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Cyclodextrin -based host —guest chemistry has been exploited to facilitate co-crystallization of
recombinant human acid B-glucosidase (B-glucocerebrosidase, GlcCerase) with amphiphilic
bicyclic nojirimycin analogues of the sp2-iminosugar type. Attempts to co-crystallize GlcCerase
with 5-N,6-0-[N’-(n-octyl)iminomethylidene]nojirimycin (NOI-NJ) or with 5-N,6-S-[N’-(n-
octyl)iminomethylidene]-6-thionojirimycin (6S5-NOI-NJ), two potent inhibitors of the enzyme
with promising pharmacological chaperone activity for several Gaucher disease-associated
mutations, were unsuccessful probably due to the formation of aggregates that increase the
heterogeneity of the sample and affect nucleation and growth of crystals. Cyclomaltoheptaose
(B-cyclodextrin, BCD) efficiently captures NOI-NJ and 6S-NOI-NJ in aqueous media to form
inclusion complexes in which the lipophilic tail is accommodated in the hydrophobic cavity of
the cyclooligosaccharide. The dissociation constant of the complex of the amphiphilic sp2-
iminosugars with BCD is two orders of magnitude higher than that of the corresponding
complex with GlcCerase, allowing the efficient transfer of the inhibitor from the BCD cavity to
the GlcCerase active site. Enzyme —inhibitor complexes suitable for X-ray analysis were thus



grown in the presence of BCD. In contrast to what was previously observed for the complex of
GlcCerase  with the more basic derivative,  6-amino-6-deoxy-5-N,6-N-[N’-(n-
octyl)iminomethylidene]nojirimycin (6N-NOI-NJ), the B-anomers of both NOI-NJ and 6S-NOI-NJ
were seen in the active site, even though the a-anomer was exclusively detected both in
aqueous solution and in the corresponding BCD:sp2-iminosugar complexes. Our results further
suggest that cyclodextrin derivatives might serve as suitable delivery systems of amphiphilic
glycosidase inhibitors in a biomedical context.

Introduction

Acid B-glucosidase (B-glucocerebrosidase, GlcCerase; EC 3.2.1.45) is responsible for the
lysosomal hydrolysis of glucosylceramide (GlcCer), an intermediate in the catabolism of
glycosphingolipids .1 Mutations in the gene encoding for this enzyme result in Gaucher disease
(GD), the lysosomal storage disorder with the highest prevalence.2—4 Some mutations in
GlcCerase cause misfolding of the protein in the endoplasmic reticulum , and as a result, less
GlcCerase is transported to the lysosome leading to progressive accumulation of GlcCer,
particularly in  macrophages . The most common clinical manifestations are
hepatosplenomegaly, anemia, bone lesions, respiratory failure and, in the most severe cases,
central nervous system (CNS) dysfunction.5,6

The main treatment for Gaucher disease is enzyme replacement therapy (ERT), in which
defective GlcCerase is supplemented by exogenous enzyme , administered to patients
intravenously, usually every two weeks.7-10 Three sources of recombinant GlcCerase are
available, namely imiglucerase (Cerezyme®), a recombinant GlcCerase expressed in Chinese
hamster ovary (CHO) cells ,11 velaglucerase a (VPRIV®), produced in a human cell line using
gene -activation technologies,12 and taliglucerase a, a recombinant GlcCerase expressed in
transgenic carrot cells (prGCD).13

The iminosugar glycosidase inhibitor N-(n-butyl)-1-deoxynojirimycin (NB-DNJ; miglustat,
Zavesca™) is used in a second treatment modality known as substrate reduction therapy (SRT),
in which partial inhibition of glycosphingolipid biosynthesis results in decreased accumulation
of glycosphingolipids , including GlcCer.14—17 A third therapeutic paradigm has been recently
introduced, which advocates use of active site-directed competitive inhibitors to restore
enzyme activity in the lysosome , namely pharmacological chaperone therapy.18,19 This
counterintuitive strategy relies on the ability of such inhibitors to promote the correct folding
of mutant forms of lysosomal enzymes and to stabilize them, as they pass through the
secretory pathway.20-22 Based on this rationale, the 1-azasugar glycomimetic, isofagomine
(IF; Fig. 1) was considered a candidate for the treatment of type 1 (non-neuronopathic) GD,23—
25 although it was discarded after phase Il trials due to the absence of appreciable clinical
effects.26

Isofagomine is not specific for GlcCerase; furthermore, its high hydrophilicity may hinder its
movement across biological membranes . To overcome these problems, a battery of
amphiphilic glycomimetics,27—-31 as well as non-carbohydrate chaperones,32—-34 are currently
under preclinical investigation. However, simultaneous inhibition of acid a-glucosidase remains
a major problem for many of these compounds. This is the case, for instance, for the
iminosugar-type chaperone N-(n-nonyl)-1-deoxynojirimycin (NN-DNJ), which binds to
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lysosomal a- and B-glucosidases with a very similar potency.18 Recently, we developed a new
family of glycosidase inhibitors , namely sp2-iminosugars, in which the anomeric selectivity can
be finely tuned for a- or B-glycosidases by the incorporation of pseudoaglyconic substituents
onto a bicyclic nojirimycin skeleton.35—-38 Thus, the isourea, isothiourea and guanidine
derivatives, 5-N,6-O-[N’-(n-octyl)iminomethylidene]nojirimycin ~ (NOI-NJ),  5-N,6-S-[N’-(n-
octyl)iminomethylidene]-6-thionojirimycin (65-NOI-NJ) and 6-amino-6-deoxy-5-N,6-N-[N’-(n-
octyl)iminomethylidene]nojirimycin (6N-NOI-NJ), behaved as selective inhibitors of GlcCerase
among lysosomal glycosidases , and exhibited remarkable chaperone effects for several GD
mutations (Fig. 1).39 Their capacity to cross biological membranes , as well as the rescuing
mechanism, were confirmed by use of fluorescently labeled derivatives.40,41 A comparative
study of NOI-NJ, 65-NOI-NJ, 6N-NOI-NJ and NN-DNJ revealed further significant differences in
both their inhibitory and chaperone activities, with the sp2-iminosugars being more potent
chemical chaperones than NN-DNJ for mutations associated with neuronopathic forms of
GD.39 Correlation of the observed differences with structural information at the atomic level is
a prerequisite for improving molecular design so as to produce pharmacological chaperones
for GD that cope with individual mutations. In this context, a systematic study of the X-ray
structures of complexes of sp2-iminosugar with B-glucosidases, including human acid -
glucosidase, is currently underway.42—-44

The crystal structures of imiglucerase, 45 prGCD13,46 and velaglucerase a47 have been
determined, demonstrating that GlcCerase consists of a (B/a)8 (TIM) barrel containing the
catalytic residues , and two additional non-catalytic domains. A number of crystal structures of
complexes or conjugates of small molecules with GlcCerase have also been solved,48-51
including that of the NN-DNJ/prGCD complex.50 Initial attempts to obtain crystal complexes of
GlcCerase with amphiphilic sp2-iminosugars were hampered by difficulties in co-crystallization
due to aggregation of the amphiphiles . This difficulty was only overcome using the positively
charged guanidine derivative 6N-NOI-NJ.44 Crystallization of proteins in the presence of
amphiphiles is, in general, a serious methodological problem, since micelle formation increases
the heterogeneity of the sample, thus affecting both nucleation and crystal growth .52-54

Sequestration of amphiphilic molecules by exploiting host —guest chemistry with cyclodextrins
(CDs), cyclic oligosaccharides composed of a(1->4)-linked D-glucopyranosyl units, has already
been demonstrated to be a powerful tool for the crystallization of membrane proteins .55 We
speculated that using CD inclusion complexes of amphiphilic sp2-iminosugars would provide a
homogeneous crystallization environment in which transfer of the glycomimetic from the CD
cavity to the active site of GlcCerase might increase the accessible surface area of the protein
for crystal contacts. Here we demonstrate that the sequestration of NOI-NJ and 65-NOI-NJ by
cyclomaltoheptaose (BCD) provides a means of obtaining crystalline complexes of both these
sugars with prGCD, permitting subsequent resolution of their X-ray structures. The new crystal
structures are analyzed, and compared to those of the corresponding complexes with NN-DNJ
and 6N-NOI-NJ.

Results and discussion

Complexation of amphiphilic sp2-iminosugars by BCD



The rigid truncated cone shape of BCD creates a cavity inside the ring that binds hydrophobic
or amphiphilic guest molecules, but is unlikely to interact with hydrophobic patches of folded
proteins . To test whether crystallization of amphiphilic inhibitor :GlcCerase complexes could
be controlled by transfer of the inhibitor from a preformed complex with BCD, we first
characterized the effect of inclusion of the sp2-iminosugar in BCD on the homogeneity of the
samples as well as on the thermodynamics of the process. 0.1 M Aqueous solutions of NOI-NJ
and 6S-NOI-NJ were prepared as stock solutions. 10 mM Solutions prepared in 0.02% (w/v)
sodium azide/7% (v/v) ethanol/10 mM citric acid/sodium citrate buffer (pH 5.5), served as
standard solutions for screening of crystallization conditions. In both these solutions
aggregation was visually observed, but it disappeared upon addition of BCD, dramatically
improving the homogeneity of the samples.

1H NMR titration experiments performed in pure D20 at 298 K revealed significant changes in
the spectrum as the BCD concentration increased. The changes in chemical shift were
particularly pronounced for the pseudoanomeric H-1 proton of the bicyclic sp2-iminosugar
skeleton and for the methylene protons of the octyl chain (Fig. 2 and 3). These observations
are consistent with the formation of inclusion complexes in which the aliphatic chain is deeply
inserted into the BCD cavity, with the hydroxyl groups remaining in contact with bulk water.
The corresponding binding isotherms fitted well to a 1[thin space (1/6-em)]:[thin space (1/6-
em)]1 host [thin space (1/6-em)]:[thin space (1/6-em)]guest model (Fig. 2 and 3), with
association constants (Kas) of 4967 + 37 and 2113 + 24 M-1 for the NOI-NJ:BCD and 6S-NOI-
NJ:BCD complexes, respectively.

The measured Kas values imply that in equimolecular mixtures of the iminosugar and BCD at
10 mM, the concentration of free inhibitor is in the range 1-2 uM, well below the critical
aggregation concentration of [similar]50 uM. To ensure full complexation, a 50% molar excess
of cyclodextrin was used in the crystallization studies, meaning that the concentration of free
inhibitor in the solution would be [similar]1 nM.

prGCD inhibition profiling

The inhibition constants for inhibition of prGCD by NOI-NJ and 65-NOI-NJ were found to be
0.11 + 0.02 and 0.95 * 0.05 uM at pH 7.3, and 8.7 + 0.3 and 3.5 + 0.2 uM at pH 5.5,
respectively. Inhibition by both inhibitors was competitive. Less potent inhibition by sp2-
iminosugars at acidic rather than neutral pH was previously reported for other B-glucosidases,
including wild-type and mutant human GlcCerase. It has been argued that this lower potency is
partially responsible for their effectiveness in rescuing misfolded GlcCerase at the endoplasmic
reticulum , in facilitating trafficking of the enzyme to the Golgi apparatus, and in liberating the
enzyme within the lysosome in the presence of excess substrate.39,41 In any event, these
dissociation constants are approximately two orders of magnitude lower than the dissociation
constants for the respective complexes of the sp2-iminosugars with BCD. Since the kinetics of
interaction of the inhibitors with both BCD and with the enzyme are fast, as shown by the NMR
titration data and the competitive inhibition experiments, transfer of the amphiphilic inhibitor
from the BCD cavity to the active site of the enzyme should occur (Scheme 1) without
accumulation of a high concentration of free amphiphile , thus precluding aggregation that
might impede crystallization (Scheme 1). This assumption was further supported by prGCD



inhibition experiments using 1[thin space (1/6-em)]:[thin space (1/6-em)]1.5 mixtures of the
sp2-iminosugars and BCD. The Ki values thus obtained were not significantly different from
those obtained in the absence of BCD (not shown).

Structure determination and analysis of the crystal structures of the crystalline sp2-
iminosugar/prGCD complexes obtained in the presence of BCD

To validate the approach outlined above, crystallization of prGCD was attempted in the
presence of a 1[thin space (1/6-em)]:[thin space (1/6-em)]1.5 mixture of either NOI-NJ or 6S-
NOI-NJ and BCD under otherwise identical conditions to those previously used for
crystallization of the 6N-NOI-NJ/prGCD complex.44 Whereas no crystals could be obtained in
the absence of BCD, use of the molecular host allowed us to obtain diffracting crystals in both
cases. The enzyme :inhibitor complexes crystallized in the P21 space group (Table 1), with two
protein molecules in the asymmetric unit. The packing and unit cell dimensions were similar to
those reported for the crystal structure of 6N-NOI-NJ/prGCD (PDB code 2WCG).44

Superimposition of the structures of the new complexes (Fig. 4) on that of 6N-NOI-NJ/prGCD
revealed very small rmsds (Fig. 5), indicating that complexation did not generate any global
conformational changes in crystal structures. Difference maps revealed positive electron
density in the prGCD active site that could be fitted by the bound inhibitors . Although we
cannot rigorously exclude the possibility, it seems unlikely that the bicyclic polyhydroxylated
core of the sp2-iminosugars could bind to the active site while the hydrophobic chain, essential
for strong binding, remained enveloped by the hydrophilic and relatively bulky
cyclooligosaccharide. Indeed, no electron density could be assigned to BCD, confirming that it
was unlikely to have remained associated with the bound inhibitor in the inhibitor /enzyme
complex. We thus attribute the fact that diffracting crystals were obtained to the role of BCD
in preventing aggregate formation rather than to binding of an iminosugar/BCD complex to the
enzyme.

In the crystal structures of the two new complexes, the inhibitors were bound in the same
orientation, although slight differences in the conformations of their aliphatic moieties were
detected. In the case of the 65-NOI-NJ complex, the aliphatic tail of the inhibitor was seen in
only one of the two molecules in the asymmetric unit, and was therefore not modeled. In the
NOI-NJ/prGCD complex, the inhibitor could be modeled in a unique conformation in one
molecule, while in the other molecule of the asymmetric unit an electron density for the
aliphatic tail of the inhibitor was ambiguous. It showed possible alternative conformations;
therefore, only the first two carbon atoms of the octyl chain were modeled. As in previous
cases, we did not observe significant alterations in the structure of the protein due to binding
of the inhibitors .

The orientations of competitive inhibitors , such as NN-DNJ, are strongly dependent on the
hydrogen bond network within the GlcCerase active site.50 Like NN-DNJ, the non-anomeric
hydroxyl groups on the six-membered piperidine ring of NOI-NJ and 6S-NOI-NJ show
stereochemical similarity, in terms of their orientations, to the glucose moiety of GlcCer.
Superimposition of the corresponding structures reveals an almost total match in this region
(Fig. 5). As already mentioned, in both the NOI-NJ and the 65-NOI-NJ complexes, the electron
density of the aliphatic tails is not well defined. However, based on the orientation imposed by
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the rigid bicyclic core, and on comparison with the structures of complexes of the enzyme with
other amphiphilic inhibitors ,50 we infer that the aliphatic tail should be oriented towards the
entrance to the active site. This entrance is confined by three loops in GlcCerase,13,45-47 and
only one set of conformations of these loops has been observed so far in complexes with
competitive inhibitors .50,51

Superimposition of the X-ray structures of NOI-NJ:prGCD or 65-NOI-NJ:prGCD on that of 6N-
NOI-NJ:prGCD revealed analogous conformational features, with C-1 slightly above the plane
formed by C-2, C-3, C-5 and N-5 in a distorted 4E arrangement (Fig. 5). The scenario is similar
to that encountered for other reducing sp2-iminosugars having relatively flexible bicyclic
frameworks in solution,56 and also to that found43 for NOI-NJ, 6S-NOI-NJ and their analogues
with a D-galacto configuration in the active site of the B-glucosidase from Thermotoga
maritima (TmGH1),57 an enzyme belonging to family 1 and clan A, the same clan as human B-
glucocerebrosidase, according to the CaZy classification.58

An important structural difference between the 1-deoxyiminosugar, NN-DNJ, and the sp2-
iminosugars employed in this study is the presence in the latter of a pseudoanomeric hydroxyl
group . Almost exclusively the a-anomer is detected in aqueous solutions of the free inhibitors
(a[thin space (1/6-em)]:[thin space (1/6-em)]B ratio > 95[thin space (1/6-em)]:[thin space (1/6-
em)]5) as well as in the corresponding inclusion complexes with BCD, with the
pseudoanomeric OH group in axial orientation, as can be seen from the low coupling constant
values between protons H-1 and H-2 (J1,2 = 3.8-4.0 Hz) in the 1H NMR spectra . This situation
is in agreement with the strong contribution of orbital interactions involving the sp2-
hybridized bridgehead nitrogen atom to the generalized anomeric effect.35—38 However, in
the crystal structures of both the NOI-NJ complex and the 65-NOI-NJ complex, the B-anomer,
with the opposite configuration at C-1, was seen. This is in striking contrast to that previously
observed for the guanidine analogue 6N-NOI-NJ in the 6N-NOI-NJ:prGCD complex.44 In this
case the anomeric OH retains its original a-like configuration, but changes from the axial to the
equatorial disposition after distortion of the 4C1 ground state conformation of the six-
membered ring.

The inversion of the pseudoanomeric configuration of NOI-NJ and 6S-NOI-NJ on going from the
solution to the active site of GlcCerase is intriguing. It was previously assumed that B-
glucosidases could capture the “matching” B-anomer from an aqueous solution of the reducing
sp2-iminosugar, even if it was almost undetectable by NMR techniques in the unbound
state.43 Anomerization would then proceed through the open chain aldehydo form of the
inhibitor . However, it is very unlikely that this would occur in the BCD cavity. Taking into
account the detection limit of proton NMR , the ratio of a to B-anomer in the unbound state
must be at least 100[thin space (1/6-em)]:[thin space (1/6-em)]1, meaning that the
concentration of the latter would, at best, be in the pM range in the presence of a 50% excess
of BCD. Moreover, while sp2-iminosugar:BCD inclusion complex dissociation and binding of the
inhibitor to the enzyme have fast dynamics, anomerization of reducing sugars is typically a
relatively slow process. It is thus conceivable that epimerization may occur at the active site of
the enzyme , presumably through an azacarbenium-type intermediate (Scheme 2). After
distortion of the chair conformation of the piperidine ring, addition of a quasi-axially oriented



incoming water molecule is stereoelectronically favored. Formally, the process can be seen as
the glycosylation of a water molecule catalyzed by a B-glucosidase.

Irrespective of the mechanism, the data presented here emphasize that reducing sp2-
iminosugar glucomimetics can strongly bind to the active site of GlcCerase in either the a- or B-
anomeric configuration. The bicyclic structure is critical for the B-anomeric selectivity, but the
nature of the endocyclic non-bridgehead heteroatom at the five-membered ring is irrelevant
for binding (Fig. 6), suggesting that modification at this position might be useful in inhibitor
/chaperone optimization strategies.

Conclusions

Our data demonstrate that amphiphilic glycosidase inhibitors form inclusion complexes with
BCD from which the inhibitor can be transferred to the active site of the enzyme while
avoiding the formation of aggregates. The approach should not be limited to study of
complexes of sp2-iminosugars with GlcCerase. Various types of amphiphilic ligands bearing
alkyl chains or other hydrophobic moieties may be anticipated to form complexes with BCD
with association constants in the appropriate range for host —guest mediated crystallization of
the corresponding complexes with putative protein receptors and enzymes. Since CDs are
inexpensive and widely available, this strategy could be readily incorporated into crystallization
screenings involving amphiphilic compounds as ligands or inhibitors .

In this study, concentration-controlled delivery of the amphiphilic sp2-iminosugars, using BCD
as the host, led to nucleation and growth of crystals of the corresponding inhibitor /enzyme
complex. The anomeric configuration of the two glycomimetics was {3 in their complexes with
prGCD whereas it was almost exclusively a in the unbound state as well as in the inclusion
complex with BCD. Whether epimerization is driven by selection of the “matching” B-anomer
from the solution or occurs after initial binding of the “wrong” a-anomer, and involves a water
molecule in a glycosylation -like step, remains to be clarified. Nevertheless, the data presented
show that it is possible to design selective GlcCerase inhibitors with both matching and
mismatching chirality at the pseudoanomeric position. Our results further suggest that
cyclodextrin derivatives might serve as suitable delivery systems of amphiphilic glycosidase
inhibitors in a biomedical context.

Experimental section
Materials and methods

The amphiphilic sp2-iminosugars, NOI-NJ and 6S-NOI-NJ, were synthesized as previously
reported41,43 and their purity was established by spectroscopy and by combustion analysis.
Commercial B-cyclodextrin (Roquette), containing about 11 mol of water per mol of BCD, was
dried before use by heating at 80 °C under vacuum in the presence of P205 until constant
weight. For the crystallization experiments, homogeneous mixtures of the corresponding
iminosugar and BCD at a ratio of 1[thin space (1/6-em)]:[thin space (1/6-em)]1.5 were
obtained by freeze-drying water solutions of both components at this same molar ratio.
Purified prGCD was produced as described.46



NMR titration experiments

Association constants (Kas) were determined in D20 at 298 K by measuring the proton
chemical shift variations in the 1H NMR spectra (500 MHz) of solutions of the corresponding
iminosugar, in the presence of increasing amounts of BCD. In a typical titration experiment, a
solution of NOI-NJ (2.64 mM) or 65-NOI-NJ (2.41 mM) in D20 was prepared, a 500 pL aliquot
was transferred to a 5-mm NMR tube, and the initial NMR spectrum was recorded. A solution
(30.22—-33.48 mM) of BCD in the previous iminosugar solution (NOI-NJ at 2.64 mM or 65-NOI-
NJ at 2.41 mM in D20) was prepared in order to maintain the guest concentration constant
throughout the titration experiment. 10 pL aliquots of this solution were sequentially added to
the iminosugar solution and the corresponding NMR spectra recorded until 90-100%
complexation of the guest had been achieved. The chemical shifts of the diagnostic signals
obtained at 10-11 different host —guest concentration ratios were used in an iterative least-
squares fitting procedure.59

Crystallization and X-ray data collection

prGCD was diluted in crystallization buffer (10 mM citric acid/sodium citrate buffer , pH 5.5,
7% (v/v) ethanol and 0.02% (w/v) NaN3), washed three times, and concentrated to 4-5 mg
ml-1 employing a Centricon® device, using a filter with a cut-off size of 30 kDa. The
corresponding NOI-NJ/BCD or 6S-NOI-NJ/BCD complex, containing a 50% excess of BCD,
prepared as described above, was dissolved in water to yield a stock solution with a 0.1 M
concentration of the iminosugar, and subsequently added to prGCD to a final concentration of
10 mM. prGCD was co-crystallized with the inhibitors using the micro-batch technique under
Al's oil (1[thin space (1/6-em)]:[thin space (1/6-em)]1 v/v silicone and paraffin oils). The
protein , together with the inhibitor and crystallization solutions, was dispensed into
hydrophobic Vapor Batch crystallization plates under oil, such that the final solution of each
crystallization drop contained a 1[thin space (1/6-em)]:[thin space (1/6-em)]1 ratio of the
protein solution and of the crystallization solution. The crystallization solution contained 0.2 M
(NH4)2504, 0.1 M Tris pH 6.5, and 25% (w/v) PEG3350. Crystals were cryo-protected with a
mixture of 80% crystallization solution and 20% (v/v) ethylene glycol solutions prior to cryo-
cooling in liquid N2. Diffraction was measured on the 1D23eh1 and ID23eh2 beamlines at the
ESRF synchrotron (Grenoble, France). Images were indexed with the HKL2000 software
package and scaled with SCALEPACK.60 The structure was solved via the molecular
replacement method, using the crystal structure of prGCD13,46 (PDB code 2V3F) as a starting
model, and refined with Refmac561 (Table 1). Model manipulation and water editing were
performed using Coot graphics software.62 Images were created with PyMol (www.pymol.org)
and LIGPLOT.63 Structures and structure factors were deposited in the PDB (PDB codes 2XWD
and 2XWE).
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Figure captions

Figure 1. Chemical structures of isofagomine (IF), N-(n-nonyl)-1-deoxynojirimycin (NN-DNJ) and
the bicyclic nojirimycin derivatives NOI-NJ, 6S-NOI-NJ and 6N-NOI-NJ.

Figure 2. Stacked 1H NMR spectra (500 MHz, 298 K, D20; selected regions) of NOI-NJ (2.64
mM) obtained in the presence of increasing concentrations of BCD (upper panel). Titration
plots obtained from the corresponding changes in chemical shift (lower panel).

Figure 3. Stacked 1H NMR spectra (500 MHz, 298 K, D20; selected regions) of 65-NOI-NJ (2.41
mM) recorded in the presence of increasing concentrations of BCD (upper panel), and titration
plots obtained from the corresponding changes in chemical shift (lower panel).

Figure 4. Binding of 65-NOI-NJ (A) and NOI-NJ (B) in the prGCD active site. The aliphatic tail of
NOI-NJ in the crystal structure displayed several possible alternative conformations; therefore,
only the two first carbon atoms were modeled. The isothiourea derivative, 6S-NOI-NJ, is shown
in green, and the isourea analogue NOI-NJ, is in blue. Residues 341-349 (loop 1) are shown in
purple, residues 393-399 (loop 2) in cyan, and residues 312—319 (loop 3) in yellow. Active-site
residues within 4 A of the inhibitor are displayed as sticks.

Figure 5. Overlays of the active site regions of the crystal structures of the 65-NOI-NJ/prGCD
complex and the NOI-NJ/prGCD complex on that of the previously reported 6N-NOI-NJ/prGCD
complex. RMSD of 65-NOI-NJ/prGCD and 6N-NOI-NJ/prGCD = 0.23 A (A). RMSD of NOI-
NJ/prGCD (B) and 6N-NOI-NJ/prGCD = 0.16 A (B). 65-NOI-NJ is displayed in green, NOI-NJ in
blue, and 6N-NOI-NJ in yellow. Residues 341-349 (loop 1) are shown in purple, residues 393—
399 (loop 2) in cyan, and residues 312319 (loop 3) in yellow. Active-site residues within 4 A of
the inhibitors are displayed as sticks.

Figure 6. Hydrogen bonding of 65-NOI-NJ (A) and NOI-NJ (B) in the active site of prGCD. Color
coding for atoms: black-carbon, red-oxygen, blue-nitrogen , yellow-sulfur.
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Table 1 Data processing and refinement statistics for the complexes of 6S-NOI-NJ and

NOI-NJ with prGCD

| [6S-NOI-NJ INOI-NJ |
[ESRF beamline [ID23eh1 ID23eh2 |
Resolution, A 19.8-2.31 29.9-2.66 |

(2.37-2.31)¢ [(2.72-2.66)* |
[Space group P2. [ |
Unit cell parameters a=68.1A la=68.0A |

b=96.7A b=96.6 A |

c=83.0A lc=83.2A |

|a:y:90° Ha2y290° ‘

5 =102.9° Ip=103.7° |
R o9m (%) [15.0 (44.7): 117.5 (54.9): |
IMean I/a(1) 133.6 (9.6)¢ [12.2 (3.0)¢ |
ICompleteness (%) 196.5 (86.4): 199.7 (99.4): |
IRedundancy 7.2 (6.2)2 7.7 (6.3): |
INo. unique reflections 142 172 28 378 |
IR wore 115.0 [15.0 |
R fee 21.0 [21.9 |
IRMSD bonds (A) 0.022 0.016 |
IRMSD angles (°) 11.861 11.581 |
INo. of refined atoms: |
Protein 7803 7721 |
Carhohydrates RE IRE |
Solvent & ions 1483 1316 |
Ligands 139 148 |
IRamachandran outliers (%) 0.3 0.5 |
IPDB code [2XWE l2XWD |

@ Highest resolution shell.
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Figure 2
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Figure 4
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Figure 5
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Figure 6
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Scheme 1
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Scheme 1 Schematic representation of the dynamic processes in a solution containing the
amphiphilic sp2-iminosugars NOI-NJ or 6S-NOI-NJ, BCD and prGCD. The enzyme -bound
inhibitor is depicted in the B-configuration whereas the a-anomer is the only species detected
in the free iminosugar as well as in the corresponding BCD complex.
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Scheme 2
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Scheme 2 Possible mechanisms for the a-to-f anomerization reaction of the sp2-iminosugars
NOI-NJ and 65-NOI-NJ in the bulk aqueous medium (bottom) or in the active site of GlcCerase
(top).
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