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Alginate lyases (ALs) catalyze the depolymerization of brown macroalgae
alginates, widely used naturally occurring polysaccharides. Their molecular
reaction mechanism remains elusive due to the lack of catalytically competent
Michaelis-Menten-like complex structures. Here, we provide structural snap-
shots and dissect the mechanism of mannuronan-specific ALs from family 7
polysaccharide lyases (PL7), employing time-resolved NMR, X-ray, neutron
crystallography, and QM/MM simulations. We reveal the protonation state of
critical active site residues, enabling atomic-level analysis of the reaction
coordinate. Our approach reveals an endolytic and asynchronous syn -
elimination reaction, with Tyr serving as both Brgnsted base and acid, invol-
ving a carbanion-type transition state. This study not only reconciles previous
structural and kinetic discrepancies, but also establishes a comprehensive PL
reaction mechanism which is most likely applicable across all enzymes of the
PL7 family as well as other PL families.

Alginates are linear anionic polysaccharides of 1,4-linked [-p-man-
nuronic acid (M) and its C5-epimer a-L-guluronic acid (G)' (Fig. 1a).
They are found in brown seaweed cell walls, where they account for
10-45% of the dry weight?, and can also be produced by bacteria from
the genera Azotobacter and Pseudomonas as an exopolysaccharide’.
Alginates are synthesized as polyM, and they can be modified by
alginate C5-epimerases at the polymer level, resulting in the formation
of the different G- and mixed MG blocks. Such modifications greatly
affect the physicochemical properties of the alginate polysaccharides,
as the G blocks can bind Ca*" (and other divalent ions) resulting in the

formation of hydrogels'. Due to their physicochemical properties,
alginates have attracted industrial interest, notably in food and bio-
medical applications®”’. Approximately 45,000 metric tons of alginates
and alginate oligosaccharides are produced industrially per year by
extraction from harvested or farmed brown seaweed, with a global
market value of about US$900 million®®.

The degradation of alginates is catalyzed by alginate lyases (ALs),
which are reported in 17 of the 44 polysaccharide lyase (PL) families in
the Carbohydrate Active enZyme database (CAZy)". These enzymes
can be classified either as endo-acting, which cleave the alginate
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Fig. 1| Alginate degradation. a Stylized chemical structure of alginate. The unit
blocks, a-L-guluronic acid and B-p-mannuronic acid, are colored orange and green,
respectively. b Chemical reactions catalyzed by alginate lyases (ALs). The syn
reaction is presented above, while anti reaction is shown below. Acid and base
residues, which belong to the enzyme, are denoted as A and B, respectively, and

colored in blue. ¢ Structure representation of a PL7 (at the top, PDB 6YWF), a PL18
(in the middle, PDB 4Q8K), and a PL36 (at the bottom, PDB 6KCW) to show the
shared jelly roll folding. A rotation of 90° over the Y axis highlights the character-
istic solvent-exposed catalytic groove where they bind to the polymer.

polysaccharides in the middle of the chain, or exo-acting, which cleave
the polysaccharide, or more often the AOSs, by attacking one of the
terminal ends. Whereas the endo-acting ALs initially release alginate
oligosaccharides (AOS) that often are further degraded to di- and tri-
AOS, the exo-acting attack either the reducing end (C1) or the non-
reducing (C4) end to liberate a monomer" ™. The increased use of
alginates in industrial applications has led to an interest in controlling
their modification by enzymatic processing. However, our under-
standing of the mechanisms by which enzymes catalyze alginate
modifications is incomplete due to the lack of catalytically competent
Michaelis-Menten structures in complex with substrate and products,
limiting our ability to tailor-make alginates and AOSs”'*".

PLs cleave O'-C4 glycosidic bonds via a (-elimination reaction,
leading to the formation of the 4,5-unsaturated sugar 4-deoxy-L-ery-
thro-hex-4-enopyranosyluronic acid (denoted as A) at the non-
reducing end of the released product™® (Fig. 1b). A catalytic base
(usually a negatively charged tyrosine or a histidine)® is expected to
abstract the H5 proton from the sugar moiety at subsite +1, resulting in
the formation of an unsaturated bond between C4 and C5. The bond
cleavage is assisted by the transfer of a proton from a general acid to
the glycosidic oxygen' (Fig. 1b). The reaction can take place in syn or
anti, depending on whether the abstracted proton is on the same side
of the departing glycosidic oxygen (syn) or it is on the opposite side
(anti), with respect to the sugar ring (Fig. 1b). In the syn-elimination, a
single residue, typically a tyrosine”, acts as both catalytic base and
acid""®, whereas two residues are needed when the reaction is anti *".
The identity of the catalytic base and the general acid remains
unknown for several PLs. In addition, fundamental aspects of the cat-
alysis, such as whether the reaction is concerted or stepwise, are
unanswered.

The PL7 family holds the largest number of ALs that degrade
alginates. This family harbors members that specifically degrade M, G
or MG blocks in alginates, and some that are able to degrade two or

three different blocks in endo or exo fashion>"". Crystal structures,
mainly originating from bacterial enzymes, have revealed that PL7
enzymes display a fB-jelly roll fold (Fig. 1c and Supplementary
Figs. 1 and 2)"", which is shared with other PL families such as PL18"
and PL36, that forms a groove harboring the active site (Fig. 1c). Some
PL7 members, such as the G-specific enzyme from Sphingomonas sp.
Al, have been suggested to employ an anti [-elimination
mechanism?-*, Other PL7 enzymes, such as the Flavobacterium sp.
alginate lyase A (FIAlyA), were suggested to follow a syn -elimination
mechanism to degrade its preferred substrate polyM, based on crystal
structure data and mutational analysis”. Such a mechanism was also
recently proposed for the B-p-glucuronan lyase TpPL7A from the fun-
gus Trichoderma parareesei”. However, the reaction mechanism of ALs
remains unresolved due to either low resolution of the crystal struc-
tures or misplacement of substrates from subsites -1 and +I due to
enzyme mutations??>**, A recent high-resolution® crystal structure of
a PyAly from the alga Neopyropia yezoensis in complex with PentaM
(Supplementary Fig. 2c) revealed that two loops around the substrate
binding cleft determine the distribution of products. Unfortunately,
catalytically relevant substrate-enzyme interactions at the -1 and +1
subsites could not be analyzed due to the mutation of critical active
site residues (H125A/Y223A). Therefore, detailed characterization of
the active site and the catalytic mechanism of PL7 enzymes and ALs
remains elusive.

Here, we employ a multidisciplinary approach, including single
crystals X-ray and neutron diffraction, NMR spectroscopy, and QM/
MM simulations to uncover substrate recognition and the molecular
mechanism for M-specific PL7 enzymes. Time-resolved NMR was used
to follow the reactions of two PL7 members PsAlg7A and PsAlg7C, from
the marine fungus Paradendryphiella salina, affirming that they are
endolytic and M-specific. In addition, we obtained high-resolution X-
ray crystal structures of the two alginate lyases in complex with M
oligosaccharides, which, combined with neutron diffraction structures
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Fig. 2 | Time-resolved C-NMR spectra results of >Cl-enriched polyM treated
with PsAlg7A or PsAlg7C. Each reaction was conducted in 3 mm NMR tubes at
25 °C with 8.7 mg/mL enzyme in 170 pL of substrate buffer solution (10 mg/mL 3C1-
polyM substrate in 5 mM Na-acetate, pD 5.5 with 100 mM NaCl and 1.5 mM ZnCl, in
99.9% D,0) and 10 pL of 147.5 mg/mL PsAIg7A incubated at 25 °C. Pseudo 2D time-
resolved spectra were recorded by acquiring 1D carbon spectra every 5 min for a
total of 21 h 20 min. a shows the reaction for PsAlg7A, and b shows the reaction for

PsAlg7C
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PsAlg7C. MMM is the internal mannuronate in polyM substrate, and abbreviations
of the products formed are: AM,, C/H-1 signal of 4-deoxy--erythro-4-hexenopyr-
anouronate at the non-reducing end of a mannuronate oligomer/polymer, Ma C/H-
1signal of « reducing end of mannuronate oligomer/polymer, MB C/H-1 signal of
the B reducing end of mannuronate oligomer/polymer, Aa signifies the C/H-1signal
of an « reducing end of mannuronate dimer with 4-deoxy-L-erythro-4-hexenopyr-
anouronate at the non-reducing end.

of PsAlg7C, informed QM/MM simulations of PsAlg7A that provided a
precise atomistic picture of the reaction coordinate. The simulations
confirm the syn B-elimination mechanism and reveal that the reaction
takes place in one-step, with a tyrosine acting as both catalytic base
and acid, and involves the formation of a carbanion-type species at the
transition state. Altogether, we provide an atomic description of the
mechanism of action of a PL acting on alginate.

Results

Time-resolved product formation

The endolytic enzymes PsAlg7A and C are part of the marine fungus P.
salina metabolization of alginates. Data from previous work suggest
that PsAlg7C (pH optimum 8) most likely takes part in the saprophyte’s
initial attack on the seaweeds cell wall, while PsAlg7A (pH optimum 5),
together with an exolytic PL8 alginate lyase, finalize the degradation of
the M-blocks in alginates™?.

The mode of action and product formation for PsAIg7A was
studied with time-resolved NMR on “Cl label polyM substrate.
PsAlg7A produced oligomers with unsaturated end (A) as small as
dimers, but no unsaturated monomer was formed (Fig. 2a and
Supplementary Figs. 3 and 4). The signal for the unsaturated end
(C1A at 102.8 ppm) in trimers or oligomers (>DP 2) was present
from the beginning of the reaction. In comparison, a slowly
increasing signal for the unsaturated end (C1A at 102.5 ppm) in
dimers appeared later. Based on the integrals (for C1 of unsaturated
ends and ratio conformation), the distribution of the reaction pro-
ducts was -84% trimers or oligomers and ~16% dimers. Looking at
the formation of reducing ends, the signals « (96.2 ppm) and 3 (96.3
ppm) conformers in the unsaturated triMs or oligomers were pre-
sent from the start of the reaction, while the a reducing end (95.9
ppm) of dimers appeared later. Altogether, the time-resolved NMR
results strongly indicate that PsAlg7A displays an endolytic mode of
action, producing mainly unsaturated triMs and oligomers of a
higher degree of polymerization than three on the polyM substrate.
PsAlg7C exhibits a similar endolytic mode of action and product
formation (Fig. 2b and Supplementary Figs. 5 and 6).

The overall structure of PsAlg7A and C and their relation to the
structure of other PL7 members

The crystal structures of PsAlg7A and C were determined at
0.82-2.00 A resolution at pH 4 and 5.5, respectively (a summary of
all determined structures is presented in Supplementary Table 1,
while data processing statistics are described in Supplementary

Table 2) at which PsAlg7A and C retain ~-30 and ~20% relative
activity®. Overall, the electron density maps for the proteins, and
the ligands were well-defined (Fig. 3a-d). The tertiary structure of
PsAlg7A and C resembles that of other PL7 members, composed of a
single B-jelly roll domain with an inner and outer convex anti-
parallel B-sheet (Fig. 3a-d and Supplementary Figs. 7 and 9). Ana-
lysis of the PsAlg7A structure versus data in the Protein Data Bank
(www.pdb.org)* using the DALI server” revealed that the closest
structural homolog for PsAlg7A is indeed PsAlg7C (Cy r.m.s.d. is
0.37 A, for 166 atom pairs).

The structure of PsAlg7A and C differ from other structurally
determined PL7 members, except for PyAly from algae Neopyropia
yezoensis (PDB ID 7W13)*, by the presence of two extended fB-strings at
the non-reducing end of the binding cleft (PsAlg7A: V142-1147 and
V150-V155. PsAlg7C: 1136-L141 and V144-F149) that form a lid-like
structure on top of the substrate (Supplementary Fig. 9). The crystal
structures show that the two B-strings form interactions with the
soaked PentaM and HexaM substrate in PsAlg7A and C (Fig. 3a-d and
Supplementary Figs. 7 and 8), implying that they are probably involved
in substrate binding. These two additional (3-strings are not present in
the B-glucuronan lyase TpPL7A from the terrestrial fungus 7. parareesei
(Supplementary Fig. 9)*, suggesting that this extension of the active
site groove could be limited to alginate lyases from marine eukaryotes
or may define substrate selectivity. A structural comparison of PL7
alginate lyases previously suggested to target different linkages in
alginate did not reveal any obvious differences in the overall structures
with respect to our structures (Supplementary Fig. 9). Interestingly,
even though our structures provide a high definition of the enzyme
subsites (mainly, because of the low impact of the Tyr-Phe mutation),
the location of the sugar units is very similar to some of the previous
structures, in particular structures of AlyC3, AlyAl-Il and PyAly double
mutants in complex with various oligosaccharide substrates (Supple-
mentary Fig. 2).

The substrate binding groove of ALs is, in general positively
charged, which favors the binding of the negatively charged
substrate®™. This is also the case for both PsAlg7A and PsAlg7C
(Fig. 3e, f and Supplementary Fig. 10). However, the binding groove
is less positively charged for PsAlg7A (Fig. 3e) (even at a lower pH),
which may explain the seven-fold higher K, of PsAlg7A (17.4 mM)
compared to PsAlg7C (2.4 mM) towards polyM™. This difference
could also explain the large difference in catalytic turnover rates,
with PsAlg7C acting more than three times faster on polyM than
PsAIg7A.
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Fig. 3 | PsAlg7A and C active site architecture. a PsAIg7A (light purple) soaked
with PentaM (light green), b PsAlg7A-Y223F (light purple) soaked with HexaM
(green), ¢ PsAlg7C (cyan) soaked with HexaM (M moieties: dark green; G moieties:
orange), and d PsAlg7C-Y220F (cyan) soaked with HexaM (M moieties: dark green;
G moieties: orange) (NR and R indicate the non-reducing end and reducing end,
respectively). The observed AOSs are longer than the AOSs used for soaking likely

[ PsAlg7A HexaM
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because they are accommodated in two or more different ways in the active sites.
e Electrostatic plot of PsAlg7A at pH 5 and f electrostatic plot of PsAlg7C at pH 8
with electron density maps, 2Fo-Fc (blue mesh) contoured to 1.00 with a cutoff at
1.6 A for C and fc-fo (green and red) contoured to +3.0 and -3.00, respectively, with
a cutoff at 1.6 A for C.

In crystallo substrate cleavage reveals the active site

Structures of five PL7 ALs in complex with different alginate oligo-
saccharides have been reported (Supplementary Fig. 2), revealing a
hydrogen bond network and stacking-like interactions important for
positioning the substrate in the active site groove”?*!. All these
complex structures were obtained for catalytically inactive mutants, in
which one or more putative essential residues were mutated. Here, we
were able to soak M oligosaccharides with a degree of polymerization
(DP) 4-6 into crystals of PsAlg7A (Supplementary Fig. 7), resulting in in
crystallo cleavage of the sugars (1.46-1.87 A resolution, Supplementary
Tables 1 and 2). This confirmed the -1 and +I subsites for PL7 family
members that define the location of the scissile bond (Fig. 3a). Pre-
viously, these subsites were only tentatively assumed based on the
positions of the presumed catalytic tyrosine and histidine relative to
the uronic acids in the complex structures”****, The negative subsites

(Fig. 3a-d) indicate the position of the non-reducing end of the sub-
strate, while the positive subsites indicate the reducing end*. TetraM,
PentaM, and HexaM oligosaccharides were found to span subsites -3
to +3 (Supplementary Fig. 7), suggesting that TetraM and PentaM are
both accommodated in two or more different ways in the active sites of
the different PsAlg7A molecules constituting the crystal.

Attempts to perform in crystallo substrate cleavage for PsAlg7C
were unsuccessful. The structures (Supplementary Fig. 8), determined
at 1.09-1.24 A resolution, showed that M oligosaccharides (DP 2-6) are
present at negative and positive subsites, but the +I subsite is unoc-
cupied (Fig. 3¢ and Supplementary Fig. 8). However, this subsite is
occupied in both inactive mutants PsAlg7C-H124N and PsAlg7C-Y220F
(Figs. 3d, f, 5a and Supplementary Fig. 8) (discussed further below),
which crystallized in space groups C12; and P1241, and P1, respectively
(Supplementary Table 2), whereas PsAlg7C, crystallized in space group
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Fig. 4 | PsAlg7C-H124N (cyan) soaked with PentaM (dark green). a Active site groove and b the surface binding site (SBS). Amino acid residues are shown as sticks,
highlighting N124 conformations in (a) and residues within 4 A of the tetrasaccharide in (b). The G moiety in (a) is colored in orange.

P2,2,2,. A loop from a neighboring molecule in the crystal lattice
containing $228 was found to pose steric hindrance on the carboxylic
group of the M moiety at subsite +I (Supplementary Fig. 11), preclud-
ing productive binding. A G moiety was consistently observed at
subsite +3 (Fig. 3c and Supplementary Fig. 8), which may stem from
impurities in the M oligosaccharides, suggesting that PsAlg7C has a
preference for G moieties at this subsite or that a C5 epimerization
reaction took place. A G moiety was also observed at subsite +3 in
PsAlg7C-H124N soaked with PentaM (Fig. 4a).

Michaelis-Menten-like complexes

To obtain Michaelis-Menten-like complexes of PsAlg7A and PsAlg7C,
the inactive mutants PsAlg7A-Y223F, PsAlg7C-H124N and PsAlg7C-
Y220F soaked with M oligosaccharides (TetraM, PentaM and HexaM)
were crystallized (Fig. 3b-d and Supplementary Figs. 7, 8, and 10). The
corresponding structures were determined at 1.45-1.81A (PsAlg7A-
Y223F), 1.05-151A (PsAlg7C-Y220F) and 0.87-113 A resolution
(PsAlg7C-H124N). The structures show that the TetraM and PentaM
substrates span subsites -2 to +3 in PsAlg7A-Y223F (Supplementary
Figs. 7 and 8), while HexaM spans -3 to +4 (Fig. 3b and Supplementary
Fig. 10B). As found for the product complexes, this suggests that the M
oligosaccharides can be accommodated in two or more different ways
in the active site. Except for G moieties observed at subsite +3, the M
moieties in the PsAlg7C complex structures resemble those observed
in PsAlg7C-Y220F (Fig. 3c, d).

The structure of PsAlg7A-Y223F soaked with HexaM reveals a highly
complex hydrogen bond network, which is probably responsible for the
substrate accommodation in the active site groove (Supplementary
Fig. 12), optimizing enzyme interactions with the M moieties. The
majority of the enzyme-substrate interactions are mediated by water
molecules, while some direct hydrogen bonds are observed (Supple-
mentary Fig. 12). A similar hydrogen bonding network was observed in
the structures of PsAlg7A-Y223F soaked with TetraM and PentaM,
respectively, confirming its importance for substrate recognition. Simi-
larly, a highly complex hydrogen bond network was observed in the
structure of PsAlg7C-Y220F (Supplementary Fig. 13).

In a recent study, Zhang et al.** showed that two arginine residues
and a glutamine (R82/R86/Q127 in PsAlg7A; R76/R80/Q122 in PsAlg7C)

are conserved in all PL7 members irrespectively of specificity. These
interact with the C5 carboxylic groups at subsites +I and +3 (Supple-
mentary Fig. 10) resulting in similar spatial orientation of the C5 car-
boxylic groups irrespective of the specificity?*. Additional hydrogen
bonds, including water-mediated ones, were formed to the C5 car-
boxylic group at subsite +3 (Supplementary Figs. 12 and 13). Interest-
ingly, we did not observe any hydrogen bonds to the C5 carboxylic
group at +2 (Supplementary Figs. 12 and 13), which likely allows the
sugar to have some conformational freedom, enabling the binding of
all alginate block types at the positive subsites. At subsite +2, putative
hydrogen bonds were observed to 02 (Q42 and S46 PsAlg7A; Q36
PsAlg7C) and O3 (K219 PsAlg7A; K216 PsAlg7C) (Supplementary
Figs. 12 and 13). The residues interacting with the sugar moieties at the
negative subsites are not conserved within the PL7 family, hence this
likely determines their specificity?*. At subsite -1, an arginine (R161
PsAlg7A; R155 PsAlg7C) interacting with the C5 carboxylic group is
found in both PsAlg7A and C (Supplementary Figs. 12 and 13), which
highlights the importance of the orientation of the moiety at this sub-
site. The hydrogen bonds to the C5 carboxylic group at the remaining
negative subsites are not conserved (Supplementary Figs. 12 and 13),
which could explain why PsAlg7C is able to accommodate a G moiety at
subsite +3.

Active site structure conservation

The overall structures of PsAlg7A-Y223F-HexaM and PsAlg7C-Y220F-
HexaM complexes resemble each other (Fig. 3b-d and Supplementary
Fig. 10B). Their most noteworthy difference is in R161 (PsAlg7A) and
R155 (PsAlg7C) at subsites —1 and +1, which are observed in different
conformations (Supplementary Fig. 10B). Another difference is that
Al169 (PsAlg7A) at subsites -2 and -3 is replaced by the bulky F165 in
PsAlg7C (Fig. 5a-f and Supplementary Figs. 10A and 10B). However,
this does not affect the overall structure of the active site (Figs. 3a-d, 6,
and Supplementary Fig. 10).

The importance of the hydrogen bonding network mentioned
above (Supplementary Figs. 12 and 13) is underlined by the structural
conservation of several water molecules mediating the hydrogen
bonds between the M moieties at subsites —I and +I. These water
molecules are observed in similar positions in both PsAlg7A and C

Nature Communications | (2025)16:2670


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56754-5

PsAlg7A in complex W|th Mo | / L

\

e / \/ S

| R161
P135
A169)% g V136 4| ™

ké’l‘ﬂzg \\\

Y/F223
R82

/‘/\/

PsAlg7A superimposifion

Fig. 5 | Organization of binding sites in the presence and absence of the ligand.
a The apo structures of PsAlg7A and b PsAlg7C exhibit conserved water molecules
and residue orientations, ¢ which are compared with the PsAlg7A-Y223F and
d PsAlg7C-Y220F mutants soaked with HexaM. For simplicity, only sugars at

subsites —I and +1 are shown. Conserved water molecules, residues, and putative
hydrogen bonds formed with the M moieties at subsites -1 and +1I are highlighted in
the superimposed apo and complex structures for e PsAlg7A and f PsAlg7C. Yellow
dotted lines indicate putative hydrogen bonds.

apo and complex structures (Fig. 5a—f). Overall, the active site changes
only little upon ligand binding and from one enzyme to another.

Mutations affect the B-o-mannuronic acid moieties’
conformation

Most of the M moieties of the PsAlg7A-Y223F-HexaM complex are
present in the *C; conformation in the PsAlg7C-Y220F-HexaM
complex, except the one at subsite +1, which adopts a distorted
2Hs conformation (Fig. 3b). This is also the case with the Penta- and
TetraM complexes (Supplementary Fig. 8). This unusual
conformation® is probably due to the Y223F mutation, which cau-
ses R82 to interact strongly with the oxygen of the sugar at the +1
subsite rather than interacting with the oxygen atom of the nega-
tively charged Tyr (Fig. 3b and Supplementary Fig. 10). Further, the
structure of PsAlg7C-H124N shows that the mutation apparently
results in a distortion of the M moieties, most evident for the one in
the +1I subsite (Fig. 4a and Supplementary Fig. 8). This distortion is
likely a result of the loss of the interaction between H124 and the
2-OH group of the sugar unit at the +1 subsite (Fig. 4a), leading to a
displacement of the scissile bond. In fact, N124 is observed in two
different conformations when in complex with M oligosaccharides
(Fig. 4a), suggesting that the asparagine residue does not interact
with the M moieties. This is likely the reason for the almost com-
plete loss of activity upon mutating the wild-type histidine that was
previously observed in other PL7 members*?.

Surface binding site

A surface (or secondary) binding site (SBS) was observed in the crystal
structure of PsAlg7C-H124N in soaked with PentaM on the opposite of
the active site groove (Fig. 4b). SBSs hold a diversity of functions and
share many roles with the more known carbohydrate-binding domains
(CBMs), which are domains separate from the catalytic domains. In
contrast to CBMs, SBSs are located at a certain distance of the active
site on the catalytic domains. Although some SBSs have previously
been shown to be important for the activity and functionality of their
parent catalytic domain®°~?, no SBSs have been previously identified in
PLs. Four M moieties are observed at the SBS on PsAlg7C-H124N, which
all interact with PsAlg7C through hydrogen bonds (Fig. 4b) that
potentially can discriminate for M moieties. The fact that AOS
accommodate at the SBS in only one of the PsAlg7C structures does
suggest that the site is not essential for PsAlg7C’s activity, but likely a
crystallization artifact. However, its role, if any, in PsAlg7C’s degrada-
tion of M-blocks in alginate requires further investigations, which is
beyond the scope of this study.

Protonation states of putative catalytic residues

To investigate the protonation states of the residues interacting with
the substrate, neutron diffraction structures of PsAlg7C before and
after soaking with PentaM were obtained. These structures were
determined at 2.15 A resolution (see Supplementary Table 3 for sta-
tistics). Of particular interest, the neutron structures suggest that the
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hydrogen(deuterium) of Y220 is disordered prior to substrate binding
but become ordered, and likely engages in hydrogen bonding, in the
product complexes (Fig. 6). Conversely, H124 holds only one proton
(i.e., it is a neutral residue) in both the substrate-free structure and the
product complex (Fig. 6a, b). This strongly suggests that Y220 is the
catalytic base that abstracts a proton from the saccharide at the +1
subsite during catalysis. Remarkably, in silico replacement of F223 to
Tyr in PsAlg7A-Y223F-HexaM shows a clear short distance between the
Tyr oxygen atom and the H5 atom of the saccharide at the +I subsite
(Supplementary Fig. 14), supporting a role of the Tyr as general base in
catalysis. Given that the expected pK, for tyrosine in solution is ~10%*,
we hypothesize that the microenvironment surrounding this residue is
influencing its ionization, thereby lowering its pK,. This is supported
by various enzymatic studies documented in the literature where tyr-
osine is deprotonated due to the presence of nearby residues. Exam-
ples include short-chain dehydrogenase/reductase (SDR) enzymes*,
C4 epimerases®, and UDP-apiose/UDP-xylose synthase®, where
neighbouring positively charged residues contribute to the decreased
pKa,. Another example is alanine racemase, in which the connectionto a
histidine, which is itself linked to arginine, is known to reduce the pK,
of the catalytic tyrosine®. Upon examining the surrounding residues of
Y220, we identified a nearby arginine (R76 in Fig. 6a-c), which we
suspect is responsible for the lowered pK,. Notably, this arginine (R82
in PsAlgA) is conserved within the PL7 family and its mutations result in
the loss of lyase activity. Even though this has been explained in terms
of substrate binding®, we suggest that these mutations could also
potentially affect the ionization state of the catalytic base residue.

While in the neutral form, H124 cannot act as a proton donor, thus
it cannot be the catalytic acid. This is consistent with the syn-elimina-
tion mechanism (Fig. 1b), in which tyrosine is expected to be the only
catalytic residue. The present high-resolution X-ray crystal structures
indicate that the active site histidine (PsAlg7C: H124 and PsAlg7A:
H129) forms a hydrogen bond with the 2-OH of the M saccharide at
subsite +1 (Supplementary Figs. 10 and 12), suggesting that it is in the
Ns tautomeric form. Together with the results obtained for PsAlg7C-
HI124N, our results suggest that H124 is essential for the productive
binding of the substrate but does not participate in the catalytic
reaction.

Product complexes

The structures of PsAlg7A and C and their mutants in complex with
DiM and TriM oligosaccharides provide insight on relevant
enzyme-substrate interactions after glycosidic bond cleavage. The
structures show that the substrate spans subsites -3, -2, and -1, except
for PsAlg7C-Y220F in complex with TriM (Supplementary Fig. 7). This
may explain why a build-up of DiM and TriM is observed by time-
resolved NMR spectroscopy (Fig. 2 and Supplementary Figs. 3-6). We,
therefore, speculate that these structures mimic the enzyme state after
leaving group departure, prior to a processive movement of the sub-
strate in the active site groove. Similar to what was observed for
PsAlg7A in complex with the TetraM, PentaM, and HexaM products
(Fig. 3a and Supplementary Fig. 7), the M moieties of DiM and TriM at
subsite -1 are often found in both « and B configurations (Supple-
mentary Figs. 10A and 7). Y223 (PsAlg7A) and Y220 (PsAlg7C) are both
within hydrogen bonding distance from the O1 atom of the M sugar at
subsite -1. The observed « and 3 configurations may reflect that tyr-
osine residues Tyr223 and Tyr220 are not protonated in all molecules
within the crystals, as found in the neutron structure of
PsAlg7C (Fig. 6).

Conformation of the substrate B-mannurosyl unit at the +1
subsite

The structure of PsAlg7A-Y223F soaked with HexaM (PDB ID 7NCZ) was
used as the initial template for the molecular dynamics (MD) simula-
tions. In the simulations, the F223 residue was substituted for a

tyrosine residue to reconstruct the native enzyme (Supplementary
Movie 1). The solution structure Michaelis—-Menten complex (MC) was
built using Amber 2020 tools (see details in “Methods”). The complex
was subsequently minimized and equilibrated for 750 ns (Supple-
mentary Fig. 15). The simulations show that the enzyme-substrate
complex remains stable in a catalytically productive configuration,
with H129 and Y223 sandwiching the +1 saccharide, which adopts a *C;
conformation. The negatively charged oxygen of the putative catalytic
base, Y223, is close to R82, forming a salt-bridge interaction. The O
atom of Y223 is also very close to the H atom at C5, ready for proton
abstraction.

To further confirm the conformation of the +I saccharide, we
computed its conformational free energy landscape (FEL) using QM/
MM metadynamics®. This approach has been previously used with
success to elucidate substrate conformations in other CAZymes®. The
use of a QM description of the substrate is necessary to exclude any
bias due to the classical force field, which often favors chair
conformations®”*°. The conformational FEL of the +I subsite M moiety
in PsAlg7A (Supplementary Fig. 16) confirmed that *C; is the most
stable conformation (the global minimum of the FEL). Remarkably,
there is a particularly low-energy region that extends towards
250, which is precisely the conformation of the transition state (TS) of
the reaction, as described below. Therefore, as previously observed for
glycosidases”, the active site of PsAlg7A is optimized to precisely
stabilize the substrate in conformations that are relevant for catalysis.

Reaction mechanism

One representative snapshot from the classical MD simulations was
selected (Supplementary Fig. 15) as the starting point to initiate QM/
MM MD simulations of the reaction mechanism. A large QM region (112
atoms) was taken to include part of the substrate and the sidechains of
the main residues interacting with the +1 saccharide (Y223, R82, K219,
and Q127) (Supplementary Fig. 17). The simulations were performed
with the CP2K program*-*, using Density Functional Theory (DFT) at
the QM region and the Amber-based force fields at the MM region (see
more details in the Methods section). The system was equilibrated for
7 ps at QM/MM MD level before starting the simulation of the reaction
mechanism.

The chemical reaction (Supplementary Movie 2) was modeled
using the OPES enhanced sampling method****, which provides a very
efficient exploration of complex energy landscapes, as shown in recent
applications to chemical reactions®. Two collective variables (CVs)
were used to drive the system from reactants to products (see Fig. 7a
for CVs definition). The first CV was taken as the distance (d) of the
scissile glycosidic bond [CV1 = d(04-C4), where 04 refers to the O’
atom]. The second CV was taken as a combination of the distances
involved in the possible motion of the catalytic proton (H5) [CV2=
d(C5-H5) - d(H5-O7yr223) - d(04-H5)]. Therefore, CV1 accounts for the
cleavage of the glycosidic bond, while CV2 accounts for proton
transfer events. Using these CVs, the QM/MM OPES simulation suc-
cessfully drove the reactants towards the products of the reaction, i.e.,
TriM and unsaturated (ManA),. The computed reaction-free energy
landscape (FEL) (Fig. 7b) shows two well-defined reactants and pro-
ducts minima, with the latter being lower in energy, separated by a
distinct transition state (TS). Therefore, the reaction is concerted and
exothermic. The computed reaction-free energy barrier for PsAlg7A
(16.5 kcal-mol™) is in very good agreement with the experimental value
estimated from the reaction rate® (17.3 kcal-mol™), which reinforces
the mechanism obtained.

Analysis of the molecular changes along the minimum energy
pathway (Fig. 7c, d) shows that the reaction begins by a slight reposi-
tioning of R82 (state 1 in Fig. 8), which detaches from Y223 and
approaches the endocyclic 05 atom of the +1 saccharide. This motion,
although small, induces a distortion of the +I saccharide from the
relaxed *C; chair to a skew-boat %Sy conformation, enabling close
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Fig. 6 | Protonation states of putative catalytic residues. Structure of a PsAlg7C,
b PsAlg7C soaked with PentaM and ¢ superimposition of both. Nuclear density map
2Fo-Fc (blue mesh and magenta mesh for apo and soaked, respectively) contoured

at 0.50 with a cutoff at 1.6 A. The disordered deuterium was tentatively placed in a
riding position on the hydroxyl group of Y220.

contact between the oxygen atom of Y223 and the H5 atom of the
+1 saccharide, which becomes ready for proton transfer. Subsequently,
Y223 abstracts the H5 proton (state 2 in Fig. 8) and the C5 atom
acquires negative charge (Fig. 7e and Supplementary Table 5). The
negative charge on C5 is delocalized over C6, causing both the C4-C5
and C5-C6 bonds to shorten upon reaching the reaction TS (Fig. 7d),
which has carbanion character. The cleavage of the glycosidic 04-C4
bond takes place after the TS (state 3 in Fig. 8), just before reaching the
products state in which the glycosidic bond is fully broken. The
+1 sugar adopts an envelope (*£) conformation at the reaction pro-
ducts, due to the formation of a double bond between atoms C4 and
C5 upon formation of a 4,5-unsaturated sugar (4-deoxy-L-erythro-hex-
4-enopyranosyluronic acid). Therefore, even though the reaction-free
energy landscape (Fig. 7b) shows a single TS, indicative of a concerted
reaction, the reaction is highly asynchronous, with glycosidic bond
cleavage taking place after proton transfer. Our simulations also pre-
dict a *C;~ [2Sol » %E conformational itinerary (Fig. 7d) for the p-
elimination reaction catalyzed by PsAlg7A.

Further analysis of the species present at the product state (P)
reveals that it is a mixture of states in which Y223 can be either neutral
or deprotonated. In other words, the H5 proton can be either located
at the oxygen atom of Y223 (with the new reducing end being an
alkoxide) or at the oxygen atom of the new reducing end (with Y223
being negatively charged). A separate QM/MM MD simulation of the

reaction products confirmed that the proton often jumps between
both oxygen atoms and the free energy barrier for proton exchange is
very small (<1 kcal/mol) (Supplementary Fig. 18), consistent with the
analysis of the FEL. Therefore, the reaction products feature a low-
energy barrier hydrogen bond between Y223 and the new reducing
end. Most importantly, this agrees with the reported neutron diffrac-
tion structure of the reaction products, which shows a mixture of Y220
states, protonated and neutral, in PsAlg7C (Fig. 6b).

Discussion

The reaction mechanism of PLs has been described as a -elimination
reaction, leading to the cleavage of the O’-C4 glycosidic bond and the
formation of a 4,5-unsaturated sugar at the non-reducing end of the
released product™® (Fig. 1b). However, until now no high-resolution
structure with well-defined substrate positions has been reported,
hampering an atomistic description of the molecular mechanism. Here
we reported high-resolution structures of enzyme-substrate com-
plexes of two PL7 ALs that degrade alginates, i.e. PsAlg7A and PsAlg7C
from the marine fungus P. salina. We showed by time-resolved NMR
that the enzymes are endolytic, M-specific and produce mainly trimers
or oligomers with unsaturated ends. The structures include a high-
resolution Michaelis-Menten-like complex of a PL7 captured using a
single mutant (Y to F), minimally perturbing the active site architecture
and, most importantly, with the substrate in a catalytically competent

Nature Communications | (2025)16:2670


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56754-5

a b

®
o

@
o

N
o

»
)

o

CV1=d1
CVv2=d2-d3-d4

Glycosidic bond cleavage ——»

)

-4.0 2.0
H5 Transfer ———

d 4 “Cy 5 *So rZ 2E/2H1r2 e
‘% o 0 1

Cc

Free Energy
(kcal/mol) TS

16.5 kcal/mol

Free Energy (kcal/mol)
b

PP’

0.0 2.0 . .
Reaction coordinate —————

! e C4 C5 eC6 @eH5
3.50] Ar 05 - — | . B +
300 Baz C5-H5 N o
229 \\\P_,\ / é} + + VVVVVVVVVVVVVVVVVVVVV +
°<(: 2.00] v OTyr223_H5 _§ 01 +
8 1.50] — < =A-Ca /N_/J-/\_,\—V\A/—\\ g
S 1.00 . 04-C4 | % '
E 1.85 % 0o
S =
5 1.50 §
o 0.1+ }’ """"""""""""""""""""""""""""" + 77777777777777777777777777777777777 +
1.40 e o
1.35: o | ' |
R 1 2 TS 3 PP’ R TS e

Reaction coordinate ————»

Fig. 7 | Computational modeling of the syn B-elimination reaction catalyzed by
PsAlg7A. a Collective variables used in the QM/MM OPES simulations of the cata-
lytic mechanism of PsAlg7A. b Free energy landscape (FEL) obtained from the
simulations and minimum free energy pathway defining the reaction coordinate.
¢ Potential Mean Force (PMF) along the minimum energy pathway. d Evolution of

the most relevant distances along the reaction coordinate. e Evolution of the
Mulliken charges of the main atoms involved in the catalysis of sugar at subsite +1
during the reaction. Data are presented as mean values + SD, obtained from
unbiased QM/MM MD simulations, as described in the methods section (nR =2000,
nTS =50 and nP=2000).

position. Together with a neutron diffraction structure, we uncovered
the protonation states of the putative catalytic residues Y223/Y220 and
H129/H124 (PsAlg7A/PsAlg7C numbering). We showed that both resi-
dues are unprotonated, suggesting that only Y223/Y220 is catalytically
relevant. In addition, a SBS was found on PsAlg7C (Fig. 4).

The crystal structure of the Michaelis-Menten-like complex of
PsAlg7A soaked with HexaM was used for QM/MM simulations of the
reaction mechanism, which confirmed the -elimination reaction and
solved the complete mechanism at atomic detail. The reaction takes
place in one-step (i.e., a concerted process), but it is highly asynchro-
nous, with proton abstraction by Y223 taking place before the transi-
tion state is fully achieved. This is supported by the fact that Y220 is
deprotonated in the apo neutron structure of PsAlg7C (Fig. 6) but both
a and B-conformations of the products are observed after catalysis
(Fig. 7 and Supplementary Fig. 10A).

Our findings of a concerted yet asynchronous mechanism
reconciles previous experimental studies which were interpreted in
terms of either concerted or stepwise reactions. Our simulations also
reveal the carbanion nature of the TS and the occurrence of a low-
energy barrier hydrogen bond between Y223 and the new reducing
end at the reaction products.

The +I sugar adopts a relaxed chair conformation (*C;) at the
Michaelis-Menten complex, but evolves gradually towards S, at the
TS, thanks to a subtle but important motion of Y223 and R82, deli-
neating a *C, > [2Sol > %E conformational itinerary. Importantly, the
conformations attained by the +1 sugar during the reaction lie in a low-
energy region of the conformational FEL of the substrate at the
Michaelis-Menten complex. This indicates that, similar to what has
been observed in glycosidases?, the active site of PsAIg7A is

preorganized for catalysis not only in terms of having the catalytic
residues at the right position, but also by displaying a binding cavity in
which only catalytic conformations fit optimally.

The finding of a concerted (one-step) reaction for PsAlg7A clarifies
previous kinetic analyses for several PL7 enzymes, where the presence
of a reaction intermediate remained ambiguous®*’. In the case of
the PL8 Chondroitin AC lyase from Flavobacterium heparinum, which
also undergoes syn-B-elimination®’, previous KIE and LFER experi-
ments suggested a stepwise reaction without glycosidic bond breaking
in the rate-determining step. However, a semiempirical QM/MM study
on a family PL8 hyaluronate lyase*® found a concerted syn-B-elimina-
tion reaction. We argue that the kinetic data can also be interpreted in
terms of a concerted reaction in which proton abstraction, and not
glycosidic bond cleavage, occurs first, as we have found for PL7 (the
reaction is highly asynchronous). Structural and kinetic experiments
on other PL families such as PL1 and PL10, which undergo anti-elim-
ination, support catalysis through either a stepwise Elcb reaction or a
concerted asynchronous E2 reaction®’, consistent with our observa-
tions. In both cases, a carbanion species was predicted to be formed,
consistent with our results for PsAlg7. Integrating our findings with
existing literature, we propose that the concerted but asynchronous
reaction that we have found for PL7 (Fig. 8b) may extend to other PL
families.

These structural and mechanistic insights mark a significant
advance in our understanding of alginate lyase mechanisms, providing
avenues for the engineering of ALs for the production of tailor-made
alginate oligosaccharides. Additionally, they open up opportunities for
designing activity-based probes to identify alginate lyases in fungal
and bacterial secretomes.
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Methods

Protein production and site-directed mutagenesis
PsAlg7A-Y223F, PsAlg7C-H124N and PsAlg7C-Y220F were con-
structed by site-directed mutagenesis using CloneAmp polymerase
(Takara), a set of mutagenic primers (see Supplementary Table 4),
and pPICzaA/PsAlg7A or pPICzaA/PsAlg7C as template. Plasmid
templates were then digested with Dpnl at 37 °C overnight, and the
resulting PCR products were purified using the illustra GFX PCR
DNA and Gel Band Purification Kit (GE Healthcare Life Sciences). The
purified PCR products were subsequently transformed into
Escherichia coli DH5x and plated on LB low salt agar supplemented
with Zeocin (25 ug ml™). Positive transformants were selected, and
the corresponding plasmids were extracted using the GeneJET
Plasmid Miniprep Kit (ThermoFisher Scientific). The validity of all
constructs was confirmed through sequencing (Macrogen). Cloning
into Pichia pastoris X-33 was carried out following the established
protocol as in Pilgaard et al.”.

Expression and purification of PsAlg7A (GenBank acc. nr.
VFY81779.1), PsAlg7A-Y223F, PsAlg7C (GenBank acc. nr. CAD6594633),
PsAlg7C-H124N and PsAlg7C-Y220F were carried out as in Pilgaard
et al.”>. except that a size exclusion chromatography step on a HiLoad
16/60 Superdex G75 (GE Healthcare) equilibrated with 10 mM Tris-HCI,
150 mM NaCl pH 7 followed the previous purification steps with a flow
of 0.5 mlmin™. The purity of the obtained fractions was evaluated on
12% SDS-PAGE gels and the pure fractions were pooled and stored at
4 °C (Supplementary Fig. 21).

Production of 13C1 labeled polymannuronan

Pseudomonas fluorescens Pf20118, a mucoid strain derived from P.
fluorescens NCIMB 10525 with mutations in mucA and algG*°, was used
for mannuronan production. Pf20118 was cultivated in 3L Applikon
fermenters with a medium containing fructose (d-fructose (13C1, 99%)
from Cambridge Isotope Laboratories, USA) (60 g/L), yeast extract
(12g/L), (NH4),SO04H,O (0.6g/L), Na,HPO,2H,O (2g/L), NaCl
(11.7 g/L), and MgS0,-7H20 (0.3 g/L), at pH 6.8 and 25 °C. Airflow was
set to 0.45 VVM initially and adjusted to 0.85 VVM after 10 h. Dissolved
oxygen was kept at 20% saturation by adjusting the stirrer speed. To
prevent mannuronan degradation, proteases (Neutrase and Alcalase
both from Novonesis, Bagsvaerd, Denmark) were added at 0.1g/L.
Fermentation ended upon carbon source depletion, followed by for-
malin addition (1%) for conservation, and cultures were stored at 4 °C.
Cultures were diluted with 0.2M NaCl and centrifuged (10,000%g,
60 min) to remove bacterial cells. The supernatant alginate was dea-
cetylated by mild alkaline treatment, precipitated with HCI (3 M) to pH
<2, and collected by centrifugation (8000xg, 15 min)>.. The precipitate
was washed with 0.05 M HCI, dissolved in water adjusted to pH 6.9-7.2
with NaOH (3 M), and precipitated again with NaCl (2g/L) and 60%
isopropanol, followed by centrifugation (6000xg, 10 min) and air
drying.

Time-resolved NMR
Each reaction was comprised of 170 uL of 10 mg/mL *Cl-enriched
polymannuronate substrate® in buffer (with 99.9% D,0) and 10 pL of
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enzyme stock. For PsPL7A (enzyme stock 147.5ug/mL) the buffer
composition was 5 mM NaOAc pD 5.0, 10 mM Nacl, 1.5 mM ZnCl, and
for PsPL7C (enzyme stock 150 ug/mL) the buffer composition was
5mM HEPES pD 8.0, 100 mM NacCl. All experiments were recorded on
Bruker 800 MHz Avance Ill HD spectrometer (Bruker BioSpin AG,
Fillanden, Switzerland) equipped with a 5mm cryogenic CP-TCI z-
gradient probe at 25 °C (298.1K).

A *C-monitored psuedo-2D (zgig with interexperiment delay)
spectrum followed by a C'H HSQC (heteronuclear single quantum
coherence; hsqcedetgpsisp2.3) spectrum was recorded for each reac-
tion. The psuedo-2D consists of a series of 1D carbon spectra recorded
every 5min for a total of 200 spectra (total experiment time of 16 h
40 min). Each carbon spectrum (using inverse gated proton decou-
pling) contains 32 K data points, spectral width of 200 ppm, 32 scans
with a 30° flip angle and relaxation delay of 2.1s (total recording time
of 81s per spectrum). Proton chemical shifts were internally refer-
enced to the residual water signal (4.75 ppm at 25°C/298.1K) and
carbon chemical shifts were indirectly referenced to DSS (2,2-dime-
thyl-2-silapentane-5-sulfonic acid) using a “C/'H frequency ratio of
0.251449530%. Signals were assigned based previously published
assigments from Heyraud et al.**, Li et al.**, and Mathieu et al.*>. The
spectra were recorded, processed, and analyzed using TopSpin 3.6pl7
and TopSpin 4.0.7 software (Bruker BioSpin AG, Fillanden,
Switzerland).

Crystallization, data collection, and data processing for X-ray
structures

PsAlg7A  (14mgml™), PsAlg7A-Y223F (15mgml?), PsAlg7C
(75mgml?), PsAlg7C-HI24N (7.5mgml™?) and PsAlg7C-Y220F
(7.5 mgml™) in 10 mM Tris-HCI, 150 mM NaCl pH 7 were crystallized
in 48-well MRC Maxi plates (Jena Bioscience) (see crystallization con-
ditions in Supplementary Table 2). The crystals soaked with di-, tri-,
tetra-, penta-, or hexa-mannuronic sodium salt (Carbosynth) by adding
a few crystals to the drop that were then allowed to equilibrate for
1-24 h. The crystals were supplemented with PEG1500 for cryopro-
tection, and the crystals were cryocooled in liquid nitrogen. Data were
collected at BioMAX*® at the MAX IV Laboratory and ID30B* at the
European Synchrotron Radiation Facility using MxCUBE3*® and P13*°
and P14 at PETRA Il using MxCUBE2°°. The dataset were processed to
0.82-2.00A resolution, respectively using XDSapp®, Xia2®
autoPROC® or EDNA®* (see Supplementary Table 2 for statistics) in
space groups P1, P1241, P2,2,2,, or C12;.

Phasing and refinement of X-ray structures

The structure of PsAlg7A was determined by molecular replacement
with PHASER® from the Phenix package®® using the closest homolog at
that time from the Protein Data Bank (www.pdb.org)* as a template,
which was the PL7 alginate lyase Al-II' from Sphingomonas sp. Al (PDB
ID 2CWS)*” identified through PDB-BLAST®® with a coverage around
65% and identity of around 28%. The initial structure was built with
PHENIX.autobuild®® and then refined with PHENIX.refine’”® and manual
model rebuilding in Coot”. The other PsAlg7A and PsAlg7C structures
were obtained similarly but using PsAlg7A as the template. The sugar
moiety conformations were analyzed with Privateer’.

Crystallization, data collection at room temperature, and data
processing for neutron structures

PsAlg7C (15 mg ml™) in 10 mM Tris-HCI, 150 mM NaCl pH 7 dissolved in
H,0 was crystallized in Linbro plates (Jens Bioscience) by mixing 12 ul
protein with 6 ul 0.1M Bis-Tris pH 5.5, 30% PEG3350 and 0.3 M NaCl
dissolved in D,0 and incubated with 200 ul 0.1 M Bis-Tris pH 5.5, 30%
PEG3350 and 0.3 M NaCl dissolved in D,0 in the reservoir. After 1-
week, crystals appeared, and the buffer was then exchanged by
removing 5 ul from the drop followed by the addition of 5 ul 0.1M Bis-
Tris pH 5.5, 30% PEG3350, and 0.3M NaCl dissolved in D,O and

incubation for 24 h. This was repeated 5 times. Hexa-mannuronic
sodium salt (Carbosynth) was added by dropping a few crystals on the
drop that were then allowed to equilibrate for one week. The crystals
were mounted in thin-walled quartz capillaries (Hampton) and sealed
with beeswax.

Neutron time-of-flight diffraction data were collected at room
temperature on the MaNDi instrument at the SNS>”*. An incident
neutron wavelength bandpass of 2-4 A was used. For the PsAlg7C, a
total of seven diffraction images were collected with a A of 10° and an
average exposure of 24 h per frame. Following neutron diffraction data
collection, an X-ray dataset was collected on the same crystal at room
temperature on a microfocus rotating anode X-ray diffractometer. A
total of 360 diffraction images were collected with a A@ of 1.0° and an
exposure of 7s per frame.

For PsAlg7C in complex with PentaM, a total of 11 diffraction
images were collected with a Ag of 10° and an average exposure of
36 h per frame. Following neutron diffraction data collection, an X-ray
dataset was collected on the same crystal at room temperature on a
microfocus rotating anode X-ray diffractometer. A total of 180 dif-
fraction images were collected with a A of 1.0° and an exposure of
30s per frame.

The neutron datasets were reduced using the Mantid package”
and integrated using three-dimensional profile fitting’®. The data were
wavelength normalized using LAUENORM from the LAUEGEN suite””’%,
The X-ray data were indexed and integrated using CrysAlis PRO
(Rigaku, Woodlands, Texas, USA) and scaled and merged with AIMLESS
in the CCP4 suite”. X-ray and neutron data collection statistics are
presented in Supplementary Table 2.

Phasing and refinement of neutron structures

The structures of PsAlg7C were determined by molecular replacement
with PHASER® from the Phenix package®® using PsAlg7C (PDB ID 8C3X)
as the template. Joint X-ray/neutron refinement was performed using
the Phenix software suite®® and manual model rebuilding in Coot” (see
Supplementary Table 3 for statistics).

Molecular dynamics simulations

The starting structure for all molecular dynamics (MD) simulations
conducted in this study was the crystal structure of PsAlg7A-Y223F in
complex with HexaM (PDB ID 7NCZ). The catalytic residue mutation
(Y223F) was reverted using PyMOL (Schodinger). The simulations were
performed under conditions of pH 5 and 200 mM NaCl, which repre-
sent the optimal conditions for in vitro enzymatic analysis®. All argi-
nine and lysine residues were positively charged, while all aspartate
and glutamate residues, as well as all carboxylate groups of the M
moieties, were negatively charged. The protonation states of the his-
tidine residues were chosen using the H++ server®® and guided by
experimental data. The hydroxyl group of the Y223 catalytic residue
was considered to be deprotonated, as per the p-elimination
mechanism proposed in the literature and in previous works on rela-
ted enzymes*®*5, The system was positioned at the center of a peri-
odically repeated rectangular box (77.725 x 83.850 x 90.199 A%), with a
minimum distance of 15A between the solute surface and the box
edge. The box was solvated with 14859 TIP3P®' water molecules and
sodium and chlorine ions were added to mimic the salt concentration
for optimal activity (200 mM). The protein was described using the
Amber ff14SB force field®, while the GLYCAMO6 force filed** was used
to describe the carbohydrate molecule. Atomic partial charges (RESP)
of Y223 (negatively charged) were calculated at the HF/6-31 G* level of
theory using Gaussian09%*. The topology and coordinate files for the
classical MD simulations were generated using the LEaP module of
AmberTools21%. The simulations were performed using Amber20%
with the CUDA version of the PMEMD module®. The solvated system
was subjected to an energy minimization protocol, wherein the solvent
was minimized first with 5000 steps of steepest descent minimization
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and 5000 steps of conjugate gradient minimization, with positional
restraints applied to all atoms of the protein and the ligand. Subse-
quently, the entire system was minimized with 15,000 steps of steepest
descend and conjugate gradients (7500 each). The system was then
gradually heated to 308 K in the NVT ensemble using the Berendsen
thermostat, with a time constant of 1.0 ps for the coupling and
50 kcal mol™ A2 positional restraints applied to the heavy atoms of the
protein and the substrate. The restraints were gradually decreased to
5kcal mol*A? over three 500 ps steps, followed by 1000 ps of NPT
equilibration using the Berendsen thermostat and barostat to maintain
the system at 308 K and 1atm, ensuring density equilibration. Three
replicas were run for 250 ns, taking 50 ns as equilibration and 200 ns as
production (Supplementary fig. 15). The SHAKE algorithm®” was used
to constrain all bonds involving hydrogen atoms, and the time step was
set to 2 fs. Production runs in the NPT ensemble were controlled by the
Langevin thermostat and the Berendsen barostat.

QM/MM MD simulations of the B-elimination reaction

QM/MM MD simulations were employed to investigate the reaction
mechanism in a less computationally demanding manner. This method
involves partitioning the system into Quantum Mechanics (QM) and
Molecular Mechanics (MM) fragments, where the QM region was
treated using Born-Oppenheimer Density Functional Theory (DFT)
based MD simulation, while the MM region was treated using force-
field strategy. A snapshot form the classical MD trajectory (Supple-
mentary Fig. 15) was used as the starting point for the QM/MM MD
simulations. A large QM region (112 atoms) was selected, including the
sidechains of residues R82, Q127, K219 and Y223, the saccharide resi-
dues at the +1 and -1 subsites and part of the ones at the +2 and
-2 subsites (Supplementary Fig. 17). The QM region was enclosed in a
cell of size 17.63x17.68 x 2339 A3, and the atoms at the QM-MM
border were saturated with hydrogen atoms using the IMMOM
approach®. CP2K v9.0"*? was used for the QM/MM MD simulations.
The QM region was treated at the DFT (PBE) level, employing the dual
basis set of Gaussian and plane-waves (GPW) formalism. The wave
function was expanded using the Gaussian triple- T valence polarized
(TZV2P) basis set, and the electron density was converged using the
auxiliary plane wave basis set with a density cutoff of 330 Ry and GTH
pseudopotentials®’. After relaxation, the system was equilibrated for
7 ps. Subsequently, the On-the-fly Probability Enhanced Sampling
(OPES) method* in its exploratory variant (OPESg) was used to explore
the Free Energy surface. All QM/MM MD simulations were performed
in the NVT ensemble using a coupling constant of 10 fs and an inte-
gration time step of 0.5 fs. Two CVs were used to activate the chemical
reaction (Fig. 7): the first CV (CV1) was taken as the distance of the
scissile glycosidic bond (04’-C4). The second CV (CV2) was taken as a
linear combination of distances involving H5 during the reaction, with
negative values indicating the absence of a bond and positive values
indicating its presence in the reactant state. The time interval between
two consecutive kernels was set to 50 fs. To ensure a better description
of the transition state (TS) and prevent exploration of non-catalytic
high-energy regions, we set the initial OPESg energy barrier to
30 kcal mol™. The simulation was stopped after two recrossing over
the TS (Supplementary Fig. 19). The minimum energy path was
determined using the MEPS software’®, and the TS was further refined
using iso-committor analysis (Supplementary Fig. 20). Mulliken char-
ges of the QM atoms were computed and averaged from the first five
configurations of each MD trajectory (nTS=50), ensuring that the
system remains at the TS. In the case of reactant and product states,
charges were computed and averaged from unbiased QM/MM MD
simulations (nR =2000, nP =2000). The MD trajectories generated in
the simulations were analyzed using VMD®, and distances between
atoms were calculated using the driver module of PLUMED?% Plots
were generated using Matplotlib?, and figures of molecular structures
were rendered using PyMOL (Shrédinger).

QM/MM conformational analysis of the sugar at the +1 subsite
To mitigate any potential bias inherent in the classical runs, we
employed QM/MM metadynamics simulation to investigate the
conformational landscape of the subsite +1 sugar of the ManAC,
substrate within the enzyme (Supplementary Fig. 16). The simula-
tion was initiated using the previously mentioned relaxed QM/MM
structure (refer to the QM parameters provided above). Collective
variables based on Cremer-Pople puckering coordinates, specifi-
cally qx qy, and q, divided by the amplitude Q, were utilized.
Gaussian biasing functions were employed, with a deposition pace
of 60 MD steps (30 fs), and width of 0.05 A, 0.05 A and 0.03 A for q,/
Q, q,/Q and q,/Q, respectively. The height of the Gaussians varied
from 0.4 kcal/mol at the beginning of the simulation to 0.1 kcal/mol
at the end. A total of 6789 Gaussians were deposited, and the
simulation was carried out for 203.65 ps. Coordinate files and other
simulation data can be found in the Zenodo repository (https://doi.
org/10.5281/zen0do.14536694).

Structural analysis

Structural alignments were obtained using PyMOL v. 2.5.4 (Schr6-
dinger, LLC, New York; also used for rendering structural models).
Electrostatic maps were obtained with the APBS-PDB2PQR software
suite (https://server.poissonboltzmann.org/) using APBS v. 3.4.1 and
PDB2PQR v. 3.6.1°*. Hydrophobicity plots were obtained using the
color_h.py script in PyMOL v. 2.54 (Schrédinger) and colored
according to the Eisenberg hydrophobicity scale®. ProBiS H,O
was used to identify conserved water molecules™. LigPlot+ v.2.2”
and PyMOL v. 254 (Schrodinger) were used to analyze
hydrogen bonds.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The X-Ray structures of PsAlg7A, PsAlg7A-hexaM, PsAlg7A-pentaM,
PsAlg7A-tetraM, PsAlg7A-triM, PsAlg7A-diM, PsAIg7A-Y223F, PsAIg7A-
Y223F-hexaM, PsAlg7A-Y223F-pentaM, PsAlg7A-Y223F-tetraM,
PsAlg7A-Y223F-triM, PsAlg7A-Y223F-diM, PsAlg7C, PsAlg7C-hexaM,
PsAlg7C-pentaM,  PsAlg7C-tetraM,  PsAlg7C-triM,  PsAlg7C-diM,
PsAlg7C-Y220F,  PsAlg7C-Y220F-hexaM,  PsAlg7C-Y220F-pentaM,
PsAlg7C-Y220F-diM, PsAlg7C-H110N, PsAlg7C-H110N-hexaM, PsAlg7C-
H110N-pentaM, PsAlg7C-HI110N-tertaM and PsAlg7C-H110N-triM gen-
erated in this study are deposited in the RCSB PDB with accession
codes 6YWF, 7P25, 70RY, 7P90, 700F, 7PBF, 7NL3, 7NCZ, 7NPP, 7NY3,
706H, 7NM6, 8C3X, 8PCS8, 8PC3, 8PCX, 8PED, 8PDT, 8COM, 8BJO,
8BXZ, 8P60, 8RBI, 8QM]J, 8QIZ, 8QLI and 8R43, respectively. Joint X-ray
and neutron diffraction structures of PsAlg7C and PsAlg7C-pentaM
generated in this study are deposited in the RCSB PDB with accession
codes 9G98 and 9G99, respectively. Data files of the classical MD
simulation and QM/MM OPES simulations generated in this study are
deposited in Zenodo [https://doi.org/10.5281/zenodo0.14536694].
Other data are available from the corresponding authors upon
request. Source data are provided with this paper.
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