriction enzyme
site: Sacl and Xhol, to introduce a Dluc cDNA [15] into the plasmid
after the C-terminal flag (p-gal-flag-Dluc) (Fig. 1A). The following
mutations were introduced by using the Quick Change site-directed
mutagenesis Kit (Stratagene): I51T, R201C and R457Q All the
constructs were confirmed by direct sequencing.

2.4. Transient transfection

COS7 cells were cultured at 37 °Cin 5% CO, in DMEM containing 10%
FBS. For transient transfection, 2.5x 10° cells were plated in 35-mm
culture dish and incubated overnight. When the cells were 90%
confluent, transient transfection was carried out with 4 pg of plasmid
DNA (mock, wild type B-gal, I51T, R201C and R457Q) using

Lipofectamine 2000 according to the manufacturer's protocol. Eight
hours after transfection, the growth medium was changed into DMEM
without phenol red containing 10% FBS with 0, 0.2 or 2 uM NOEV. Then
the cells were further grown for 48 or 96 h before harvest. For the
treatment of proteostasis regulators, cells were treated with 0, 0.2 or
2 UM NOEV in absence or presence of 0.1 yM MG132 or 2 pM cerasterol
for 96 h.

2.5. B-Gal enzyme assay

Cells in 35 mm dishes were scraped into 200 pl of 0.1% Triton X-100
in dH,0 and were homogenized with pipetting. The samples were then
centrifuged to remove insoluble materials. B-Gal assay was performed
on 96-well plates. The enzyme assay mixture consisted of 10pl
supernatant of cell lysates and 20yl substrate solution containing
1 mM of 4-MU-B-galactoside in 0.1 M citrate buffer (pH 4.5) and 0.1 M
NaCl. After incubation for 30 min at 37 °C, the enzyme reaction was
terminated by adding 0.2 M glycine-NaOH buffer (pH 10.7), and the
liberated 4-MU was measured by fluorometry (excitation 355 nm;
emission 460 nm, Infinite 200, Tecan Japan, Kawasaki, Japan) as
described previously [11]. Protein concentration was determined with
the Protein Assay Rapid Kit (Wako).

2.6. Western blot analysis and immunoprecipitation

Cells were scraped into ice-cold lysis buffer [50 mM Tris-HCl (pH 8.0),
150 mM NaCl and a protease inhibitor cocktail (Roche Diagnostics,
Mannheim, Germany)] and lysed by sonication. Insoluble materials were
removed by centrifugation at 3,700 rpm for 15 min at 4 °C and protein
concentrations were determined with a Protein Assay Rapid Kit (Wako).
Cell lysates (10 pg protein) were electrophoresed on a 10% SDS-PAGE and
transferred to a PVDF membrane. The blots were probed with mouse
monoclonal anti-flag M2 Ab (Sigma, 1:10,000) or rabbit polyclonal anti-
B-gal Ab (#653, 1:2,000) [18] and developed with Amersham ECL Plus
Western Blotting Detection Reagents (GE Healthcare Bio-Sciences KK,
Tokyo, Japan). The immunoprecipitation was carried out with anti-flag
M2 Ab using Catch and Release v2.0 kit (Upstate, Charlottesville, VA, USA)
according to the manual.

2.7. In vitro stabilization of B-gal

In vitro stabilization of recombinant B-gal-flag-Dluc protein by
NOEV was examined as previously [19]. Briefly, anti-flag immuno-
precipitates from COS7 cells expressing B-gal-flag-Dluc (20 wl, pH 7.4)
were incubated with NOEV (0, 0.02, 0.2 or 2 pM) on ice. The samples
were heated at 48 °C for 20, 40 or 60 min, then the enzyme assay was
performed as described above at pH 5.0.

2.8. Bioluminescence assay

COS7 cells was cultured in 35 mm dishes with DMEM containing
10% FBS for 24 h, and then transfected with luciferase reporter
constructs; The medium was changed into 1 ml DMEM/10% FBS
without phenol red containing NH4Cl (0 or 20 mM) and NOEV (0,0.2
or 2 iM). After 48 h, the cells were harvested with cell lysis buffer
(TOYO B-net) and the medium were collected as well. The luciferase
activities in cell lysates and medium were determined using specific
substrate from Toyo Ink [15] and measured by chemiluminescencer
AB2000 (ATTO, Tokyo, Japan) and expressed in arbitrary units (A.U.).
pEGFP-N1 plasmid (Clontech, Mountain View, CA, USA) was used as
an internal transfection control for each experiment.

2.9. Statistical analysis

Student t test were performed using a StatView software with
p<0.05 regarded as statistically significant.



366

L Li et al. / Molecular Genetics and Metabolism 101 (2010) 364-369

A 5 — «— 3
|
)
hGLB1 flag Dluc
2031 bp 24bp 1140 bp
a Anti-flag Anti-B-gal

Mock
g *
‘@ 200 A
° * L ~
a =)
2 1504 <
% 150 >
=
£ 1004 g
= &
= 8
S 50 2
@ g
s 3
A
Mock B-gal-flag B-gal-flag-Dluc

S I3
= =
o 100 4 g
- e

o 75 ©
g g
2 50 2
- =
=) E=d
8 251 &
© ©
2 o >
@ 10 8 6 -4 a

LogM

<— 84 KD
Mock B-gal-flag  B-gal-flag-Dluc
80000 - *
1
60000 -
40000+
20000 -
0 £ s
Mock B-gal-flag B-gal-flag-Dluc
—-0uM
-#-0.02 uM
—+0.2uM
~=2uM

0 20 40
Time (minutes)

Fig. 1. Characterization of the recombinant B-gal-flag-Dluc. (A) Plasmid constructs. Flag epitope and dinoflagellate luciferase (Dluc) were introduced into the C-terminal
hGLB1 cDNA right before the stop codon (B-gal-flag-Dluc). Another plasmid carrying hGLB1 only with flag epitope was also constructed (-gal-flag). (B) The expression of B-gal-flag
and B-gal-flag-Dluc was detected in cell lysate from transiently transfected COS7 cells by western blotting. 130 KD product was the recombinant B-gal-flag-Dluc, and the 84KD was
endogenous B-gal precursor. (C) B-Gal and luciferase activity in cell lysates from transiently transfected COS7 cells. (D) The inhibition (left) and heat stability (right) effect of NOEV
on immunoprecipitate B-gal-flag-Dluc protein from transiently transfected COS7 cell lysate. Each point represents the mean + SEM of three determinations each done in triplicate.

3. Results
3.1. Characterization of recombinant 3-gal-flag-Dluc protein

To test functional relevance of Dluc-tagged normal human B-gal
proteins, flag-tagged human p-gal cDNA (B-gal-flag) and flag-Dluc-
tagged B-gal (B-gal-flag-Dluc) were transiently expressed in COS7 cells
and cell lysates were collected 24 h later. Both B-gal-flag and B-gal-flag-
Dluc proteins were detected in the lysates by anti-flag and anti-B-gal
western blots (Fig. 1B). The B-gal enzyme activity was detected in the
lysates both from B-gal-flag and B-gal-flag-Dluc transfected cells,
whereas the luciferase activity was detected only in B-gal-flag-Dluc
lysates (Fig. 1C). When lysates from B-gal-flag-Dluc transfected cells
were incubated with NOEV at pH 5, NOEV caused dose-dependent
inhibition of the B-gal activity (Fig. 1D left) [11]. -Gal-flag-Dluc protein
was stabilized by NOEV dose-dependently under heat inactivation
condition (Fig. 1D right), suggesting that NOEV binds to these
recombinant proteins in vitro.

3.2. Secretion of lysosomal B-gal in the presence of NH,Cl

Lysosomal enzymes have been shown to be synthesized as
microsomal precursors, and then processed to mature enzymes in
the lysosomes. NH,4Cl, a lysosomotropic drug, causes extensive
secretion of both precursor and mature forms of lysosomal B-gal
protein [20]. To see whether active B-gal was detectable in the
medium after a treatment with NH4Cl, COS7 cells expressing the
recombinant enzymes were treated with or without 20 mM NH,CI,
and B-gal enzyme assay was performed using both the lysates and the
medium. NH,CI treatment caused a clear reduction in the enzyme
activity in the lysates, which was accompanied with an increase in the
medium (Fig. 2A). Similarly, treatment of the cells expressing B-gal-
flag-Dluc showed a decrease of luciferase activities in the cell lysate
and an increase in the medium (Fig. 2B). We then examined whether
the chaperone effect of NOEV on B-gal-flag-Dluc protein was
detectable by measuring luciferase activity in the medium. 0.2 and
2 uM NOEYV increased both B-gal activity in the lysate and luciferase
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Fig. 2. NH4Cl secretes B-gal-flag-Dluc protein into the medium. The transiently transfected COS7 cells were cultured for 48 h in the absence or presence of 20 mM NH,CL The B-gal

(A) and luciferase (B) activities were estimated in cell lysates and medium as described in materials and methods. Each bar represents the mean = SEM of three determinations each
done in triplicate. *p<0.05, statistically different from the values in the absence of NH,CL.

activity in the medium from B-gal-flag-Dluc transfected COS cells
treated with NH,CI (Fig. 3). We observed no adverse effect of NH4Cl
on proliferation of COS7 cells (data not shown).

3.3. NOEV effects on mutant (3-gal proteins

Mutant B-gal-flag-Dluc constructs harboring R457Q and two of the
most common mutations in Japanese patients: I51T (for adult Gy;) and
R201C (for juvenile Gy), were engineered by Quick Change site-
directed mutagenesis. Our previous study on patients’ fibroblasts
showed the capacity of NOEV to restore enzyme activities of R201C
and R457Q but not that of I51T. [11]. In the COS7 cells transiently
expressed with mutant B-gal-flag-Dluc constructs, NOEV caused
significant increase of B-gal activity in the cell lysates (Fig. 4A). The
maximum response was obtained at 2puM of R201C and 0.2 M of
R457Q, NOEV was ineffective for 151T p-gal-flag-Dluc as expected from
our previous findings on patients’ fibroblasts [11]. Given NH4Cl-induced
secretion of lysosomal B-gal, we examined whether NOEV effect was
reflected in the luciferase activity in the medium, after an exposure of
the cells to NH,CI. The luciferase activity was barely detectable in the
medium from mock transfected cells. There emerged considerable
levels of luciferase activity in the medium, when cells were transiently
expressed with the mutants 3-gal-flag-Dluc constructs. NOEV caused
significant increases in the luciferase activities in the medium of cells
expressing with R201C and R457Q but not with I51T (Fig. 4B).

Most mutant proteins with missense mutations were degraded in
the endoplasmic reticulum (ER) [11]. Therefore, proteostasis regula-
tors are thought to enhance the chaperone effect [21]. We have
examined two proteostasis inhibitors (cerasterol and MG132) to
investigated the effects on mutant R201C enzyme and revealed that
both increased the enzyme activity to 112% and 114% without NOEV;
152% and 141% with 0.2 uM NOEV; 154% and 164% with 2 M NOEV,
comparing with cells treated only with growth medium, respectively

(Table 1). Strikingly, co-administration with MG132 and 0.2 pM NOEV
reached almost same level that 2 uM NOEV achieved. Additionally,
2 uM NOEV restored about 20% higher enzyme activity with additional
celasterol. These effects were well reproduced by luciferase assay
using mediums, again proving that luciferase activities can represent
the enzyme activities.

4. Discussion

In this study, we developed a sensitive luciferase-based assay for
evaluate a chemical chaperone effect on human mutant -gal. The
luciferase activity in the medium faithfully mirrored in the B-gal
activity in cell lysates, indicating that our luciferase-tagged construct
can be a good tool for chaperone effect screening.

B-Gal gene mutations result in abnormal accumulation of various
substrates and different clinical phenotypes: Gyi-gangliosidosis and
Morquio B. Some mutant proteins are unstable at neutral pH in the
endoplasmic reticulum and the Golgi apparatus and are rapidly
degraded without appropriate or correct molecular folding [22,23].
Exogenously supplied chemical compounds that inhibit enzyme
activity in vitro bind to the enzyme intracellularly to form a complex,
and then stabilize the protein during transport to the lysosome. The
complex then dissociates under the acidic condition in the lysosome,
and the mutant enzyme remains stabilized and functional. These
inhibitor candidates can restore mutant lysosomal enzyme activity.

As a proof of this concept, NOEV has been shown to markedly
increase the mutant enzyme activities about one-third of the cultured
fibroblast strains from Gy;-gangliosidosis patients [11]. It was active
in cells mainly from juvenile form and some infantile form patients.
Several compounds have recently been identified as potential
chaperones for other lysosomal storage diseases [24,25]. Based on
the concept of chemical chaperone effects, most of the successful
chaperones were first identified as competitive inhibitors of their



