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Glycoside Hydrolases

Constrained Catalytic Itinerary of a Retaining 3,6-Anhydro-D-
Galactosidase, a Key Enzyme in Red Algal Cell Wall Degradation

Michael D. Wallace+, Irene Cuxart+, Thomas Roret, Laura Guée, Aleksandra W. Debowski,
Mirjam Czjzek, Carme Rovira,* Keith A. Stubbs,* and Elizabeth Ficko-Blean*

Abstract: The marine Bacteroidota Zobellia galactanivorans has a polysaccharide utilization locus dedicated to the
catabolism of the red algal cell wall galactan carrageenan and its unique and industrially important α-3,6-anhydro-D-
galactose (ADG) monosaccharide. Here we present the first analysis of the specific molecular interactions that the exo-
(α-1,3)-3,6-anhydro-D-galactosidase ZgGH129 uses to cope with the strict steric restrictions imposed by its bicyclic ADG
substrate — which is ring flipped relative to D-galactose. Crystallographic snapshots of key catalytic states obtained with
the natural substrate and novel chemical tools designed to mimic species along the reaction coordinate, together with
quantum mechanics/molecular mechanics (QM/MM) metadynamics methods and kinetic studies, demonstrate a retaining
mechanism where the second step is rate limiting. The conformational landscape of the constrained 3,6-anhydro-D-
galactopyranose ring proceeds through enzyme glycosylation B1,4![E4]

‡!E4/
1C4 and deglycosylation E4/

1C4![E4]
‡!B1,4

itineraries limited to the Southern Hemisphere of the Cremer–Pople sphere. These results demonstrate the conforma-
tional changes throughout catalysis in a non-standard, sterically restrained, bicyclic monosaccharide, and provide a
molecular framework for mechanism-based inhibitor design for anhydro-type carbohydrate-processing enzymes and for
future applications involving carrageenan degradation. In addition, our study provides a rare example of distinct niche-
based conformational itineraries within the same carbohydrate-active enzyme family.

Red algae are ancient,[1] photosynthetic, mainly marine
eukaryotes. Their biomass is composed largely of cell wall
components, including the complex carrageenan galactan
(Figure 1A). Carrageenans have valuable gelling and stabi-
lizing properties (e.g. the main gelling carrageenans, β-, ι-
and k-carrageenans),[2] though natural carrageenans are
heterogeneous structures. Furthermore, carrageenan oligo-
saccharides are potential high-value products, interacting
with human anti-Gal antibodies and galectin-3,[3] showing

anti-tumour,[4] antihyperlipidemic[5] and antiviral[6] activities,
and acting as agricultural biostimulants.[7] The galactose
units in carrageenan are linked by alternating β-1,4 and α-1,3
glycosidic bonds, with further variation introduced through
the addition of sulfate and other chemical groups to the free
hydroxy groups.[8] The unique bicyclic monosaccharide α-
3,6-anhydro-D-galactose (ADG) is formed in the polymer
through the action of algal sulfurylases.[9] The 3,6-anhydro-
bridge introduces strict structural constraints on the α-
galactosyl unit resulting in a ring inversion (to a 1C4
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conformation), and consequently the α-linkage and 4-OH
group are maintained equatorially rather than axially within
the galactan.[10] Importantly, ADG drives polymer gel
formation,[11] a rheological property capitalized extensively
by industry.[12]

Red algal polysaccharides, including carrageenan, are
carbon sources used by marine heterotrophic bacteria in
the coastal carbon cycle.[13] Marine bacteria have developed
highly specialized mechanisms for carrageenan catabolism,
such as the organization of carrageenan-utilization genes
into carrageenan polysaccharide utilization loci
(CarPULs).[13b–e] In Zobellia galactanivorans, a marine
model Bacteroidota isolated from a red alga,[14] many of the
carrageenan-catabolism genes, such as the recently discov-
ered 3,6-anhydro-D-galactosidases, are localized in a
CarPUL, while the other necessary genes are coded else-
where in the genome and are co-regulated with the
CarPUL through a carrageenan regulon.[13b] The initial
steps of carrageenan depolymerisation are carried out by
highly specific endo-carrageenases[3,15] that hydrolyze the β-
1,4-linkages to produce the neo-series of oligo-carra-
geenans, with ADG on the non-reducing terminus. Z.
galactanivorans produces four exo-(α-1,3)-3,6-anhydro-D-
galactosidases, glycoside hydrolases (GHs) in the estab-
lished GH127[16] and GH129[17] carbohydrate-active enzyme
(CAZy) families,[18] that hydrolyse non-reducing end ADG
from carrageenan neo-oligosaccharides.[13b] The 3,6-anhy-
dro-D-galactosidases are predicted to be retaining GHs for
both families,[17,19] which are exemplified by the formation
of a glycosyl-enzyme intermediate (GEI) during catalysis

(Figure 1B). As the 3,6-anhydro-D-galactosidases have
only been recently discovered,[13b] limited structural and
enzymatic data is available, with no literature examples of
real enzyme complexes, and both the catalytic residues and
the catalytic mechanism have remained experimentally
unassigned. To remediate this, we combined chemical,
biochemical, structural and computational methods to
provide insight into the specificity for ZgGH129 (Genbank
ID CAZ97291.1) and the conformational changes ADG
undergoes during the retaining catalytic mechanism.
To investigate the enzyme-substrate interactions and

reactivity of 3,6-anhydro-D-galactosidases, we designed
and synthesized compounds that could act as putative
substrates and inhibitors, adding to the limited carra-
geenan-based chemical tools available.[20] To complement
the known artificial substrate, 4-nitrophenyl 3,6-anhydro-α-
D-galactoside 1,[20b] suitable putative aryl 3,6-anhydroglyco-
side-based substrates 2–6 were prepared with different
leaving groups (LGs) (Figure 1A). Next, two putative small
molecule inhibitors were prepared, 3,6-anhydro-D-1-deox-
ygalactonojirimycin (AD-DGJ) 7[21] and 3,6-anhydro-D-
galacto-isofagomine (ADG-IF) 8, as they may mimic the
build-up of partial positive charge on the O5 or C1 of the
putative transition state (TS), respectively. Finally, a
proposed retaining 2-deoxy-2-fluoro mechanism-based
inhibitor,[22] 1,2-diF-ADG 9, was prepared (See Supporting
Information).
With these compounds in hand, attention was turned to

their evaluation against the 3,6-anhydro-D-galactosidase
ZgGH129 (Figure S1). Michaelis–Menten parameters for

Figure 1. A. Structures of the main gelling carrageenans β-, k- and ι-carrageenan, neo-β/k-oligo-carrageenan tetrasaccharide (DP4) and the
chemical tools used to probe the catalytic mechanism and reaction geometry of ZgGH129: pNP-ADG 1, 3-F-pNP-ADG 2, 3-MepNP-ADG 3, mNP-
ADG 4, 4-ClP-ADG 5, MeUMB-ADG 6, AD-DGJ 7, ADG-IF 8, 1,2-diF-ADG 9. B. The catalytic mechanism of ZgGH129, where the conformational
itinerary of the reaction coordinate passes through the Southern Hemisphere of the Cremer–Pople sphere,[27] shown are the Michaelis complex,
MC; transition state 1, TS1; glycosyl-enzyme intermediate, GEI; transition state 2, TS2; and product. Snapshots of the � 1 subsite trapped crystal
structure complexes representing stages along this conformational itinerary are shown below the chemdraw structures of the reaction mechanism
(From left to right: neo-β/k-oligo-carrageenan DP4, AD-DGJ 7, 1,2-diF-ADG 9, and AD-DGJ 7).
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the putative substrates 2–6 were determined at the pH
optimum from the analysis of reaction rates at steady-state
conditions (Table S1). Brønsted plots of log(kcat) and log-
(kcat/Km) versus pKa of the aryl LG were generated
(Figure 2A). The Brønsted coefficient of βlg(kcat) �0
demonstrates that there is no dependence of rate on LG
ability, which suggests that the rate determining step is not
glycosylation and is either the deglycosylation step or a
non-chemical step after the formation of the GEI.[23] For
the plot log(kcat/Km), there is a good correlation (R

2=0.88)
however, the value for 6 does not fit the linear regression
well, likely due to a poor approximation of the relevant
second order rate constant. The steric bulk of the MeUMB
group can affect the observed kinetics and linear free-
energy relationships should be conducted with substrates in
which the only perturbation is electronic, thus this may be
confounding the results.[24] If 6 is removed the Brønsted
coefficient βlg(kcat/Km)= � 0.16�0.03 is obtained and the fit
is improved (R2=0.95) (Figure S2). The small negative
βlg(kcat/Km) indicates that there is a build-up of negative
charge on the exocyclic oxygen during the TS, suggestive of
a late TS where cleavage of the glycosidic bond and proton
donation are advanced[25] which is consistent with the
general structures of TSs in the GH superfamily.[26]

The putative inhibitors demonstrated vastly different
potencies when evaluated using 1 as a substrate. AD-DGJ
7 demonstrated poor inhibition of ZgGH129 even at a [7]
of 8 mM and the pH optimum of the enzyme (Figure S3).
This is in contrast to Sato et al.[28] who found 2-acetamido-
1,2-dideoxy-D-galacto-nojirimycin to be a potent inhibitor
of BbGH129 (Ki=51 nM), a gut bacterial exo-α-N-acetyl-
galactosaminidase from Bifidobacterium bifidum which
hydrolyzes non-reducing end 4C1 α-N-acetyl-D-galactos-
amine (D-GalNAc) moieties.[17] These observations are
likely related to the substantially different natural sub-
strates which would affect their conformational itineraries

and the efficacy of putative TS-based inhibitors.[29] Interest-
ingly, these enzymes fall into two niche-based phylogenetic
clades in the GH129 family, human host bacterial enzymes
(including BbGH129) and marine bacterial enzymes (in-
cluding ZgGH129).[20b]

Pleasingly, ADG-IF 8 was a potent inhibitor of
ZgGH129 with a Ki value of 1.50�0.06 μM (Figure 2B).
This result is consistent with the general observation that
azasugars with the nitrogen at the anomeric position are
potent inhibitors of glycosidases that catalyse the cleavage
of substrates with equatorial aglycones (typically β-glyco-
sides, but here an equatorial α-linkage).[30] Incubation of
ZgGH129 with 1,2-diF-ADG 9 resulted in time-dependent
inactivation of the enzyme. (Figure 2CD). The kinetic
parameters governing inactivation (ki and Ki) were calcu-
lated by plotting kobs versus [9]. A Ki value of 68.0�5.6 μM
and a ki value of 0.20�0.01 min

� 1 was obtained for 9 which
is consistent with inhibition through enzyme inactivation.
This supports that ZgGH129 and family GH129 enzymes in
general indeed proceed through a GEI.
The active site of ZgGH129 was first identified from

the native structure (PDB ID 5OPQ) based on mutagenesis
and its CAZy family relationship to BbGH129.[13b,17] To
gain more insight into inhibitor interactions with
ZgGH129, as well as the mechanism of catalysis, we
successfully determined the structure in complex with AD-
DGJ 7, ADG-IF 8, 1,2-diF-ADG 9, a natural neo-β/k-oligo-
carrageenan tetrasaccharide (neo-β/k-DP4) as well as ADG
alone (Figure 3A–E, Table S2). ZgGH129 crystallizes as a
tetramer of two biological homodimers in the asymmetric
unit.[13b] Both monomers contribute to two active sites
sitting at the bottom of a deep crevasse (Figure 3F). The
active site residues include the predicted catalytic nucleo-
phile D486 (D486N in the Michaelis complex, MC), the
predicted catalytic acid/base residue E517 and other
residues lining the active site: N218, T220, P346, H347,

Figure 2. A. Plots of log(kcat) and log(kcat/Km) against the pKa of the
leaving group phenol for substrates 1–6; B. Ki determination for the
inhibition of ZgGH129 with 8. [8] used in Ki: 0 (*), 0.5 (&), 2 (~), 5
(!) and 10 (♦) μM in pH 5 buffer; C. Time-dependent inactivation of
ZgGH129 by 9. [9] used: 0 (*), 2.5 (&), 12.5 (&), 25 (◇), 60 (~) and
100 (♦) μM. Curves are the nonlinear fits of data to a single exponential
decay equation. D. Plot of the inactivation rate constants (kobs) as a
function of the concentration of 9 for ZgGH129. All data points were
done in technical triplicates and the error bars represent standard error
of the mean.

Figure 3. Electron density omit maps (maximum-likelihood/σA-
weighted[31] Fobs-Fcalc contoured at 3 σ) were generated from the X-ray
crystallography refinements (Table S2) by omitting the following
molecules: A. neo-β/k-oligo-carrageenan tetrasaccharide (neo-β/k-
DP4); B. AD-DGJ 7; C. ADG-IF 8; D. 1,2-di-F-ADG 9; E. ADG; F.
ZgGH129 surface and secondary structure representation showing the
two homodimeric active sites at the bottom of the deep crevasse,
pictured with the neo-β/k-DP4; G. Zoom on the ZgGH129_D486N
active site residues that interact with neo-β/k-DP4. Amino acids are
shown in light pink for monomer A and light orange for monomer B.
The two additional conformations of D486 are from the superposed
ADG complex. The � 1, +1, +2, and +3 subsite sugars are labelled.
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W382, Y422, W455, I487, E531, L536, K564 and Q566 from
the first monomer of the homodimer, and C198, D202 and
K208 from the second monomer (Figure 3G).
The MC was obtained with a catalytically inactive

nucleophile mutant ZgGH129_D486N[13b] and neo-β/k-DP4
(Figure 3AFG). The terminal non-reducing ADG moiety is
bound in the � 1 subsite, a D-galactosyl, a second ADG
and a 4-sulfo-D-galactosyl moiety are found in the +1, +2
and +3 subsites, respectively. The residue W455 is integral
to the � 1 subsite, forming a hydrophobic support alongside
the cyclic O-C5-C6 edge of the ADG. The � 1 subsite ADG
is in a B1,4 conformation with the C1 and C4 positioned
below the pyranose ring plane. This conformation places
the glycosidic bond and LG into an axial orientation, which
reduces steric hinderance from neighbouring groups, pre-
sumably lining up the D486 residue (in a wild-type setting)
for nucleophilic attack towards the σ* anti-bonding orbital
of C1.[32] The MC D486N residue is shifted relative to the
D486 residue in the other complexes; however, even the
unmodified D486 is capable of movement, as demonstrated
in the ADG complex which has two clear D486 conforma-
tions (Figure 3EG). The MC also confirms structurally that
ZgGH129 prefers neo-β-carrabiose on the non-reducing
end in the � 1 and +1 subsites.[20b] The +2 subsite, which
holds a 1C4 ADG, appears capable of accommodating a 2-
sulfo modification on the ADG residue and the +3 subsite
Lys208 forms a salt bridge with the 4-sulfo-moiety of the
D-galactosyl unit, these results support prior MS/MS
analyses.[20b] Intriguingly, two oligosaccharides were cap-
tured in the depths of each of the active sites at the bottom
of the dimer crevasse which is 40 Å deep. The reducing
ends incline upwards and towards each other as they reach
for the crevasse opening (Figure 3F). It is tempting to
speculate that the deep subsite binding interactions func-
tion to separate and stabilize the long helix-forming (and
gellifying) carrageenan strands for enzyme accessibility.[33]

The inactivation inhibitor 1,2-DiF-ADG 9 was success-
fully used to trap the GEI. A covalent bond is observed
between the anomeric carbon and the catalytic nucleophile
D486 (Figure 3D). The conformation of the pyranose is
distorted between an E4 and

1C4 conformation. This
distortion might reduce 1,3-diaxial interactions between
the C1-D486 axial bond and the 3,6-anhydro-bridge.[32] The
glycosyl-enzyme glycosidic linkage is axially oriented to
reduce steric hinderance prior to water nucleophilic attack
for the deglycosylation step of the enzyme reaction. In this
complex, as well as in the competitive inhibitor complexes,
there is a conserved water which sits primed for nucleo-
philic attack directly below C1. It is coordinated by the
putative acid/base catalytic residue E517. The AD-DGJ 7-
and ADG-IF 8 complexes were also obtained with both in
the � 1 subsite, despite 7 being a poor inhibitor of
ZgGH129 (Figure 3BC). AD-DGJ 7 adopts an E4 con-
formation, consistent with the putative planar TS. ADG-IF
8 adopts an E4/

1C4 conformation with the C1 pointing
above the ring plane. The observed ADG-IF 8 conforma-
tion is similar to the trapped GEI, suggesting it is not a TS
mimic.

Surprisingly, soaks with ADG resulted in a partial GEI
complex (Figure 3E). The catalytic nucleophile, D486,
shows significant movement between the covalent GEI and
the absence of a covalent bond with the ADG. The
electron density shown is an averaged representation of the
equilibrium between the GEI, product and off state form
of ADG. Thus, the refinement of the monosaccharide into
the electron density represents three states in equilibrium
and results in a ‘flattened’ glycosidic bond appearance
modelled for the 1C4 ADG GEI complex. In the carra-
geenan polymer, due to the steric restraints imposed by the
3,6-anhydro-bridge, ADG motifs are found in the 1C4
conformation.[10] These structural results suggest a D-
galactosidase Southern Hemisphere conformational cata-
lytic itinerary (Figure 1B), normally associated with some
mannosidase and neuraminidase families or with enzymes
processing L-sugars like GH29 L-fucosidases.[34]

A structural overlay of BbGH129[28] with ZgGH129
(RMSD 2.8 Å) shows an almost perfect overlap of BbD435
(catalytic nucleophile) and BbE478 (catalytic acid/base)
with the corresponding residues in ZgGH129 (Fig-
ure 4ABC, see Supporting Information and Figure S4). The
active site of BbGH129 contains a divalent cation coordi-
nating the 2-acetamido group, there are no active site metal
ions in ZgGH129. BbW398 lies perpendicular in relation to
ZgW455 and provides a hydrophobic platform maintaining
the axial C4-OH of 4C1 D-GalNAc. BbD330 provides an H-
bond to the axial C4-OH. ZgW455 is replaced by BbD371
which is within H-bonding distance of the D-GalNAc C6-
OH. Evidently this interaction is unnecessary in ZgGH129
as the C6 forms part of the 3,6-anhydro-bridge. ZgD202
from the second ZgGH129 monomer is found in a similar
position to BbW398. Along with ZgH347, ZgD202 provides
an H-bond with the equatorial C4-OH. This H-bond seems
to be essential as a conservative mutant (ZgD202N)
abolishes enzyme activity.[13b] Notably, the active-site par-
ticipating helix from the second monomer of ZgGH129,
which supports the ZgD202 residue, is not found in
BbGH129 (Figure 4DEF). Relatedly, ZgGH129 forms a
homodimer in the crystal structure, BbGH129 exists as a
monomer. This comparison shows how GH129 uses an
enzyme scaffold with small modifications to the active site
and larger modifications to secondary structure to alter
substrate preference and provide niche-based recognition
of different sugar conformations.
We next turned to quantum mechanics/molecular

mechanics (QM/MM) metadynamics simulations to further
unveil the molecular mechanism of catalysis (See Support-
ing Information). Using the crystal structure of ZgGH129
neo-β/k-DP4, we reconstructed the MC, reverted the
D486N mutation, and equilibrated the structure for 200 ns
of MD simulations to show that both subunits accommo-
date the neo-β/k-DP4 in four well-defined subsites (Fig-
ure S5).
To gain insight into what conformations are accessible to

ADG in the MC, we computed the conformational free
energy landscape (FEL) of the ADG unit of the native neo-
β/k-DP4 using QM/MM metadynamics simulations, along
with Cremer–Pople ring puckering coordinates[27] as collec-
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tive variables. The results (Figure 5A) show that that the
enzyme allows ADG to adopt a B1,4 conformation preferen-
tially, consistent with the conformation experimentally
observed in the MC (a 1C4 conformation is also possible,
Figure S6).
To model the glycosylation mechanism of ZgGH129,

we selected a structure corresponding to the most stable
B1,4 free energy minimum, in which the LG is axial
(Figure S7). Here, the D486 nucleophile residue is close to
the anomeric carbon of the ADG unit (C1-OD486=3.20�
0.17 Å, Table S3) and E517 forms an H-bond with the
glycosidic oxygen of the scissile glycosidic bond (O1-
HE517=1.51�0.09 Å, Table S3), indicating that the sub-
strate is prepared for catalysis. To model the glycosylation
step, two collective variables were used to drive the
reaction (Figure S8). The first CV (CV1) was defined as
the difference of C1-OD486 and C1-O1, describing the
nucleophilic attack, whereas the second one (CV2) was
taken as the HE517-O1 distance, to account for the proto-
nation of the LG by the catalytic acid residue E517. The
FEL obtained from the simulation shows two main minima
and a single TS, indicating a concerted one-step mecha-
nism. The computed free energy barrier (14.2 kcal/mol)
agrees with the one that can be estimated from the
experimental rate constant (for the substrate 1 it was
calculated as 15.6 kcal/mol) (Table S1). There is an addi-
tional minimum corresponding to a pre-catalytic complex,
MC’, separated from the MC by a small energy barrier. It
corresponds to HE517 switching from forming an H-bond
with the 2-OH of ADG to the glycosidic oxygen (Fig-
ure S9).
Analysis of the reaction coordinate provides an atom-

istic view of the glycosylation step (Figure 5B). Once the
acid/base residue starts forming an H-bond with the
glycosidic oxygen, the glycosidic bond starts to break and

the ADG evolves towards an envelope conformation (E4).
Afterwards, the D486 nucleophilic residue approaches the
C1 atom and a proton transfers from the E517 general acid
catalyst to the glycosidic oxygen O1. At the TS (TS1,
Figure 5B), the ADG motif is in a planar E4 conformation,
consistent with the stereoelectronic properties stabilizing
an oxocarbenium ion-like TS. The C1-O5 bond decreases
from 1.39�0.03 Å at MC to 1.29�0.01 Å at TS1 (Table S3),
reflecting the partial double bond character between the
anomeric carbon and the endocyclic oxygen. The C1-O1 is
almost broken at TS1 (C1-O1=2.19�0.04 Å) but the
glycosyl-enzyme bond is not yet formed (C1-OD486=2.62�
0.05 Å), indicative of a dissociative mechanism. H-bond
interactions help to maintain a tight active site during the
glycosylation step, namely those between D202 and the 4-
OH of ADG and the interaction of the Y422 side chain
with D486. There is also a water-mediated interaction
between the 2-OH of the ADG and E531 (Table S3). The
ADG keeps these interactions while evolving towards the
GEI, following a B1,4![E4]

‡!E4/
1C4 conformational itiner-

ary (Supporting Video File 1 and Figure S8B).
To model the deglycosylation step of catalysis, we

reconstructed the natural GEI from the crystal structure of
the enzyme covalently bound to 1,2-diF-ADG 9 and
replaced the fluorine at C2 of 9 by a hydroxyl group
(Figure S10). The corresponding complex (GEI’ in Fig-
ure 5B), equilibrated by 300 ns of classical MD simulations,
agreed with the GEI complex obtained in the QM/MM
metadynamics simulations of the glycosylation step. The
simulations show that a water molecule enters the active
site and is accommodated underneath the anomeric carbon
and coordinated by the general base residue E517, which is
in its unprotonated state at this stage of the mechanism and
in an orientation suitable for hydrolysis. The water-
mediated interaction between the 2-OH of ADG and the

Figure 4. Structural overlay of ZgGH129 in complex with AD-DGJ 7 and BbGH129 PDB ID 5WZN in complex with D-GalNAc show that while there
are similarities, such as in the positions of the catalytically active residues, there are major structural differences. A. Active site of ZgGH129, amino
acids are shown in light pink for monomer A and light orange for monomer B. B. Active site overlay of ZgGH129 and BbGH129. C. Active site of
BbGH129 shown in light blue. D. Secondary structure representation of one ZgGH129 monomer with the active site participating helix circled in
red. E. Overlay of ZgGH129 and BbGH129, the other monomer in the homodimer of ZgGH129 is shown in surface representation. F. Secondary
structure representation of BbGH129.
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other glutamate of the active site, E531, was also observed
during deglycosylation. E531 is thus key for binding the
substrate but does not participate in the reaction.
During the deglycosylation reaction the GEI (GEI’ in

Figure 5B) shows the water molecule, described just above,
forming an H-bond with the catalytic base (Hwat� OE517=
1.71�0.13 Å), close to the reactive anomeric carbon (C1-
Owat=3.86�0.25 Å) and in a favorable configuration for

nucleophilic attack. Two CVs were defined to drive the
reaction towards product state (Figure S11). Similar to the
glycosylation reaction, the deglycosylation reaction exhibits
a single TS (TS2, Figure 5B), in which the ADG adopts an
E4 conformation. The reaction is dissociative, as the C1-
OD486 covalent bond is already broken, while the new bond
with Owat is not yet formed (C1-Owat=2.17�0.05 Å, C1-
OD486=2.61�0.06 Å). The C1-O5 bond shrinks from 1.39�

Figure 5. A. Left: Cremer–Pople sphere depicting the possible conformations of a pyranose ring according to polar coordinates (Q, θ and φ)
projected in the cartesian qx and qy. ZgGH129 operates in the Southern Hemisphere. Right: Conformational free energy landscape of ADG at the � 1
subsite of ZgGH129 projected into Stoddard’s diagram. Contour lines at 1 kcal/mol. B. Representative structures along the minimum free energy
pathway (reaction coordinate) of the glycosylation and deglycosylation reactions. C. Reaction free energy landscapes (glycosylation and
deglycosylation) and evolution of the main catalytic distances along the reaction coordinate. Contour lines at 1 kcal/mol.
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0.03 Å at GEI’ to 1.31�0.01 Å at TS2, again indicative of
the formation of an oxocarbenium ion-like species. The
reaction evolves towards the product complex, following a
E4/

1C4![E4]
‡!B1,4, conformational itinerary that mirrors

that of the glycosylation step (Supporting Video File 2).
The computed reaction free energy barrier (Figure 5C) of
the deglycosylation step (17.2 kcal/mol) is higher than that
of the glycosylation step (14.2 kcal/mol). Therefore, both
the kinetic data and our simulations predict that the
glycosylation reaction is not the rate-limiting step during
catalysis.
A combination of chemical and structural analyses

coupled with QM/MM metadynamics simulations support a
two-step, retaining catalytic mechanism for the hydrolysis
of (α-1,3)-3,6-anhydro-D-galactose by ZgGH129 wherein
the residues D486 and E517 have the catalytic roles of
nucleophile and general acid/base, respectively (Fig-
ure 1B). To the best of our knowledge, all characterized
catalytic itineraries of D-galactosidases are located across
the Northern Hemisphere[35] (see Supporting Information
and Table S4), despite the isolated D-galactose free energy
landscape showing that the inverted 1C4 chair is one of its
accessible conformations.[36] ZgGH129 and the rigid ADG
pyranose ring restrict the conformational landscape, only
the distorted B1,4 conformation is used for catalysis which
proceeds through B1,4![E4]

‡!E4/
1C4 and E4/

1C4![E4]
‡!

B1,4 itineraries (glycosylation and deglycosylation, respec-
tively) across the Southern Hemisphere of the Cremer–
Pople sphere, with the deglycosylation step being rate-
limiting. Overall, we demonstrate novel insights into
glycosidase catalysis by establishing the fine molecular
details of glycan conformational changes in a non-standard,
sterically restrained, bicyclic monosaccharide. This pro-
vides an example of how distinct conformational itineraries
are accommodated within the same CAZy family and
molecularly explains the strict partitioning of the GH129
family into two niche-based clades.[20b] It also establishes a
framework to assist rational engineering for mechanism-
based inhibitor design of anhydro-type carbohydrate-proc-
essing enzymes and for future applications involving these
and other carrageenan-interacting enzymes.

Supporting Information

The authors have cited additional references within the
Supporting Information (Ref. [37–88]).
Supporting Information File 1.
Supporting Video File 1. Simulation trajectories corre-

sponding to the glycosylation step showing the reactive
ADG and catalytic residues D486 and E517. The atoms
involved in the reactive events are highlighted in ball
representation.
Supporting Video File 2. Simulation trajectories corre-

sponding to the deglycosylation step showing the reactive
ADG, catalytic residues D486 and E517 and the catalytic
water molecule. The atoms involved in the reactive events
are highlighted in ball representation.
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