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Abstract

As the scope of modern genomics technologies increases, so does the need for informative chemical
tools to study functional biology. Activity-based probes (ABPs) provide a powerful suite of reagents to
probe the biochemistry of living organisms. These probes, featuring a specificity motif, a reactive
chemical group and a reporter tag, are opening-up large swathes of protein chemistry to investigation
in vitro, as well as in cellular extracts, cells and living organisms in vivo. Glycoside hydrolases, by virtue
of their prominent biological and applied roles, provide a broad canvas on which ABPs may illustrate
their functions. Here we provide an overview of glycosidase ABP mechanisms, and review recent ABP
work in the glycoside hydrolase field, encompassing their use in medical diagnosis, their application
for generating chemical genetic disease models, their fine-tuning through conformational and
reactivity insight, their use for high-throughput inhibitor discovery, and their deployment for enzyme
discovery and dynamic characterization.

Highlights

e Glycosidases carry out many essential functions across all domains of life

e Activity-based probes can interrogate complex biological samples for glycosidase activity
e Glycosidase probes can characterize enzymes of biomedical/biotechnological interest

e Analysis of conformational itineraries may inform the design of future probes.

e Activity-based probes assist high-throughput discovery of inhibitors

1. Introduction and History

The development of modern genomic technologies has provided us with the ability to sequence (and
even edit) the genetic code of essentially any organism. However, our understanding of how this
wealth of genetic information links to biological function in vivo is still limited. The majority of the
biochemical reactions that underpin life are catalyzed by protein enzymes, whose primary sequences
are encoded by genes, but whose functions are often difficult to deconvolute from the genetic code.
Enzyme structures and functions are hard to predict from primary sequence alone, and their activities
may be further modulated by post-translational modifications, processing, intermolecular interactions
and subcellular localization.
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Activity-based protein profiling (ABPP) has gained prominence as a powerful tool for the functional
annotation of enzymes within complex biological milieu. ABPP relies on the availability of suitable
activity-based probes (ABPs) that react with broad classes of enzymes, allowing investigation of their
identity and functions. ABPs are typically comprised of 3 main components: 1) a specificity endowing
motif that directs the ABP towards a particular group of enzymes through key-interactions to the
enzyme active-site, 2) a chemical ‘warhead’ that reacts (often irreversibly) with catalytic residues
within the active-site, 3) a reporter group that enables detection and/or capture of the ABP after
reaction with the enzyme (Figure 1a).

ABPs are intimately linked with the concept of mechanism-based inhibitors. The first ABPs were
derived from linking mechanism-based inhibitors of particular enzyme classes to reporter moieties
that could be exploited for analysis. Early work by Mason et al. showed that cathepsin B and L specific
ABPs could be developed by simple modification of existing inhibitors to incorporate a '*I
radioisotope[1]. Tuning the ‘peptide’ sequence of these ABPs enabled targeting of different classes of
proteases, such as the profiling of proteasomal B-subunits by '*I-nitrophenyl-(Leu)s-vinylsulfone as
demonstrated by Bogyo, Ploegh and coworkers[2]. This strategy of converting inhibitor to ABP was
also used by Cravatt and coworkers in their seminal 1999 report, showing that reactive
fluorophosphonates could be derivatized to produce broad spectrum serine hydrolase ABPs, with a
biotin reporter group allowing for detection by peroxidase conjugated avidin[3].

ABPs have now been developed for many enzyme classes, including methyltransferases[4], kinases[5],
phosphatases[6], ubiquitin ligases[7], and glycosidases[8-11] (Figure 1b). This review summarizes
recent work in the development of glycosidase targeting ABPs, with some comments regarding
possible future directions for the field. For a more historical perspective, the reader is invited to
consult the comprehensive review of Rempel and Withers[12], and references therein.

2. ABPs for glycoside hydrolases

Carbohydrate containing biomolecules (oligosaccharides, polysaccharides, small and macro-
molecular glycoconjugates) play important metabolic, signaling and structural roles across all domains
of life. Glycoside hydrolases (GHs; also known as glycosidases) are a major class of enzymes
responsible for hydrolytic breakdown of carbohydrates, and are essential for diverse biological
processes. ABPP of glycosidases can provide insights into the role these enzymes play in complex
biological systems, as well as enabling the identification of previously unknown glycosidases.

Mechanistically, glycosidases are classified as inverting or retaining, depending on whether the
enzymatic reaction proceeds with net inversion or retention of stereochemistry at the cleaved
glycoside anomeric center[13]. Inverting glycosidases typically catalyze hydrolysis via a single step
nucleophilic displacement at the substrate anomeric center. In contrast, most retaining glycosidases
utilize a two-step mechanism mediated by two key catalytic residues: a nucleophile and a general
acid/base, and proceed via a covalent glycosyl-enzyme intermediate (Figure 2a). Trapping this
covalent intermediate is the conceptual basis for most mechanism-based inhibitors and ABPs that
target retaining glycosidases.

2.1. Glycosidase ABPs that stabilize the covalent intermediate lifetime

A major group of retaining glycosidase mechanism-based inhibitors function by extending the lifetime
of the covalent ‘glycosyl’-enzyme intermediate, which can be achieved using activated fluorosugar[14-
16] (Figure 2b) or carbasugar[17] based molecules. In their seminal work, Vocadlo and Bertozzi
reported the use of 6-azido-2,6-dideoxy-2-fluoro-f-D-galactosyl fluoride ABPs to label p-
galactosidases in crude cell lysates. The modified enzymes were detected by means of Staudinger
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ligation to a phosphine-FLAG tag, followed by immunoblot[9]. Fluorosugar based ABPs have since
been synthesized for the labeling of P-glucosaminidases[18], P-xylanases[19,20] and acid B-
glucocerebrosidase (GBA)[21]. Although fluorosugars work well against many glycosidase classes, they
are rapidly turned over in some cases (e.g. 2-deoxy-2-fluoro-o-D-glucosides by a-glucosidases)[15],
precluding the use of these compounds as general probes for all retaining glycosidases.

Cyclopropyl and vinyl carbasugar inhibitors operate in a conceptually similar manner to fluorosugars,
by forming a stable ‘glycosyl’ intermediate that accumulates on enzyme[22]. However, these
molecules also suffer from similar drawbacks to fluorosugars, being turned over too rapidly in some
cases to be of use as probes. To ameliorate problems of rapid turnover, fluorosugar and carbasugar
moieties can be combined. Thus cyclopropyl and vinyl 2-deoxy-2-fluoro-carbagalactose inhibitors have
been observed to form longer lived a-galactosidase-conjugates compared to both their 2-deoxy-2-
fluoro-galactose and carbagalactose congeners[23,24].

2.2. Electrophilic glycosidase ABPs

Cyclitol epoxides, such as conduritol B epoxide (CBE; Figure 2c), employ an electrophilic trap
mechanism to label their target. Pioneering work by Legler in the 1960s provided a possible route into
glycosidase ABPs through the use of *C radiolabeled CBE[25,26]. However, the intrinsic promiscuity
of CBE (partially related to its internal symmetry) renders it a poor tool for the study of glycosidase
and cellular biology. A marked improvement on CBE was realized with the discovery of the natural
product cyclophellitol. First isolated from Phellinus sp[27], cyclophellitol resembles -D-glucose in
configuration, but with a highly electrophilic epoxide instead of an aglycone. Engagement of
cyclophellitol by retaining B-glucosidases results in attack of the epoxide by the B-glucosidase catalytic
nucleophile, leading to irreversible alkylation of this residue[28] (Figure 2c).

Since its discovery, multiple synthetic routes towards cyclophellitol have been reported[29], however
these typically required multi-step synthetic transformations and expensive starting materials. The
facile synthesis of cyclophellitol from D-xylose by Madsen and coworkers in 2005 paved the way for
exploitation of this scaffold for the development of ABPs[30]. In 2010 Witte et al. reported the first
cyclophellitol derived ABPs, in which a reporter group was appended to the C6 position of the
cyclophellitol ‘glucosidic’ ring[10]. This produced highly potent (nanomolar K;) and selective ABPs for
lysosomal glucocerebrosidase (GBA), enabling detection of this enzyme in lysates from various
biological samples. Although useful for investigating GBA activity, the bulky C6 substituent of first
generation cyclophellitol-derived ABPs precluded their activity against other retaining -glucosidases.
This was addressed by the development of N-acylated and N-alkylated cyclophellitol aziridines, in
which the reporter moiety is projected towards the direction normally occupied by the substrate
aglycon, leading to broad spectrum ABPs that label all retaining B-glucosidases[31]. Modulation of
substitution and stereochemistry around the ‘glycosidic’ ring of the cyclophellitol scaffold has now
provided ABPs for a wide range of different retaining glycosidases[32-35].

Haloketone (typically bromoketone) glycosides are another example of electrophilic glycosidase ABP,
which inhibit retaining glycosidases via alkylation of nucleophilic residues within the enzyme active
site (Figure 2d). C-bromoketone glycosides and N-bromoacetyl-glycosylamines have been developed
for the inhibition of B-glucosidases, B-glucanases[36], and endo-xyloglucanases[37]. Although there
are relatively few reports of ABPs based upon haloketone type inhibitors, Keresztessy et al. reported
the use of '*C radiolabeled N-bromoacetyl-B-D-glucosylamine to identify the catalytic acid/base
residue of cyanogenic B-glucosidase (linamarase) from Manihot esculenta Crantz (cassava)[8].
Anderson et al. also reported the use of an azido N-iodoacetyl-glycosylamine probe to profile secreted
cellulolytic enzymes of several Trichoderma reesei strains[38]. It should be noted that whilst there

3



O 00 N O U b

10
11

12
13
14
15
16
17
18
19
20
21
22
23

24
25
26
27
28
29
30

31

32
33
34
35
36
37
38

39
40
41
42
43
44

seems no obvious reason why haloketone glycosides should not also label inverting glycosidases, to
our knowledge only inhibition of retaining glycosidases has been observed to date.

2.3. Glycosidase ABPs that generate reactive intermediates in situ

Photoactivatable affinity-based probes (AfBPs) have been explored as potential tools for glycosidase
profiling (Figure 2e). A 1992 study by Kuhn et al showed that thioglycosides functionalized with a
photoactive diazirine moiety could label the active site of human lysosomal B—hexosaminidase A[39].
Similarly, Orth et al demonstrated that benzophenone containing GIcNAc configured AfBPs label the
active site of recombinant bacterial N-acetylglucosaminidase NagZ[40]. Gandy et al utilized a suite of
iminosugars functionalized with photoactivatable aromatic azides to profile both recombinant
glycosidases and glycosidases in crude E. coli lysates[41]. Notably, the authors of this study reported
labeling of both retaining and inverting glycosidases by their probes.

One general ‘disadvantage’ of photoactive AfBP profiling is that these molecules do not only target
enzymes, but can in principle label any carbohydrate binding protein of appropriate specificity, as
demonstrated by the labeling of a GM2-activator protein by a ganglioside based diazirine AfBP[42].
Furthermore, photoactivation of probes in free solution can contribute to off target labeling of even
non-carbohydrate binding proteins. A true ABP based strategy for labeling glycosidases has been to
employ probes that only release a reactive group upon enzymatic attack, which can then proceed to
label nearby residues around the enzyme active site. The glycosylmethyltriazines pioneered by Sinnott
and coworkers are early examples in this class[43], which fragment upon enzyme mediated
protonation to form a reactive carbocation that alkylates nearby nucleophilic amino acid sidechains.
However, glycosylmethyltriazines are prone to non-enzymatic degradation at acidic pHs, making the
study of glycosidases (which typically require acidic pH for optimal activity) using these molecules
problematic.

Quinone methide based molecules are now predominant amongst the class of reactive group
generating ABPs, and have been used to study glycosidases in both biomedical and biotechnological
contexts[44-46] (Figure 2f). Although useful against both retaining and inverting glycosidases, the use
of quinone methide ABPs can also lead to unspecific protein labeling, due to diffusion of activated
guinone methide electrophiles out of the enzyme active sites of their initial formation. Such off-target
labeling suggests that quinone methide ABPs are better suited for broad labeling of macromolecular
complexes or cellular structures[11,44,45], rather than precision labeling of individual glycosidases.

3. Glycosidase conformational itineraries and ABP reactivity

One of the defining features of glycosidase mediated substrate cleavage is the complex series of
conformational distortions undergone by the substrate glycone ring during the catalytic cycle. These
distortions are necessary to accommodate the oxocarbenium ion-like transition state of glycoside
hydrolysis, in which at least 4 atoms of the glycoside ring (including the endocyclic oxygen) must be
coplanar[47]. The sequence of conformational distortions employed by a glycosidase to process its
substrates is known as the conformational itinerary. These itineraries are typically conserved between
related glycosidase families (Figure 3a).

Recent years have seen an increasing use of conformational free energy landscape (FEL) analysis as a
tool to predict the conformational itineraries employed by different glycosidases[47]. FELs can also be
used to calculate conformations favored by glycosidase ABPs and mechanism-based inhibitors, which
can shed light on differences in labeling efficiency between different classes of glycosidase ABPs, and
inform the design of new probes with improved potency and/or specificity. FEL analysis of
cyclophellitol-derived inhibitors/ABPs has shown that these molecules typically adopt a *Hs half-chair

4
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ground state conformation, due to the stereochemical constraints placed on the cyclitol ring by the
strained epoxide/aziridine moiety[48]. Significantly, many families of retaining glycosidases process
their substrates via a *Hs transition state complex[47], and thus cyclophellitol-derived ABPs act as
transition state mimics for these enzymes, typically showing low uM to nM equilibrium constants for
initial binding (Ki = ~15 uM for cyclophellitol against the TmGH1 B-glucosidase from Thermotoga
maritima)[28]. Indeed, even neutral non-electrophilic carba-cyclophellitols, containing a cyclopropyl
in place of the epoxide, are competent reversible glycosidase inhibitors due to conformational
mimicry (Figure 3b)[48].

The Michaelis complex conformation, adopted by substrates upon initial enzyme binding, can also be
exploited for the design of mechanism-based glycosidase inhibitors. Cyclophellitol cyclosulfate
inhibitors were designed based on this principle, with the first (glucose configured) inhibitors of this
class showing exquisite selectivity for inhibition of a-glucosidases compared to 3-glucosidases. The
ground state conformation of cyclophellitol cyclosulfates is a “C; chair, which closely resembles the
Michaelis complex conformation utilized by a-glucosidases, but not the !S; Michaelis complex
conformation utilized by B-glucosidases. Thus a-cyclophellitol cyclosulfates rapidly inactivate o-
glucosidases, whilst their B-configured congeners are only marginal B-glucosidase inhibitors[49]
(Figure 3c).

Interestingly, mechanism-based inhibitors/probes that employ non-native conformational itineraries
are well tolerated by some glycosidases. The a-D-galacto configured cyclopropane-carbasugars
pioneered by Bennet and coworkers adopt an unusual 2H; Michaelis complex conformation in the
active site of a-galactosidases, owing to conformational restriction across the C5-05 equivalent bond
(the OS5 position being occupied by a tertiary carbon in these molecules)[24]. Despite their non-native
Michaelis conformation, these molecules react efficiently with GH36 a-galactosidases, although their
ability to label GH27 a-galactosidases is more limited[17]. Taken together, it appears that mechanism-
based inhibitors employing non-native conformational itineraries can selectively target some classes
of glycosidases, hinting at a strategy for the development of family specific inhibitors/probes.

4. Recent developments in the glycosidase ABP field
4.1. Glycosidase ABPP for biomedical diagnostics

Several pathophysiological states, including mucopolysaccharoidoses and various lysosomal storage
diseases (LSDs), arise from insufficient levels of glycosidase activity. Diagnosis of these conditions
typically involves the use of activity assays to determine residual glycosidase activities in patient
tissues. Such assays can be non-trivial, with specific conditions or inhibitors required to deconvolute
activity of the enzyme of interest from overlapping enzymes in the tissue. ABPP is uniquely suited to
address this challenge, and ABPs against various classes of glycosidases have demonstrated promise
as possible diagnostic tools (Figure 4a).

GBA is perhaps the most well-studied glycosidase from an ABPP-centric perspective; GBA deficiency
is the causal driver of Gaucher’s disease, caused by abnormal buildup of the GBA substrate
glucosylceramide in cells. Symptoms of Gaucher’s disease include thrombocytopenia,
hepatosplenomegaly, and osteoporosis, with the type Il variant also involving severe neuropathy with
patients typically succumbing in infancy. ABPP using cyclophellitol-derived probes allows for rapid
evaluation GBA activity in patient tissues, and can identify GBA deficiency in Gaucher’s disease
samples with sensitivity comparable to immunoblotting (a considerably more laborious
technique)[10]. Use of suitably configured ABPs has also demonstrated that lysosomal a-glucosidase,
lysosomal B-galactocerebrosidase, and lysosomal a-galactosidase are all amenable to ABPP profiling,
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opening up avenues for the rapid diagnosis of Pompe[34], Krabbe[50] and Fabry[32] diseases
respectively. Interestingly, the irreversible inhibitory nature of many ABPs can also be used to
chemically ‘knock out’ enzyme activity in vivo. Zebrafish treated with selective cyclophellitol
derivatives accumulate glucosylsphingosine (derived from acid ceramidase mediated conversion of
glucosylceramide), indicating ‘knock out’ of GBA activity and recapitulation of a Gaucher’s disease
phenotype[51].

Glycosidase overexpression can also be linked to pathophysiologies. Heparanase is an endo-f3-
glucuronidase principally responsible for heparan sulfate (HS) breakdown in the body. Aberrant HPSE
overexpression results in excessive HS degradation within the extracellular matrix surrounding cells,
and releases of growth factors stored by extracellular HS networks. These factors increase cell motility
and growth, and thus heparanase drives metastasis in a wide range of cancers. B-D-glucuronide
configured cyclophellitol-derived ABPs detect heparanase in human tissue lysates, and may be useful
diagnostic tools to track aberrant heparanase upregulation during cancer development[35].

4.2. Glycosidase ABPP for imaging applications

Many glycosidase ABPs are cell permeable, allowing for their use in cells, tissues, and even whole
organisms, enabling a variety of imaging applications (Figure 4a). van Smeden et al have shown that
epidermal GBA in intact skin sections can be visualized by confocal microscopy following application
of fluorescent cyclophellitol-derived ABPs[52]. Similar GBA imaging in human fibroblasts was
demonstrated by van Meel et al, who also applied correlated light and electron microscopy (CLEM) to
confirm specific staining of the lysosomal compartment[53].

In situ imaging to visualize cellular uptake and trafficking may be a useful technique to assess the
efficacy of therapeutic enzyme uptake following enzyme replacement therapy regimens. Phenix et al.
demonstrated that *®F-fluorosugar pre-labeled recombinant GBA could be tracked in mice by PET
imaging, allowing for the uptake of GBA into organs following enzyme administration to be
guantitated[21]. Higher resolution imaging of enzyme trafficking into cellular organelles has also been
reported, albeit in cell culture systems. van Meel et al. used CLEM to visualize lysosomal accumulation
of recombinant ABP pre-labeled GBA by human fibroblasts following its addition into culture media.
The authors found that lysosomal accumulation of recombinant GBA occurred even in the absence of
LIMP-II (the protein responsible for lysosomal trafficking of endogenous GBA) suggesting that
lysosomal trafficking of recombinant GBA is a LIMP-Il independent process[53]. Similarly, Artola et al.
tracked ABP pre-labeled a-L-iduronidase (IDUA) uptake by mucopolysaccharidosis (MPD)l and
mucolipidosis Il (MD)Il fibroblasts. In this case, application of mannose-6-phosphate abrogated uptake
of recombinant IDUA, confirming that IDUA uptake was dependant on the mannose-6-phosphate
pathway[54].

4.3. Glycosidase ABPP for inhibitor discovery

Fluorescent glycosidase ABPs can be exploited to screen for inhibitors in compound libraries through
the use of the high-throughput fluorescence polarization (FluoPol) assay format. When excited with
plane polarized light, enzyme bound fluorescent ABPs will retain a greater degree of polarization in
their emitted light compared to free ABPs in solution. Thus, incubation of enzyme-ABP mixtures with
compounds that reduce ABP binding will lead to reduced fluorescence polarization (Figure 4b). Lahav
et al. used cyclophellitol aziridine equipped with a TAMRA-fluorophore in a FluoPol assay to identify
inhibitors of non-lysosomal glucocerebrosidase (GBA2), which displayed 100,000 fold selectivity for
GBA2 over GBA[55]. GBA2 is involved in the degradation of glucosylceramide and is a potential
therapeutic target in Niemann-Pick type C disease[56]. FluoPol-ABPP may provide a general strategy
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to identify inhibitors of retaining GHs, without the requirement for screening assays based on
fluorogenic or chromogenic substrates.

4.4. Glycosidase ABPP for biotechnology

Although many early glycosidase ABPP studies were biomedical in focus, recent years have seen an
increasing drive to employ ABPP techniques towards biotechnological applications (Figure 4c). One
early study in this arena, by Hekmat and coworkers, showed the promise of ABPP for the profiling of
bacterial secretomes for biomass degrading enzymes[19]. The authors used 2-deoxy-2-fluoro-
disaccharides to profile the secretome of Cellulomonas fimi for cellobiohydrolase and
xylobiohydrolase activity. Coupling isotopically tagged and biotinylated versions of these probes to
mass spectrometry, the authors quantified active enzymes under variable growth conditions and also
identified a previously unknown xylanase[57]. Schroder et al. recently carried a similar analysis of j3-
xylosidases and B-xylanases in Aspergillus niger secretomes using cyclophellitol-derived ABPs. The
authors demonstrated by both fluorescent labeling and proteomic analyses that A. niger secreted
distinct catabolic enzymes depending on the carbon source utilized during its growth[58].

A comprehensive ABPP study of biomass degradation carried out by Chauvigné-Hines et al. utilized a
suite of glucose and cellobiose configured ABPs to study the Clostridium thermocellum secretome[44].
A wide range of ABP chemistries were used in this study, encompassing fluorosugar, bromoketone
and quinone methide based probes. Impressively, the authors were able to identify a large subset of
the C. thermocellum glycosidases involved in biomass breakdown, including many proteins of the
macromolecular cellulosome complex. The use of such ‘suites’ of ABPs may represent a useful strategy
to overcome limitations inherent to each class of glycosidase ABP (see section 3).

ABPP has also been used as a tool to study intestinal microbiota. Whidbey and coworkers recently
used quinone methide generating B-glucuronidase ABPs for labeling of whole cells derived from
mouse gut microbiomes[59]. The authors sorted labeled cells using fluorescence activated cell sorting
(FACS) to produce both labeled and unlabeled subpopulations. The identities of the B-glucuronidase
positive community members were subsequently revealed by 16S rRNA sequencing of
subpopulations. B-glucuronidase active taxa were compared between hosts and under antibiotic
treatment conditions, revealing distinct taxa active in different hosts. This is a powerful technique as
it clearly links function to taxa without the need for genomic context.

5. Future challenges for glycosidase ABPP

Several decades after the development of the first mechanism-based glycosidase inhibitors, the field
of activity-based glycosidase profiling is now reaching maturity, at least with respect to retaining
glycosidases. The field has seen the development of several different warhead chemistries[10,14,36],
as well probes tailored to react with specific retaining glycosidase families[10,17,49]. Our experience
suggests that, in principle, any retaining glycosidase that employs the Koshland double displacement
mechanism is amenable to ABP profiling. Whilst ‘monosaccharide’ ABPs that target retaining exo-
glycosidases have been relatively well explored, profiling of retaining endo-glycosidases will require
more complex ABPs structures to mimic the length and/or branching of their natural substrates. Given
past and recent successes in the glycosylation of fluoroglycoside[20,60], cyclophellitol-derived[58,61],
and bromoketone[37] warheads, the general profiling of retaining endo-glycosidases appears to be
within reach.

In contrast to fluorophosphonate-type ABPs, which react with large numbers of serine hydrolases, the
development of truly broad-spectrum retaining glycosidase ABPs has remained elusive. Removal of
hydroxyls from an ABP scaffold, as was recently done for cyclophellitol-derived ABPs[62], yields

7
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broader spectrum probes at a cost of markedly reduced potency. The use of multiple ABPs in
multiplexed labeling experiments provides a possible strategy to circumvent this problem, which also
offers an attractive bonus: the relative specificity rendered by the configuration of the probes
translates to the specificity of the glycosidases that are labeled. Interrogation of e.g. a microbial
secretome derived from biomass growth using a set of differently fluorescent glycosidase ABPs will
yield a ‘multicolored’ fingerprint of the possible glycosidases present. First forays in activity-based
secretome profiling indicate the huge potential of glycosidase ABPs in the field of biotechnology, in
addition to their more developed applications in biomedicine (inhibitor discovery, target engagement,
diagnostics).

The enzymatic mechanism of retaining glycosidases proceeds through a covalent enzyme-substrate
intermediate, which has provided us with a fortuitous route towards the design of ABPs for this
enzyme class. The extensive choice of probe chemistries now on offer for retaining glycosidases may
present a daunting choice for researchers when selecting suitable ABPs for their studies. In our
experience, cyclophellitol-derived ABPs are excellent first choice molecules for a wide range of in vitro,
in cellulo and even in vivo applications. Cyclophellitol-derived ABPs typically adopt a ground state “H;
conformation that mimics the substrate transition state conformation for many glycosidases[48,58],
meaning these probes often label with high potency, producing stable enzyme-cyclitol linkages
suitable for various downstream analyses. Conversely, glycosidases that do not employ a “H; transition
state conformation can be less reactive towards cyclophellitol-derived ABPs, as has recently been
observed with GH11 B-xylanases (proposed to utilize a #°B transition state conformation[58]). In such
cases, fluorosugars may be more suitable, as they more closely resemble natural substrate
glycones[63]. For [B-glucosidase, [-galactosidase, and related glycosidase classes, fluorosugar
inhibitors typically form stable, long-lived intermediates well suited for ABP derivation. However, in
some cases (notably with 2-deoxy-2-fluoro-a-glycosides and a-glycosidases), fluorosugar inhibitors
are too rapidly turned over to be of use as probes. In such cases, combining fluoro- and carbasugar
chemistries may help to stabilize the covalent enzyme-probe intermediate[23,24]. Alternatively,
controlled turnover of fluorosugar inhibitors can be useful in time-dependent labeling applications,
where reactivation of the enzyme is desired.

In contrast to the wide range of ABPs available for typical retaining glycosidases, ABPs that efficiently
and specifically label other glycoprocessing enzymes (atypical retaining glycosidases utilizing oxidative
or substrate assisted mechanisms, inverting glycosidases, glycosyl transferases, polysaccharde lyases,
oxygenases) remain elusive. Opening up these enzyme classes to ABPP has huge potential in both the
biomedical and biotechnological arenas. Some progress towards ABPP of inverting glycosidases has
been made with photo-affinity and quinone methide based probes, which are indiscriminate with
respect to catalytic mechanism[41]. However, these labeling chemistries also suffer from a relative
lack of efficiency and selectivity. We postulate that widespread adoption of ABPP for other
glycoprocessing enzyme classes will only take place after effective irreversible enzyme active site
binders are identified. The development of such molecules will require the efforts of high-level
synthetic chemistry, coupled to computation and structural analysis of the reaction mechanisms and
conformational itineraries utilized by these diverse enzyme classes.

Funding

We thank the Netherlands Organization for Scientific Research (NWQO; 2018 TOP grant 714.018.002
‘Endoglycosidase probes’ to H.S.0.), the European Research Council (ERC-2011-AdG-290836
‘Chembiosphing’ to H.S.0., and ERC-2012-AdG-32294 ‘Glycopoise’ to G.J.D.), and the Biotechnology



and Biological Sciences Research Council (BBSRC; BB/R001162/1 and BB/M011151/1 grants to G.J.D.).
GJD thanks the Royal Society for the Ken Murray Research Professorship.

Declaration of Interest

The authors declare no conflict of interest.



u b WN B~

(o))

Warhead

)

[ Specificity motif ]—[

HN._O 121|D/\
}\

Serine hydrolases;
Ref 3

OC,)RO 0
F H N
H. 75
HN)%\/J
o/ NH

Tyrosine phosphatases;
Ref 6

0]

Cl
HO HN

O ﬁ/\g k GKGGKGLGKGGAKRHRKY

Reporter ]

Proteasome B-subunits;
Ref 2

Protein arginine methyltransferase 1;

Ref 4

OH

Lysosomal glucosylcerebrosidase
(GBA); Ref 10

NH,
N
¢ j“
N/
(@]
“/OH

O =
O.0.0O B
V5966 OH
\/\)LNHS\WO.E.OP_O‘E,O
H o o o6 o

Kinases;
Ref 5

NJ%(OH

H o

Ubiquitin ligases;
Ref 7

Figure 1 Conceptual basis for ABP design. a The three fundamental components of an ABP. Note -
some probes may lack a specificity motif, endowing them with broad spectrum activity against a range
of enzymes e.g. serine hydrolase probes in Ref [3]. b Examples of ABPs designed to target various
enzymes and enzyme classes. Colors correspond to ABP components as outlined in a.

10



a Inverting B-glycosidase

Retaining p-glycosidase

Acid Acid.’Base
H—\E)'LO 'O’LO H- O O QOLO HOJ\‘O
H
0O, 0 (
HO = - OR — HO—wﬁ HO \.-—-A/OR —_ 0 —
N_ OH ROH i RoH HO‘\;jJ HO \—--A/OH
i )
Q'O O HO..O ‘0.0 0.0 ‘0.0
o L il == ol
Nucleophile Nucleophile
b 2-fluoro-2-deoxyglycoside labeling
Acid/Base
H*O'LO 'L HO'LO
(° s
Q “OH SlOW
HORZR L oR —— =0
e \ Ny HO wﬁj HOTf'V;:A/OH
p
0.0 0} 0.0
il e i
Nucleophile
C Sugar epoxide labeling d Haloketone glycoside labeling
Acid/Base Acid/Base
J —UOLO ’O'LO 'O’L‘O O'LO
R O ( )
OH P
Ho/w R HO‘;-/O R 3 HO NR\H)
HO - HO — W/\x
OH\ HO — o
HO o X
‘0.0 0.0 ‘0.0 0.0
o e % iy .
Nucleophile Nucleophile
CBE-R=0H Haloketone C-glycoside - R = CH,
cyclophellitol - R = CH,OH N-haloacetyl-glycosylamine - R=NH X = Br (usually), |

e Photoactive glycoside (diazirine) labeling

HOS= s 4‘
N=N %
f Quinone methide glycoside labeling
Acid
H*OLO
HO‘-:—:-OA(/O - Bese £f
HO}H R 1’0 kH—B\
Q[)Jf HO \,\ZH R
Nucleophile

1 R = reporter group e.g. azide, biotin, fluorophore

2

3

4

5

6

7

8

9
10
11
12 nucleophilic protein residue.

HO:‘/O S\/\\/ —

HOT—::&fs\/Y

Protein

Nu‘\
F ;
Protein
HO
5

\__, Protein

Base

(\\( Proteln

Figure 2 Mechanisms of glycoside hydrolases and inhibitor action. a Mechanism of glycoside cleavage
by inverting (one step) and retaining (two step) glycosidases b Fluorosugar inhibitors (2-deoxy-2-
fluoro-glycoside shown here) are processed by retaining glycosidases, but the slow deglycosylation
step results in inactivated enzyme. c Sugar epoxides (e.g. CBE or cyclophellitol) are attacked at their
pseudo-anomeric center by glycosidase catalytic nucleophiles, leading to irreversible alkylation of this
residue. d Haloketone glycosides employ an electrophilic trap, which can irreversibly alkylate residues
within an enzyme active site (alkylation of the catalytic acid/base residue is shown here). e Photoactive
glycoside AfBPs form a reactive species upon photoexcitation (carbene formation from a diazirine
shown here), which reacts with neighboring protein residues to form irreversible linkages. f Quinone
methide glycosides release a reactive species when cleaved, which can irreversibly alkylate a nearby

11



O 00N O UL B~ WN -

=
o

a Retaining a-glucosidase conformational itinerary

Nucleophile t
-o‘Lo Q*o o*o
HO o) Ho—, 4 | HO
) e e |
HO HO . HO s
HO = HO 1™ Row HOT— A0
*.* RO~
0.0 00 -
i s 070
Acid/Base L _

Michaelis complex Transition state Covalent intermediate
4C, conformation “H; conformation 1S, conformation

Retaining B-glucosidase conformational itinerary

Acid/Base _ Tt
oo o'o 0%
Ho. RO__J Ho— &9 1 HO\ 4
— Hoﬁ HO
Hﬂoﬁéﬁ HO ; \ HO
HO HO ! ROH HO
0,0 5.0 0.0
L L L
Nucleophile L _

Michaelis complex Transition state Covalent intermediate
1S, conformation

4 i :
H; conformation 4C, conformation

26 C °C, 26

5 (keal/mol,

S =1 g 180

180 s Ny — " -
o 30 60 90 120 150 180 210 240 270 300 330 360

0 30 60 90 120 150 180 210 240 270 300 330 360

ic, ic,
HO R e
Ho el fod—°. o
HO HO g

R =CH,, O, NH, NR

Figure 3 Conformational aspects of glycosidase ABP reactivity. a Conformational itineraries for half-
reactions (initial substrate binding to covalent intermediate formation) catalyzed by typical retaining
a- and B- glucosidases. Both classes of enzymes proceed via a “H; transition state. b Conformational
FEL for a cyclophellitol derived molecule (carba-cyclophellitol, R=CH;), showing a ground state
conformation centered around #Hs. Cyclophellitol-derived ABPs are transition state mimics and potent
inactivators of many retaining classes of retaining glycosidases. ¢ Conformational FEL for o-
cyclophellitol cyclosulfate, showing a ground state conformation centered around “C;. This
conformation matches the typical a-glucosidase Michaelis complex conformation, rendering o-

cyclophellitol cyclosulfates potent selective inactivators of a-glucosidases.

12



O 0o NOOULL D WN -

[ S S G
w N - O

H
o

a
LD '

Pro

Human 11ssues
\ g A Diagnosis /A?
O Ve
i WW\ Tissue Specific Labeling

Meodel organism

°0% 3

L L

Enzyma Target Fluorescence Polarization
Assay Profile Selectivity
. M 1 |

Mass Spectrometry Profile Conditional

- Protein Identification Exprassion
Microbial Sacretome

.
— PeatT
- uf? Population e
Enrichment ; Sequence Basad

Microbial Community Whola Call Active Identification

Labelling Population

Probe

Figure 4 Recent applications of Glycosidase ABPs for protein profiling. a Glycosidase specific probes
can detect the absence of enzyme expression in genetic diseases. ABPs have also been used to detect
the presence of glycosidase activity in tissue samples, as well as in whole organisms in vivo. b FluoPol
assays for glycosidases involves the use of a fluorescent ABP, the enzyme of interest and compound
libraries. Glycosidase labeling by the ABP results in a maintenance of fluorescence polarization, whilst
competition by inhibitors results in a loss of polarization. The specificity of identified hits can then be
interrogated through SDS-PAGE and other downstream assays. ¢ Glycosidase ABPs can be used to
profile biomass degrading enzymes and microbiota community members. Active enzymes present in
microbial secretomes can be profiled by SDS-PAGE and active proteins identified using pulldowns and
mass spectrometry. Whole cells can be labeled and sorted with the use of FACS. Communities of either
active or inactive populations can then be investigated through sequence-based identification of
microbial taxa.

13



=

O 00 N O WU A wWwN

[
= O

(T N
A WN

N =
0o N oy w»n

NN =
= O O

N N NN
v b wWwN

W NNNDN
O VWO NNO

w w w
W N -

w w w ww
00O NO U b

A D D W
N O O

P
o b~ w

References

1.

10.

11.

12.

Mason RW, Wilcox D, Wikstrom P, Shaw EN: The identification of active forms of cysteine
proteinases in Kirsten-virus-transformed mouse fibroblasts by use of a specific
radiolabeled inhibitor. Biochem J (1989) 257(1):125-129.

Bogyo M, McMaster JS, Gaczynska M, Tortorella D, Goldberg AL, Ploegh H: Covalent
modification of the active site threonine of proteasomal beta subunits and the Escherichia
coli homolog HslV by a new class of inhibitors. Proc Natl/ Acad Sci (1997) 94(13):6629-6634.

Liu YS, Patricelli MP, Cravatt BF: Activity-based protein profiling: The serine hydrolases.
Proc Natl Acad Sci (1999) 96(26):14694-14699.

Obianyo O, Causey CP, Jones JE, Thompson PR: Activity-based protein profiling of protein
arginine methyltransferase 1. ACS Chem Biol (2011) 6(10):1127-1135.

Patricelli MP, Szardenings AK, Liyanage M, Nomanbhoy TK, Wu M, Weissig H, Aban A, Chun
D, Tanner S, Kozarich JW: Functional interrogation of the kinome using nucleotide acyl
phosphates. Biochemistry (2007) 46(2):350-358.

Lo LC, Pang TL, Kuo CH, Chiang YL, Wang HY, Lin JJ: Design and synthesis of class-selective
activity probes for protein tyrosine phosphatases. J Proteome Res (2002) 1(1):35-40.

Mulder MP, Witting K, Berlin I, Pruneda JN, Wu KP, Chang JG, Merkx R, Bialas J, Groettrup M,
Vertegaal AC, Schulman BA et al: A cascading activity-based probe sequentially targets E1-
E2-E3 ubiquitin enzymes. Nat Chem Biol (2016) 12(7):523-530.

Keresztessy Z, Kiss L, Hughes MA: Investigation of the active site of the cyanogenic beta-D-
glucosidase (linamarase) from Manihot esculenta Crantz (cassava). Il. Identification of Glu-
198 as an active site carboxylate group with acid catalytic function. Arch Biochem Biophys
(1994) 315(2):323-330.

Vocadlo DJ, Bertozzi CR: A strategy for functional proteomic analysis of glycosidase activity
from cell lysates. Angew Chem Int Edit (2004) 43(40):5338-5342.

Witte MD, Kallemeijn WW, Aten J, Li KY, Strijland A, Donker-Koopman WE, van den
Nieuwendijk AMCH, Bleijlevens B, Kramer G, Florea BI, Hooibrink B et al: Ultrasensitive in
situ visualization of active glucocerebrosidase molecules. Nat Chem Biol (2010) 6(12):907-
913.

Kwan DH, Chen HM, Ratananikom K, Hancock SM, Watanabe Y, Kongsaeree PT, Samuels AL,
Withers SG: Self-immobilizing fluorogenic imaging agents of enzyme activity. Angew Chem
Int Edit (2011) 50(1):300-303.

Rempel BP, Withers SG: Covalent inhibitors of glycosidases and their applications in
biochemistry and biology. Glycobiology (2008) 18(8):570-586.

14



O 00 o Ul b W N -

=
o

[ S N
w N R

T S Y
N o u b

NN P
= O O

N N NN
v b wWwN

N NN
00 N O

w W N
= O L

w W w w
v b wWwN

w W w w
O 00N O

ol i
o ubh wWwNEO

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23*,

Davies G, Henrissat B: Structures and mechanisms of glycosyl hydrolases. Structure (1995)
3(9):853-859.

Withers SG, Rupitz K, Street IP: 2-deoxy-2-fluoro-D-glycosyl fluorides. A new class of
specific mechanism-based glycosidase inhibitors. J Biol Chem (1988) 263(17):7929-7932.

Braun C, Brayer GD, Withers SG: Mechanism-based inhibition of yeast alpha-glucosidase
and human pancreatic alpha-amylase by a new class of inhibitors. 2-deoxy-2,2-difluoro-
alpha-glycosides. J Biol Chem (1995) 270(45):26778-26781.

McCarter JD, Withers SG: 5-fluoro glycosides: A new class of mechanism-based inhibitors of
both alpha- and beta-glucosidases. J Am Chem Soc (1996) 118(1):241-242.

Chakladar S, Wang Y, Clark T, Cheng L, Ko S, Vocadlo DJ, Bennet AJ: A mechanism-based
inactivator of glycoside hydrolases involving formation of a transient non-classical
carbocation. Nat Commun (2014) 5 No. 5590

Stubbs KA, Scaffidi A, Debowski AW, Mark BL, Stick RV, Vocadlo DJ: Synthesis and use of
mechanism-based protein-profiling probes for retaining beta-D-glucosaminidases facilitate
identification of Pseudomonas aeruginosa NagZ. J Am Chem Soc (2008) 130(1):327-335.

Hekmat O, Kim YW, Williams SJ, He S, Withers SG: Active-site peptide "fingerprinting" of
glycosidases in complex mixtures by mass spectrometry. Discovery of a novel retaining
beta-1,4-glycanase in Cellulomonas fimi. J Biol Chem (2005) 280(42):35126-35135.

Williams SJ, Hekmat O, Withers SG: Synthesis and testing of mechanism-based protein-
profiling probes for retaining endo-glycosidases. ChemBioChem (2006) 7(1):116-124.

Phenix CP, Rempel BP, Colobong K, Doudet DJ, Adam MJ, Clarke LA, Withers SG: Imaging of
enzyme replacement therapy using PET. Proc Natl Acad Sci (2010) 107(24):10842-10847.

Shamsi Kazem Abadi S, Tran M, Yadav AK, Adabala PJP, Chakladar S, Bennet AJ: New class of
glycoside hydrolase mechanism-based covalent inhibitors: glycosylation transition state
conformations. J Am Chem Soc (2017) 139(31):10625-10628.

Ren W, Pengelly R, Farren-Dai M, Abadi SSK, Oehler V, Akintola O, Draper J, Meanwell M,
Chakladar S, Swiderek K, Moliner V et al: Revealing the mechanism for covalent inhibition
of glycoside hydrolases by carbasugars at an atomic level. Nat Commun (2018) 9 No. 3243

Demonstrates that mechanism-based inhibitors employing non-native conformational itineraries can be useful
inhibitors of some enzyme classes. Also elegantly demonstrates the utility of combining fluoro- and carbasugar
moieties to create mechanism-based inhibitors with increased on-enzyme stability.

24,

Adamson C, Pengelly RJ, Shamsi Kazem Abadi S, Chakladar S, Draper J, Britton R, Gloster TM,
Bennet AJ: Structural snapshots for mechanism-based inactivation of a glycoside hydrolase
by cyclopropyl carbasugars. Angew Chem Int Ed Engl (2016) 55(48):14978-14982.

15



O 00 o Ul b W N -

=
o

[ S N
w N R

[ T S Y
N o u b

N R
o O

N N NN
A WNBR

N NDNDNN
O 00N O U

w w w ww
H W NNERLO

w w w ww
O 00 N O U

Pl
W N = O

B D
o b

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35*,

Legler G: [Studies on the action mechanism of glycoside splitting anzymes, I. Presentation
and properties of specific inhibitors]. Hoppe Seylers Z Physiol Chem (1966) 345(4):197-214.

Legler G: Labelling of the active centre of a beta-glucosidase. Biochim Biophys Acta (1968)
151(3):728-729.

Atsumi S, Umezawa K, linuma H, Naganawa H, Nakamura H, litaka Y, Takeuchi T: Production,
isolation and structure determination of a novel beta-glucosidase inhibitor, cyclophellitol,
from Phellinus sp. J Antibiot (1990) 43(1):49-53.

Gloster TM, Madsen R, Davies GJ: Structural basis for cyclophellitol inhibition of a beta-
glucosidase. Org Biomol Chem (2007) 5(3):444-446.

Jiang JB, Artola M, Beenakker TJM, Schroder SP, Petracca R, de Boer C, Aerts JMFG, van der
Marel GA, Codee JDC, Overkleeft HS: The synthesis of cyclophellitol-aziridine and its
configurational and functional isomers. Eur J Org Chem (2016) (22):3671-3678.

Hansen FG, Bundgaard E, Madsen R: A short synthesis of (+)-cyclophellitol. / Org Chem
(2005) 70(24):10139-10142.

Li KY, Jiang JB, Witte MD, Kallemeijn WW, van den Elst H, Wong CS, Chander SD,
Hoogendoorn S, Beenakker TIM, Codee JDC, Aerts JMFG et al: Synthesis of cyclophellitol,
cyclophellitol aziridine, and their tagged derivatives. Eur J Org Chem (2014) (27):6030-6043.

Willems LI, Beenakker TIM, Murray B, Scheij S, Kallemeijn WW, Boot RG, Verhoek M,
Donker-Koopman WE, Ferraz MJ, van Rijssel ER, Florea Bl et al: Potent and selective activity-
based probes for GH27 human retaining alpha-galactosidases. / Am Chem Soc (2014)
136(33):11622-11625.

Jiang J, Kallemeijn WW, Wright DW, van den Nieuwendijk A, Rohde VC, Folch EC, van den
Elst H, Florea BI, Scheij S, Donker-Koopman WE, Verhoek M et al: In vitro and in vivo
comparative and competitive activity-based protein profiling of GH29 alpha-L-fucosidases.
Chem Sci (2015) 6(5):2782-2789.

Jiang J, Kuo CL, Wu L, Franke C, Kallemeijn WW, Florea BI, van Meel E, van der Marel GA,
Codee JD, Boot RG, Davies GJ et al: Detection of active mammalian GH31 alpha-
glucosidases in health and disease using in-class, broad-spectrum activity-based probes.
ACS Cent Sci (2016) 2(5):351-358.

Wu L, Jiang J, Jin Y, Kallemeijn WW, Kuo CL, Artola M, Dai W, van Elk C, van Eijk M, van der
Marel GA, Codee JDC et al: Activity-based probes for functional interrogation of retaining
beta-glucuronidases. Nat Chem Biol (2017) 13(8):867-873.

This work demonstrates the power of unbiased ABPP, showing binding of a probe designed for
exoglycosidases to an endo-acting enzyme: heparanase.

16



O 00 o Ul b W N -

[
= O

S N
a b wN

N R R R
O O 0

N NN
w N =

N N NN
N o b

wW W NN
= O O

w w w w
v b N

w w w w
O 00N O

Pl
W N = O

B A D
(o) I, JRN N

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Howard S, Withers SG: Bromoketone C-glycosides, a new class of beta-glucanase
inactivators. J Am Chem Soc (1998) 120(40):10326-10331.

Fenger TH, Brumer H: Synthesis and analysis of specific covalent inhibitors of endo-
xyloglucanases. ChemBioChem (2015) 16(4):575-583.

Anderson LN, Culley DE, Hofstad BA, Chauvigne-Hines LM, Zink EM, Purvine SO, Smith RD,
Callister SJ, Magnuson JM, Wright AT: Activity-based protein profiling of secreted
cellulolytic enzyme activity dynamics in Trichoderma reesei QM6a, NG14, and RUT-C30.
Mol Biosyst (2013) 9(12):2992-3000.

Kuhn CS, Lehmann J, Sandhoff K: Efficient photoaffinity labeling of human beta-
hexosaminidase A. Synthesis and application of 3-azi-1-[(2-acetamido-2-deoxy-1-beta-D-
glucopyranosyl)thio]- and -galactopyranosyl)thio]butane. Bioconjug Chem (1992) 3(3):230-
233.

Orth R, Pitscheider M, Sieber SA: Chemical probes for labeling of the bacterial
glucosaminidase NagZ via the Huisgen cycloaddition. Synthesis-Stuttgart (2010) (13):2201-
2206.

Gandy MN, Debowski AW, Stubbs KA: A general method for affinity-based proteomic
profiling of exo-alpha-glycosidases. Chem Commun (2011) 47(17):5037-5039.

Wendeler M, Hoernschemeyer J, Hoffmann D, Kolter T, Schwarzmann G, Sandhoff K:
Photoaffinity labelling of the human GM2-activator protein - mechanistic insight into
ganglioside GM2 degradation. Eur J Biochem (2004) 271(3):614-627.

Sinnott ML, Smith PJ: Active-site-directed irreversible inhibition of Escherichia-coli beta-
galactosidase by hot carbonium-ion precursor, beta-D-galactopyranosylmethyl-para-
nitrophenyltriazene. J Chem Soc Chem Comm (1976) (6):223-224.

Chauvigne-Hines LM, Anderson LN, Weaver HM, Brown JN, Koech PK, Nicora CD, Hofstad BA,
Smith RD, Wilkins MJ, Callister SJ, Wright AT: Suite of activity-based probes for cellulose-
degrading enzymes. J Am Chem Soc (2012) 134(50):20521-20532.

Hsu YL, Nandakumar M, Lai HY, Chou TC, Chu CY, Lin CH, Lo LC: Development of activity-
based probes for imaging human alpha-L-fucosidases in cells. / Org Chem (2015)
80(16):8458-8463.

Nandakumar M, Hsu YL, Lin JCY, Lo C, Lo LC, Lin CH: Detection of human-L-fucosidases by a
quinone methide-generating probe: enhanced activities in response to Helicobacter pylori
infection. ChemBioChem (2015) 16(11):1555-1559.

Davies GJ, Planas A, Rovira C: Conformational analyses of the reaction coordinate of
glycosidases. Acc Chem Res (2012) 45(2):308-316.

17



A wWN PR

O 00 N O W!;

10
11
12

13
14
15
16

17
18
19
20
21

22
23
24
25
26

27
28
29
30
31

32
33
34
35

36
37
38
39

40
41
42
43

44

48%*, Beenakker TIM, Wander DPA, Offen WA, Artola M, Raich L, Ferraz MJ, Li KY, Houben JHPM,
van Rijssel ER, Hansen T, van der Marel GA et al: Carba-cyclophellitols are neutral retaining-
glucosidase inhibitors. / Am Chem Soc (2017) 139(19):6534-6537.

This paper shows that conformationally locked, non-electrophilic, carba-cyclophellitols are competent
competitive glucosidase inhibitors, owing to their mimicking of retaining glucosidase transition state
conformations. One of the first demonstrations of conformational FEL analysis applied to glycosidase
ABP like molecules.

49*%*  Artola M, Wu L, Ferraz MJ, Kuo CL, Raich L, Breen I1Z, Offen WA, Codee JDC, van der Marel
GA, Rovira C, Aerts J et al: 1,6-Cyclophellitol cyclosulfates: a new class of irreversible
glycosidase inhibitor. ACS Cent Sci (2017) 3(7):784-793.

Related to reference 48. This paper describes the design of cyclophellitol cyclosulfates, a class of
irreversible glycosidase inhibitor that mimics the Michaelis complex conformation of a-glucosidases.
Cyclophellitol cyclosulfates show exquisite selectivity for o-glucosidases over B-glucosidases,
demonstrating the power of conformational analysis for inhibitor/ABP design.

50. Marques AR, Willems LI, Herrera Moro D, Florea BI, Scheij S, Ottenhoff R, van Roomen CP,
Verhoek M, Nelson JK, Kallemeijn WW, Biela-Banas A et al: A specific activity-based probe
to monitor family GH59 galactosylceramidase, the enzyme deficient in Krabbe disease.
ChemBioChem (2017) 18(4):402-412.

51. Artola M, Kuo CL, Lelieveld LT, Rowland RJ, van der Marel GA, Codee JDC, Boot RG, Davies
GJ, Aerts J, Overkleeft HS: Functionalized cyclophellitols are selective glucocerebrosidase
inhibitors and induce a bona fide neuropathic Gaucher model in zebrafish. J Am Chem Soc
(2019) 141(10):4214-4218.

52. van Smeden J, Dijkhoff IM, Helder RWJ, Al-Khakany H, Boer DEC, Schreuder A, Kallemeijn
WW, Absalah S, Overkleeft HS, Aerts J, Bouwstra JA: In situ visualization of
glucocerebrosidase in human skin tissue: zymography versus activity-based probe labeling.
J Lipid Res (2017) 58(12):2299-2309.

53*, van Meel E, Bos E, van der Lienden MIC, Overkleeft HS, van Kasteren Sl, Koster AJ, Aerts J:
Localization of active endogenous and exogenous GBA by correlative light-electron
microscopy in human fibroblasts. Traffic (2019) (5):346-356.

ABPs were used to label endogenous and recombinant GBA, allowing cellular trafficking of these
enzymes to be visualized. Correlated fluorescence and electron microscopy imaging was used to
directly observe accumulation of recombinant GBA in lysosomes, demonstrating the utility of ABPs for
facilitating high resolution biological imaging.

54, Artola M, Kuo CL, McMahon SA, Oehler V, Hansen T, van der Lienden M, He X, van den Elst
H, Florea Bl, Kermode AR, van der Marel GA et al: New irreversible alpha-L-lduronidase
inhibitors and activity-based probes. Chemistry (2018) 24(71):19081-19088.

18



O 00 N O U A WN R

[ Y
N = O

[ = N T Y =Y
NoO U Ww

N R R
o O

N NDNNNN
“u b WN PR

26
27
28

29
30
31
32

33
34
35
36

37
38
39
40
41

42
43
44
45

55.

56.

57.

58%*,

Lahav D, Liu B, van den Berg R, van den Nieuwendijk A, Wennekes T, Ghisaidoobe AT, Breen
|, Ferraz MJ, Kuo CL, Wu L, Geurink PP et al: A fluorescence polarization activity-based
protein profiling assay in the discovery of potent, selective inhibitors for human
nonlysosomal glucosylceramidase. / Am Chem Soc (2017) 139(40):14192-14197.

Marques AR, Aten J, Ottenhoff R, van Roomen CP, Herrera Moro D, Claessen N, Vinueza
Veloz MF, Zhou K, Lin Z, Mirzaian M, Boot RG et al: Reducing GBA2 activity ameliorates
neuropathology in Niemann-Pick type C mice. PLoS One (2015) 10(8):e0135889.

Hekmat O, He S, Warren RA, Withers SG: A mechanism-based ICAT strategy for comparing
relative expression and activity levels of glycosidases in biological systems. J Proteome Res
(2008) 7(8):3282-3292.

Schroder SP, De Boer C, McGregor NGS, Rowland RJ, Moroz O, Blagova E, Reijngoud J,
Arentshorst M, Osborn D, Morant MD, Abbate E et al: Dynamic and functional profiling of
xylan-degrading enzymes in Aspergillus secretomes using activity-based probes. ACS Cent
Sci XXXX

This paper describes the application of xylose and xylobiose configured ABPs to interrogate

glycosidases in fungal secretomes following growth on different biomass substrates. Demonstrates
the utility of ABPP for novel enzyme discovery in the service of biotechnology

59%*,

Whidbey C, Sadler NC, Nair RN, Volk RF, DeLeon AJ, Bramer LM, Fansler SJ, Hansen JR, Shukla
AK, Jansson JK, Thrall BD et al: A probe-enabled approach for the selective isolation and
characterization of functionally active subpopulations in the gut microbiome. J Am Chem
Soc (2019) 141(1):42-47.

The authors used B-glucuronidase specific ABPs to label gut microbiome community members,
revealing plasticity in the metabolic activity of microbiota between individuals and after
pharmacological perturbation.

60.

61.

62.

63.

Jain N, Attia MA, Offen WA, Davies GJ, Brumer H: Synthesis and application of a highly
branched, mechanism-based 2-deoxy-2-fluoro-oligosaccharide inhibitor of endo-
xyloglucanases. Org Biomol Chem (2018) 16(45):8732-8741.

Caner S, Zhang X, Jiang J, Chen HM, Nguyen NT, Overkleeft H, Brayer GD, Withers SG:
Glucosyl epi-cyclophellitol allows mechanism-based inactivation and structural analysis of
human pancreatic alpha-amylase. FEBS Lett (2016) 590(8):1143-1151.

Schroder SP, van de Sande JW, Kallemeijn WW, Kuo CL, Artola M, van Rooden EJ, Jiang J,
Beenakker TJM, Florea BI, Offen WA, Davies GJ et al: Towards broad spectrum activity-
based glycosidase probes: synthesis and evaluation of deoxygenated cyclophellitol
aziridines. Chem Commun (2017) 53(93):12528-12531.

Miao SC, Ziser L, Aebersold R, Withers SG: Identification of glutamic-acid-78 as the active-
site nucleophile in Bacillus-subtilis xylanase using electrospray tandem mass-
spectrometry. Biochemistry (1994) 33(23):7027-7032.

19



20



