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ABPs for a-L-iduronidase

ABSTRACT

Human o-L-iduronidase is a retaining exo-acting glycosidase responsible for catalyzing the
lysosomal turnover of glycosaminoglycans, and its hereditary deficiency undetlies the
lysosomal storage disorder mucopolysaccharidosis type I (MPS I). New covalent inhibitors and
ABPs of a-L-iduronidase has been synthesized based on the cyclophellitol scaffold, and these
were shown to react covalently and irreversibly in an activity-based manner with human
recombinant o-L-iduronidase (tIDUA, Aldurazyme®), albeit with a lower potency and slower
inhibitory kinetics compared to earlier generated ABPs towards other retaining glycosidases.
The structures of IDUA when complexed with the inhibitors in a noncovalent transition-state-
mimicking form and a covalent enzyme-bound form provide insights into its conformational
itinerary. Inhibitors 1-3 adopt a half-chair conformation in solution (*Hs and 3Hy), as predicted
by DFT calculations, which is different from the conformation of the Michaelis complex
observed by crystallographic studies. Consequently, 1-3 may need to overcome an energy
barrier in order to switch from the *Hs conformation to the transition state (>°B) binding
conformation before reacting and adopting a covalent >S; conformation, explaining their lower
potency and slower inhibitory kinetics. Nevertheless, tIDUA can be efficiently labeled with
fluorescent Cy5 ABP 2, which allows monitoring of the delivery of this therapeutic
recombinant enzyme to lysosomes, as is intended in enzyme replacement therapy for the

treatment of MPS I patients.
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CHAPTER 5

5.1 Introduction

uman o-L-iduronidase (IDUA), which belongs to the GH39 family in the

Carbohydrate Active EnZyme (CAZy) classification,! 2 hydrolyzes terminal non-

reducing o-L-iduronic acid residues in glycosaminoglycans (GAGs), including
dermatan sulfate (DS) and heparan sulfate (HS), through a two-step Koshland double-
displacement mechanism (Fig. 5.1A).>-¢ The active site of the enzyme contains a carboxylic
acid/catboxylate pair that acts as an acid/base (Glu188) and a nucleophilic (Glu299) catalyst.
Protonation of the exocyclic oxygen by the acid/base tesidue and concomitant nucleophilic
attack at the anomeric carbon by Glu299 leads to Sn2 displacement of the aglycon, yielding a
covalent enzyme—substrate complex with inversion of stereochemistry at the anomeric carbon.
In the next step, a water molecule enters the enzyme active site, where it is deprotonated by the
acid/base (Glu188) and then hydrolyzes the enzyme—substrate intermediate in a reversal of steps,
again with inversion of anomeric configuration. The conformational change of IDUA from
Michaelis complex to transition state (TS) and enzyme—inhibitor covalent complex has recently
been suggested to follow a 28y = 25B = 5S; itinerary.>7-8 This catalytic pathway was predicted
on the basis of the structures of Michaelis complexes with (2K, 3K, 4K, 55)-2-carboxy-3,4,5-
trihydroxypiperidine (IdoA-DNJ) and 5-fluoro-a-L-idopyranosyluronic acid fluoride (5F-IdoAF)
as reversible inhibitors and the 2-deoxy-2-fluoro-a-L-idopyranosyluronic acid (2F-IdoA)—

enzyme covalent complex intermediate.

Mutations in the gene encoding IDUA may result in mucopolysaccharidosis type I (MPS
I), which is a rare autosomal inherited recessive disease that leads to toxic accumulation of HS
and DS. MPS I is a devastating disease that affects around 1 in 100,000 individuals and is
classified as attenuated MPS I and more severe MPS T (traditionally categorized from less to
more severe form as Scheie, Hurler—Scheie, or Hutler disease) to distinguish between disease
severity and therapeutic options.® Children with severe MPS I are treated at a young age by
hematopoietic cell transplantation (HCT).® Enzyme replacement therapy (ERT) with
recombinant human o-L-iduronidase (tIDUA, Aldurazyme®) is considered as a treatment for

non-neurological manifestations of MPS 1.1 There is consensus among treating clinicians that
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ABPs for a-L-iduronidase

the impact of ERT with rfIDUA is greatest when the treatment is initiated early in the disease
progression. An obvious prerequisite for effectiveness is the successful targeting of infused
rIDUA to lysosomes in multiple cell types, and for this purpose a detailed understanding of
rIDUA targeting is still urgently needed. Besides MPS 1, lysosomal a-L-iduronidase is indirectly
involved in two other inherited lysosomal storage disorders, mucolipidosis II (ML II) and III
a/b. Here, a deficiency in the generation of mannose-6-phosphate (MG6P) moieties in N-linked
glycans of newly formed lysosomal enzymes impairs their correct routing to lysosomes and

therefore these, including a-L-iduronidase, are largely erroneously secreted.!!
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Figure 5.1. Reaction mechanisms and structures of compounds used in this chapter. A) Koshland
double-displacement mechanism employed by retaining a-L-iduronidase, showing the 2S, > 2°B 2 5S;
conformational reaction itinerary from the Michaelis complex, transition state 1, covalent substrate—
enzyme intermediate, and transition state 2, to the hydrolyzed product. B) Proposed inhibition mechanism
of aziridine-based inhibitor 1 and ABPs 2 and 3. C) Chemical structures of a-L-iduronic-configured
mechanism-based irreversible inhibitor 1 and ABPs 2 and 3, and the idose-configured compound 11 and
12 described in this work.

Herein, the characterization and application of new irreversible IDUA inhibitors and
activity-based probes (ABPs) bearing an a-L-iduronic configured cyclophellitol aziridine as an

electrophilic “warhead” is reported. Functionalization of the aziridine with a Cy5 fluorophore
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CHAPTER 5

(for gel and/or cell imaging) or biotin (for chemical proteomics studies) afforded valuable tools
(Fig. 5.1B, C) for the study of a-L-iduronidase 7z vitro and in situ, structural analysis, and for

monitoring tIDUA uptake and trafficking to lysosomes, as is revealed in this chapter.
5.2 Results
5.2.1 Synthesis of a-L-iduronic-configured inhibitors and ABPs

The synthetic strategy for compound 1, ABP 2 and ABP 3 (Fig. 5.1C) (Department of
Bio-organic Synthesis, Leiden University) is described in detail in section 4.81.2 in the Appendix.
Briefly, to obtain the desired a-L-iduronic-configured inhibitors and ABPs, the a-L-iduronic-
configured cyclohexene 8 was produced in three steps, followed by benzylation of free alcohol
and aziridination with 3-amino-2-(trifluoromethyl)quinazolin-4(3H)-one (CF;-Q-NHOAC),
following strategy described by Llebaria and coworkers!? and the Overkleeft group!? (Scheme
5.81). After removal of benzyl and CF3-Q groups, the obtained idose-configured aziridine 11
(Fig. 5.1C) was alkylated to afford the azide-containing compound 12 (Fig. 5.1C), which was
further oxidized at C-6 to afford the a-L-iduronic-configured cyclophellitol aziridine compound
1 (Fig. 5.1C). Finally, click reaction with a Cy5- or biotin-substituted alkyne on compound 1

afforded the desired ABP 2 or 3 (Fig. 5.1C).

5.2.2 In vitro inhibition and labeling of recombinant human a-L-iduronidase with compounds 1—

3

The #n vitro inhibition potencies of compounds 1-3 was examined by incubating them for
60 min at various inhibitor concentrations with human recombinant o-L-iduronidase (tIDUA,
Genzyme) at pH 4.5, followed by 30 min incubation with the fluorogenic substrate 4-
methylumbelliferyl-a-iduronide (4-MU-IdoA). The assay mixture was supplemented with BSA,
Triton X-100, NaCl, and chloride salt of divalent cations, by adapting methods described in
literatures' 15, which resulted in a 3.5-fold increase in rIDUA activity (Fig. 5.51). Compounds
1-3 inhibited rIDUA with apparent half-maximum inhibitory concentrations in the micromolar

range (Fig. 5.2). Intermediate 11 showed no activity (Fig. 5.2), in line with the role of the
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carboxylate group at C5 for IDUA binding in a positively charged enzymatic pocket formed by
the Arg363 and Lys264 side chains and the main-chain NH groups of Gly305 and Trp306.8
Surprisingly, alkyl aziridine 12 inhibited fIDUA on a par with compound 1-3 (Fig. 5.2),
suggesting that the carboxylate group may not be essential for binding if an N-alkyl group is
presented. These results are also in line with previous findings that N-alkyl aziridines display

improved binding potency towards glycosidases.!¢
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Figure 5.2. In vitro inhibition of recombinant a-L-iduronidase (riIDUA) by compounds 1-3, 11 and 12
at 1 hour incubation time. Compounds 1-3, 12 = triplicate sets of experiment, each with technical
triplicates; 11 = duplicate sets of experiment. Error range in inhibition curves = SD from technical triplicates.
Error range in ICs, values = SD from triplicate (or duplicate) experimental sets.

Cy5 ABP 2 labeled rIDUA in a concentration- and time-dependent manner, consistent
with the irreversible inhibition mechanism of these analogues, with optimal labeling at 50 pM
and about 120—180 min incubation, as visualized by SDS-PAGE (Fig. 5.3A). The optimum pH
for labeling with ABP 2 was determined as 4.5-5.0, consistent with the reported optimum pH

for enzymatic activity (Fig. 5.3B).2 The stability of the covalent enzyme—inhibitor complex was

162



CHAPTER 5

also tested, and it was observed that tIDUA remained inactivated for at least 100 h (Fig. 5.3C).

In addition, competitive activity-based protein profiling (ABPP) showed competition in a
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Figure 5.3. Labeling of rIDUA with ABPs 2. A) Cy5 ABP 2 labels rIDUA (10 ng) in a concentration-
dependent (left, at 4 h incubation time) and time-dependent (right, at 50 pM) manner. Labeling signals
were quantified (below each gel image) and fitted with a one-phase association equation. Dotted lines
represent 95 % CI. B) ABP 2 labels rIDUA in a pH-dependent manner. The quantified labeling signals
were compared to data obtained with 4-MU substrate assay (below; error range =SD from technical
triplicates). C) Irreversible inhibition of rIDUA by ABP 2. Error range = SD from technical triplicates. D)
ABP 2 labels rIDUA and negative controls: without rIDUA, without ABP 2 or with SDS (left panel),
competition with 4-MU-a-L-iduronide (middle panel) or 1 (right panel).
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concentration-dependent manner with 4-MU-IdoA as well as with inhibitor 1, illustrating the

applicability of this probe for the screening of new inhibitors (Fig. 5.3D).

Next, kinetic parameters for tIDUA labeling/inhibition by ABP 2 was determined. Due
to the fluorescent nature and the slow labeling on tIDUA by ABP 2 (Fig. 4.3A, right panel), it
was envisioned that kinetic parameters could be derived by monitoring the progress of rIDUA
labeling by ABP 2 at various concentrations (5-60 mm) and different incubation times (30—150
min) using an SDS-PAGE-based ABPP method. This would simplify the derivatization of
kinetic parameters commonly applied for irreversible inhibitors (see Expetimental procedures
5.4.9 for more detailed explanation). Indeed, when labeling of tfIDUA by ABP 2 (Fig. 5.52) was
quantified (Fig. 5.4A), the initial binding constant (Ki) and an inactivation rate constant (Kinact)

could be determined (Fig. 5.4B). The calculated £inac:/ Ki value was 1.38 x 104 pM-! min!,
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Figure 5.4. Kinetic parameters for ABP 2 towards rIDUA. A) Percentages of rIDUA labeling at different
time points and at different concentrations of ABP 2. Data were quantified from three sets of fluorescent
gels containing rIDUA labeled with ABP 2 under the depicted conditions to derive a rate constant k for
each ABP 2 concentration. B) Left, k vs. [inhibitor] plot. Data were curve-fitted with the Michaelis—Menten
equation to obtain kinetic parameters. Right, calculated kinetic parameters for ABP 2 labeling of rIDUA.
Error range = SD from the three sets.
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showing this compound to be a less potent inactivator than other ABPs for related glycosidases,

such as B-glucuronidases'®, 8-glucosidases!” 18, a-glucosidases!®, and a-galactosidase?.

To further demonstrate the covalent binding to the catalytically active amino acid,
biotinylated ABP 3 was incubated with rIDUA, and peptide mass fingerprinting-based
proteomic was utilized to detect for the presence of ABP 3 on the active site peptide of rIDUA.
After ABP incubation, rIDUA was denatured and digested by chymotrypsin, and the resulting
ABP 3-labeled peptides were affinity-entiched and analyzed by nanoscale liquid chromatography
coupled with tandem mass spectrometry (nano-LC-MS/MS). A fragment of the IDUA
nucleophile (Glu299) covalently attached to ABP 3 was detected by MS/MS fragmentation of
the 7-amino-acid peptide containing the nucleophilic residue (Fig. 5.5, 5.83 and 5.54).
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Figure 5.5. Proteomic detection of ABP 3-labeled rIDUA peptides. MS/MS pattern of a sample
containing rIDUA Asn297-Leu303 active site peptide labeled with biotin ABP 3 at Glu299 is shown, and
peaks corresponding to the detected fragments are annotated. Actx = active site peptide.

5.2.3 Activity-based protein profiling of IDUA in homogenates of fibroblasts

It was attempted to use ABP 2 to visualize endogenous IDUA in lysates of cultured

normal human dermal fibroblasts (NHDF) and concentrated human urine, with and without
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pre-purification by concanavalin A beads. Unfortunately, no clear labeling on rIDUA was
observed with ABP 2 at 1-10 uM concentration, and many non-specific bands were detected at
higher concentrations, that could not be competed by inhibitor 1 nor ABP 3 (data not shown).
To investigate whether the lack of specific IDUA labeling in NHDF lysates is due to low enzyme
amount, the specific glycosidase activity and ABP labeling of IDUA vs. B-glucocerebrosidase
(GBA) with those of the corresponding Cy5 ABPs (2 vs. ABP JJB367%!") was compared in
recombinant enzymes and NHDF lysates. It was observed that while it is theoretically possible
to detect IDUA in fibroblast lysates (calculated amount of IDUA in lysates was only 1.5 lower
than that of GBA in the same lysates), its detection in NHDF lysates is still challenging due to
nonspecific labeling of other proteins at the required concentration of ABP 2 (25-50 mm) (Fig.

5.6). On the other hand, measurement of ABP 2’s inhibition on IDUA in NHDF lysates showed
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Figure 5.6. Detection of endogenous IDUA in human fibroblasts (NHDF) lysates. A) Comparing
endogenous enzyme amount in human fibroblasts (NHDF) lysates for IDUA vs glucocerebrosidase (GBA),
by comparing measured specific activity presented in lysates vs from known amount of rIDUA or rGBA
with 4-methylumbelliferyl-glycoside substrates. B) Comparing ABP labeling of known amounts of rGBA
and rIDUA vs ABP labeling in NHDF lysates. *10 pg protein was loaded.
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an apparent ICso value of 23.5 pM (Fig. 5.85), comparable to the value towards rIDUA.
Therefore, it was concluded that direct detection of IDUA in biological samples by ABP 2 via
SDS-PAGE is not feasible due to a combination of this compound’s moderate activity and a
lack of relative substrate specificity. Future optimization of enrichment method for endogenous

IDUA is warranted for its eventual application in diagnostic purposes.
5.2.4 Conformations of a-L-ido-aziridine 11 and a-L-idoA-aziridine by DFT calculations

The conformational preferences of a-L-ido-azitidine 11 and a-L-idoA methylated aziridine
was studied (Department of Bio-organic Synthesis, Leiden University), as simplified
representations of inhibitors 1-3, in order to elucidate the involvement of conformation on
inhibitor potency and binding kinetics. A conformer distribution search in Spartan 14?2 and
further optimization with Gaussian 092 by utilizing B3LYP/6-311G(d, p)/PCMH:0) (for
details, see section 5.83 in the Appendix) showed that the *H3 conformation of a-L-ido-aziridine
11 is greatly favored, with variations in the geometry about the C5-C7 bond (Table 5.S2).
Conversely, a-L-idoA-aziridine showed both “Hs and 3Hj4 (the latter 1.4 kcal mol! higher in
energy) as relevant conformations. Interestingly, the 2B boat conformation was also found as a
relevant geometry for a-L-idoA-aziridine, albeit with an energetic cost of 8.0 kcal mol-. In
addition, coupling constants (J) were calculated for the lowest-energy conformations, and these

were in excellent agreement with experimental NMR data (Table 5.S3, 5.54).
5.2.5 Structural analysis of IDUA interactions with inhibitors 1-3

In order to study the mechanism of action of inhibitors 1-3, their conformations upon
binding to IDUA were analyzed by crystallographic studies by collaboration with the Gloster
group (University of St Andrews). Compounds were applied in solution for various durations to
ralDUA crystals {IDUA recombinantly expressed in the seeds of a cgl (complex glycan deficient)
mutant of Arabidopsis thaliana). Data were collected from a crystal soaked with ABP 1 for 24 h
to 2.02 A resolution (Table 5.81), which revealed the structure of ralDUA in a covalent complex
with 1 (Fig. 5.7A). The aziridine nitrogen is displaced by nucleophilic attack of the active site

carboxylate to form a trans-2-amino ester (with the rest of the R group not visible in the electron

167



ABPs for a-L-iduronidase

density, presumably disordered due to its inherent flexibility; this region of the structure is
exposed to the solvent). Interestingly, the pseudo-glycoside was observed in a °S; skew-boat
conformation, which differs slightly from the distorted >°B boat conformation reported for the

previously described irreversible inhibitor 2-deoxy-2-fluoro-a-IL-ido-pyranosyluronic acid
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Figure 5.7. Structural insights into ralDUA complexed with ABPs. A) Structure of raIDUA complexed
with a fragment of compound 1, which is covalently linked to the nucleophile Glu299. The maximum
likelihood/sa weighted 2Fq,s—Fcaic €lectron density map (gray) is contoured at 1.2 sigma. B) Structure of
ralDUA covalently complexed with a fragment of compound 1, illustrating the active site residues that
interact with the pseudo-glycoside. C) Structure of raIDUA complexed with a fragment of ABP 3. The
nucleophile Glu299 is shown. The maximum likelihood/s, weighted 2Fq,s—Faic €lectron density map (gray)
is contoured at 1.0 sigma. D) Structure of raIDUA complexed with a fragment of ABP 3, illustrating the
active site residues that interact with the pseudo-glycoside. E) Superposition of ralDUA covalently
complexed with fragments of compound 1 (green) and 2F-IdoA (pink; PDB code 4KH28). F) Superposition
(based on alignment of protein main-chain atoms) of ralDUA complexed with a fragment of compound 1
(covalent, green) and a fragment of ABP 3 (transition state, cyan). G) Superposition (based on alignment
of C3 and C4 atoms of each molecule) of raIDUA complexed with a fragment of compound 1 (covalent,
green), a fragment of ABP 3 (transition state, cyan), and IdoA-DNJ (Michaelis complex, yellow; PDB code
4KGL).8
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(2F-IdoA) covalently bound to IDUA.8 The observed >S; conformation of the covalent inhibitor
l-enzyme complex supports predictions for the conformational itinerary followed by a-1-
iduronidase GH39 (Fig. 5.1A).7 The carboxylate group of the pseudo-iduronic acid forms
bidentate hydrogen bonds with the main-chain nitrogen atoms of Gly305 and Trp306, the C4
hydroxyl group forms hydrogen bonds with Arg363 and Asp349, the C3 hydroxyl group interacts
with Asp349 and a water molecule, and the C2 hydroxyl group forms hydrogen bonds with
Asnl181 and the nucleophile Glu299 (Fig. 5.7B). In the covalent complex between IDUA and
2F-1doA, the nucleophile Glu299 is rotated by around 90 °C compared to the position observed
in the complex here with the fragment of 1% and the fluoro group at C2 may preclude an
interaction with Oe2 of Glu299, causing it to rotate. However, the inhibitor 1-IDUA complex
presented here, bearing a hydroxyl group at C2 and showing an interaction with Glu299, is more

likely to represent what occurs during catalysis (Fig. 5.7E).

In an attempt to fully define the conformational inhibition of compounds 1-3, ral DUA
crystals were soaked with the ABPs for shorter durations. Data collected to 2.39 A resolution
(Table 5.81) on a crystal soaked with ABP 3 for 45 min revealed electron density in the active
site of ralDUA consistent with the unreacted cyclophellitol aziridine 3 (Fig. 5.7C). A methyl
group on the cyclophellitol aziridine was visible, but the rest of the R group was not evident and
presumably disordered. Interestingly, the pseudo-glycoside was observed in a > 3B conformation,
which is the predicted transition state for GH39 o-L-iduronisase.” The majority of the
interactions with active-site residues were the same as those described for the covalent complex
with ralDUA (Fig. 5.7D), although a shift in position of the glycoside indicated that the
carboxylate group additionally interacted with Lys264. The hydroxyl group at C2 forms a
hydrogen bond with the nucleophile Oe2 of Glu299, but at a surprisingly short distance of 2.4
A, suggesting a tight interaction. This close proximity results in a distance between the pseudo-
anomeric carbon and Oel of only 2.9 A. These tight interactions, together with the2 °B
conformation of the pseudo-glycoside, suggest that the pseudo-glycoside at the transition state
was being observed; such structural observations are rare using wild-type enzymes, but here it

was possible due to the slow inactivation kinetics of 3. The importance of the interaction
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between the glycoside and the C2 hydroxyl group supports work by others;?» 2> indeed,
interactions at the 2-position were estimated to contribute 18 k] mol! binding energy to
stabilization of the transition state for a B-glucosidase during the glycosylation step of the
catalysis.>* Based on this work, it was postulated that a hydrogen bond formed between the C2
hydroxyl group and the nucleophile would be optimal at the transition state, as the two groups

come into close proximity during formation of the covalent glycosyl—enzyme bond.?*

Superimposition of the main chain atoms for the two complexes revealed a shift in the
position of the cyclophellitol aziridine to accommodate formation of the covalent bond (Fig.
5.7F). This engendered movement of between 0.2 and 0.4 A at C5,C4and C3,0.5 A at C2, 0.6
A at the carbon at the position of the endocyclic oxygen, and 1.1 A at the pseudo-anomeric
carbon. These structures, together with the previously reported structure of IDUA in complex
with the inhibitor IdoA-DNJ, in which the pseudo-glycoside was observed in a 25y conformation
(predicted Michaelis complex conformation), allows the full conformational itinerary for IDUA
to be structurally defined. The structures of IDUA with IdoADN]J (Michaelis complex) and 3
(transition state complex) and the fragment of compound 1 (covalent complex) were overlapped
at the C3 and C4 atoms (Fig. 5.7G). This clearly shows the electrophilic migration from the
Michaelis complex in a 25y conformation, through the transition state in a 25B conformation, to
the covalent intermediate in a 551 conformation. At the pseudo-anomeric carbon, there is a
displacement of 0.74 A from the Michaelis complex to the covalent intermediate. This is
accompanied by a small (0.23 A) movement at C2, but larger movement at C5 (0.72 A) and the
atom at the position of the endocyclic oxygen (0.70 A), presumably to bring about the required

migration at the anomeric position.
5.2.6 Visualizing rIDUA uptake in normal and patient cells

Finally, the question whether ABP 2 could be used to study rIDUA cellular uptake and
lysosomal internalization was investigated. The majority of therapeutic glycosidases are amended
with mannose 6-phosphate (MGP) residues for their recognition by M6P receptors (MPRs) on

the plasma membrane and consequent transport to the lysosomes. In order to track the rIDUA
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within cells, NHDF and fibroblasts of MPS I and ML II patients were fed with pre-labeled
rIDUA-ABP 2, and after fixation, cells were analyzed by confocal fluorescence microscopy. After
16 h incubation, punctate fluorescence structures were observed, which colocalized with the
signals from the antibody-labeled lysosomal-associated membrane protein 1 (LAMP1),
indicating lysosomal uptake of labeled rfIDUA by all analyzed fibroblast models (Fig. 5.8A). The
fluorescence from labeled rIDUA was absent in cells without the addition of fIDUA, as well as
cells pre-incubated with MGP, which blocks MGP receptors (Fig. 5.8A). This finding was
recapitulated in a parallel experiment, in which identically treated cells were lysed and detected
for Cy5 fluorescence by SDS-PAGE and fluorescent scanning, revealing that only cells treated
with ABP 2-labeled rIDUA and without M6OP pre-incubation contained bands corresponding to
rIDUA (Fig. 5.8B). Interestingly, two extra bands that were smaller than the original rIDUA (85
kDa) were observed in the NHDF lysates, whereas only one band of 74 kDa and one band of
85 kDa was observed in lysates of MPS I or ML 1I fibroblasts, respectively. The 74 kDa and
lower molecular bands were possibly tIDUA processed in the lysosomes of NHDFE,?¢ and this
difference in labeling patterns could therefore indicate difference in the lysosomal function or
endosomal uptake between normal and patient cells. Altogether, these results clearly
demonstrated that rIDUA lysosomal uptake is mediated by MPRs, in agreement with earlier
literature,”” and that ABP 2 can be used to study the trafficking, localization, and lysosomal

processing of rIDUA within cells derived from MPSI and MLII patients.
5.3 Discussion

In this chapter, the characterization and application of newly synthesized a-L-iduronidase
inhibitors and ABPs were discussed. a-L-ido-configured cyclophellitol aziridine was synthesized
as a key intermediate for generation of the first a-L-iduronidase ABPs. The a-L-ido-configured
cyclohexene 8 could be an interesting starting point for the development of new IDUA
inhibitors or chaperones. With the inhibitors described herein, ABPP studies on tfIDUA has been
conducted, showing that ABP 2 irreversibly labels rIDUA in a concentration- and time-
dependent manner, with optimum labeling at pH 4.5-5.0. The covalent rIDUA inhibition has

been further demonstrated by nano-LC-MS/MS, detecting a 7-amino-acid peptide fragment of
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Figure 5.8. rIDUA visualization in human fibroblasts by confocal fluorescence microscopy and
SDS-PAGE. A) From top to bottom: NHDF, human normal dermal fibroblasts; MPS |, patient fibroblasts
with mucopolysaccharidosis type |, and ML Il, patient fibroblasts with mucolipidosis type Il. From left to
right: cells were incubated without (Ctrl) or with ABP 2-prelabeled rIDUA (+rIDUA, with successive
zoomed-in images from areas within the indicated white squares), or pre-treated with man-nose-6-
phosphate prior to rIDUA incubation (+M6P +rIDUA). Color legend: nuclei were stained with DAPI (blue),
lysosomes with immunostaining of lysosomal-associated membrane protein 1 (LAMP1) (green), and
rIDUA was labeled with ABP 2 (red). Scale bar =25 mm. B) Lysates of cells with identical treatment,
detected for Cy5 fluorescence by fluorescent scanning on the wet slab gel, after samples were resolved
by SDS-PAGE (left panel) The same gel was stained for Coomassie Brilliant Blue (CBB) for analysis of
protein loading amount (right panel).

rIDUA containing the nucleophilic residue bound to ABP 3.

It was found that the a-L-iduronidase inhibitors and ABPs exhibited much lower inhibitory
potency and slower binding kinetics compared to earlier generated cyclophellitol aziridines

conformers, such as the B-gluco-aziridine ABP JJB367 for GBA?. This was explained by DFT
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calculations, which showed that inhibitors 1-3 adopt mainly a half-chair conformation (*H; and
3Hy) in solution, with the 2 5B conformation also as relevant geometry at an extra cost of 8.0
kcal mol!. Furthermore, crystallographic studies showed that compounds 1-3 bind IDUA in a
% 5B boat conformation in the Michaelis complex. As a consequence, the half-chair
conformations (“Hs and *Hy) of inhibitors 1-3, as predicted by DFT calculations, differ from
any of the reaction itinerary conformations of a-L-iduronidase depicted in Fig. 5.1A, and thus
inhibitors 1-3 may need to overcome this 8.0 kcal mol! energetic barrier to adopt the Michaelis
complex transition state (>°B) conformation. Therefore, it is likely that the lower potency and
slower inhibition kinetics of a-L-idoA-aziridine analogues on rIDUA is a manifestation of this

energetic barrier.

Structural evidence for covalent addition of the ABPs to the nucleophilic residue of
ralDUA was also provided by crystallographic studies. In the process, the conformation of the
cyclophellitol aziridine at the transition state and in the covalent intermediate was defined, which
supports eatlier predictions concerning the conformational itinerary followed by a-L-
iduronidase.” The insights gained through these studies should help in the design of closer
conformational % 3B analogues by the use of different electrophilic traps or reactive species for
the generation of improved inhibitors or molecular chaperones, with the end goal being the

future provision of improved therapies for MPS I patients.

IDUA labeling with ABP 2 in complex biological samples—such as cell lysates, was not
successful due to lower potency and lack of relative selectivity of this analogue at the applied
concentration (low puM) compared with previously reported glycosidase probes. Future
optimization on ABP labeling conditions and IDUA purification procedures from the desired
sample are warranted, in order to utilize the ABPs for studying endogenous IDUA from clinical
or laboratory samples. On the other hand, it was demonstrated that ABP 2 can be used to study
the localization and trafficking of therapeutic tIDUA within cultured cells. It was shown that
the rIDUA—ABP 2 complex is recognized by MPRs and internalized in lysosomes, and possibly

processed differently between normal and patient fibroblasts.
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5.4 Experimental procedures

5.4.1 Materials

Recombinant human iduronidase (tIDUA) was obtained from Genzyme (Aldurazyme®).
Normal human dermal fibroblasts (NHDF) were obtained from Lonza. Human patient
fibroblasts (MPS-I and ML-IT) were obtained with consent from donors from the Academic
Medical Center in Amsterdam, the Netherlands. 4-methylumbelliferyl a-L-iduronide (4-MU-o-1-
IdoA) was purchased from Glycosynth. Pierce™ Bicinchoninic acid (BCA) protein assay kit and
Pierce™ Polyacrylamide Spin Desalting Columns 7K MWCO was acquired from Thermo Fisher

Scientific. All other chemicals were obtained from commercial sources.
5.4.2 Cell cultute and lysate preparation

Fibroblasts were cultured in Dulbeccos modified Eagle’s medium: Nutrient Mixture F-12
(DMEM/F-12, Invitrogen), containing 10 % (v/v) heat-inactivated fetal calf serum, 200 ng/mL
penicillin, 200 pg/mL streptomycin, at 37 °C and 5 % CO,. Confluent Fibroblasts were
subcultured at a ratio of 1:4 each week. To prepare lysates, cells were washed three times with
phosphate-buffered saline (PBS), detached by scraping in the presence of ice-cold lysis buffer
(25 mM K;HPO4/KH>PO4 pH 6.5, supplemented with 0.1 % (v/v) Triton X-100 and protease
inhibitor cocktail tablet (Roche ,version 12)), and collected in Eppendorf tubes. The collected
suspension was vortexed vigorously, incubated on ice for 1 h, freeze-thawed once using liquid

nitrogen, and stored at —80 °C. Concentration of lysates was determined using BCA kit.
5.4.3 Iduronidase activity assay using 4-MU-a-L-IdoA as substrate

Samples containing enzyme wete diluted in assay buffer (150 mM citrate/Na,HPOy4, pH 4.5,
supplemented with 0.1 % (v/v) Triton X-100, 0.15 M NaCl, 33 mM CaCly, 33 mM MgCl), and
load onto a black flat-bottom 96-well plate (Greiner) in triplicates of 25 pL. per well. Negative
controls (blank) were prepared by substituting enzyme samples with buffer. For reaction,
samples were added with 25 ul. of 360 uM 4-MU-o-L-IdoA? (prepared in assay buffer
supplemented with 0.1 % (w/v) bovine serum albumin (BSA)), and incubated at 37 °C for 30
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min to 4h. Reaction was stopped by adding 200 uL. 1 M Glycine-NaOH (pH 10.3), and
fluorescence was measured using a 1.S-55 fluorometer (PerkinElmer) at Aex = 366 nm and Aem =

445 nm.

5.4.4 Apparent ICso values of inhibitors and ABPs on recombinant human iduronidase and

cell lysates

Inhibitors and ABPs were diluted at various concentrations in 12.5 pL assay buffer and incubated
with 12.5 puL rIDUA (5.8 ng, or 70 fmol) or fibroblast lysates (50 ug protein), both diluted in
assay buffer, at 37°C for 1 h (tIDUA) or 4 h (fibroblasts lysates), at 1 % (v/v) DMSO
concentration. This was followed by iduronidase activity assay (30 min incubation time)
described in the previous section. The detected 4-MU fluorescence at each concentration for
each compound were normalized to the fluorescence from the control sample without inhibitor,
and data were fitted with [inhibitor] »s response — variable slope (four parameters) function in

GraphPad Prism 7.0 softwate to obtain apparent ICsg values.
5.4.5 Labeling and SDS-PAGE of recombinant human iduronidase

To prepare for labeling, tfIDUA stock (0.58 pg/uL in PBS) was diluted with assay buffer to final
concentration of 10 ng (120 fmol) in 14 pL assay buffer, if not otherwise specified. ABP 2 stock
(15 mM in DMSO) was diluted subsequently with DMSO and then assay buffer, to 8x of
intended assay concentration obtaining 4 % (v/v) DMSO. For labeling, 2 uL. of ABP 2 dilution
was incubated with 14 uL enzyme dilution at 37 °C for the intended time petiods. Labeling was
terminated by denaturing samples with 4 uL. sample buffer (5x Laemmli buffer, containing 0.3
M Tris-HCI pH 6.8, 50 % (v/v) 100 % glycerol, 8 % (w/v) dithiothreitol (DTT), 10 % (w/v)
sodium dodecyl sulfate (SDS), 0.01 % (w/v) bromophenol blue) and heated at 98 °C for 5
minutes. SDS-PAGE and fluorescence detection procedures followed the previously described

methods.?!
5.4.6 Labeling of recombinant human iduronidase at different pH

Assay buffers with pH 2.5-8.0 were used to dilute rfIDUA and ABP 2. The experiment was
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performed with 10 ng rfIDUA at 10 uM ABP 2 (assay concentration) in 16 uL. volume and 1 h

incubation time, followed by denaturation, SDS-PAGE, and fluorescence scan.
5.4.7 Reversibility of labeling of ABP 2 on recombinant human iduronidase

5 pL tIDUA stock (0.58 pg/pL in PBS) was diluted with 20 uL assay buffer without Triton X-
100, and incubated with either 25 pl. ABP 2 (150 uM and 1 % (v/v) DMSO) or 25 ul. assay
buffer containing 0.1 % (w/v) DMSO for 1 h at 37 °C. Thereafter, 45 uL of sample was passed
through a desalting column, and diluted with 216 pL assay buffer (with Triton X-100) to a final
enzyme concentration of 1 ng/uL. For assessing the teversibility of labeling/inactivation of
ABP 2 on rIDUA, both samples were kept at 4 °C until subjecting to iduronidase activity assay
using 4-MU-a-IdoA at the following time points after desalting: 0.5, 28, and 100 h. Iduronidase

activity assay was performed with 1 ul. sample in triplicates, and assay buffer was used as blank.
5.4.8 Competitive ABPP experiments

For the competitive ABPP (cABPP) experiment using 4-MU-a-IdoA as an active-site directed
inhibitor, 10 ng rIDUA, or no-enzyme blank (PBS), was prepared in 7 pl. assay buffer (pH 4.5).
This was pre-incubated with 7 pL assay buffer containing 4-MU-a-IdoA (0.2 -20 mM) on ice for
5 min, then incubated with 1 uL. ABP 2 (750 uM, 8 % (v/v) in assay buffer) or DMSO control
(8 % (v/v) in assay buffer) at 37 °C for 2 h. In the same expetiment, 7 pL. SDS (4 % (w/v)) was
added to the 7 puL. enzyme, pre-incubated at 98 °C for 2 min, and incubated with ABP 2 at 37 °C
for 2 h. For the cABPP experiment with compound 1, 10 ng rIDUA was prepared in 12 uL. assay
buffer, pre-incubated with 2 pl. compound 1 (2.8 mM — 70 uM, 18.6% DMSO in assay buffer)
at 37 °C for 2 h, then incubated with 2 uL. ABP 2 (100 pM, 4 % DMSO in assay buffer) at 37 °C

for 2 h. Samples were then denatured, and subjected to SDS-PAGE and fluorescence scan.
5.4.9 Kinetic parameters of ABP 2

The kinetic parameters of ABP 2 for rIDUA was determined by an SDS-PAGE-based assay, in
which the intensity of fluorescent signal from ABP 2-labeled rIDUA on the wet slab gel is

proportional to the extent of tIDUA inactivation, which was normalized to the signal from a
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control group with saturate labeled rIDUA. rfIDUA was labeled with ABP 2 for different time
periods and at different ABP 2 concentrations (which were >> enzyme concentration), and the
kinetic parameters £, (pseudo first-order inactivation rate constant) and K (inhibition constant)
were obtained using non-linear curve fitting, To perform the experiment, three sets of rIDUA
were diluted in series of 1.5 mL Eppendorf tubes to 10 ng (120 fmol) per 14 ulL, and labeled
with 2 ul. ABP 2 (diluted in DMSO and assay buffer to various concentrations and [DMSO)]
fixed at 8 % (v/v)) for 30, 60, 90, 120, or 150 min. Concentrations in assay were 5 uM, 10 uM,
20 uM, 30 uM, 40 puM, 50 puM, or 60 uM for ABP 2, 7.5 nM for rIDUA, and 1 % (v/v) for
DMSO. Reaction was terminated by incubating samples with sample buffer at 98°C for 5 min.
Samples were subjected to SDS-PAGE and fluorescence scan, and Cy5 fluorescence from the
ABP 2-labeled rIDUA was quantified using ImageQuant software (GE Healthcare). The
incubation condition for maximum labeling (complete inactivation) on rIDUA for ABP 2 was
determined to be 60 uM and 150 min, and a control sample with this condition was loaded on
every gel to allow normalization of signals form samples in the same gel. After normalization,
the value at each ABP 2 concentration were plotted in a time »s % labeling (inactivation) graph,
and the plotted data were fitted with one-phase exponential association function to obtain the
rate constant £ at each ABP 2 concentration. Finally, in a second plot the obtained £ values were
plotted against ABP 2 concentrations, and the data were fitted with a Michaelis-Menten equation
to obtain .. and Ki values for ABP 2 on rIDUA for each set (# = 3). All non-linear cutve-

fitting was performed using GraphPad Prism 7.0 software.
5.4.10 LC-MS/MS identification of fIDUA active site peptide

A total of 10 pg rIDUA was diluted in assay buffer and incubated with either 75 uM ABP 3 or
DMSO (negative control) for 1 h at 37 °C in 100 uL volume ([DMSO] = 0.5 % (v/v)). The
samples were then added with 100 pg BSA (100 pL), and followed by chloroform/methanol
precipitation and reduction/alkylation procedutes desctibed previously.?” Consequently, the
samples were dissolved in 2 % (w/v) SDS and diluted with 50 mM Ttis-HCl (pH 7.8) to a final
SDS concentration of 0.05 % (w/v). The samples were then concentrated with size exclusion

columns (Amicon 10 k) to a volume of 74 pL, and digested O/N at 25 °C with 1.1 pg
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Chymotrypsin (Promega) in the presence of 10 mM CaCl,. Digested peptides were pulled-down
using 50 pl. of Streptavidin paramagnetic beads (MyOne T1, ThermoFisher) in 1 mL of pull-
down buffer (50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 0.5 % (w/v) SDS) for 1 h at RT under
vigorous shaking, The beads were washed stringently following previously described
procedures? and eluted with 100 puL of elution buffer (25 % (v/v) acetonittile, 5 % (v/v) formic
acid, 70 H2O, 10 uM biotin) for 30 min at 37°C. Afterwards, acetonitrile in the supernatant were
evaporated using a Speedvac at 45°C, and this was followed by desalting using StageTips. The
eluate was evaporated and reconstituted in 20 ul. of LC-MS sample solution (95: 3: 0.1, H>O:
acetonittile: formic acid) for LC-MS/MS analysis. Peptide samples were analyzed with a two-
hour gradient of 5 % to 25 % acetonitrile on nano-LC, hyphenated to an LT'Q Orbitrap and
identified by manual seatch for the theoretical m/z values of the active site peptide and its

MS/MS fragments labeled with ABP 3.
5.4.11 Comparing specific activity and ABP labeling between GBA and IDUA

For measutement of GBA activity, 100 fmol of tGBA (Cerezyme/Imiglucerase, Genzyme) ot
NHDF lysates (10 pg protein) were diluted in 25 pl. of GBA buffer (150 mM citric
acid/Na;HPOy, 0.1 % (v/v) Triton X-100, 0.2 % (w/v) sodium taurocholate) and incubated with
100 uL. GBA substrate mixture (3.75 mM 4-MU-8-D-glucopyranoside (Glycosynth), in GBA
buffer, 0.1 % (w/v) BSA) for 30 min at 37 °C. IDUA activity was measutred following the
methods described in previous section. For ABP labeling of GBA, rGBA (100 — 0.1 fmol) or
NHDF lysates (10 pg protein) were diluted in 14 uL. GBA buffer, and incubated with 0.5 pM
JJB3672! for 30 min at 37 °C (IDMSO] = 0.5 (v/v)). For ABP labeling of IDUA, rIDUA (1-100
fmol) or NHDF lysates (10 pg protein) were diluted in 14 pL assay buffer and incubated with
either 50 uM or 25 pM ABP 2 for 4 h at 37 °C ([DMSO] = 0.5 % (v/v)). Samples were denatured,

and proceeded to SDS-PAGE and fluorescent detection.

5.4.12 Recombinant expression and purification of IDUA in seeds of Arabidopsis thaliana

(University of St Andrews)

Recombinant human o-L-iduronidase (abbreviated to ralDUA to distinguish from rIDUA
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obtained from Genzyme) was produced in seeds of _Arabidopsis thaliana ¢g/ (complex glycan
deficient) line A4.7% in which the seeds (T3 generation) accumulated ralDUA to 7.2 £ 0.6 %
total soluble protein (9.8 pg/mg dry seeds). ralDUA was purified to homogeneity from the T3
seeds using concanavalin A-sepharose and anti-IDUA affinity chromatography as described
previously3!> 32, In human IDUA, there are six N-linked glycosylation sites. The oligosaccharide
structures at each site of rIDUA secreted from a Chinese hamster ovary (CHO) cell line have
been determined by mass spectrometry?. The ralDUA expressed in the seeds of the ¢g/ mutant
of Arabidopsis has much reduced complexity in these N-linked glycans, the majority of which are

non-matured, high mannose N-glycans3% 34,
5.4.13 Crystallization of ralDUA (University of St Andrews)

ralDUA was further purified by size exclusion chromatography using an S200 10/300 column
(GE Healthcare) equilibrated in 20 mM Tris, pH 7.0, 500 mM NaCl, and 0.02 % sodium azide.
The fractions containing ralDUA were buffer exchanged using a PD10 desalt column (GE
Healthcate) into 20 mM dimethylglutaric acid, pH 6.0, 0.2 M NaCl, 5 % (v/v) glycerol, and 5 %
(v/v) ethanol and concentrated to 10 mg/ml for crystallization. Crystallization was performed
in a 24 well plate using hanging-drop vapor diffusion. The rhomboid-plate shaped crystals grew
at room temperature from 0.1 M HEPES, pH 7.5, 0.26 M sodium potassium tartrate, 20 % (w/v)
polyethylene glycol 3350 (optimized from the crystallization condition reported by Bie e# a/8).
Crystals were soaked in mother liquor containing a minute amount of solid 1 for 24 hours or 3
for 45 minutes, before being harvested. Crystals were cryo-protected in a solution containing the

mother liquor plus 30 % glycerol prior to vitrification in liquid nitrogen.
5.4.14 Data collection and processing for ralDUA crystals (University of St Andrews)

X-ray diffraction data were collected at Diamond Light Source (DLS) on beamlines 103 and 104;
the data processing and refinement statistics can be found in Table 4.S1. Diffraction data were
processed either using the FastDP pipeline (which utilizes XDS%* with Aimless?) or Xia23
(also with XDS§%* with Aimless?”). Molecular replacement was performed using Phaser?® with

Protein Data Bank (PDB) entry 4]XO as the search model. Refinement was performed using
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REFMAC5% and manual model building was done using Coot*!. Structures were validated using
PDB_REDO%. Models for the fragments of 1 and 3 were built in JSME# and the libraries
generated with PRODRG#4.

5.4.15 Fibroblasts uptake of ABP 2-labeled rIDUA

fIDUA was diluted to 58 ng/uL and labeled with ABP 2 at 75 pM for 1 h at 37 °C in a volume
of 40 plL. After incubation, unbound ABP 2 in solution was removed by passing through
desalting columns (Pierce™ Polyacrylamide Spin Desalting Columns 7K MWCO), and the
eluate were diluted in assay buffer without Triton X-100, to a final tfIDUA concentration of 10
ng/uL. For the uptake experiment, human normal and patient fibroblasts wete sub-cultured 1
day before treatment in 12-well plates (I mL culture medium per well) with or without glass
coverslips. Cells were then pre-treated with 4 mM mannose-6-phosphate (MGP, diluted in water)
ot same volume of water for 1 h, followed by treating with ABP 2-labeled tIDUA (100 ng/mL
culture medium) for 20 h, without removing MGP. A control group was included for each cell
type, treated only with water and assay buffer. Confocal microscopy analysis was carried out
following a previously described procedure®®, where samples were fixed with 4 % formaldehyde,
permeabilized with 0.1 % (w/v) saponin and 2 % (w/v) BSA, and immuno-stained for the
lysosomal membrane protein LAMP1 using mouse anti human LAMP1 (Southern Biotech) as
primary antibody, and donkey anti mouse Alexa488 (Molecular Probes) as secondary antibody.
The coverslips were mounted to microscopy slides using ProLong™ Diamond Antifade
Mountant with DAPI (Thermo Fisher), and scanned using a Leica SP8 confocal microscope for
DAPI, Alexa488, and Cy5 fluorescence with a 40x oil-immersed objective. Pictures at each

fluorescence channel were captured at 1024 x 1024 resolution, with # =3 frame averages.
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APPENDIX

5.S1. Supporting Figures and Tables
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Figure 5.S1. Optimization of assay buffers for IDUA activity. Error range = SD from technical
triplicates.
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Table 5.S1. Data collection and refinement statistics for ralDUA in complex with fragments of 1

and 3.

ralDUA in covalent complex with
fragment of 1 (PDB: 6l6R)

ralDUA in non-covalent complex
with fragment of 3 (PDB: 616X)

Data collection
Space group
Cell dimensions

a, b, c(A)

o By (°)
Resolution (A)
RmcrgE
Rpim
1/ al
Completeness (%)
Redundancy
CCip2

Refinement
Resolution (A)
No. reflections
anrk / Rfree
No. atoms
Protein
Ligand
Water
B-factors
Protein
Ligand
Water
Overall
R.M.S. deviations
Bond lengths (A)
Bond angles ()

P2,212;

206.9, 69.9, 93.7
90.0, 90.0, 90.0
66.25-2.02 (2.05-2.02)
0.164 (1.047)

0.080 (0.50)

5.4 (1.3)

94.4 (97.8)

4.9 (5.0)

0.99 (0.54)

66.25-2.02
80558
0.21/0.24

9658
26
250

38.6
45.3
35.2

0.012
1.56

H3

259.2, 259.2, 71.0
90.0, 90.0, 120.0
29.73-2.39 (2.44-2.39)*
0.124 (0.866)

0.061 (0.433)

10.2 (1.3)

99.6 (94.0)

5.2 (4.8)

0.995 (0.669)

29.73-2.39
66351
0.21/0.23

9818
14
294

432
59.8
39.2

0.010
1.45

*Walues in parentheses are for highest-resolution shell.

5.S2 Synthesis of «-L-iduronic-configured inhibitors and ABPs (Department of Bio-organic

Synthesis, Leiden University)

5.52.1 General experimental details

All reagents were of a commercial grade and were used as received unless stated otherwise.

Dichloromethane (DCM), tetrahydrofuran (THF) and N,N-dimethylformamide (DMF) were

stored over 4 A molecular sieves, which were dried iz vacno before use. Triethylamine was dried
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over KOH and distilled before using. All reactions were performed under an argon atmosphere
unless stated otherwise. Solvents used for flash column chromatography were of pro analysis
quality. Reactions were monitored by analytical thin-layer chromatography (TLC) using Merck
aluminum sheets pre-coated with silica gel 60 with detection by UV absorption (254 nm) and by
spraying with a solution of (NH4)sMo7024-H2O (25 g/L) and (NH4)4Ce(SO4)4-H2O (10 g/L) in
10 % sulfuric acid followed by charring at ~150 °C or by spraying with an aqueous solution of
KMnOy4 (7 %) and KCOs3 (2 %) followed by chatring at ~150 °C. Column chromatography was
performed manually using either Baker or Screening Device silica gel 60 (0.04 - 0.063 mm) or a
Biotage Isolera™ flash purification system using silica gel cartridges (Screening devices SiliaSep
HP, particle size 15-40 pm, 60A) in the indicated solvents. 'H NMR and 1*C NMR spectra were
recorded on Bruker DMX-600 (600/150 MHz) and Bruker AV-400 (400/100 MHz)
spectrometer in the given solvent. Chemical shifts are given in ppm relative to the chloroform
residual solvent peak or tetramethylsilane (TMS) as internal standard. Coupling constants are
given in Hz. All given 13C spectra are proton decoupled. The following abbreviations are used
to describe peak patterns when appropriate: s (singlet), d (doublet), t (triplet), qt (quintet), m
(multiplet), br (broad), ar (aromatic), app (apparent). 2D NMR experiments (HSQC, COSY and
NOESY) were carried out to assign protons and carbons of the new structures and assignation
follows the general numbering shown in cyclohexene 9. High-resolution mass spectra (HRMS)
of intermediates were recorded with a LTQ) Orbitrap (Thermo Finnigan) and final compounds
were recorded with an apex-QE instrument (Bruker). Optical rotations were measured on a
Anton Paar MCP automatic polatimeter (Sodium D-line, A = 589 nm). LC/MS analysis was
performed on an LCQ Advantage Max (Thermo Finnigan) ion-trap spectrometer (ESI+)
coupled to a Surveyor HPLC system (Thermo Finnigan) equipped with a C18 column (Gemini,
4.6 mm x 50 mm, 3 um particle size, Phenomenex) equipped with buffers A: H>O, B: acetonitrile
(MeCN) and C: 1% aqueous TFA, or an Agilent Technologies 1260 Infinity LCMS with a 6120
Quadrupole MS system equipped with buffers A: H2O, B: acetonitrile (MeCN) and C: 100 mM
NH4OAc. For reversed-phase HPLC-MS purifications an Agilent Technologies 1200 series prep
LCMS with a 6130 Quadrupole MS system was used equipped with buffers A: 50 mM
NH4HCOj3 in H20 and B: MeCN.
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5.82.2 Synthetic strategies

Synthetic strategies to assemble cyclophellitol derivatives often involve different configurations
of functionalized cyclohexenes as starting materials. Based on the synthesis of D-galacto- and -
fuco-configured cyclohexenes described by Llebaria and coworkers! and the Overkleeft group,?
it was reasoned that reaction of debenzylated aldehyde 5% with chiral Evans’ oxazolidinone 4
should provide the L-ido-configured cyclohexene by syn-aldol addition (Scheme 4.S1). Indeed,
asymmetric aldol condensation catalyzed by dibutylboryl triflate at low temperatures (—78 °C to
—20 °C) proceeded stereo-selectively to provide the desired aldol product 6 in 60 % yield. During
the reaction, the non-reactive terminal alkene derived from isomerization of acrylamide 4 was
observed as a major side product. Reduction of oxazolidinone 6 with LiBH4 followed by Grubbs

II-catalyzed metathesis afforded the desired I-ido-configured cyclohexene 8 in excellent yield.

0.
DJ{N o B"/O OBnY ¥0 b oBn ¢ RO
~ 4<:\ v e o == - RO 0B
n
— OBn OBn OH O OBn OH OH OBn
4 5 6 7 8:R=H )
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N 0 NH 7 a
- N N N
e f  HOT Q g Ho " Ho™ i Ho !
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3: R = biotin

Scheme 5.S1. Synthesis of a-L-iduronic-configured inhibitors and ABPs 1-3. Reagents and
conditions: a) DBBT, Et3N, CH,Cl,, —78 °C to —20 °C, 5 h, 60 %; b) LiBH,, THF, RT, 2 h, 99 %,; c) Grubbs
Il catalyst, CH,Cl,, 40 °C, 18 h, 98 %; d) BnBr, TBAI, NaH, DMF, RT, 18 h, 79 %,; e) Phl(OAc),, CH,Cl,,
RT 48 h, 43 %; f) Li, NHz, THF, —60 °C, 1 h, 93 %,; g) 8-azido-1-iodooctane, K,CO3z;, DMF, 55 °C, 24 h, 12:
22 %; h) TEMPO, NaBr, NaOCI, H,0, 0 °C, 3 h, 14 %; i) CuSO,, NaAsc, RT, 18-48 h, 2: 22 %, 3: 34 %.

Thereafter, olefin aziridination of L-ido-configured cyclohexene 8 was attempted, with the
specific aim of obtaining the a-stereoisomer. Llebaria and co-workers have recently reported the
first N-aminoaziridine covalent glycosidase inhibitors, which were prepared by stereoselective
hydrogen-bonding-guided aziridination using 3-amino-2-ethylquinazolin-4(3H)-one (Et-Q-

NH2).2 Because such hydrogen-bond-mediated aziridination of cyclohexene 8 would generate
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the undesired B-diastereoisomer, the free alcohol groups in 8 were benzylated with benzyl
bromide and sodium hydride to generate cyclohexene 9. When the direct azidirination of 9 was
performed with in situ generated CF3-Q-NHOAc complex, the desired a-aziridine 10 was
obtained in 43% yield together with 32% recovered starting material (Scheme 4.S1). This result
implied that hydrogen bonding is not required for a productive aziridination, provided that the
double bond is freely accessible. Removal of the CF3-Q and benzyl groups was achieved in one
step by Birch reduction using lithium and liquid ammonia at —78 °C. After quenching the
reaction with H>O, CF3-Q-derived impurities precipitated and were filtered off. Aziridine 11 was
purged of lithium hydroxide by cation-exchange chromatography with Amberlite H* resin, and
the fully deprotected cyclitol aziridine was obtained in 93 % yield (Scheme 4.S1). The a-L-
configuration of aziridine 11 was established by 'H NMR analysis (Section 4.S2), and the
experimental coupling constants were compared with the corresponding calculated values
obtained from DFT calculations (Section 4.83). Aziridine 11 was then alkylated with 8-azido-1-
iodooctane and KoCOs or acylated with 8-azidooctanoic acid and EEDQ to afford intermediates
12 or 13, respectively, which were purified by reversed-phase column chromatography.
Oxidation of C-6 proved to be challenging due to instability of the aziridine under acidic or basic
conditions. Aziridine 1 was obtained in 14 % yield by oxoammonium-catalyzed oxidation,
maintaining the reaction and HPLC-MS purification at basic pH. Final click reaction with Cy5-

and biotin-substituted alkynes afforded the desired ABPs 2 and 3.

5.52.3 Synthesis and characterization data of compounds 1-3

For detail the reader is referred to the supporting information published in Artola ez a/*
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5.83. DFT Calculations (Department of Bio-organic Synthesis, Leiden University)
5.83.1 Geometry optimization

By using the conformer distribution search option included in the Spartan 14 program?,
exclusively the “Hj conformation of the structure was found. Only notable variations of the
geometry were found at the C5-C7 bond, including multiple rotamers which were significant
higher in terms of energy. For a-L-idoA aziridine the *H3 conformation was also found as lowest

energy conformer, but in this case the 3Hy was only 1.4 kcal/mol higher in terms of energy.

All calculations were performed with DFT as level of theory in combination with the
B3LYP hybrid functional. A conformer distribution search option included in the Spartan 14
program>, in gas-phase with the use of 6-31G(d) as basis set, was used as starting point for the
geometry optimization. All generated structures were further optimized with Gaussian 096 at 6-
311G(d, p). Optimization was done in gas-phase and subsequently corrections for solvent effects
were done by the use of a polarizable continuum model using water as solvent parameter. The
free Gibbs energy of the computed conformations was calculated using Equation (1) in which
AE4qs is the gas-phase energy (electronic energy), AGEryo (T=298.15 K and pressure= 1
atm.) is the sum of corrections from the electronic energy to free Gibbs energy in the rigid-
rotor-harmonic-oscillator approximation (RRHO) also including zero-point-vibrational energy,

and AGI),, is their corresponding free solvation Gibbs energy.
T _— T
AGaq - AEgas + AGgas,RRHO + AGsolv (1)
— T
- AGgas + AGsolv

The used free energies include unscaled zero-point vibrational energies. Visualization of the

conformations of interest was done with CYLview.”
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Table 5.S2. Geometry optimization of compound 11 and the N-methylated a-L-iduronic configured
cyclophellitol aziridine performed by of DFT calculation.

NH
HO
HO™ “OH
OH
o-L-Ido 11
H3 “Hs H3
tg a9 gt
AGL, (keal/mol) 0.0 15 1.6
D1:-45.4° D1:-43.4° D1:-45.6°
Geometry D3:-49.6° D3:-49.8° D3:-49.5°
D5:-2.3° D5:-3.1° D5:-3.0°
9
HO™ ™
HO™ ‘OH
OH
o-L-ldoA
Hy 3H, 258
AGEq (kcal/mol) 0.0 1.4 8.0
D1:-44.1° D1:51.7° D1:-52.1°
Geometry D3:-53.5° D3:43.8° D3:48.0°
D5:-2.3° D5:0.9° D5:2.0°

5.83.2 NMR calculations

Based on the optimized lowest energy structure the spin-spin coupling constants were calculated
according to the work of Rablen and Bally® with the use of 6-311g(d, p) u+1s as basis set and
PCM(H2O) as solvent model and a scaling factor of 0.92. The calculated total nuclear spin-spin

coupling terms were used as calculated spin-spin coupling constants.
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Table 5.S3. Experimental coupling constants of a-idose configured cyclophellitol aziridine 12

compared to DFT calculated coupling constants.

CHAPTER 5

7 NH NH
HO™ " ® HO™ " i
HO “OH HO" Y “OH
OH OH
"
a-L-ldo f-L-ldo
A L]
)
H-H Coupling ExXp. ) (Hz) a-L-ido DFT calc. *Ju 1) (Hz) B-L-ido DFT calc. *Jin,1) (Hz)
H1-H6 6.0 5.8 6.8
H1-H2 n.d. 3.1 2.9
H2-H3 7.4 7.5 8.2
H3-H4 10.5 10.2 9.3
H4-H5 5.6 6.3 9.8
H5-H6 1.6 13 5.9
H5-H7a 4.4 2.8 0.9
H5-H7b 11.1 10.3 4.3

Coupling constants were determined by 'H NMR experiments (exp.). n.d.: values not determine due to very small

coupling constant (J < 1 Hz).
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Table 5.S4. Experimental coupling constants of 1 compared to DFT calculated coupling constants
of the methylated a-iduronic configured cyclophellitol aziridine.

(N
9 %
HO "
HO “OH
OH
1
a-L-idoA a-l-idoA a-L-idoA
DFT calc. 3J, Hz DFT calc. 3J Hz Boltzmann-
H-H Coupling Exp. *Jun) (Hz)  (H2) n (Hz) i
aH; 3H, weighted average
(0.0 kcal/mol) (1.4 kcal/mol) 3w (Hz)
H1-H6 n.d. 6.0 6.2 6.0
H1-H2 - 0.0 1.7 0.3
H2-H3 6.8 7.2 2.9 6.4
H3-H4 9.2-9.4 10.6 4.8 9.5
H4-H5 4.3-5.5 6.5 3.7 6.0
H5-H6 n.d. 1.7 0.8 1.5

Coupling constants were determined by *H NMR experiments (exp.). n.d.: values not determine due to peak overlap.
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