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Abstract

Mannosidases are a diverse group of enzymes that are important in the biological processing
of mannose-containing polysaccharides and complex glycoconjugates. They are found in 12 of
the >160 sequence-based glycosidase families. We discuss evidence that nature has evolved a
small set of common mechanisms that unite almost all of these mannosidase families. Broadly,
mannosidases (and the closely related rhamnosidases) perform catalysis through just two
conformations of the oxocarbenium ion-like transition state: a B2s (or enantiomeric >°B) boat
and a 3H, half-chair. This extends to a new family (GT108) of GDPMan-dependent [3-1,2-
mannosyltransferases/phosphorylases that perform mannosyl transfer through a boat
conformation as well as some mannosidases that are metalloenzymes and require divalent
cations for catalysis. Yet, among this commonality lies diversity. New evidence shows that one
unique family (GH99) of mannosidases use an unusual mechanism involving anchimeric
assistance via a 1,2-anhydro sugar (epoxide) intermediate.
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Introduction

Mannose-containing polysaccharides and glycoconjugates are widespread in nature. For
example, B-1,4-mannans are found in a variety of plant sources and include the galactomannans
and glucomannans [1]. The cell wall of fungi contain complex heteromannans with an o-1,6-
mannan backbone [2] and related structures are present within the lipomannan and
lipoarabinomannan structures of mycobacteria and corynebacteria [3]. -1,2-mannans are
produced as a soluble cytosolic carbohydrate reserve in Leishmania spp. [4]. And as part of N-
linked glycoprotein synthesis, mammals and other eukaryotes produce complex N-glycans that
contain 3-1,4-, a-1,2-, a-1,3 and a-1,6-mannose linkages. The degradation of these glycosides
is achieved by diverse mannosidases (here we use this term to include mannanases) that cleave
o- or B-mannoside linkages in a wide variety of substrates. Mannosidases are found within 12
of the glycoside hydrolase families of the Carbohydrate Active enzyme classification
(www.cazy.org [5]; www.cazypedia.org [6]). Table 1 summarizes the various sequence-based
families containing mannosidases, and Table 2 highlights the diversity of fold across the

families. Three of these families host a-mannosidase metalloenzymes (and one family hosts

a-mannosidase metalloenzymes), with dependency on divalent metals for activity, typically
Ca* or Zn**.

The chemical transformations used by glycosidases to cleave the glycosidic linkage
primarily involve substitution reactions at the anomeric centre of the sugar. Sugars possess a
ring oxygen that can provide varying degrees of electronic stabilization to developing charge
at C1 and under appropriate conditions the anomeric centre can engage in a continuum of
nucleophilic substitution mechanisms that span the spectrum from Sx1 to Sn2 reactions [7e].
The case of a "quintessential" concerted Sx2 reaction at the anomeric position represents one
mechanistic extreme, and has only been observed in non-biological catalysis using exceptional
nucleophiles (e.g. a glycosyl fluoride with azide) [8] (see Side panel A). The other mechanistic
extreme involves a "quintessential" stepwise Sn1 reaction with the formation of a glycosyl
cation. Glycosyl cations have recently been synthesized in the condensed phase [9], and their
involvement as intermediates in non-enzymatic solution-phase glycosylation reactions firmly
established [10].

Side panel A. Illuminating the spectrum of reactivity with More O'Ferrall-Jencks plots

More O'Ferrall and Jencks introduced a 2-D plot (which may be contoured to represent energy
in the third dimension) that is a useful tool to illustrate the continuity between concerted and
stepwise processes. Each axis represents the formation or breakage of a given bond, and a
trajectory between substrate at the origin with product at the diagonal illustrates a particular
reaction coordinate as a function of changes in bond order for two reactive bonds. More
O'Ferrall-Jencks plots are useful to demonstrate the continuity between concerted and stepwise
processes such as substitution and elimination reactions. A More O'Ferrall-Jencks plot for an
anomeric substitution is shown below. The diagonal represents a perfect Sx2 process, the
pathway along the x-axis a completely stepwise Sn1 process, and the dotted lines are pathways
highlighting the continuum between the two (with dissociative character increasing as the
pathway approaches the x-axis). The shaded area above the diagonal is excluded for
substitution at carbon but may be involved in substitution at phosphorus or sulfur.
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Glycosidases typically possess active sites that stabilize oxocarbenium ion character by
favouring certain sugar shapes or conformations [11]. However, in biological catalysis the
presence of nucleophilic species within active sites means that glycosyl cations are generally
believed not to possess a discrete existence in enzymatic mechanisms [12]. Instead, within
enzyme active sites, nucleophilic participation at the anomeric centre is coupled to leaving
group departure (dotted lines in Side panel A). Tight' and 'loose' transition states can be
distinguished defined by the sum of the nucleophile...C1 and leaving group...C1 distances
[13]. Nonetheless, given the oxocarbenium ion character that develops during glycosidic bond
cleavage, the structure and reactivity of glycosyl cations are central to considerations of
reactivity in biological catalysis, and provide key insights into the nature of oxocarbenium ion-
like transition states. Electronic stabilization of charge development at the transition state
results in partial double bond development between OS5 and C1 meaning that conformations in
which C2-C1-05-CS5 are planar (or close to) are preferred [ 14]. This includes the idealized half-
chair CHa, *H3), boat (B2s, >°B) and envelope (*E, E4 and *E, E3) conformations [15].

Glycosidases nominally follow two main nucleophilic substitution mechanisms,
distinguished by the stereochemical outcome of the anomeric substitution reaction [14].
Inverting glycosidases operate through one-step mechanisms involving a general acid that
assists leaving group departure, and a water nucleophile, assisted by a general base (Figure
1a,b). Retaining glycosidases use two-step mechanisms involving a covalent intermediate
assisted by an enzymic general acid/base residue [12]. Most retaining glycosidases use an
enzyme-borne nucleophile (typically aspartate, glutamate or tyrosine). In the first step the
enzyme nucleophile approaches the anomeric centre; coupled to its approach is the departure
of the anomeric leaving group, assisted by the enzymic acid/base acting as general acid,
resulting in the formation of a covalent glycosyl enzyme (Figure 1c¢,d). In the second step the
acid/base acts as general base to deprotonate a water molecule, which substitutes the anomeric
centre and cleaves the glycosyl enzyme to restore the enzymatic nucleophile. An important
variant of the retaining mechanism applies for substrates bearing a pendant acetamido group
situated trans to the glycoside, such as N-acetyl-B-hexosaminides. Certain N-acetyl-p-



hexosamindases utilise a neighboring group participation mechanism in which the substrate
acetamido group acts as a nucleophile to displace the leaving group, again with the involvement
of an enzymatic general acid/base to promote leaving group departure [12]. These enzymes
form a cyclic intermediate that may be either an oxazoline or oxazolinium ion [16ee,17], and
possess a general acid/base that both enhances the nucleophilicity of the acetamido group, and
stabilizes the oxazolinium ion-like transition state [16ee,18].

In and out of trouble: Nucleophilic substitution of mannosides

Among the range of carbohydrates that nature's catalysts must contend with, polymers
and glycoconjugates formed from D-mannose (and its pseudo-enantiomer L-rhamnose)
comprise a special case. In mannopyranosides in the normal *C; chair conformation, the 2-
hydroxyl group occupies an axial orientation. This orientation presents a challenge for
nucleophilic substitution reactions at the anomeric position from the -face. To understand
why, one may consider the neopentyl effect (Figure 2a): rates of bimolecular Sx2 substitution
by ethoxide in neopentyl bromide is around 2,000,000-fold slower than for methyl bromide,
more than 150,000-fold slower than for ethyl bromide, and around 4,500-fold slower than the
equivalent substitution in isobutyl bromide [19]. The resistance of neopentyl bromide to
substitution is credited to blocking of the trajectory required for nucleophilic attack.

Pyranoses can take advantage of their flexibility to relieve the nucleophile blocking
effect of the axial 2-hydroxyl and adopt more reactive conformations. The full set of pyranose
conformations can be represented using the elegant method of Cremer and Pople [20] using
0/¢ puckering coordinates on a pseudo-sphere or in 2D in a Mercator projection. In this
representation, the 'mormal' *Ci conformation lies at the north pole; the inverted 'Ci
conformation at the south pole; the equator consists of various boat and skew conformations;
and at the two tropics lie the envelope and half-chair conformations. Varying the ring
conformation results in changes to the orientation of O2, which can alleviate the steric clash
that occurs as a nucleophile approaches C1, for example by adopting °S> or *S; conformations
(Figure 2a). Which conformations are most beneficial for substitutions on mannose C1? Fig
1b shows the degree of 'axiality' of the 2-OH across the conformational orientations, which
reveals that the most advantageous are the *Hs and B»s conformations; these conformations
achieve planarity across C2-C1-05-C5, and maximize the 'equatoriality' of O2, opening up a
nucleophilic trajectory for substitution at C1. Almost all mannosidase Michaelis complexes
that have been structurally characterized exhibit pyranose ring conformations in which the 2-
hydroxyl is not axial (blue and white regions in Figure 2b); family GH99 represents an
important exception that will be discussed later.

It has been known since the 1960s that several o-mannosidase (and o-rhamnosidase)
families are metalloenzymes that require divalent metal cations (typically Zn** or Ca*") for
activity (Table 1). Cation and substrate bind in that order through an ordered sequential
mechanism [21], and X-ray structures reveal that the metal coordinates the 2- and 3-hydroxyls
of the substrate. It has been suggested that the role of the metal ion is to assist in distortion of
o-mannosides/rhamnosides by effects on the torsion angle of 02-C2-C3-03 (Qo2-03) [22].
Possibly, for inverting enzymes, the nucleophilic water required in the reaction mechanism is
delivered from within the coordination sphere of the metal ion, which may enhance the
nucleophilicity of the water by increasing its acidity [22]. A computational study of a GH38 a.-
mannosidase (a retaining enzyme) argued that Zn>* coordination to the sugar stabilizes charge



development on O2 at the transition state [23], but the effect of the cation on sugar ring
conformation was not investigated.

Mannoimidazoles: Privileged probes of transition state conformation

The transition state is the cardinal feature of the catalysis reaction coordinate, but as the
least stable species is also the most fleeting. How then can we gain experimental insights into
the structure and conformation of the transition state? One approach is to make molecules with
the ability to mimic key features of the transition state and use X-ray crystallography to obtain
high resolution complexes with enzymes and thereby study the structure and interactions that
occur at the transition state. As glycosidases possess a transition state with partial double-bond
character and positive charge development at CI and OS5, various sugar-shaped
imino/azasugars have proven very useful, especially when validated as transition state mimics
through kinetic analysis using Linear Free Energy Relationships on Bartlett plots [24,25].
Prime among the most useful compounds are glycoimidazoles and related species that were
developed through the work of Vasella [26] and others. Mannoimidazole especially has
emerged as a powerful probe of transition state conformation through a detailed understanding
of its intrinsic 'off-enzyme' conformational preferences. The conformational free energy
landscape of mannoimidazole determined by quantum mechanical methods revealed that this
compound provides good transition-state shape mimicry, with the mechanistically relevant
half-chair (*H3 and *H.), envelope CE, E3, *E, and E4), and boat (*°B or B> 5) conformations all
energetically accessible (Figure 3) [27]. The *H3 conformation is the global minimum, with
the *Hs conformation just 1 kcal mol! higher in energy. The B> s conformation is 5 kcal mol’!
higher in energy than the *Hs conformation and it is within the accessible regions of the FEL.
Thus, the observation of mannoimidazole bound to enzymes in conformations other than the
“H3 ground state can be considered mechanistically significant, with the enzyme tuning its
preferred conformation.

Mannosidases that operate through a Bzs boat conformation

A B» s transition state conformation for mannosidase catalysis was first proposed based
on X-ray structures of a GH26 B-mannanase showing a Michaelis complex in a 'Ss
conformation [28], and a glycosyl enzyme formed using a 2-deoxy-2-fluoro-mannoside in a
S, conformation [28], suggestive of a boat transition state through application of the principle
of least nuclear motion (Figure 1d) [15]. This interpolative approach was bolstered by use of
a mannobiose-derived imidazole, which bound in a B2 5 conformation [27]. B2 5 conformations
have been observed for mannoimidazole complexes of family GH1, 2, 26, 38,92, 113, and 125
o- and B-mannosidases (Table 1). In both retaining family GH38 and inverting GH92 a-
mannosidases, Zn>*/Ca’* coordinates O2 and O3 in the mannoimidazole complexes [22,27], a
feature confirmed by QM/MM simulations of the reaction coordinate features (Figure 4a).

The conformational preference of an enzyme has been shown to overcome even greater
conformational ligand preferences. A complex of a retaining GH76 enzyme from Bacillus
circulans with a 1,6-o-mannobiose-derived isofagomine adopted a B> 5 conformation [29]. This
was surprising as the computed FEL revealed this precise conformer to be approx. 8 kcal mol
! greater than the preferred *C; conformation of this inhibitor [27]. QM/MM metadynamics
simulation of isofagomine binding to the enzyme revealed that the enzyme dramatically
reshapes the FEL to favour the B> s and ©S, conformations of this inhibitor on-enzyme, most
likely due to a direct hydrogen bonding interactions between the catalytic nucleophile and



inhibitor 3-OH and NH>" groups, allowing the enzyme to qualitatively recapitulate the major
hydrogen-bonding interactions predicted for the transition state. Collectively, structural and
computational studies support an °S; — B, s* — !S5 conformational itinerary for the GH76
glycosylation half-reaction (Figure 1c).

Family GH1 retaining glycosidases are typically B-glucosidases or [-galactosidases.
Cairns and co-workers reported the unusual case of rice Os7BGlu26 B-glycosidase which
hydrolyzes 4-nitrophenyl B-glucoside and -mannoside with similar efficiencies [30]. This is
an especially unusual combination as B-glucosidases typically utilize *H5 transition states and
B-mannosidases use either B» 5 or in rare cases (vide infra) *Ha transition states. X-ray structures
of glucoimidazole (K1 2.7 nM) and mannoimidazole (K1 10.4 uM) revealed that the former
binds in a *E conformation, while the latter binds in a B2.s conformation, suggestive of different
transition state conformations for the two substrates. QM/MM simulations supported a 1S3 —
*EI*Hs* — 4C) itinerary for B-glucosides and a 'S5 — By st — ©S, itinerary for f-mannosides
(Figure 1d). Thus, Os7BGlu26 hydrolyzes glucosides and mannosides through distinct
pyranoside transition state conformations.

Assignment of the conformational itinerary to the metal-independent family GH125 a-
mannosidases has proved challenging. Initial complexes with a non-hydrolysable thiosugar and
the iminosugar deoxymannojirimycin were undistorted [31]. Ab initio QM/MM metadynamics
of the thiosugar complex but with an S—O replacement performed in silico predicted an °S»
conformation on-enzyme [32ee]. This prompted a crystallographic experiment using the
acid/base mutant D220N and led to direct observation of an ©S, conformation for the Michaelis
complex [32ee@]. This was subsequently extended to the observation of a B2 5 conformation of
mannoimidazole with this enzyme [33], data that collectively supports the assignment of an
08, — By st — 'S5 conformational itinerary for GH125 enzymes.

Family GH130 contains [-mannosidases/phosphorylases, both of which act with
inversion of stereochemistry. This interesting circumstance arises from two subsets of enzymes
that contain either a triad of positively charged (His/Lys/Arg) residues that promote binding of
phosphate that can act as the catalytic nucleophile, or instead a pair of glutamates that can
activate a water molecule for nucleophilic attack [34]. These enzymes have proven resistant
to the obtention of inhibitor complexes. However, various product complexes contain mannose
bound in distorted B 5 or B> 5/°S> conformations, and most informatively, Michaelis complexes
with disaccharides in which the -1 subsite sugar was bound in a 'S5 conformation [35,36]. These
data are again collectively consistent with an 08, = Byst — 185 itinerary (Figures 1d,4b) [34].

Mannosidases that operate through a *H4 half-chair conformation

a-Mannosidases of family GH47 are inverting and Ca**-dependent metalloenzymes.
The most conspicuous members of this family are the mammalian class I GH47 o-
mannosidases involved in N-linked glycoprotein trimming in the secretory pathway in both
normal biosynthetic processing and in endoplasmic reticulum associated degradation. A series
of X-ray 'snapshots' of an S-linked substrate analogue, mannoimidazole, and the product
mannose, combined with FEL analysis gave support for a 3S; — 3Hs* — 'C4 conformational
itinerary (Figure 1a) [37,38].



Family 47 a-mannosidases are uniquely sensitive to inhibition to the bicyclic and
neutral inhibitor kifunensine, an observation that is exploited in cell biology and in the
industrial production of therapeutic proteins [39]. Early crystallographic work applied to
mammalian ER o-mannosidase 1 showed that kifunensine adopts an inverted ! Cs conformation
bound to this enzyme [40]. In fact, QM/MM calculations show that kifunensine prefers the
ring-flipped !Cs conformation over that of the transition state mimicking *Hs conformation,
which is ~10 kcal mol™! higher in energy and does not correspond to an energy minimum. In
the context of the conformational itinerary, this argues that kifunensine achieves its high
potency by mimicking the product (rather than the transition state) of the reaction, suggesting
that kifunensine achieves selectivity for GH47 mannosidases by its bias to a conformational
state that is not accessed by a-mannosidases belonging to other families [41e].

B-Mannanases of family GH134 are inverting glycoside hydrolases that have the
capacity to degrade various B-mannans, including unprecedented activity on a challenging
substrate, the regular unadorned B-1,4-mannan from the ivory nut [42]. An X-ray structure of
mannopentaose complexed with an inactive mutant bacterial GH134 enzyme revealed that the
sugar at the —1 subsite adopts a 'Cs4 conformation [43]. QM/MM analysis of the reaction
coordinate provided evidence for a !Cs — *Hs* — 38| conformational itinerary (Figures 1b,4e).

Thus, the GH47 o-mannosidases and the GH134 -mannanases use the same transition state
in equivalent but reversed conformational itineraries for catalysis.

Leishmania -1,2-mannosyltransferases/phosphorylases: a missing link between GHs
and GTs?

Leishmania spp. parasites accumulate a soluble intracellular 3-1,2-mannan (mannogen)
that functions as a carbohydrate reserve material and confers stability to stress. McConville
and co-workers identified a family of enzymes termed B-1,2-
mannosyltransferases/phosphorylases (MPTs) that can catalyze the synthesis and degradation
of mannogen [44ee]. Five enzymes possess reversible phosphorylic activity, catalysing the
stereochemically inverting release of Man-1-phosphate from mannogen (and elongation of
mannogen from Man-1-P); two other homologous enzymes catalyzed the reversible extension
of mannogen from GDPMan, with the difference in activities associated with an His/Arg switch
at a key site within the extended active site cleft that appears to promote phosphate or GDP
binding, respectively. The sugar nucleotide transfer activity of this group of enzymes defines
them as glycosyltransferases, leading to their assignment to a new family, GT108. However,
their ability to act as phosphorylases hints at a connection with the GHs, which in most cases
are classified within GH families. Strikingly, X-ray structures of several representatives
revealed that they do not adopt one of the typical GT folds, but rather a B-propeller (as predicted
for GT91 enzymes), with remarkable similarity of active site with GH130 enzymes that possess
B-1,2-mannosidase/phosphorylase activity, including a similar arrangement of catalytic
residues. In fact, like enzymes of GH130, a substrate complex with -1,2-mannobiose was
observed with the —1 sugar residue bound in a 'Ss conformation, and a conformational itinerary
1S5 — By st — 98, was proposed, matching that of GH130 B-mannosidases (Figure 4b,c,d).

GH family 99 endomannosidase/endomannanases: a new mechanism of glycosidic bond
cleavage



Based on observations that can be traced back to the late 19" century it is known that
o-mannosides and B-glucosides can be cleaved under basic conditions through a mechanism
involving neighboring group participation [45]. These reactions involve the formation of a C2-
oxyanion that performs an intramolecular nucleophilic attack on CI1 to form a 1,2-epoxide
(more formally termed a 1,2-anhydro sugar), which is short-lived under basic conditions, and
cleaves through exclusive ring-opening at C1 to form a product with overall stereochemical
retention. A recent KIE study of the basic solvolysis of PNPMan revealed a distinctive
nucleophile KIE value for C2-'30 of 1.04 and anomeric KIEs for anomeric-*H and anomeric
1-13C supporting an oxocarbenium ion-like transition state [45]. As nucleophilic substitution
will be preferred when O2 and the anomeric leaving group adopt an antiperiplanar
arrangement, this reaction occurs with little requirement for conformational distortion from a
*C1 conformation with an axial O2. Until very recently proposals for a biological equivalent of
this neighboring group participation mechanism by Wallenfels for LacZ [-galactosidase
[46,47] and Oppenheimer for NAD™* glycohydrolase [48,49,50] have not withstood mechanistic
scrutiny.

Glycoside hydrolase family 99 contains retaining enzymes with two closely related
activities: endo-o-1,2-mannosidases and endo-a-1,2-mannanases, which act on corresponding
structures present within mammalian glucosylated high mannose N-glycans [51] and yeast
mannans [52,53], respectively. An early set of ligand-bound 3-D structures of a-glucosyl-1,3-
deoxymannojirimycin and o-glucosyl-1,3-isofagomine complexed to a Bacteroides sp. GH
family 99 enzyme failed to identify a candidate enzymatic nucleophile, and also did not display
any distortion away from a 'normal' *C; conformation [54]. Instead, a conserved carboxylate
residue was observed involved in a hydrogen bond with the 2-OH of GlcDMIJ and a related
inhibitor a-mannosyl-1,3-neoeuromycin [55]. These observations gave indirect support to the
suggestion that this family may use a neighboring group participation mechanism involving
the 2-OH group via a 1,2-anhydro sugar intermediate [54].

A pre-print available on ChemRxiv reports a non-peer-reviewed study of a Bacteroides
sp. endo-o-1,2-mannanase that yielded a kinetic isotope effects C2-'30 of 1.052 + 0.006
[S6ee]. This value is strikingly similar to that measured for the base-promoted solvolysis of
PNPMan, and directly supports neighboring group participation by the 2-hydroxyl group. A
series of X-ray structures including a tetrasaccharide bound in a Michaelis complex, with
cyclohexane-1,2-aziridine and cyclohexane-1,2-epoxide (as mimics of the 1,2-anhydro sugar
intermediate) and with mannobiose in a product complex provided insight into the
conformations of species along the reaction pathway (Figure S). These structures were used
in QM/MM calculations to model the reaction coordinate that also predicted reaction through
a 1,2-anhydro sugar intermediate and a 2E/’H; — [E3]* — *E/*Hs conformational itinerary.
Interestingly, this transition state conformation is very close to the 2H3/E3 conformation
observed upon binding of a-mannosyl-1,3-mannoimidazole (see Fig. 3) [57].

The unique features of this mechanism have inspired the design of activity based protein
profiling (ABPP) probes that seek to capitalize on the conserved base that deprotonates O2.
Schroder synthesized spiro-epoxides bearing a fluorescent tag that were designed to react with
this residue to form a covalent link to the enzyme and allow visualization of the labelled protein
[58e]. The best compound (Figure S5d) allowed concentration, time and pH dependent
visualization of the labelled enzyme after gel electrophoresis, in a manner that could be



competed with by substrate or the inhibitor mannosyl-isofagomine. The Glu333Q and
Glu336Q mutant enzymes were not labelled under short labelling conditions that provided
effective labelling of the wildtype enzyme, yet were labelled under longer incubation,
suggesting that the high reactivity of the spiroepoxide is susceptible to reaction at other sites
of the protein and that structural variation may be required to obtain a highly specific ABPP
probes suitable for more advanced applications.

Through the looking glass: L-rhamnosidases

Rhamnosidases act on L-rhamnosides, which are the pseudo-enantiomer of D-
mannosides. o-L-rhamnoside linkages occur widely in various pectins and the associated
degradative enzymes occur within plants and in bacteria in the gut microbiota. All
rhamnosidases studied to data process o-L-rhamnosides. Like a-mannosidases, o-
rhamnosidases follow inverting and retaining mechanisms, and the rhamnosidases of GH106
are Ca®*-dependent metalloenzymes (Table 1). A complex of a rhamnogalacturonan II
degrading bacteroides GH106 a-L-rhamnosidase with L-rhamnotetrazole showed coordination
of Ca?* with the 2- and 3-hydroxyl groups and adopted a >°B conformation [59ee], suggesting
that enzymes of this family follow a 2So — *°B* — S conformational itinerary, which is
enantiomeric to the B> s* pathway followed by most a.-mannosidases. Much less is known about
the conformational itinerary of all other a.-rhamnosidases. Complexes of a GH90 bacteriophage
P22 tailspike protein endo-rhamnosidase from family GH90 (PDB 1TYU) and Streptomyces
avermitilis a-rhamnosidase from family GH78 (PDB 3W5N) with rhamnose are found in *°B
conformations hint at a similar conformational itinerary; however, without further study the
implications of these observations are unclear. On the basis of a failure to identify a candidate
nucleophile for the retaining o-rhamnosidases of GH145, a neighboring group participation

mechanism, similar to that of GH99 endo-a-1,2-mannanases, was proposed for enzymes of this
family [60].

Conclusions

Extensive efforts over the last 20 years combining X-ray crystallography of ligands,
kinetic studies and increasingly high-level ab initio simulations to the problem of
understanding glycoside hydrolase catalysis across the bounty of nature's treasure chest. There
is now good evidence that almost all mannosidases follow just two main conformational
itineraries involving either a B> s* or *Hs* conformation of the transition state. Thus certain o-
mannosidases (GH families 38, 76, 125) use an °S» — Bas* — !Ssitinerary and certain -
mannosidases (GH families 1, 2, 26, 92, 113) and the GH-like GT108 MTPs use a reversed 'Ss
— By s+ — 98 itinerary. The first itinerary has also been assigned to GH106 a-rhamnosidases,
2So — 2Bt — 3§). Separately, GH family 47 o-mannosidases use a 3S; — *Hs* — !Cyitinerary
and GH134 B-mannosidases use the reversed 'Cs — 3Hs* — 38 itinerary. This situation is
reminiscent of the use of symmetry related 'S; <> *Hi' <> *C) itineraries of o- and PB-
glucosidases [61].

Nature has finally revealed its closely held secret that the GH99 a-mannosidases
operate through a fundamentally distinct mechanism involving neighboring group participation
[S6ee]. This work demonstrates the that nature can exploit long-established solution phase
chemistry to cleave o-mannosides. Unlike classical retaining and inverting mechanisms,



neighboring group participation by the 2-hydroxy group can be considered a specialized rather
than a general mechanism that is intrinsically limited to 1,2-trans related substrates in which
the two groups can readily adopt an antiperiplanar arrangement. Thus, it is not applicable for
cleavage of B-mannosides or 2-substituted o-mannosides, and is unlikely to be used for -
glucosides or B-galactosides, which require an energetically costly ring flip to the all (or
mostly) axial 'Cs conformation. Possibly, the mechanism may be found to be utilized by -
rhamnosides, which can readily achieve the necessary stereoelectronic arrangement.

The enzymatic control over conformational pathways identified for mannosidases used
by nature shares analogy with discoveries made in synthetic chemistry on the effects of
bridging protecting groups on controlling access to the flattened oxocarbenium ions invoked
in solution phase glycosylation chemistry. The Crich laboratory in particular has utilized 4,6-
benzylidene acetals to reduce the stability of mannosyl cations, thereby favouring covalent a-
triflates and allowing access to prized B-mannosides [62]. On the other hand, bridging 2,3-O-
carbonate are argued to (pre)distort the ring and provide easier access to a mannosyl cation and
thereby deliver a-mannosides [62]. This latter example presents a clear analogy to one
proposed role of O2-O3 coordination by divalent metals in o-mannosidase/a-rhamnosidase
metalloenzymes. It is to be hoped that continued investigations into nature's solutions to the
problems of biological glycosyl transfer will inspire new solutions to the age-old problem of
stereochemical control in chemical glycosylation reactions.
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Table 1. Conformational itineraries, mechanisms

and metal-dependency assigned to

mannosidases from various glycoside hydrolase families

Enzyme Families Stereochemistry Conformational
itinerary
o-mannosidase 38+ [27], 76 [29] retaining 08, — Byst — 185
92% [22], 125 [32e0,33] inverting 08, = Byst — 185
47* [38] inverting 3§ = 3HS > 10y
99 retaining ’EPH; — [E3]F —
*E/*Hs
B-mannosidase 1[30], 2[25], 5[63], 26 retaining ISs— Bast — 98,
[27,28], 113 [27], 130 [34]
134 [43] inverting IC, — 3HE — 38,
164+* [64] unknown unknown
a-rhamnosidase 145 retaining unknown
106* [59e @] inverting 260 — 9Bt — 3¢,
28,78, 90 inverting unknown

* GH metalloenzymes using divalent metals.

**Following correspondence from one of us (GJD) this
reassigned as B-mannosidase.

enzyme family activity was

Table 2. The structural diversity of mannosidases (and the mannosidase-like family GT108).

Families Fold Metal centre
1,2,5,26,99,113 (a/B)s barrel -
28,90 B-helix -
38 large globular domain: Zn** site in the o region
of} region and all B region
47 (o/o)7 barrel Ca’* site at base of barrel,
plugged by B-hairpin

92 N-terminal B-sandwich Ca’* site at base of (a/a)s

C-terminal (o/at)s barrel barrel, facing $-sandwich

domain
106 (o/P)s barrel catalytic domain Ca?" site at top of (a/b)s barrel,
interrupted with three [3-sandwich
domains and appended with C-
terminal B-sandwich domain

78, 125 (o/a)e barrel -
130 5-bladed B-propeller -
134, GT108 lysozyme fold —
145 7-bladed B-propeller —
164 unknown —




(a) Inverting mechanism of an a-mannosidase through a 3H, (half-chair) conformation
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(c) Retaining mechanism of an a-mannosidase through a B, 5 (boat) conformation
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Figure 1. Mechanisms for (a,b) inverting o-mannosidases (GH47) and B-mannosidases
(GH134) that proceed through a *Hj transition state conformation, and (¢,d) glycosylation half-
reaction of retaining a-mannosidases (GH38, 76) and B-mannosidases (GH1, 2, 5, 26, 113)
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(a) Blocked nucleophilic trajectories in mannose can be alleviated by conformational distortion

neopentyl effect: Nu
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Figure 2. (a) Nucleophilic attack on an a.-mannoside in a “C; conformation suffers from a 1,2-
diaxial interaction that interrupts the nucleophilic trajectory, analogous to the neopentyl effect.
This effect can be relieved by conformational distortion to an 08, or *“H3 conformation. (b) Plot
showing O2 axial/equatorial percentage across the Cremer-Pople conformational landscape,
and with the conformation of the individual family representatives from PDB files of X-ray
structures of Michaelis or intermediate complexes indicated with stars (GH26 1GVY; GH38

1QX1; GH47 4AYP; GH76 5SAGD; GH125 5SM7Y; GH130 5BOR; GH134 5JUG [38]. (¢)
Ligands discussed in this article.
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Figure 3. Free energy landscape for mannoimidazole, with coordinates for the observed
conformation of mannoimidazole-type ligands in the —1 subsite for enzymes from families (1)
GH1 (PDB 4RE2), (2) GH2 (PDB 2VMF), (3) GH26 (PDB 4CDS5), (4)+(5) GH38 (PDB
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(a) Calculated reaction coordinate for GH38 retaining a-mannosidase
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Figure 4. (a) Calculated QM/MM snapshots along the reaction coordinate for retaining Zn>*
dependent family GH38 a-mannosidase, via a transition state in a B> 5 conformation [23]. (b)
Inverting mechanism proposed for GH130 B-mannoside phosphorylases and GT108 f-
mannosyltransferase/phosphorylases, showing participation of the 3-hydroxyl. (b) 3-D
structure of [-Man-1,2-Man (green) complex of Listeria innocua [-1,2-mannobiose
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phosphorylase (blue) showing substrate in a 'S5 conformation and sulfate location (yellow).
2mF,-F. weighted electron density map (dark green) contoured at 1.0 e/A>. D141 is the
putative general acid catalyst. (¢) 3-D structure of B-Man-1,2-Man (pink) complex of
Leishmania mexicana p-mannosyltransferase/phosphorylase MPT2 D94N mutant (grey)
showing substrate in a 'S5 conformation, superposed with the phosphate location (magenta)
from the homologous MTP4 structure. 2mF,-F. weighted electron density map (light pink)
contoured at 0.5 e/A%. (e) Calculated QM/MM snapshots along the reaction coordinate for
inverting family GH134 B-mannosidase, via a transition state in a *Hs conformation [43].



a) C2-oxyanion participation and calculated transition state
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b) C2-hydroxyl participation and calculated transition state
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c) X-ray structures along the reaction coordinate
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Figure 5. Neighboring group participation by the 2-hydroxyl of a-mannosides. (a) Mechanism
for neighboring group participation by a C2-oxyanion in the base-mediated solvolysis of 4-
nirophenyl a-D-mannopyranoside (PNPMan). Right: ab initio calculated interatomic distances
for the critical interactions at the solvolytic transition state [45]. (b) Mechanism for neighboring
group participation by family GH99 endo-a-1,2-mannanase. Right: QM/MM calculation of
interatomic distances for the critical interactions at the enzymatic transition state [S6ee]. (¢)
Snapshots along the reaction coordinate: Michaelis complex with a-Man-1,3-a-Man-1,2-a-
Man-1,2-a-Man-OMe [56ee], a-mannosyl-1,3-mannoimidazole [57] and a-glucosyl-1,3-
cyclohexane-3-1,2-epoxide [56ee]. (d) Spiroepoxides have been reported as first-generation
affinity-based protein profiling reagents, designed based on the epoxide intermediate endo-a.-
1,2-mannanase mechanism [58e].
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