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ARTICLE INFO ABSTRACT

Thermostable p-galactosidases represent promising biocatalysts for lactose hydrolysis and production of struc-
turally defined galacto-oligosaccharides (GOS). Here we report the cryo-EM structure of the glycoside hydrolase
family 42 (GH42) B-galactosidase from Heyndrickxia coagulans MA-13 (HcGalB), determined at 2.97 A resolution.
HcGalB adopts a canonical tripartite architecture and assembles into a barrel-like homo-hexamer composed of
two staggered trimers that interact in an unusual top-to-top configuration. This quaternary arrangement con-
tributes not only to structural stability but also to the modulation of substrate channeling and catalytic prop-
erties. Molecular docking revealed a surface groove shaped by conserved aromatic residues that might guide the
substrate towards the catalytic pocket. Moreover, the structural data provide a mechanistic rationale for the
efficient transgalactosylation activity of HcGalB, which predominantly generates p (1 — 3)-linked GOS, along
with B(1 — 6) and B(1 — 4) linkages, as confirmed by 2D Nuclear Magnetic Resonance. Overall, these findings
expand the structural landscape of GH42 enzymes and identify architecture-specific determinants that can be
leveraged to optimize GH42 catalysts for industrial and functional food applications.

Dataset link: PDB ID : 9TA3 / pdb_00009ta3,
EMDB ID : EMD-55743 (Original data)
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1. Introduction includes hydrolytic activity, which is commonly used to produce lactose-

free products, and transgalactosylation for the synthes of prebiotic

B-Galactosidase (EC 3.2.1.23), a pivotal enzyme in the hydrolysis of
fB-galactosides, plays a central role in both cellular metabolism and
numerous industrial applications [1]. Lactases and other p-galactosi-
dases are classified into four glycosyl hydrolase families (GH): GH1,
GH2, GH35, and GH42 [2]. Proteobacteria predominantly express
B-galactosidases belonging to the GH1 and GH2 families, whereas GH42
enzymes are typically associated with thermophilic bacteria.
Conversely, the GH35 family is expressed across fungi, animals, plants,
and bacteria [3,4]. The catalytic versatility of this group of enzymes

galacto-oligosaccharides (GOS) [5].

From a biotechnological perspective, while f-galactosidases from
mesophilic sources such as E. coli (lacZ) have been extensively studied,
thermophilic p-galactosidases are gaining attention due to their
remarkable stability and activity at elevated temperatures, which are
advantageous for industrial biocatalysis [6,7]. Thermostability is largely
attributable to unique structural features, including improved hydro-
phobic packing, shorter loops, increased number of salt bridges, and
optimized oligomeric interactions [8-12]. A growing body of evidence
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highlights the structural plasticity of p-galactosidases, particularly in
their oligomeric states, ranging from dimers to hexamers or even more
complex assemblies [13,14]. The hexameric structure is a typical char-
acteristic of glycoside hydrolase family 42 (GH42) enzymes, but the
deposited structures from extremophilic GH42 enzymes remain limited
[15]. Interestingly, some thermophilic p-galactosidases deviate from this
paradigm, forming unusual oligomeric architectures such as trimers,
tetramers, or asymmetric multimers, often correlated with specific
substrate affinities, allosteric regulation, or adaptation to extreme en-
vironments [9].

X-ray crystallography generally provides high-resolution structural
information to guide protein quaternary structure and its engineering,
but important practical issues need to be overcome to achieve crystal-
lisation of the enzyme of interest (i.e., removal of glycosylation, protein
purification in sufficient quantities and purity, and difficulty in growing
well-diffracting crystals) [16]. In this context, cryo-electron microscopy
(cryo-EM) revolutionized structural biology by offering unprecedented
insights into protein dynamics in near-native states, especially for large,
flexible complexes [17]. Despite the growing interest in GH42 enzymes,
high-resolution cryo-EM structures of this family remain scarce.

In general, GH42 f-galactosidases operate via a retaining double-
displacement mechanism, involving two sequential nucleophilic sub-
stitutions that maintain the anomeric configuration of the cleaved
glycosidic bond [13]. In GH42 p-galactosidases, catalysis involves two
conserved glutamate residues; one initiates the nucleophilic attack that
generates the galactosyl-enzyme intermediate, while the second serves
as an acid/base catalyst [18]. The reaction outcome depends on the
acceptor, for example, water yields hydrolysis, whereas a sugar mole-
cule drives transgalactosylation, leading to galacto-oligosaccharides
(GOS), whose type influences stability and prebiotic efficacy [19]. The
balance between transgalactosylation and hydrolysis (T/H ratio) de-
pends on substrate concentration, enzyme flexibility, and, most impor-
tantly, active site architecture. Both reactions share the same catalytic
pathway in GH42 p-galactosidases, making fine-tuning quite chal-
lenging. Enhancing transgalactosylation typically involves reducing
water accessibility or increasing affinity for sugar acceptors, often
through site-directed mutagenesis [20].

Understanding the diversity and characteristics of GOS produced by
a specific p-galactosidase is crucial for assessing its biotechnological
potential. In dairy biotechnology, lactose can act both as substrate and
acceptor, allowing in situ GOS formation in milk or whey, improving
nutritional value and supporting beneficial microbiota such as Bifido-
bacterium and Lactobacillus [21-24]. This dual activity also reduces
lactose content, benefiting lactose-intolerant consumers and making
fB-galactosidases attractive biocatalysts for functional foods [25]. Accu-
rate characterization of GOS linkages is crucial, since the linkage pattern
affect digestibility and persistence in complex matrices and represents
an important parameter in the design of mixtures with controlled
functionality and shelf-life [26,27]. Nuclear Magnetic Resonance (NMR)
spectroscopy, particularly 1D and 2D techniques such as H, 3¢, cosy,
HSQC, and HMBC, represents the method of choice for elucidating the
structure and linkage patterns of GOS [28].

Since the relationship between oligomeric architecture and the
resulting GOS product profile remains largely unresolved, elucidating
the quaternary structure of p-galactosidases in solution by cryo-EM,
especially for enzymes capable of producing GOS, offers a valuable
framework for identifying structural determinants that can be targeted
through rational mutagenesis [29]. This structural information enables
the mapping of inter-subunit interfaces, substrate-access channels, and
microenvironments that could influence yield of the trans-
galactosylation, thereby guiding the design of variants with tailored
stability or product specificity.

In this work we aimed to extend the characterization of HcGalB from
Heyndrickxia coagulans MA-13 to unravel its structure and uncover the
molecular basis of HcGalB dual catalytic activity (hydrolysis of p-1,4-
galactosidic linkages and transgalactosylation), thus assessing its
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potential in driving GOS production. To this end, we investigated the
enzyme structural architecture using cryoEM and characterized through
NMR the resulting transgalactosylation products derived from homo-
and hetero-condensation reactions.

By combining biochemical assays and structural analysis, we
explored how the architecture of the active site influences the ability of
HcBgal to catalyze both hydrolysis and transgalactosylation. Particular
attention was given to the nature and diversity of GOS linkages, whose
structural resolution provided insights into the active site of the enzyme,
offering new avenues for engineering and biotechnological exploitation.

2. Material and methods
2.1. Chemicals

All chemicals and reagents were purchased from commercial sup-
pliers unless otherwise stated. Sodium chloride, tryptone, yeast extract,
kanamycin, chloramphenicol, isopropil-f-D-1-tiogalattopiranoside
(IPTG), lysozyme, and DNase were obtained from AppliChem (Darm-
stadt, Germany). Sodium phosphate and sodium citrate were purchased
from Sigma-Aldrich (St. Louis, MO, USA), protease inhibitor cocktail
tablets from Roche (Basel, Switzerland), and methanol and acetone
(MeOH) from ROMIL (Cambridge, UK), respectively. Affinity chroma-
tography columns (HisTrap, solid/support) was obtained from GE
Healthcare (Chicago, IL, USA). E. coli Rosetta™(DE3) pLysS cells used
for protein expression were purchased from Merck/Novagen (Darm-
stadt, Germany). The following substrates were purchased from Bio-
synth (Staad, Switzerland): o-Nitrophenyl-f-D-galactopyranoside (ONP-
f-gal), 4-Nitrophenyl-p-D-xylopyranoside (PNP-f-xyl) and lactose.

2.2. Cloning, expression and purification of HcGalB

The p-galactosidase gene from H. coagulans MA-13 (encoding for
HcGalB) was previously cloned into pET28b vector and transformed into
E. coli Rosetta™(DE3) pLysS for C-terminal His-tagged expression as
described in Aulitto et al 2021. Transformants were selected on Luria
Bertani (LB) -kanamycin (50 pg/mL)/chloramphenicol (33 pg/mL)
plates, grown from a single colony (50 mL LB, 180 rpm, 37 °C), diluted
into 1 L LB (starting from ODggp/mL 0.08) and finally induced at ODggo/
mL 0.5-0.6 with 0.5 mM IPTG overnight. HcGalB was purified by af-
finity chromatography on a HisTrap column, according to Aulitto et al.
(2021) with a minor modification in the lysis step performed by a single
freeze-thaw cycle. Briefly, cells were resuspended in sodium phosphate
100 mM pH 8, containing lysozyme 1 mg/mL and inhibitor protease,
and incubated for 1 h at 37 °C. After the addition of DNase (5 pg/mL),
cells were incubated on ice for 40 min, then frozen for 15 min in dry ice,
and subsequently thawed in a water bath at 37 °C for 30 min. The cell
extract was clarified by a centrifugation step at 18.300 rpm (Fixed Angle
Rotor JA 25,50, Beckman) for 30 min at 4 °C.

2.3. Purification of GOS

The homo- and hetero-transgalactosylation reactions using artificial
substrates (ONP-f-gal: ONP-p-gal/ONP-3-gal:PNP-B-xyl) were per-
formed according to Aulitto et al. 2021 [9]. The reaction mixture was
then purified on a reverse phase column (Polar-RP 80 A, Phenomenex, 4
pm, 250 x 10 mmz, flow 0.8 mL x min — 1) using an Agilent HPLC 1100
series instrument. Samples were eluted using H.0 60%: MeOH 40% as
mobile phase. For all the oligosaccharides isolated, the structural
determination was obtained by NMR experiments.

2.4. NMR analysis
NMR analyses of the reaction products were performed on a Bruker

600MHz equipped with a cryogenic probe. Two-dimensional spectra
(1H—1H DQF-COSY, 1H—1H ROESY, 1H—1H TOCSY, 1H—13C HSQC
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and 1H—13C HMBC) were recorded in D50 at 298 K. Chemical shifts are
referred to external acetone (8y 2.225 ppm, &¢ 31.45 ppm).

2.5. CryoEM sample preparation and imaging conditions

Aliquots of 5 pL of HcGalB (1.5 mg/mL) in citrate sodium 100 mM,
pH 5 were applied to glow discharged 200 mesh Quantifoil® grids (R
1.2/1.2). The grids were blotted for 2s using a Vitrobot Mark IV (Thermo
Fisher®) in 100% humidity at 4 °C and subsequently plunged into liquid
ethane. CryoEM movies were collected at a nominal magnification of
130,000x% (corresponding to a pixel size of 0.86 A/pixel) on a Glacios
(Thermo Fisher®) microscope operating at 200 kV, equipped with an
Selectris energy filter (slit width 10 eV) and a Falcon 4i Direct Electron
Detector (total dose of 45 e—/A2). Defoci over a range of — 0.5 pm, — 1
pm, — 1.5 pm and - 2 pm were used. A total of around 3500 micrographs
were acquired.

2.6. CryoEM data processing

All data processing, reconstruction and structure refinement were
performed with CryoSPARC v.4.6.1 [30]. The data processing workflow
is outlined in Fig. S1. After patch-motion correction and CTF determi-
nation, a total of 3383 manually curated exposures were selected for
further processing. Reference-free autopicking and 2D classification on a
subset of micrographs were used to generate 2D class averages for
subsequent template picking of the entire dataset, resulting in a total of
799,865 single particles. After several rounds of 2D classification, a total
of 629,997 particles were selected for ab-initio reconstruction (1 volume,
C1 symmetry) and followed by homogeneous refinement. 3D classifi-
cation without symmetry enforcement was used to reduce composition
heterogeneity of the dataset and to select particles that correspond to
fully assembled hexameric complexes. After global and local CTF
refinement and reference-based motion correction, the selected particles
(629,632) were used in non-uniform refinement with D3 symmetry
imposed, resulting in a final density map with a resolution of 2.97 A
according to the “gold-standard” Fourier Shell Correlation (FSC =
0.143) criterion [31]. Local resolution of the map was estimated within
CryoSPARC (Fig. S1, panel e). For model building, the map was sharp-
ened with a global B factor of —112.5 A2,

2.7. Model building and refinement

For model building, a single monomer of the homologous enzyme
from Bacillus circulans (PDB ID: 3TTY) was used as the starting model.
The model was initially docked and fitted by rigid-body optimization
into the map using ChimeraX [32]. The amino acid sequence was then
manually mutated to match that of the target protein and subjected to
several rounds of real-space refinement with phenix.refine and manual
rebuilding in Coot [33,34]. Well-ordered water molecules were identi-
fied and modelled with phenix.douse and manually reviewed in the
density map [35]. The structure of the hexameric assembly was gener-
ated applying NCS symmetry to the refined monomer and subjected to a
final round of real-space refinement using NCS constraints. The quality
of the final model was assessed with Molprobity [36]. A summary of
data collection and refinement statistics are reported in Table S1. High
resolution figures were prepared with PyMOL (The PyMOL Molecular
Graphics System, Version 2.0 Schrodinger, LLC) and ChimeraX.

2.8. Molecular docking and in silico protein structure prediction

The structures of p-lactose, and chromogenic substrate analogs ONP-
p-Gal and PNP-B-Xyl were retrieved from PubChem Database (htt
ps://pubchem.ncbi.nlm.nih.gov) and imported into Chimera 1.15. The
ligands and the protein (a single monomer of HcGalB) were initially
prepared by adding polar hydrogen atoms and assigning partial charges
using the AutoDock tool [37]. Molecular docking was performed with
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Fig. 1. Overall architecture of HcGalB monomer and oligomeric assemblies. (A)
Ribbon representation of the HcGalb monomer, modelled on the structural
framework reported by Maksimainen et al. Domains 1, 2, and 3 are colored
green, red, and blue, respectively [36]. The bound Zn?" and Cl™ ions are shown
as orange and yellow spheres, respectively. (B, C) Ribbon representations of the
HcGalB homotrimer and homohexamer. The single monomer is shown ac-
cording to the same colour code as in panel A, while the remaining monomers
are colored in yellow. (D) Surface representations of the HcGalB homohexamer,
corresponding to the ribbon models shown in panels C. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

AutoDock Vina v.1.1.2 using a search grid of 35 x 35 x 35 A (x, y, and z)
centered on the active site of the enzyme [38]. Each docking experiment
was repeated two times, generating a total of 20 poses per ligand. The
poses were inspected in Chimera and the 10 with the lowest energy (Z-
score) were selected for analysis.

The structural superimposition reported in paragraph 3.4 was based
on protein structures predictions of Aap-gal (GenBank: ABI84370.1) and
Bbrepgal-III (GenBank: BAQ99491.1) using AlphaFold 3 and on BiB-
ga42A PDB deposited structure (8IBT).

2.9. Data availability

The data that support the findings of this study (density maps and
atomic coordinates for the HcGalB) are openly available inthe EMDB and
RSCB Protein Data Bank with reference numbers (accession codes) EMD-
55743 and 9TAS3, respectively [39].

3. Results and discussion

3.1. Structural architecture of HcGalB and comparative analysis with
homologous p-galactosidases

This work provides a 3D reconstruction of HcGalB through cryoEM,
allowing a direct visualization of the domain arrangement and inter-
subunit interfaces. The structure of the single monomer revealed a ca-
nonical tripartite domain organization whilst the quaternary structure
analysis highlighted that HcGalB assembles into a barrel-like homo-
hexamer composed of two staggered trimers (Fig. 1).

To gain insights into the structural determinants of enzymatic
catalysis of HcGalB, we performed a comparative structural analysis
using two pB-galactosidases from different phylogenetic and functional
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Fig. 2. Structural organization of the p-barrel domain and inter-subunits interactions in HcGalB. (A) Structure of the f-barrel domain of HcGalB, with the eight
B-strands numbered from 1 to 8. Sulfur-rich residues (Met143, Met246, Met302, and Met339) are positioned in the core of the barrel, and the four Zn2+—coordinating
cysteines (Cys114, Cys157, Cys159, and Cys162) are also shown. (B) Representation of the eight connecting loops is shown in different colors, along with a structural
comparison of the loop regions between HcGalB and Bca-p-gal (C) or A4-B-Gal (D), where Bca-p-gal and A4-p-Gal are colored in pink and green cyan, and the arrows
highlight differences between the structures. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

backgrounds. The first homolog Bca-p-gal, derived from Bacillus circu-
lans (PDB: 3TTY), belongs to the same genus as H. coagulans MA-13
(formerly Bacillus coagulans), allowing for comparison at the taxo-
nomic and functional level [40]. The second reference structure A4-
B-Gal, from the thermophilic bacterium Thermus thermophilus A4 (PDB:
1KWK), was selected for its thermostable features, which parallel those
reported for HcGalB [41]. Sequence alignments revealed amino acid
identity of 45.62% and 32.17% with Bca-p-gal and A4-B-Gal, respec-
tively (not shown), consistent with an overall structural conservation
across major domains. However, notable differences in folding patterns
and local features, particularly around the active site, were observed
(Fig. 2C-D).

Domain 1 (residues 1-384), containing the active site, adopts a
typical (f/a)g TIM-barrel fold with a hydrophobic core that includes four
methionine residues (Met143, Met246, Met302, Met339) forming a
sulfur-rich cluster similar to that of Bca-p-gal (Fig. 2A). Notably, while
the B. circulans enzyme contains an additional cysteine within this
cluster, HcGalB lacks this feature. Nevertheless, it resembles Bca-$-Gal
more closely than A4-p-Gal, which possesses only a single methionine in
the core of the barrel. This fold is commonly observed in glycoside hy-
drolases (GHs) belonging to the GH-A clan [42]. In this architecture,
eight alternating o-helices and f-strands form a cylindrical structure
with a small central cavity (Fig. 2A). The catalytic residues of HcGalB,
Glul49 (acid/base) and Glu323 (nucleophile), are located around this
central cavity, positioned at the C-terminal ends of the p4 and 7 strands
of the TIM barrel, respectively (see also paragraph 3.2).

Loops connecting the f-strands and a-helices in domain 1 displayed
both conserved and divergent features (Fig. 2B). Specifically, HcGalB
retains the N-terminal segment present in A4-f-Gal and, like both ho-
mologs, features a nine-residue C-terminal loop that caps the last
a-helix.

The first (Tyr14-Asp20, 6 residues) and the second (Asn42-Ser59, 17
residues) loops contain a single 31¢-helix, while the third loop (Thr79-
Lys118, 39 residues) displays two 3i¢-helices and an irregular loop
structure that participates in zinc ion binding through Cys114. These

structural hallmarks, including the comparable loop length, are likewise
observed in Bca-p-gal and A4-p-Gal. Loop 4 (Vall46-Pro211), which
hosts the remaining three Zn2+-coordinating cysteines (Cys157, Cys159,
Cys162) and bears the same secondary elements (two «a helices and two
310-helices) elements, represents a key structural motif that mediates
inter-subunitinteractions and contributes to oligomeric stability [43].
The metal Zn?* ion at this site might be involved in the stabilization of
the local structural arrangement (Fig. 2A) as previously demonstrated
[43]. The fifth loop (Met250-Asp 258) is conserved among the compared
structures, while loop 6 (Tyr273-Pro280) is notably longer in A4-p-gal (7
vs 23 residues). Finally, loops 7 and 8 (GIn307-Pro320; Phe341-Ser365)
are similar across the three enzymes but lack distinct secondary struc-
ture elements.

Similarly to Bca-B-gal and A4-B-Gal, domain 1 of HcGalB is connected
to domain 2 (residues 394-600) by a long random coil (residues
385-393). The domain 2 exhibits an o/f fold being composed of ten p
strands and five a-helices, similar to that of Bca-p-gal and A4-B-Gal. The
B-strands are positioned at the center of the domain, encircled by the
a-helical elements. The function of the domain is structural, forming a
major interface with the adjacent monomers (within the trimer and the
hexamer), thus stabilizing the overall structure assembly as described in
detail in paragraph 3.3.

The third domain, comprising 56 amino acids (residues 607-661), is
the smallest of the three and adopts an overall jelly-roll fold consisting of
an antiparallel f-sandwich formed by two p-sheets, one of which is
noticeably shorter than the other. Although the domain topology is
broadly conserved between Bca-p-gal and A4-p-gal, HcGalB contains
fewer residues than Bca-p-gal. This domain plays a mainly structural role
within the hexamer, as highlighted in the hexameric structure (Para-
graph 3.3), and it does not bear clefts or cavities on its surface.

3.2. Active site

The identification of the active site residues was guided by structural
comparison with the crystallographic templates Bca-f-gal and A4-$-Gal,
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Fig. 3. Active site architecture of HcGalB and comparison with homologous structures. (A) Trimeric structure of HcGalB, with each chain shown in green, cyan, and
purple. Active site residues are highlighted in stick representation. (B) Close-up view of the catalytic pocket, showing the key residues involved in the enzymatic
function. Trp 189 (blue) belongs to the adjacent monomer (C—D). Structural superposition of HcGalB with the structures Bca-p-gal and A4--Gal, highlighting the
conserved active site residues across the three structures. The key residues are colored in hot pink for Bca-p-gal and in cyan green for A4-$-Gal, while the key residues
reported in panel B of HcGalB are shown in lines. The a-D-galactose ligand is shown centrally positioned within the active site of both structures. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

both resolved in complex with a-D-galactose. The active sites of HcGalB
are located at the interfaces between the monomers, so that every two
adjacent monomers participate in the formation of each of the three
complete active sites in the trimer (Fig. 3A).

Six out of the seven residues involved in galactose binding in Bca-
B-gal and A4-B-Gal were also identified in the target structure (Argl10,
Asn148, Glul49, Glu303, Glu351, and His354) and are proposed to
constitute the core of the active site (Fig. 3B). Specifically, Glu149 (loop
4) and Glu303 (p7) were identified as the acid/base catalyst and
nucleophile, respectively. HcGalB also bears the conserved Asp271 (p6),
located in close contact with the two glutamates. Interestingly, Maksi-
mainen et al. showed that the corresponding Asp275 in Bca-p-gal plays a

central role in fine-tuning their catalytic functions [40]. Finally, Trp189
provided in trans by the adjacent subunit, is essential for completing the
active site pocket and plays a major role in substrate binding and/or
recognition (Fig. 3B) [43]. It is well established that carbohydrate
moieties often interact through stacking interactions with the planar
surfaces of aromatic residues which potentially facilitate substrate
positioning and guide the disaccharide towards the catalytic site
[40,41]. Therefore, the spatial disposition of three aromatic residues in
the Bca-p-gal structure (Tyr 273, Trp 311 and Phe 341), is consistent
with a canonical carbohydrate-binding configuration. Among these,
Tyr273 (loop 6) in HcGalB corresponds to Tyr277 in Bea-p-gal and to Tyr
266 in A4-p-gal, and it is considered the most likely residue involved in

[l1actose

[ ] ONP-B-Gal

[ 1 PNP-B-Xyl

Fig. 4. Docking simulations of HcGalB and its substrates. Docking simulations of (A) lactose (cyan), (B) ONP-B-Gal (green), and (C) PNP-B-Xyl (orange) onto the
HcGalB structure reveal a consistent binding pattern near the entrance of the catalytic pocket. All ligands occupy a surface-exposed groove defined by the conserved
aromatic residues Trp311 and Phe341, which correspond to Trp315 and Phe345 in the Bca-p-Gal homolog. Glu303 and Glu149 represent the two catalytic residues.
Other residues (His153, His253, Trp270) may contribute to shaping the access to the catalytic pocket. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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B)

Cone-shaped
tunnel cavity

;}lv ey r‘AspSS[om]H Lys204[Nz]

Fig. 5. Quaternary structure of HcGalB. (A) Surface representation of the hexameric assembly of HcGalB, composed of two staggered trimers. The inter-trimer
interface regions are highlighted in blue, whereas the intra-trimer interface regions are shown in red. Each trimer consists of three monomers, individually
colored to distinguish subunits: trimer 1) monomer A (green), monomer B (cyan), and monomer C (magenta); trimer 2) monomer D (yellow), monomer E (grey), and
monomer F (pink); (B) Trimer flowerpot architecture of HcGalB highlighting the top and bottom views that contain the cone-shaped tunnel cavity. (C) Residues
(Lys204, Glu197, Glu490, Asp99, Arg90, Lys352) mediating salt-bridge interactions at the interface between monomers within trimer 1 are shown as sticks, keeping
the same colour code. Atom labels follow standard PDB notation: NZ (terminal nitrogen of the Lysine side chain), OD1/0D2 (carboxylate oxygens of Asp), OE1/0OE2
(carboxylate oxygens of Glu), and NH1 (terminal nitrogen of the Arg side chain). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

stacking with the glucose ring of lactose, thus supporting its functional
relevance in substrate recognition. In addition, a single tryptophan
residue (Trp311, loop 7) corresponding to Trp315 in Bca-p-gal and to
Trp320 in A4-p-gal, is also conserved. This residue is involved in
galactose recognition in A4-f-gal. However, the side chain of Trp311
adopts a distinctly different orientation, driven by the altered chemical
environment resulting from the substitution of GIn313 in Bca-p-gal with
Val309 in HcGalB, a change mirrored by Val318 in A4-f-gal
(Fig. 3C-3D).

Notably, Bca-f-gal, contains two tryptophan residues (Trp 270 and
Trp 311) implicated in substrate interaction, whilst HcGalB resembles
A4--Gal in lacking the second tryptophan in this region. Furthermore, a
Phe341 (loop8) corresponding to Phe345 in Bca-B-gal and Phe350 in A4-
f-gal, is also conserved and located in proximity to the C4 position of
galactose, which may contribute to the specificity towards this
monosaccharide.

To further validate the hypothesis that a specific aromatic region
plays a key role in guiding the substrate towards the catalytic site,
molecular docking analyses were performed using the three-
dimensional structure of HcGalB. The simulations included both the
natural substrate lactose, as well as ONP-pGal and PNP-B-xyl, i.e. syn-
thetic analogues commonly used in enzymatic assays, both of which
HcGalB displays high specificity towards [9]. The docking results
revealed a consistent binding pattern for the ligands, which were posi-
tioned within the same surface region adjacent to the entrance of the
catalytic pocket (Fig. 4). All ligands occupy a surface-exposed groove
defined by the conserved aromatic residues Trp311 and Phe341, which
correspond to Trp315 and Phe345 in the Bca-p-Gal homolog. Glu303
and Glul49 represent the two catalytic residues. Furthermore, other
residues, including His153 (loop 4), His253 (loop 5), and Trp270 (p8),
may also assist shaping the channel and assist substrate passage.

3.3. Quaternary structure

Previous analyses revealed that HcGalB adopts a hexameric state in
solution, as evidenced by size-exclusion chromatography coupled with

triple-angle light scattering (QELS) [9]. Six monomers are arranged into
a barrel-like structure made of two staggered trimers as revealed by our
HcGalB 3D reconstruction. Moreover, the overall architecture of each
homotrimer resembles a flowerpot with a cone-shaped tunnel cavity in
the center (Movie 1; Figs. 1C-D and 5A-B).

For GH42 p-galactosidases, assembly into trimers is essential for
achieving high enzymatic activity [44]. The interface area between the
monomers of the trimers, as identified by PISA analysis, measures
2292.43 A2 (Fig. 5A-5B; Table S2). This value closely matches Bea-p-gal
(2278 A?) but is slightly lower than A4--gal (2385 A2), reflecting
structural differences among the three proteins. The interface involves
residues belonging to the three domains of each monomer (Section 3.1).
Domain 1 includes Phe276 and the following regions: Trp87-Gly108,
Ser184-Asn210, Ala313-Met323, Ser345-Phe352, Ser360-Arg366; do-
mains 2 and 3 include Glu406-Val415, Asn489-Gly496, Tyr508-Lys517.
Notably, six residues (Lys204, Glu197, Glu490, Asp99, Arg90, Lys352)
form twelve salt bridges that are crucial for stabilizing the adjacent
monomers within the trimer (Fig. 5C), although the total number of salt
bridges is lower compared to Bca-f-gal and A4-p-gal.

The two staggered trimers of HcGalB, interact mainly through two
regions: Gly526-Gly528 of domain 2 and Glu646-Pro654 of domain 3 of
each monomer to form the hexamer. These contacts create interface
surfaces of 215.4 and 150.7 A2, resulting in a total inter-trimer interface
area of 1098.3 A2, Interestingly, a central three-fold rotational axis runs
vertically through the center of each trimer, while a perpendicular two-
fold axis relates opposite subunits across the trimer—trimer interface
(Fig. 5A). The hexameric structural organization had previously been
observed in Bca-p-gal crystals but never in solution, as indicated by
QELS analyses. This suggested that the hexameric arrangement might
result from crystal packing rather than representing the predominant
solution state [36]. However, a recent study demonstrated that the cold-
adapted M-B-gal from Marinomonas efl is indeed a hexamer both in
solution and in the crystalline state [15]. Differently from HcGalB, the
structure of M-f-gal consists of two trimeric rings arranged in a stacked
configuration. Notably, the cryo-EM reconstruction of HcGalB shows
that two trimers assemble in solution in a top-to-top configuration, with
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Trimer 2

Fig. 6. Hexameric architecture of HcGalB, composed of two flower-pot trimers arranged in a top-to-top configuration, enclosing a central cone-shaped tunnel cavity.

the six active sites facing the inner side of the hexamer (Movie 2, Fig. 6).

To the best of our knowledge, no GH42 f-galactosidase described so
far displays such a quaternary organization. Therefore, the architecture
observed in HcGalB represents a previously unreported structural solu-
tion within the GH42 family, expanding the known repertoire of qua-
ternary assemblies of p-galactosidases. In fact, most GH42 enzymes
characterized to date are predominantly trimeric, and only a few
assemble into hexamers and none of which adopt a top-to-top arrange-
ment [15,40,41]. Notably, this top-to-top assembly might generate a
confined catalytic nanocage with the six active size facing the interior of
the hexamer, increasing the local concentration of substrate and/or in-
termediate oligosaccharides while limiting solvent accessibility. Such
micro compartmentalization is expected to favor productive encounters

between the galactosyl-enzyme intermediate and alternative sugar ac-
ceptors, thereby shifting the reaction equilibrium towards GOS forma-
tion rather than hydrolysis (see below). By contrast, the bottom-to-
bottom trimeric arrangement described for Bca-f-gal leaves the active
sites fully exposed to the solvent, a configuration that facilitates water
access and consequently disfavors transgalactosylation. The markedly
lower GOS production observed for Bca-p-gal is therefore consistent
with its more open quaternary structure. Overall, these findings have
also been providing new structure-function insights into the molecular
determinants that enable HcGalB to generate a broad repertoire of gal-
actooligosaccharides (Paragraph 3.4).

Table 1
H and '3C chemical shifts of identified transgalactosylation products of HcGalB.
Product
lH/13C
B-Gal(l — 6)-p-Gal2NP
A: t-Gal 4.34 3.44 3.49 3.82 3.53 3.68
103.2 70.6 72.7 68.6 75.1 60.9
B: 6-Gal2NP 5.14 3.79 3.70 3.97 4.04 3.97/3.88
100.9 70.2 72.4 68.5 74.6 68.9
p-Gal(1 — 3)-p-Gal2NP
A: t-Gal 4.59 3.56 3.60 3.89 3.82 3.69
100.7 71.7 72.7 68.6 75.1 61.0
B: 3-Gal2NP 5.17 3.96 3.88 4.20 3.85 3.70
100.7 68.5 81.6 68.3 75.4 60.9
p-Gal(1 - 3)-p-Gal(1l — 3)-p-Gal2NP
A: t-Gal 4.55 3.54 3.59 3.85 3.62 3.68
104.2 75.2 72.5 68.5 75.1 60.9
B: 3-Gal 4.65 3.73 3.77 4.13 3.66 3.68
103.7 70.3 82.0 68.4 74.8 60.9
C: 3-Gal2NP 5.17 3.96 3.88 4.20 3.85 3.70
100.7 68.5 81.6 68.3 75.4 60.9
B -Gal(1 — 3)-p-Gal(1 — 3)-p-Gal(1 — 3)-p-Gal2NP
A: t-Gal 4.55 3.54 3.59 3.85 3.62 3.68
104.2 75.2 72.5 68.5 75.1 60.9
B: 3-Gal 4.61 3.72 3.77 4.13 3.65 3.68
104.0 70.2 81.9 68.4 74.8 60.9
C: 3-Gal 4.65 3.73 3.77 4.13 3.66 3.68
103.7 70.3 82.0 68.4 74.8 60.9
D: 3-Gal2N 5.17 3.96 3.88 4.20 3.85 3.70
100.7 68.5 81.6 68.3 75.4 60.9
B-Gal-(1 — 4)-p-Xyl4NP
A: t-Gal 4.41 3.45 3.57 3.84 3.70 3.67/3.72
101.7 70.6 72.6 75.6 75.6 60.6
B: 4-Xyl4NP 5.12 3.59 3.66 3.88 4.12/3.55
99.7 72.4 73.4 76.1 60.8
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Fig. 7. Hypothesis of residues targeted for site-directed mutagenesis to improve the transglycosylation reaction. Structural alignment highlights the conserved non-
catalytic residues located in the active-site pocket, which may contribute to the reduced efficiency of the reaction. Residues from Bbrefgal-III are shown inred, those
from Aap-gal in green, those from BiBga42A (8IBT) in white, and those from HcGalB inyellow. The lacto-N-tetraose from the BiBga42A structure is shown in whitish.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.4. Reaction mechanisms: hydrolysis vs transgalactosylation

Our previous study examined the catalytic behavior (hydrolysis and
transgalactosylation) of HcGalB, revealing broad substrate specificity
and high hydrolytic efficiency using both lactose and ONP-B-gal as
natural and artificial substrates, respectively [9]. Moreover, HcGalB
performed both homo-condensation reactions (using ONP-f-gal or
lactose as donors and acceptor) as well as hetero condensation reactions
(in which PNP-g-glu and PNP-$-xyl are employed as acceptors and ONP-
p-gal as a donor) [9]. In this study, we have analyzed the structure of the
HcGalB-produced GOS through 2D NMR spectra of the HPLC fractions
and results were compared with those already reported [45]. As the
lactose was a poor substrate for transgalactosylation reaction (Hydro-
lysis/Transgalactosylation: 21, data not shown), GOS amount produced
from lactose did not allow a detailed structural characterization of such
products. Therefore, we focused on the most abundant GOS obtained
from synthetic substrates to explore the kind of linkages related to this
synthetic activity. Specifically, in homocondensation reactions, ESI-MS
analysis identified the formation of oligosaccharides as sodium adducts
with m/z values of 486.142 (disaccharide), 648.205 (trisaccharide), and
810.277 (tetrasaccharide) [9]. These products consist of one or more
galactose units (m/z = 162) added to the galactosyl moiety of ONP-$-gal
(m/z = 324). The GOS purified by HPLC and analyzed in this study were
confirmed to be a disaccharide, trisaccharide, and tetrasaccharide, as
reported in Table 1.

Interestingly, two kinds of disaccharides were found, f-Gal(1 — 6)-
B-Gal2Np and B-Gal(l — 3)-p-Gal2NP, whereas the trisaccharide was
associated only with $-Gal(1 — 3)-p-Gal(1 — 3)-f-Gal2NP, and the tet-
rasaccharides with $-Gal (1 - 3)-p-Gal(1 — 3)-p-Gal(1 — 3)-p-Gal2NP
indicating a clear preference in the regioselectivity of HcGalB which
favors the formation of (1 — 3) linkages for chain elongation over p(1
— 6) branch-type disaccharides. This pattern also highlights the distinct
catalytic preferences of HcGalB compared to classical commercially
available p-galactosidases such as those from B. circulans (Biolactase, by
Kerry Ingredients and Flavours), which typically produce higher yields
of (1 — 4) and B(1 — 6) GOS [46]. It has been reported that GOS
containing B(1 — 3) bonds are metabolized more rapidly by probiotic
bacteria than similar GOS containing other linkages, particularly (1 —

4). Furthermore, there is general consensus that GOS synthesized with
f-galactosidases from probiotic strains exert a more pronounced effect
on the growth of these beneficial microorganisms [47]. Mechanistically,
the regioselectivity of HcGalB over the formation of p(1 — 3) linkages,
might be rationalized by the geometry and hydrogen-bonding network
of the acceptor-binding subsites in the catalytic pocket: acceptor hy-
droxyls at O-3 and O-6 may be better positioned for nucleophilic attack
on the covalent galactosyl intermediate, whereas the O-2 orientation
could be sterically hindered or less favourably stabilized in the transition
state. Since the fraction of the products obtained through the homo-
condendensation reaction was a complex mixture, a purification by
HPLC was performed. Two different fractions were obtained and 2D
NMR spectra were collected. The first fraction was revealed to contain
two products, namely a disaccharide and a trisaccharide. The disac-
charide 1, with anomeric signals at & 4.34/103.2 ppm and § 5.14/100.9
ppm, respectively, was recognized to contain a 6-substituted galactose
unit due to the downfield shift of the C6 signal at & 68.9 ppm (Table 1,
product 1) [48]. Instead, the second product (disaccharide 2) was
constituted by a 3-substitued galactose (Table 1) since the C3 signal of
the galactose linked to the 2-nitrophenol was downfield shifted at 6 81.6
ppm. The second HPLC fraction was constituted by four products. Be-
sides the presence of disaccharides 1 and 2, the spectra disclosed that the
remaining signals were attributable to those of a trisaccharide (com-
pound 3, Table 1) and a tetrasaccharide (compound 4, Table 1). In both
compounds, galactose residues were 3-substituted. The attachment
points of the monosaccharides were recognizable by the glycosylation
shift of the C3 signals (Table 1) [48].

The biological activity of GOS is strongly influenced by their degree
of polymerization and the type of glycosidic linkage: p(1 — 2) linkages,
for instance, are abundant in human milk oligosaccharides (HMO) and
play a pivotal role in shaping the infant gut microbiota, whereas (1 —
3), (1 — 4), and B(1 — 6) linkages contribute to structural diversity and
broaden the range of gut bacterial taxa capable of utilizing these sub-
strates as demonstrated in both in vitro and in vivo studies [49,50]
(Sprenger, Mei). p(1 — 2) transfer appears disfavoured or below
detection limits for HcGalB. The absence of such linkages is particularly
relevant from a functional standpoint, as it indicates a narrower overlap
with the structures found in HMOs, yet still supports the production of
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structurally diverse GOS.

In heterocondensation reactions, the only characterized oligosac-
charide was found to be p-Gal-(1-4)-p-Xyl-4NP (Table 1, compound 5),
when p-D-Gal-2NP was used as donor and 4-nitrophenyl p-D-xylopyr-
anoside (B-D-Xyl-4NP) as acceptor, respectively. The characterization
was obtained by the study of 2D NMR spectra of the compound 5, which
indicated a glycosylation shift for the C4 of the xylose unit [48] . From
an applicative standpoint, the presence of GOS containing pentoses, also
been reported for YesZ from Bacillus subtilis, may be of interest for the
development of mixed GOS composed of both hexoses and pentoses
[51].

A structural superimposition with three GH42 enzymes (Aap-gal
from Alicyclobacillus acidocaldarius, Bbrepgal-IIl from Bifidobacterium
breve, and BiBga42A from Bifidobacterium longum) was performed
(Fig. 7) [20,51,52]. The selection of these GH42 p-galactosidases was
based on previous studies that identified residues suitable for rational
mutagenesis aimed at improving transgalactosylation efficiency. Since
lactose was found to be a poor substrate for GOS production by HcGalB,
future work will focus on enhancing transgalactosylation on this natural
and inexpensive substrate. Similar to HcGalB, Aap-gal also synthesizes
B-(1 — 3)-linked GOS, thus representing an informative comparative
model system. In Aaf-gal, mutation of the invariant non-catalytic
Glu361 to Gly increased GOS production up to 177-fold, likely by sta-
bilizing the galactosyl-enzyme intermediate. Moreover, in Bbrepgal-III,
the R121C variant reorients the lactose acceptor C3-hydroxyl towards
the acid/base residue Glul60, promoting p-(1 — 3)-lactose formation
and achieving up to 50% substrate conversion, consistent with the
enzyme linkage preference in hydrolysis. Therefore, these residues
represent promising targets for future mutagenesis studies aimed at
improving HcGalB-mediated GOS synthesis.

4. Conclusions and perspectives

In this work for the first time, we combined cryoEM analysis with
biochemical characterization to reveal, the atomic architecture of
HcGalB. HcGalB shares structural features with both a thermophilic (A4-
f-gal) and a mesophilic (Bca-p-gal) counterpart, consistent with the
moderately thermophilic nature of H. coagulans MA-13 (Top: 55 °C),
suggesting that the emergence of thermophilic traits may arise from
progressive molecular adaptation. HcGalB exhibits a distinctive and
stable hexameric, barrel-like assembly formed by two homotrimers ar-
ranged in a top-to-top configuration. We suggest that this architecture
acts as an intrinsic enhancer transgalactosylation by confining all six
active sites towards an internal cavity where catalytic events occur
within an occluded volume. Moreover, the uncommon quaternary or-
ganization among f-galactosidases may also contribute to the enzyme's
thermostability and functional robustness, providing additional oppor-
tunities for rational design and industrial application.

A key outcome of this study is the structural diversity and intrinsic

stability of the GOS synthesized by HcGalB. The enzyme generates well-
defined p(1 — 3)-dominated oligosaccharides, with ancillary p(1 — 6)
and p(1 — 4) linkages. Although the complete linkage map of the re-
action products could not be fully determined, GOS species persisted in
the reaction mixture [9] indicating that the enzyme is unable to hy-
drolyze the linkages that it forms. This behavior contrasts with that of
many p-galactosidases, which readily re-hydrolyze their own trans-
galactosylation products, thus limiting net GOS accumulation. The for-
mation of hydrolysis-resistant and structurally unconventional products,
including hetero-oligosaccharides incorporating C5 sugars, suggests that
the enzyme generates substrates that no longer fit the canonical active-
site geometry [9]. Overall, HcGalB expands the structural repertoire of
GOS beyond classical (1 — 4)-based mixtures, offering promising per-
spectives for the development of next-generation, structurally defined
prebiotics inspired by HMO-like architectures and for future rational
engineering strategies aimed at industrial applications.

Future studies (Fig. 8) should aim to: (i) optimize trans-
galactosylation conditions with lactose or edible oligosaccharides con-
taining C5 monomers, (ii) map acceptor-binding subsites via site-
directed mutagenesis to resolve the structural determinants of regiose-
lectivity, and (iii) engineer HcGalB variants optimized for the high-
value, large-scale production of designer prebiotics inspired by the
structural logic of HMOs.
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