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1. Supplementary Tables

Supplementary Table 1. Carbohydrate composition of selected fucoidans.

3% galactose

1% mannuronic acid

2% glucuronic acid
26% sulfate

Brown algal fucoidan % (w/w) Source Major linkage pattern References
building block
Fucus vesiculosus 45% fucose Sigma- alternating 3- and 4-linked a-L- 12
3% galactose Aldrich fucopyranose (Homofucan)
1% mannose
2% xylose
2% glucuronic acid
26% sulfate
Undaria pinnatifida 27% fucose Sigma- alternating fucose — galactose 35
25% galactose Aldrich backbone linked together via 1,3
26% sulfate glycosidic bonds
(Heterofucan)
Cladosiphon okamuranus 40% fucose Biosynth repetitions of a-(1-3)-L- 1
2% galactose fucopyranose with with 4-0O-
1% xylose sulfation and a-1,2-linked
15% glucuronic acid glucuronic acid branches
9% galacturonic acid (Homofucan)
13% sulfate
Ecklonia maxima 17% fucose Biosynth alternating 3- and 4-linked a-L- 1
15% galactose fucopyranose (Homofucan)
3% mannose
2% xylose
9% glucuronic acid
18% sulfate
Macrocystis pyrifera 24% fucose Biosynth Not defined 1




Supplementary Table 2. X-ray data collection and refinement statistics.

Rho5174 PbFucA-1 PbFucA-2 PbFucA-3

PDB code 9F9V 8RG3 8RG4 8RG5

Beamline BL13 XALOC 124 (DLS) 104 (DLS) 104 (DLS)

Wavelength (A) 0.9792 0.9795 0.9795 0.9795

Resolution range (A) | 36.45 -1.57 91.42-2.5 9.99-1.40 28.99-2.18
(1.626 - 1.57) (2.60-2.5) (1.45-1.40) (2.26 —2.18)

Space group P1 P1211 P212121 P41212

Unit cell (,&) 44.39 62.11 66.9 | 91.84181.90 160.31 50.983 84.87 90.344 139.30 139.30104.69
68.83 88.3478.92 | 9095.590 909090 909090

Total reflections

306199 (29824)

460909 (45579)

1007201 (89749)

140999 (139461)

Unique reflections

87100 (8585)

82173 (8083)

76431 (7135)

54121 (5322)

Multiplicity 3.5(3.5) 5.6 (5.6) 13.2 (12.6) 27.0 (26.2)
Completeness (%) 95.43 (94.14) 99.87 (99.75) 99.02 (93.64) 99.93 (100)
Mean I/sigma(l) 13.86 (1.48) 12.23 (1.92) 19.63 (3.34) 20.91 (4.62)
Wilson B-factor (A2) 22.42 38.15 14.30 30.91

R-merge 0.05393 (0.8413) | 0.1382 (0.9698) 0.07903 (0.7331) 0.1472 (0.7482)
R-meas 0.0285 (0.4449) 0.1536 (1.073) 0.08231 (0.7642) 0.150 (0.7628)
CC1/2 0.999 (0.631) 0.994 (0.675) 0.999 (0.872) 0.999 (0.956)
cc* 1(0.88) 0.999 (0.898) 1.0 (0.965) 1.0 (0.989)
Reflections used in | 87082 (8585) 82142 (8080) 76416 (7127) 54116 (5325)
refinement

Reflections used for | 4354 (429) 1997 (197) 3837 (324) 2641 (262)

R-free

R-work 0.2087 (0.3254) 0.2275 (0.3591) 0.1433 (0.1676) 0.2040 (0.2027)
R-free 0.2328 (0.3564) 0.2624 (0.3956) 0.1635 (0.2175) 0.2459 (0.2329)
CC(work) 0.951 (0.738) 0.952 (0.750) 0.969 (0.929) 0.938 (0.935)
CC(free) 0.938 (0.669) 0.941 (0.606) 0.962 (0.918) 0.919 (0.917)
Number of non-| 6193 16917 3311 5795
hydrogen atoms
macromolecules | 5794 16739 2960 5602
ligands 65 12 20 128
Protein residues 720 2134 356 704
RMS(bonds) (A) 0.004 0.012 0.008 0.011
RMS(angles) (2) 0.69 1.20 1.01 0.98
Ramachandran 98.31 96.61 97.46 97.42
favored (%)
Ramachandran 1.69 3.11 2.54 2.44
allowed (%)
Ramachandran 0.00 0.28 0.00 0.14
outliers (%)
Rotamer outliers (%) | 0.00 1.24 0.00 0.36
Clashscore 2.90 5.99 0.85 3.09
Average B-factor (A) | 27.78 49.93 17.21 37.12
macromolecules | 27.34 50.02 16.11 37.16
ligands 35.96 40.06 25.08 39.85
solvent 33.97 41.78 26.57 34.41

Statistics for the highest-resolution shell are shown in parentheses




Supplementary Table 3. Structure weighted sequence comparison of GH168 endo-fucoidanases from Planctomycetes bacterium K23_9 (PbFucA, PbFucAG3, PbFucA70),
W. fucanilytica CZ1127" (Fun168A and Fun168D) and strains 892 and 913. 40% amino acid sequence identity or higher is highlighted in orange.

r.m.d.s in A (aligned residues)

Amino acid sequence identity (%)

PbFucA | PbFucAG3 | PbFucA70 Fun168A Fun168D Rho5174 892 06282 | 892 06289 | 913 01189 | 913 05635
PbFucA 1.018(191) | 1.096(195) | 1010(225) | 1.020(256) | 1.072(268) | 0.963(228) | 1.104(248) | 1.135(246) 1.075 (256) PbFucA
PbFucAG3 21.70 1.062(134) | 1087(173) | 0.920(175) | 1.167(188) | 1.218(171) | 0.918(178) | 0.989 (176) 1.151 (193) PbFucAG3
PbFucA70 22.58 13.94 1.134(166) | 1.160(156) | 1.056(184) | 1.049(179) | 1.089(136) | 1.117(151) | 1.066 (184) PbFucA70
Fun168A 31.67 17.43 15.93 1.014 (187) | 0.845(241) | 0.683(323) | 1.076(196) | 1.059 (197) 0.892 (250) Fun168A
Fun168D 23.17 20.11 14.15 18.63 1.088 (213) | 1.074(185) | 0.874(287) | 0.782(294) 1.070 (220) Fun168D
Rho5174 36.07 20.67 18.99 33.52 24.86 0.857 (250) 1.146 (214) 1.104 (215) 0.411 (347) Rho5174
892_06282 31.67 19.24 20.70 64.43 24.78 34.99 1.174 (208) | 1.149 (190) 0.851 (247) 892_06282
892_06289 28.45 19.83 19.26 24.08 40.79 25.50 25.36 0.779 (315) 1.082 (190) 892_06289
913_01189 26.10 18.86 17.711 24.29 45.43 26.29 24.78 48.86 1.052 (204) 913_01189
913_05635 36.36 20.56 19.72 32.78 23.61 75.98 33.82 27.48 27.43 913_05635
PbFucA | PbFucAG3 | PbFucA70 Fun168A Fun168D Rho5174 892 06282 | 892 06289 | 913 01189 | 913_05635




Supplementary Table 4. List of total GHs and SAs from strains 892 and 913 arranged in fucoidan PULs, and
expressed at proteomic level. The number of proteins detected by proteomics and induced in at least one

fucoidan source are specified.

892 913
List of GHs and N° of GH N° of GH
Saspotentially | andSAs | N°ofGH | N°of GH | andSAs N°of GH | N°ofGH
involved in arrangedin| andSAs | andSAs [arrangedin | and SAs and SAs
fucoidan Fucoidan | detected | induced | Fucoidan | detected | induced
degradation PULS PULS
GH29 13 9 6 15 5 4
GH95 5 4 3 5 1 1
GH141 3 1 0 5 2 2
GH141+GH168 1 1 1 0 0 0
GH107 0 0 0 1 1 1
GH168 2 1 1 2 1 1
Total GH 24 16 11 28 10 9
S1 14 6 1 1 6 0 0
S1.15 2 1 1 8 1 1
S1 16 4 1 0 5 1 1
S1.17 3 3 1 6 1 1
S1.22 1 1 0 2 2 1
S1.25 2 1 1 4 0 0
Total SAs 18 8 4 31 5 4
Total enzymes 42 24 15 59 15 13




Supplementary Table 5. Genome assembly statistics of Planctomycetota strains 892 and 913.

Genome | contigs contigs Total length N50 N90 auN L50 | L90 | N's per ORF
(>=0bp) | (>=1,000 bp) | (>=1,000 bp) 100 kbp | nr.

892 31 9,109,604 9,109,604 | 9,109,604 | 9,109,604 0 6,830

913 53 7,962,739 7,962,739 | 7,962,739 | 7,962,739 0 6,015




2. Supplementary note 1

The overall structure of PbFucA from Planctomycetes bacterium K23_9

To elucidate the structural determinants that govern the substrate specificity of the GH168 family of endo-
fucosidases we crystallized PbFucA from Planctomycetes bacterium K23_9 in three crystal forms, PbFucA-1,
PbFucA-2 and PbFucA-3 corresponding to the space groups, P12:1 at 2.2 A (PDB code 8RG3), P2:2:2:at 1.4 A
(PDB code 8RG4) and P412:2 at 2.1 A resolution (PDB code 8RG5), respectively (Supplementary Figs. 5 and
12, Supplementary Table 2; see Methods section for further details). The overall protein scaffold and the
conformation of the three crystal forms were essentially preserved (r.m.s.d. of 0.392 A for 353 aligned
residues, PbFucA-1 and PbFucA-2; r.m.s.d. of 0.368 A for 353 aligned residues, PbFucA-1 and PbFucA-3;
r.m.s.d. of 0.392 A for 353 aligned residues, PbFucA-2 and PbFucA-3; Supplementary Fig. 13a). We decided
to use the PbFucA-2 crystal form for our description since it displays the highest resolution. The high quality
of the electron density maps allowed the trace of residues 37-392 (Supplementary Fig. 12). PbFucA contains
(i) a catalytic domain adopting a conserved (B/a)s barrel topology (residues 35-359) and (ii) a small C-terminal
subdomain (residues 360-392) comprising a B-sheet conformation composed of 4 antiparallel -strands, with
an overall size of 58 A x 49 A x 28 A (Supplementary Fig. 13). The (B/a)s barrel is a conserved protein fold
consisting of eight a-helices and eight parallel B-strands that alternate along the peptide backbone. The
catalytic domain and the C-terminal subdomain interact with each other through an extensive contact area
of ca. 1168 A2, representing 8% of the total accessible surface of the isolated domains (Supplementary Fig.
13). A large groove runs at the center of the catalytic domain, containing the active site of the enzyme. This
groove is surrounded by the loops connecting B1-al (loop 1; residues 55-62, light blue), B2—a2 (loop 2;
residues 79-89, dark red), B3—a3 (loop 3; residues 114-158, green), B4—a4 (loop 4; residues 184-199,
yellow), B5—B6 (loop 5; residues 230-236, pink), B6—a5 (loop 6; residues 254—263, orange), B7—a6 (loop 7;
residues 290-296, dark blue), and B8—a7 (loop 8; residues 336—362, khaki; Supplementary Fig. 13).

We unambiguously identified an ethylene glycol molecule in the central groove of the PbFucA structure
corresponding to space groups P212:21 and P412:2 and in two molecules corresponding to the space group
P1211. This ethylene glycol molecule is placed near the predicted catalytic residues D184 and E254
(Supplementary Fig. 13a,d), likely mimicking the position of a Fuc (-1) residue. These residues were identified
based on sequence alignment with the two biochemically characterized members of the GH168 family,
Fun168A 7 and Fun168D &from W. fucanilytica CZ1127T, sharing 31% and 23% sequence identity with PbFucA,
respectively (Supplementary Fig. 14a). The 02 atom of the ethylene glycol molecule interacts by hydrogen
bonds with the side chain of D184 and makes additional polar and hydrophobic interactions with H53, E79,
Y113, N230, E254, and Y338 (Supplementary Fig. 13d).

A search for structural homologues using the DALI server ° revealed that PbFucA shows structural
similarity to other GHs (Supplementary Fig. 14), including: (i) Fun168A from W. fucanilytica CZ1127", an endo-
a-1,3-fucanase that belongs to the GH168 family (PDB code 8YA6, Z-score of 42, r.m.s.d. value of 1.9 A for
369 aligned residues; 37% identity), (ii) TmGalA, an a-galactosidase from Thermotoga maritima that
belongs to the GH36 family 1%, PDB code 5M1l, Z-score of 18.2, r.m.s.d. value of 3.9 A for 288 aligned
residues; 14% identity), and (iii) LaMel36A, an a-galactosidase from Lactobacillus acidophilus NCFM that
also belongs to the GH36 family ''; PDB code 2XN1, Z-score of 16.7, r.m.s.d. value of 3.9 A for 278 aligned
residues; 11% identity).



3. Supplementary Figures
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Supplementary Fig. 1 | Gene expression at mRNA level of glycosyl hydrolases in the different Fucoidan
Polysaccharide Utilization Loci (PULs) in strain 892 (a, b) and 913 (c, d). Transcripts per cell of GHs in the
different fucoidan PULs (highlighted in different colours) when growing on fucoidan from Fucus vesiculosus
(a and c¢) and Undaria pinnatifida (b and d) as compared to laminarin (dark gray dots in each panel). Data
represent means and error bars show the standard deviation derived from three biologically independent
experiments. GH: glycosyl hydrolase; Hyp: hypothetical.
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Supplementary Fig. 4 | Phylogenetic tree of GH168 homologues. Maximum likelihood phylogenetic tree of
GH168 homologue amino acid sequences from all available Planctomycetota genomes at NCBI, selected
genomes of Bacteroidota and Verrucomicrobiota, and environmental sequences found in The Ocean
Microbiomics Database gene catalogue *2.
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Supplementary Fig. 5 | Recombinant production of Rho5174 and PbFucA. a-b Schematic representation of
Rho5174 (a) and PbFucA (b) from Planctomycetes bacterium K23_9 amino acid sequence. The catalytic
residues D152 and E228, are highlighted in yellow. The His-tag is colored in light blue and the Tobacco Etch
Virus Protease (TEV) cutting site is shown in pink. c-d Pre-crystallization SEC purification (c) and SDS-PAGE
(d) analysis of Rho5174. e-f Pre-crystallization SEC purification (e) and SDS-PAGE (f) analysis of PbFucA. This
experiment was repeated three times independently with similar results.



q 08 Rho5174 0.8 PbFucA
0.6 0.6
€ IS
S 0.4 § 0.4
< 4
0.2 0.2+ I
ool e e e de B o_o_j_;_i_'f;_a_n_ﬁ_
2h 7h 20 h 2h 7h 20 h
Rho5174 ® L, B Rho5174+L,, PbFucA M L., =~ M PbFucA+L,
0.8 Rho5174 0.8 PbFucA
0.6 0.6
£ £
§ 0.4 § 0.4
< <
0.2 0.2 .
I' oo : R : . . )
0.0—j[—ij ﬂ_ﬁ = i_i 0.0 o o
2h 7h 20h 2h 7h 20h
Rho5174 M L, M Rho5174+L,, PbFucA M L., M PbFucA+L,,

Supplementary Fig. 6| Hydrolytic activity of PbFucA, Rho5174 and strain 892 lysates grown in mannose. a
Hydrolytic activity of Rho5174 (left) and PbFucA (right), strain 892 lysate grown in mannose (Lsg2-man) and
the combination of enzyme and lysate against fucoidan from F. vesiculosus. b Hydrolytic activity of Rho5174
(left), PbFucA (right), Lss2-man and combination of enzymes and lysate against fucoidan from U. pinnatifida.
The hydrolytic activity of the enzymes, strain 892 lysate, and the combination of enzyme and lysate are
colored in grey, blue, and orange, respectively.
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Supplementary Fig. 7 | PbFucA and Rho5174 exo-fucosidase activity assays. a Schematic representation of

exo-fucosidase activity assay using 4-nitrophenyl a-L-fucopyranoside. b Exo-fucosidase activity of PbFucA
(orange) and Rho5174 (gray) and the positive control exo-a-1,2-fucosidase FucOB?? (blue).
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Supplementary Fig. 8| Overview of the monosaccharide and sulfate composition of the fucoidans analysed
in this study. Mean relative abundance of monosaccharides and sulfate conformation from analytical
triplicates.
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Supplementary Fig. 9 | Hydrolytic activity of PbFucA, Rho5174 and strain 892 lysate against fucoidan from
various brown algae species. a-d C-PAGE analysis of the hydrolytic activity of Rho5174 and PbFucA, strain
892 lysate grown in F. vesiculosus (Lss2-ry) and the combination of enzymes and lysate against fucoidan from
C. okamuranus (a), U. pinnatifida (b), E. maxima (c) and M. pyrifera (d).




Supplementary Fig. 10 | Electron density maps of the refined Rho1574 X-ray crystal structures. Final
electron density maps (2mFo-Dfc contoured at 10) corresponding to 892 01574 (PDB code 9F9V).



Supplementary Fig. 11 | Electron density maps of the refined PbFucA X-ray crystal structures. Final electron
density maps (2mFo-Dfc contoured at 10) corresponding to PbFucA-1 (PDB code 8RG3) (a), PbFucA-2 (PDB
code 8RG4) (b) and PbFucA-3 (PDB code 8RG4) (c).
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Supplementary Fig. 12 | The overall structure of PbFucA. a Two cartoon representations showing the
general fold and secondary structure organization of PbFucA. Domains, catalytic residues, and residues
interacting with the glycerol molecule are annotated. b Two surface representations of the PbFucA. Loops
that form the main groove of PbFucA are highlighted in different colors. ¢ Two electrostatic surface
representations of PbFucA showing the location of the catalytic site. d-f Close-up view of the active site of
the catalytic site of PbFucA shown as cartoon/stick and the electron density map of ethylene glycol (EDO)
shown at 1.0 o r.m.s.d (d), with annotated loops (e), and as electrostatic surface representation (f).
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Supplementary Fig. 13 | Structural homology analysis of Rho5174 and PbFucA. a Superposition of X-ray
crystal structures of Rho5174 (PDB code 9F9V) and PbFucA (PDB code 8RG4). Catalytic residues of Rho5174
are highlighted. b-d Superposition of the PbFucA-2 crystal structure and Funl68A (b), an endo-a-1,3-
fucoidanase from W. funcanilytica CZ1127T, TmGalA (c), a-galactosidase from Thermotoga maritima (PDB
code 5M1l; GH36, grey), and LaMel36A (d), a-galactosidase from Lactobacillus acidophilus (PDB code 2XN1;
GH36, grey). The (B/a)s-TIM barrel and C-terminal subdomain are colored yellow and orange, respectively.
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Supplementary Fig. 14 | NMR spectra of sodium methyl-a-L-fucopyranoside 2-sulfate (Fuc2S0,). a *H NMR
(400 MHz, D,0) 6 4.94 (d, /= 4.9 Hz, 1H), 4.29 (dd, /= 10.4 Hz, J = 3.9 Hz, 1H), 3.95 (m, 1H), 3.82 (dd, /= 10.4
Hz, J = 3.4 Hz, 1H), 3.74 (d, ) = 3.4 Hz, 1H), 3.29 (s, 3H), 1.11 (d, J = 6.7 Hz, 3H). b 1*C NMR (100 MHz, D,0) 6
97.5,75.3,71.9,67.5, 66.4, 55.2, 15.2. HRMS (ESI) calcd for C;H130sS [M7]: 257.0337, found: 257.0347
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Supplementary Fig. 15 | Sequence alignment of Rho5174, PbFucA, Fun168A and Fun168D. a Chemical
structures of sulfated tetrasaccharides, products of the reaction between fucoidan from /. badionotus and T.
ananas and Fun168A. b Chemical structures of sulfated tetrasaccharides, products of the reaction between
fucoidan from I. badionotus and T. ananas and Fun168D. ¢ Sequence alighment of a selected region of
Rho5174, PbFucA, Funl168A and Fun168D, showing the conservation of key residues in the catalytic site. d
Cartoon representation of the Alphafold model of Fun168D showing the general fold and secondary. e
Surface representation of the Alphafold model of Fun168D.
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Supplementary Fig. 16 | Proposed catalytic mechanism of Rho5174. In the first step, D152 of Rho5174 acts
as a nucleophile attacking the anomeric center to form a glycosyl-enzyme intermediate. In the second step,
E228 of Rho5174 acts as a base deprotonating a water molecule that hydrolyzes the glycosidic bond, leading
to the regeneration of the sugar with retention of the anomeric configuration.



a b Cc GH168

domain
5 (‘loop 1/ loop
22 ( ?8.%2 )312—324.

%

(loop 3
\114-157

2

Fuc,N

TF

GH141
* domain

. NF@QL

[} /,/

: /ﬁ@
VL

3

loop 4\ loop 5/ loop 6 loop 4 loop 6
186-201/'232-238/\ 255-265, kY K 176-195 252-261

N /
’}0175 2520 E
N :

I atze, \N2a P Lla

Supplementary Fig. 17 | Structural comparison of Rho5174 and PbFucA with GH168 enzymes from strains
892 and 913. a-f Surface representation of the X-ray crystal structures of PbFucA (a) and Rho5174 (b) and
the Alphafold predicted structures of 892 06282 (c), 892_06289 (d), 913 01189 (e) and 913 _05635 (f). The
loops are highlighted in different colours. The Fuc (-1) and Fuc (-2) of Ib-FUC (Fucz) found in the active site of
the crystal structure of Fun168A (PDB code 8YA7) are superimposed in each structure.
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Supplementary Fig. 18 | FITC-Fucoidan visualization in contact with Planctomycetota strain 913. Strain 913
was grown in the presence of FITC-Fucoidan (0.05%) fixed and visualized by confocal microscopy. Bacterial
cellular envelope and nucleoid region were labeled using Nile Red (3 pg ml?!) and DAPI (1 pg ml?),
respectively. Scale bar = 10 um. The white arrow marks fucoidan bound to several 913 bacteria, forming a
rosette-like structure (a) or along FITC-Fucoidan fibers (b). Representative image of n = 3 independent
experiments.
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Supplementary Fig. 19 | Total number of proteins related to transport (a) and secretion systems (b) in the
genomes of strains 892 and 913 (total) or induced by growth on fucoidan from Fucus vesiculosus vs.
laminarin, mannose and fucose.
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