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Abstract

The unknown human gut bacterium mannoside phosphorylase (UhgbMP) is involved in the
metabolization of eukaryotic N-glycans lining the intestinal epithelium, a factor associated with
the onset and symptoms of inflammatory bowel diseases. In contrast with most glycoside
phosphorylases, the putative catalytic acid of UhgbMP, Asp104, is far from the scissile
glycosidic bond, challenging the classical Koshland mechanism. Using quantum
mechanics/molecular mechanics metadynamics, we demonstrate that the enzyme operates
by substrate-assisted catalysis via the 3-hydroxyl group of the mannosyl unit, following a
'Ss/B2s — [B2s]* — °S2 conformational itinerary. Given the conservation of the active site
hydrogen bond network across the family, this mechanism is expected to apply to other GH130
enzymes, as well as recently characterized mannoside phosphorylases with similar folds.
Gaining insight into the catalytic reaction of these enzymes can aid the design of specific
inhibitors to control interactions between gut microbes and the host.
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Enzymes produced by the gut microbiota play a major role in human health and disease [1,2].
In particular, gut bacterial glycolytic enzymes are responsible for the breakdown and
metabolization of the complex carbohydrates of dietary [3,4], microbial [5,6], and human [7,8]
origins. In addition, the overprevalence of genes encoding gut bacterial enzymes involved in
host glycan degradation and/or alteration of the mucosal gut microbiota structure is correlated
to several diseases, such as inflammatory bowel diseases (IBDs) [9-11].

The unknown human gut bacterium mannoside phosphorylase (UhgbMP) was discovered by
functional metagenomics and is produced by a so far unidentified intestinal bacterium of the
Bacteroides genus [12]. This enzyme is essential to metabolize eukaryotic N-glycans
contained in the gut, such as those of the mucus that lines the intestinal epithelium and those
of the opportunistic pathogenic yeast Candida albicans [6].

UhgbMP uses inorganic phosphate (Pi) to cleave the (3-1,4 glycosidic bond between the
nonreducing B-mannosyl residue and the neighboring N-acetyl-glucosamine in the eukaryotic
N-glycan motif Man-B-(1,4)-chitobiose, releasing a-mannose-1-phosphate and chitobiose as
follows [12]:

Man-B-(1, 4)-(GIcNAc)2 + Pi 2 a-Man-1-P + (GIcNAc)2 (1)



The catalytic properties of UhgbMP have sparked great interest for both biomedical and
biosynthetic applications. On one hand, UhgbMP and its homologues are potential therapeutic
targets, as they are encoded by highly prevalent and abundant genes in the microbiomes of
patients suffering from inflammatory bowel diseases [12]. On the other hand, UhgbMP can
catalyze the in vitro synthesis of N-glycan core oligosaccharides very efficiently by reverse
phosphorolysis [13,14] and thus may be used as a biosynthetic tool to produce these high-
added-value products, which are very difficult and expensive to synthesize by other means
[12]. In contrast to some other members of the GH130 family, UhgbMP is a highly promiscuous
enzyme, able to act on a large diversity of 3-1,4-linked mannosides. It can act both on plant
mannans and on long manno-oligosaccharides, allowing the production of N-glycan core
motifs (B-1,4-mannosyl-chitobiose and -1,4-mannosyl-N-acetyl-glucosamine) directly from
plant mannan, inorganic phosphate, and chitobiose or N-acetylglucosamine [12]. The design
of UhgbMP inhibitors, as well as the utilization of UhgbMP and more generally that of
mannoside phosphorylases, as biosynthetic tools require further insight into their substrate
recognition and catalytic mechanism. UhgbMP belongs to the glycoside hydrolase family 130
(GH130), which contains both mannosidases and phosphorylases that cleave 3-mannosides
at the nonreducing ends of their substrates [15,16]. UhgbMP is a homohexamer, with each
monomer consisting of a five-bladed-propeller fold (Figure 1A), with the catalytic center

located in the central cleft.
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Figure 1. (A) Michaelis complex of the unknown human gut bacterium mannoside phosphorylase (UhgbMP), reconstructed from
two crystal structures of UhgbMP complexes (PDB 4UDK and 4UDJ), after classical (force field-based) and QM/MM molecular
dynamics (MD) simulations. Each protein subunit of hexameric UhgbMP is shown in a different color. The three front subunits are
shown in cartoon representation, whereas the ones at the back are shown in surface representation. The substrate (Man-3-(1,4)-
GIcNAc) and inorganic phosphate (Pi) are shown in licorice (only the ligands bound to the front three subunits are shown). (B)
Detailed view of the enzyme active site. Only the polar hydrogens are shown for clarity.

The design of UhgbMP inhibitors, as well as the utilization of UhgbMP, and more generally of
mannoside phosphorylases, as biosynthetic tools require a further insight into their sub-strate
recognition and catalytic mechanism. UhgbMP belongs to the glycoside hydrolase family 130
(GH130), which con-tains both mannosidases and phosphorylases that cleave 3-mannosides
at the non-reducing end of their substrates [15-16]. UhgbMP is a homohexamer, with each
monomer consisting of a five-bladed-propeller fold (Figure 1A), with the catalytic center
located in the central cleft. Structural analyses have shown that the active site can
accommodate a phosphate ion (Pi), mannose and N-acetylglucosamine in the central furrow
[17] (Figure 1B).



The catalytic mechanism of UhgbMP was initially assumed to be the general one for inverting
GPs [12, 14, 18]. Inorganic phosphate acts as a nucleophile, attacking the anomeric carbon
of the mannosyl ring at the -7 enzyme subsite (Figure 2A). The reaction is assisted by leaving
group protonation by an acidic residue. Based on mutagenesis data and amino acid conserva-
tion analysis [12], the putative catalytic acid of UhgbMP was identified as Asp104. However,
the crystal structures of UhgbMP complexes [17] showed that the putative acid-base residue
is not close to the glycosidic oxygen (Figures 1B and S1), unlike other GPs. Instead, Asp104
interacts with the 3-hydroxyl group of the donor sugar, which in turn might interact with the
glycosidic oxygen (Figure 1B).

The unusual position of the catalytic acid in UhgbMP led to the proposal of a novel mechanism,
originally put forward for -1,4-mannosylglucose phosphorylase (MGP) [19], in which Asp104
transfers a proton to the glycosidic oxygen through the 3-OH group of the mannosyl unit (i.e.,
the proton relay illustrated in Figure 2B) [17, 19]. Interestingly, the particular disposition of the
catalytic acid and the sugar 3-OH in UhgbMP has also been observed for other GPs of the
GH130 family for which structural information is available (Tables S1-S2) [16, 19-22]. Recently,
it has also been found in a dual-activity glycosyltransferase-phosphorylase of family GT108,
which shares the fold with GH130 B-mannoside phosphorylases [23]. This novel mechanistic
proposal, in particular the elusive transition state configuration, has not been assessed by
computational approaches yet.
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In the light of crystallographic structures of UhgbMP [17], we modeled its catalytic reaction
mechanism using molecular dynamics (MD) and quantum mechanics/molecular mechanics
(QM/MM) methods based on Density Functional Theory (DFT). Our simulations show that the
phosphorolysis reaction indeed follows a substrate-assisted mechanism involving proton relay
via the 3-hydroxyl group of the mannosyl ring, which nevertheless adopts the classical boat
(B2,5) transition state conformation observed in most B-mannosidases [24-25]. Moreover, we
demonstrate that the complete hexameric organization of the enzyme is required for substrate
recognition and identify critical enzyme amino acid residues responsible for substrate
specificity.

The X-ray structures of UhgbMP in complex with inorganic phosphate (Pi), B-mannose and N-
acetylglucosamine (PDB code 4UDK) [17], as well as that of the enzyme complex with Pi and
mannose (PDB code 4UDJ) [17], were used to build the Michaelis complex, i.e. UhgbMP in
complex with Pi and Man-B-(1,4)-GIcNAc (see Sl section 1 and Figure S1). Molecular
dynamics (MD) simulations, using NAMD [26], were performed for three different oligomeric
forms of the enzyme: monomer, dimer and hexamer (see Sl, sections 2,3). The simulations



for the hexameric form show that the substrate is stably bound throughout the entire
simulations (Figures 1 and S1-S3). Here, the GIcNAc sugar at the +7 subsite is strongly
engaged in stabilizing interactions with residues of the same protein subunit (most notably
Arg59, Tyr103, and His174, Figure 1B). In contrast, the simulations for the monomeric and
dimeric forms of the enzyme show that the GIcNAc sugar at the +7 subsite is quite flexible and
solvent-exposed (Figures S8a-b and S9), favoring the displacement of the substrate by water
molecules and the occurrence of hydrolysis (i.e., glycosidic bond cleavage with a water
molecule) instead of phosphorolysis (i.e., the analogous reaction with phosphate). The
distances relevant for the phosphorolysis reaction show larger fluctuations in the monomer
and dimer simulations (Figure S10) than in the hexamer counterpart (Figure S3), indicating in-
creased sampling of non-catalytically competent configurations for the low order oligomers.
Therefore, our simulations show that the hexameric organization of UhgbMP is needed to form
a stable, catalytically competent Michaelis complex for the phosphorolysis reaction. This is
consistent with the hexamer being the only oligomeric state captured by X-ray structural and
SAXS analyses, as well as by size-exclusion chromatography multi-angle laser light scattering
experiments [17].

Additional MD simulations for the hexameric enzyme were performed considering other
substrates differing in the type of sugar acceptor occupying the +7 subsite (i.e., Man-Man or
Man-Glc rather than Man-GIcNAc); see Sl section 4. Our results show that the sugar at the +1
subsite is able to establish persistent hydrogen bond interactions with Arg59, as well as CH-
T interactions with Tyr103 (Figures 3 and S11-S13) in all cases. This suggests that Arg59 and
Tyr103 are critical for substrate recognition and could play a role in the known promiscuity of
UhgbMP with respect to B-1,4-linked mannosides. Two additional residues, Met67 and His174,
were found to interact in different ways with the substrates (Figures 3 and S11-S13) and could
thus relate to differences observed in their Km values.
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Figure 3. Main enzyme-sugar interactions for different substrates bound to the promiscuous UhgbMP enzyme. (A) Man-$3-(1,4)-
GlcNAc. (B) Man-B-(1,4)-Glc. (C) Man-B-(1,4)-Man.

Interestingly, the mannosyl ring in the -1 subsite adopts a distorted 'Ss/B2s conformation
(Figures 1B and S2c). This conformation, typically observed in B-mannosidases [25], places
the leaving group in an axial orientation, facilitating its depar-ture during the SN2 reaction and,
at the same time, alleviates the steric hindrance of the axial 2-OH during the nucleophilic
attack. The 'Ss/B2 s conformation of the mannosyl ring in UhgbMP is stabilized by the hydrogen
bond between the 2-OH group and the Pi, as well as the bidentate hydrogen bond with Asp304
(involving the 4- and 5-OH mannose substituents) (Figure 1B). The important role of Asp304
in maintaining the reactive (i.e., suitably distorted) conformation of the mannosyl ring explains
why the Asp304Asn enzyme variant retains only 4% of the wild-type activity [12].

Regarding intermolecular interactions involving the mannosyl ring at the -7 subsite, the MD
simulations show that the putative catalytic acid (Asp104) forms a persistent hydrogen bond
with the 3-OH, which in turn interacts with the glycosidic oxygen (Figures 1B and S3). Such



hydrogen bond network seems particularly suited for relaying protons. Nevertheless, the
reaction coordinate cannot be ascertained based on the structure alone.

A priori, a proton transfer via 3-OH seems unlikely given the high pKa of a sugar hydroxyl
group (>13) [27]. However, the hydrogen bond network OHaspios --O3-H---O1 is likely to
increase the acidity of the O3-H group. In fact, there are enzymes in which hydroxyl groups
play a role in catalysis [28-30], including an endo-mannosidase from family GH99, in which an
epoxide intermediate involving the sugar O2 atom is formed [31]. In UhgbMP, the reaction via
3-OH requires Asp104 to be protonated. This is facilitated by the water-shielded active site
and the proximity of the inorganic phosphate, which is expected to raise the pKa of Asp104.
Indeed, pKa estimation with the H++ webserver [32] show this trend (Table S3). Similarly, in
classical inverting GHs, the acid-base residue has a higher pKa than a normal carboxylic acid
due to the pres-ence of the negatively charged catalytic base at 9-10 A [33-35]. In addition,
MD simulations performed with unprotonated Asp104 show that the hydrogen bond network
needed for the reaction to take place is disrupted (see Sl, section 5 and Figure S14) [17]. This
suggests that Asp104 is protonated in the reactive complex.

To model the catalytic reaction, we took one snapshot of the last part of the classical MD
simulation of the enzyme complex with Man-B-(1,4)-GlcNAc and Pi and performed QM/MM
MD simulations, using the approach developed by Laio et al. [36], as implemented in the
CPMD code [36-37]. The full substrate, the putative catalytic residue Asp104, the Pi and the
His that interacts with its OH group (His231) were included in the QM region (77 atoms, Figure
S15). DFT was used to describe the atoms of the QM region, along with the PBE functional
and a plane wave basis set (70 Ry cutoff), whereas the atoms of the MM region (195513
atoms) were treated with the AMBER force-field [38]. This approach has previously been used
to model mechanisms in carbohydrate-active enzymes [39-43], including the phosphorolysis
reaction in an engineered GH [44].

The chemical reaction was activated by QM/MM metadynamics using two collective variables
(CVs) that describe the main covalent bonds that are formed/broken during the reaction. The
first CV (Figure 4A) was taken as the distance between the anomeric carbon of the B-mannosyl
and the closest oxygen atom of the incoming phosphate to drive the nucleophilic attack. The
second CV was taken as the glycosidic bond distance to trigger its cleavage. None of the two
collective variables involved Asp104 (the putative catalytic acid) nor the 3-OH group, thus the
chosen CVs do not pre-select any proton donor to the glycosidic oxygen and neither the proton
transfer pathway.

The QM/MM metadynamics simulation successfully drove the reactants (UhgbMP in complex
with Man-3-1,4-GIcNAc and Pi) toward products (the enzyme complex with a-Man-1-P and
GIcNAc). The reconstructed free energy surface (FES) (Figure 4B) shows only two minima,
corresponding to the reactants (the Michaelis complex, MC) and the products (P), separated
by a single transition state (TS). The location of the TS in the free energy surface was further
assessed by committor analy-sis (Figure S17). The shape of the FES indicates that the phos-
phorolysis reaction of UhgbMP proceeds in one single, concerted SN2 reaction, as expected
for an inverting GP [14, 18]. The computed free energy barrier amounts to 21.6 kcal/mol, in
good agreement with the value estimated from the experimentally measured reaction rate for
a similar substrate [12] (19.8 kcal/ mol for phosphorolysis of Man-3-(1,4)-(GIcNAc)., applying
transition state theory at the experimental temperature of 310 K).

Representative structures of the most relevant states along the reaction pathway (MC, TS and
P) are shown in Figure 4C. The MC state features a distorted B-mannosyl ring ('Ss/B25). The
boat conformation places the leaving group in an axial orientation, lengthening the glycosidic
bond distance (1.50 A) compared to an isolated mannose (1.40 A) [45], which preactivates
the substrate for catalysis. In addition, the 2-OH group of the mannosyl ring forms a hydrogen
bond with the Pi, keeping it close to the anomeric carbon, in an optimum configuration for



nucleophilic attack (C1---O4P = 3.41 A; Table 1). The reaction begins with the elongation of
the glycosidic bond (C1-O1) as the Pi approaches the sugar anomeric carbon. Simultaneously,
the O3-H distance increases as Asp104 tightens its hydrogen bond with O3. At the reaction
TS (Figure 3C), the proton of Asp104 is being transferred to O3, with the latter in turn delivering
its proton to the glycosidic oxygen (O1). The glycosidic bond is being broken (C1-O1 = 2.19
A) while the O4P atom is still far from the anomeric carbon (C1-O4P = 2.57 A), indicating a
dissociative TS (Figure 4C). Similar nucleophilic distances have been observed for the phos-
phorolysis reaction in a GH, using the same QM/MM approach [44]. The Bz s conformation of
the B-mannosyl ring at the TS, with an almost coplanar configuration of the C5-O-C1-C2
atoms, evidences the formation of an oxocarbenium ion-like species. The interaction between
the 2-OH and the O3P atom of the Pi (stronger in the TS compared to the MC, see Table 1)
also contributes to TS stabilization by inductive effect on the anomeric carbon [46-47]. It has
been shown that interactions via the 2-OH stabilize the TS by about 10 kcal/mol in
glycosidases [47-48]. Finally, the Pi binds to the mannosyl anomeric carbon, forming the Man-
1-P product (with °S; conformation) and releasing GlcNAc (Figure 4C). Therefore, the QV/MM
metadynamics simulations reveal that, unlike classical inverting GHs and GPs [39, 49],
UhgbMP operates by substrate-assisted catalysis involving a concerted double proton transfer
via the 3-OH. Moreover, the mannosyl ring still follows the 'Ss/Bps — [Bas]* — °S:
conformational itinerary, as also found in other B-mannosidases [25].
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Figure 4. (A) Collective variables used in the QM/MM metadynamics simulations. (B) Free energy surface of phosphorolysis
reaction catalyzed by UhgbMP. Contour lines are shown at 1 kcal/mol. (C) Relevant states along the reaction coordinate. Only
the polar hydrogens are displayed for the sake of clarity. Relevant hydrogen bonds are shown as black dashed lines. Bonds being
formed or broken at the TS are represented by a red dashed line. The insets show the ring conformation of the mannose sugar
at the -1 subsite; labels indicate the atoms out of the pyranose ring plane.

Table 1. Main reaction distances (in A) at relevant states along the reaction coordinate.

Distance MC TS# P

C1-04P 3.41+0.51 2.57 1.81+0.42
C1-01 1.50 +0.09 2.19 3.51+044
C1-05 1.41 +£0.04 1.28 1.36 + 0.06
O3 —Hasptoa 1.48 £0.13 1.22 1.04 +0.03
O3 -H3 1.01 £0.04 1.21 1.95+0.19
H3 - O1 1.79+0.15 1.27 1.00 +£0.03
H2 - O3P 1.73 +£0.31 1.50 1.73+0.19

¥ Obtained from committor analysis over the FES.

As mentioned above, the chosen CVs do not bias the proton transfer pathway. Therefore, the
fact that the double proton transfer occurs seamlessly upon glycosidic bond cleavage clearly
indicates that the system prefers to protonate the leaving group through the 3-OH of the
mannosyl ring rather than a direct proton transfer from Asp104 to O1. Most likely, the two



hydrogen bonds (OHaspi04:*O3-H---O1) provide the geometric restraints and the energetic
stabilization needed for the simultaneous two-proton transfer. The hydrogen bond network
between the catalytic Asp and the substrate allows the reaction to proceed (see supporting
movie) with the least nuclear motion and the least activation energy [50-51], in contrast to the
large reorganization of the active site needed for Asp104 to approach the glycosidic oxygen
to transfer the proton directly. In this regard, the active site architecture of UhgbMP constitutes
another example of hydrogen bonded network for synchronous multiproton transfers, as
employed in a wide diversity of enzymes [52-54].

Interestingly, the hydrogen bond network involved in the concerted double proton transfer is
conserved across GH130 enzymes (Tables S1-S2), and thus the substrate-assisted
mechanism described here for UhgbMP may also apply to other GH130 enzymes such as
MGP [19], B-1,4-mannooligosaccharide phosphorylase (RaMP2) [21] and 3-1,2-mannobiose
phosphorylase (Lin0857) [20]. Interestingly, it was recently found that some
glycosyltransferases from the GT108 family are mannose phosphorylases that share fold and
activity with GH130 mannose phosphorylases, including a similarly positioned catalytic acid
[23]. Our study predicts that all these mannose phosphorylases will feature a substrate-
assisted catalytic mechanism similar to the one that we have characterized herein.

In conclusion, our classical (force field-based) MD and QM/MM metadynamics simulations on
UhgbMP have unveiled the mechanism of a GH130 mannoside phosphorylase for which the
catalytic acid is not in the “canonical” position (Figure 2A). We demonstrate that UhgbMP uses
a substrate-assisted mechanism, in which the 3-hydroxyl group of the mannosyl unit acts as
a proton relay between Asp104 and the glycosidic oxygen atom (Figure 2B), solving this
intriguing mechanistic question. We provide the precise itinerary of the substrate during
catalysis, which can serve in the design of more efficient enzymes as biosynthetic tools, but
also ligands able to inhibit N-glycan degradation by GH130 enzymes. The mechanism
disclosed herein is expected to apply to other GH130 enzymes with phosphorolytic activity
[15], as well as the recently reported dual-activity GT108 mannoside phosphorylases [23].

Supporting Information
The Supporting Information is available free of charge on the ACS Publications website
(https://pubs.acs.org/doi/10.1021/acscatal.3c00451).

e Trajectory of the metadynamics simulation corresponding to the reactive event (MP4)

e System preparation, oligomerization state and substrate promiscuity of UhgbMP,
investigation of the protonation state of Asp104, computational details, and the
Supporting Movie caption (PDF)

Data Availability
Representative structures shown in Figures 3 and 4 are available at the Zenodo repository
(https://doi.org/10.5281/zenodo.7704777).
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