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Red blood cell antigens play critical roles in blood transfusion since donor
incompatibilities can be lethal. Recipients with the rare total deficiency in H
antigen, the O, Bombay phenotype, can only be transfused with group Oy,
blood to avoid serious transfusion reactions. We discover FucOB from the
mucin-degrading bacteria Akkermansia muciniphila as an o-1,2-fucosidase able
to hydrolyze Type I, Type Il, Type Ill and Type V H antigens to obtain the
afucosylated Bombay phenotype in vitro. X-ray crystal structures of FucOB
show a three-domain architecture, including a GH95 glycoside hydrolase. The
structural data together with site-directed mutagenesis, enzymatic activity and
computational methods provide molecular insights into substrate specificity
and catalysis. Furthermore, using agglutination tests and flow cytometry-
based techniques, we demonstrate the ability of FucOB to convert universal O
type into rare Bombay type blood, providing exciting possibilities to facilitate
transfusion in recipients/patients with Bombay phenotype.

Blood group antigens play fundamental roles not only in blood
transfusion but also in organ transplantation. Blood group antigens are
assigned to blood group systems based on their relationship to each
other as determined by serological or genetic criteria'*. They are based
either on oligosaccharide epitopes, including the ABO, P, and Lewis
antigens, or specific amino acid sequences, such as Rh, Kell, and Duffy
antigens®. There are currently 43 recognized blood group systems
containing 345 red cell antigens. The 43 systems are genetically
determined by 48 genes (https://www.isbtweb.org/). The blood group
antigens are not restricted solely to red blood cells (RBCs) or even to
hematopoietic tissues. They are also widely distributed throughout the
human body such as the salivary glands, gastrointestinal and urinary

tracts, and respiratory cavities®. Up to date, and besides their impor-
tance, the physiological functions of several blood group antigens are
still unknown.

The most well-known and clinically relevant blood groups are
ABO. Discovered in 1900 by Karl Landsteiner through agglutination
tests, the antigens present in these groups are composed of specific
oligosaccharides mainly linked to proteins (ca. 90%) and, to a lesser
extent, to lipids (ca.10%)°”’. The antigens are classified as A, B, or H and
subclassified depending on the sugar composition and the variety of
linkages® (Fig. 1a). The A, B, and H antigens are formed by the
sequential action of glycosyltransferases encoded by three genetic
loci, the ABO, H, and Secretor [Se], now termed the ABO, FUTI, and
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Fig. 1| A, B, H, and Bombay antigens in RBCs. a Cartoon representation of
Bombay, O, A, B, and AB blood groups antigen’s carbohydrate epitopes present in
RBC surface (RBC are depicted as red circles) and antibodies. b Enzymatic pathway
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for the biosynthesis of A, B, and H antigens. Enzymes involved in biosynthesis are
highlighted in light green, encoding genes in blue and antigen’s carbohydrate
epitopes in orange and yellow.

FUT2loci. Blood group antigen synthesis is initiated by the addition of
a fucose residue to a common precursor glycan chain (six different
types are known) to obtain the H antigen'*". Two fucosyltransferases
are involved in this reaction. The H allele encodes an «-1,2-fucosyl-
transferase (FUT1) that transfers a fucose residue to Type Il and Type IV
glycan units to form the H antigen on erythrocytes and vascular
endothelial cells’. The Se allele encodes another a-1,2-fucosyl-
transferase (FUT2) that uses Type I and Type Il precursors as accep-
tors to form the H antigen in the epithelia of the gastrointestinal,
respiratory, and reproductive tracts, and salivary glands, as well as
modifying milk oligosaccharides to generate the H antigen’. A and B
antigens are subsequently synthesized from the H antigen by specific
glycosyltransferases encoded by the A, B, or O alleles of the ABO locus
(chromosome 9q34.1-q34.2)'°"*3, The A allele encodes an «-1,3-acet-
ylgalactosaminyltransferase (GTA) which transfers an N-acet-
ylgalactosamine residue to a galactose residue present in the H antigen

to obtain the A antigen. The B allele encodes an a-1,3-galactosaminyl-
transferase (GTB), which transfers a galactose residue to the third
position of the galactose residue present in the H antigen to obtain the
B antigen”™. In contrast, O alleles at the ABO locus encode a func-
tionally inactive A/B glycosyltransferase (Fig. 1b). Therefore, depend-
ing on the genetic heritage, 4 blood groups can be defined: (i) blood
group A if antigen A is present, (ii) blood group B if antigen B is present,
(iii) blood group AB group if both A and B antigens are present (Aand B
alleles could be both co-expressed) or (iv) blood group O if only
antigen H is present”. Importantly, individuals presenting a specific
antigen (or antigens) lack antibodies directed against it (them) while
having antibodies for the antigens they do not express. Therefore, A
and B blood group individuals present B (anti-B) or A (anti-A) anti-
bodies, respectively. AB blood group individuals present neither anti-A
nor anti-B antibodies, whereas H blood group individuals present both
(Fig. 1a)°. These antibodies are responsible for acute intravascular

Nature Communications | (2023)14:1765



Article

https://doi.org/10.1038/s41467-023-37324-z

transfusion reactions and acute transplant rejections due to incom-
patible blood or organ®. In addition, they can cause hemolytic disease
of the newborn (HDN)*, a major cause of fetal loss and death among
newborn babies. HDN due to ABO incompatibility is usually less severe
than Rh incompatibility. Supporting this notion, (i) fetal RBCs express
less of the ABO blood group antigens compared with adult levels and
(ii) the ABO blood group antigens are expressed by a variety of fetal
(and adult) tissues, reducing the chances of anti-A and anti-B binding
their target antigens on the fetal RBCs'.

In 1952 a new rare blood group related to the ABO system was first
described in the city of Bombay (currently Mumbai), India”%. The
serum samples showed the presence of anti-A, anti-B, and anti-H
antibodies capable of agglutinating RBCs of the A, B, AB, and O groups.
A close inspection into the genome sequences revealed that mutations
in the two homozygous recessive alleles, “h/h” of FUTI and “se/se” of
FUT2 genes lead to no expression of any of the a-12-
fucosyltransferases™’. The consequence is a phenotype called Bom-
bay or O}, phenotype. Para-Bombay or H+" phenotype can also be
distinguished when a low amount of H antigen is expressed in two
different situations: (i) when the lack of H antigen is caused by the
inactive of the FUTI gene product but the FUT2 gene product is still
active (therefore, H antigen is found in secretions, Se) or (ii) when a
mutation in the FUTI gene leads to a less active fucosyltransferase in
combination with active or inactive FUT2 gene product (Se or se,
respectively)®.

It is considered a rare blood group because it affects <1 person per
2000 of the general population and shows a geographically asym-
metric distribution. Lower frequency is found in the European popu-
lation (1:1,000,000)" compared to the prevalence in Iran (1:125,000)*°
or Mumbai, India (1:10,000)". Moreover, the Southern and Western
regions of India show the greatest number of Bombay phenotype
populations, with the highest frequency in Bhuyan tribal population in
Orissa, revealing the average prevalence of the Bombay phenotype to
be 1in 278*. Endogamy and consanguinity might be the main causes of
the high prevalence of the rare Bombay blood group in India because
they facilitate the homozygous expression of its rare recessive genetic
character’®*%. The presence of anti-H antibodies in Bombay and para-
Bombay phenotypes, mostly IgM natural antibodies, can cause severe
hemolytic transfusion reactions with intravascular hemolysis if the
blood is combined with any other ABO blood group samples. This is
why individuals with this characteristic phenotype need to be trans-
fused with the same blood group samples®.

In this work, we discover Amuc_1120 from the mucin-degrading
bacteria A. muciniphila as an a-1,2-fucosidase able to hydrolyze all
Types of H antigen to obtain the afucosylated Bombay phenotype. We
decided to name Amuc_1120 as FucOB, a-1,2-L-Fucosidase O to Bom-
bay hereafter. We provide high-resolution X-ray crystal structures of
FucOB, which show a three-domain architecture, including a GH95
glycoside hydrolase (GH). In combination with thorough structural/
biochemical comparisons with other GH95 family members, in silico
molecular docking calculations, molecular dynamics simulations,
extensive site-directed mutagenesis, and enzymatic activity methods
we unravel the molecular basis of FucOB catalytic and substrate
recognition mechanisms. Furthermore, using two complementary
agglutination test assays and flow cytometry-based techniques, we
demonstrate the ability of FucOB to convert O-type blood into rare
Bombay-type blood. We propose that FucOB could be used as a bio-
technological and therapeutic tool to facilitate blood transfusion in
patients with Bombay phenotype.

Results

FucOB is an a-1,2-fucosidase that specifically cleaves H antigen
A. muciniphila is an anaerobic Gram-negative bacterium from the
phylum Verrucomicrobia that promotes a beneficial effect on human
health, likely based on the regulation of mucus thickness and gut

barrier integrity, but also the modulation of the immune system>?**, A.

muciniphila hydrolyzes up to 85% of the chemical structures of mucin
orchestrated by different enzymes, mainly in the form of proteases,
sulfatases, and GHs™ . We have recently unveiled the molecular
mechanism of O-glycan recognition and specificity for OgpA from A.
muciniphila, a paradigmatic O-glycopeptidase that exclusively hydro-
lyzes the peptide bond N-terminal to serine or threonine residues
substituted with an O-glycan®*?. The careful inspection of the protein-
encoding genes in the genome of A. muciniphila ATCC BAA-835 strain
showed that ogpA (Amuc 1119) is close to (i) a putative GH of the GH95
family (Amuc_1120 or fucOB) and (ii) a predicted sulfatase (Amuc_1118;
Supplementary Fig. 1). In particular, the GH95 family comprises 4313
amino acid sequences, of which only 17 enzymes have been bio-
chemically characterized (Supplementary Table 1), including three
reported activities: a-L-fucosidase (EC 3.2.1.51), a-1,2-L-fucosidase (EC
3.2.1.63), and a-L-galactosidase activities (EC 3.2.1.-)***'. The expression
of FucOB was found to be significantly upregulated under mucin ver-
sus glucose conditions suggesting that the enzyme could cooperate in
the specific degradation of mucins®2,

To study the enzymatic activity and substrate specificity of
FucOB, we purified the enzyme to apparent homogeneity (Supple-
mentary Fig. 2; see the “Methods” section for details). FucOB from
A. muciniphila comprises 796 residues (UniProt code B2UR61; Gene-
Bank code ACD04946.1) with a predicted signal peptide (residues
1-23) that was removed from the construct. We incubated FucOB with
a series of fucosylated oligosaccharides and quantified the amount of
released fucose in vitro. Although more than one GH activity has been
reported for this family, FucOB was very specific to L-fucose, which is
equivalent to 6-deoxy-L-galactose (Fig. 2a; Supplementary Table 1).
FucOB displays a-1,2-L-fucosidase activity and showed no activity
against a-1,3, a-1,4, and a-1,6 fucosylated oligosaccharides (Fig. 2a). It is
worth noting that the Fucal-2Galp epitope is part of the oligo-
saccharide anchor of blood group A, B and H antigens, present in many
human tissue surfaces such as RBC or gastrointestinal epithelium. We,
therefore, evaluated the ability of FucOB to process the «-1,2 linked
fucose residue on synthetic oligosaccharides representing Type I,
Type II, Type V H antigens, Type V A antigens and Type V B antigens.
Interestingly, we found that FucOB hydrolyzes all three types of H
antigen structures to obtain the afucosylated Bombay phenotype and
very poorly hydrolyze the a-1,2 linked fucose in the branched struc-
tures of the A or B antigens (Fig. 2b; see the “Methods” section). We
further compared the enzymatic activity and substrate specificity of
two FucOB homologs from family GH95, BbAfcA from Bifidobacterium
bifidum (29% identity with FucOB) and Fucosidase 95A from Bifido-
bacterium longum CZ0511 (BiFuc95A; 29% identity with FucOB; NZY-
Tech). As depicted in Fig. 2a, b, both BbAfcA and BiFuc95A are a bit
faster than FucOB in cleaving a-1,2 fucose but clearly less specific with
activity also towards «-1,3 fucose as well. These results highlight the
value of FucOB, a very specific enzyme for a-1,2-L-fucosylated sub-
strates, and shows no activity against a-1,3, a-1,4, and o-1,6 fucosylated
substrates. Lastly, we assessed the ability of FucOB to hydrolyze fucose
not just from synthetic oligosaccharides but also in the context of a
larger glycoconjugate such as a glycoprotein. To this end, we gly-
coengineered the TNFa receptor to carry 8-11 a-1,2-fucosylated core 1
O-glycans, corresponding to Type Il H antigen structures, and used
this as a model substrate to assay FucOB activity. After 1h of incuba-
tion, the substrate was completely defucosylated by FucOB as
demonstrated by reverse phase LC-MS (Fig. 2c).

The architecture of full-length FucOB

The crystal structure of the unliganded form of full-length FucOB was
determined at 1.8 A resolution using molecular replacement methods
(FucOB; Supplementary Table 2; the structural model used for mole-
cular replacement corresponds to the PDB code 2EAB; see the
“Methods' section). The high quality of the electron density maps
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Fig. 2 | Substrate specificity of FucOB. a, b Quantification of released fucose after
incubation of synthetic oligosaccharides with FucOB, BiFuc95A, and BbAfcA for
30 min at 37 °C. Free fucose levels were quantified spectrophotometrically and
compared to a standard curve of known concentrations. Bars and error bars
represent the mean and standard deviation of triplicate measurements (shown as
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three empty dots). ¢ Deconvoluted mass spectra of the TNFR fragment of gly-
coengineered etanercept before (black) and after (red) incubation with FucOB for
1h at 37 °C. The major peaks are annotated with average mass and glycan com-
position. Source data are provided as a Source Data file.

allowed the trace of residues 25-785 (Supplementary Fig. 3). A close
inspection of the crystal structure revealed that FucOB crystallized as a
monomer comprising three domains from the N- to the C-terminus: (i)
a B-sandwich domain (residues 25-260), (ii) an (a/a)e helical barrel
catalytic domain (residues 357-712) and (iii) a second B-sandwich
domain (residues 713-785; Fig. 3a-c). It is worth noting that the
N-terminal -sandwich domain is connected to the catalytic helical
barrel domain through a linker comprised of five a-helices (a3, o4, a6,
o7 and a short a5; residues 261-356; Fig. 3a—c). The first 3-sheet of the
N-terminal 3-sandwich domain consists of nine B-strands with topol-
ogy P1-p6-p7-B8-B9-Bl6-P13-P12-Bl11 (B6, P8, Pl6, P12 are anti-
parallel), whereas the second -sheet comprises seven B-strands with
topology [(2-f3-B4-B5-B10-f15-f14 (B2-p4-p10-B14 are anti-
parallel), with an overall size of 41A x40 A x11 A (Fig. 3a-c). The cen-
tral catalytic core (a/a)e helical barrel domain consists of 12 a-helices
(a8 to a19; Fig. 3a—c). The C-terminal B-sandwich domain consists of a
B-sheet of five P-strands with topology P17-320-321-$22-23
(320-322-323 are antiparallel), whereas the second 3-sheet comprises
eight B-strands with topology (324-325 (325 is antiparallel), with an
overall size of 27 Ax17 Ax10 A.

The (a/a)e helical barrel of FucOB displays a deep groove
where the active site is located, mainly flanked by solvent-exposed
and flexible loops, including loop 25 (a7-a8; residues 357-386),
loop 28 (a9-al0; residues 429-458), loop 33 (B19-al3; residues

547-550), loop 35 (a14-al5; residues 587-614); loop 37 (ax16-al7;
residues 651-655), loop 39 (a18-al9; residues 683-699) and a-
helix 8 (residues 387-392) (Fig. 3a-c). A first glycerol molecule is
deeply buried into a pocket defined by W378, H383, W655, and
H693. The O1 and 02 atoms make hydrogen bonds with the side
chains of N387 and Q697, respectively. A second glycerol molecule
accommodates into an adjacent solvent exposed pocket mainly
defined by Y106 and W453. The O3 and 02 atoms make hydrogen
bonds with the side chains of S444 and H383, respectively. The two
glycerol molecules are involved in additional hydrogen-bonding
interactions with a few water molecules. A third glycerol molecule
is located near the first glycerol molecule. The O1, 02, and 03
atoms interact with the side chains of H693, R612, and Hé613,
respectively. FucOB as well as other members of the GH95 family
follow a single displacement inverting catalytic mechanism®. A
conserved glutamic acid (E541 in FucOB; Supplementary Fig. 4)
acts as a general acid catalyst. Mutation of E541 by alanine com-
pletely abolished the hydrolytic activity of the enzyme (see below).
There is no carboxylic acid residue at the appropriate position for
a general base catalyst, therefore, it is proposed that a water
molecule acts as a general base in the reaction, activated by two
asparagine residues (N385 and N387 in FucOB) and an aspartic acid
residue (D699 in FucOB) to perform the nucleophilic attack to the
fucose’*® (Supplementary Fig. 4).
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substrate binding pocket.

A search for structural homologs using the DALI server
revealed that FucOB shows structural similarity to the four
members of the GH95 family for which, to date, experimental
structural data have been reported: (i) a-1,2-fucosidase XacAfc95
from Xanthomonas citri (PDB code 7KMQ; Z-score of 42; root
mean squared deviation (r.m.s.d.) value of 1.8 A for 679 aligned
residues; 35% identity)*, (ii) a putative GH95 member from
Bacillus halodurans (PDB code 2RDY; Z-score of 41.3; r.m.s.d.
value of 1.9 A for 675 aligned residues, 36% identity), (iii) «-1,2-
fucosidase BbAfcA from B. bifidum (PDB code 2EAB; Z-score of
41.3; r.m.s.d. value of 22A for 698 aligned residues; 33%
identity)*®* and (iv) a-L-galactosidase BACOVA_03438 from Bac-
teroides ovatus (PDB code 4UFC; Z-score of 40.5; r.m.s.d. value of
1.8A for 677 aligned residues; 35% identity)*® (Supplementary
Figs. 5-7). Interestingly, the genome of A. muciniphila strain ATCC
BAA-835 encodes solely one additional enzyme that belongs to
the GH95 family, Amuc_0186°, which shares 29% sequence iden-
tity with FucOB.

Structural basis of H antigen recognition and specificity
by FucOB
To further understand the FucOB substrate specificity at the molecular
level, we performed co-crystallization experiments with (i) wild-type
FucOB and (ii) the catalytically inactive variant FucOBEs414, both in the
presence of V Type H blood group antigen as the substrate. Despite
many efforts, we could not crystallize FucOB or FucOBgssa in the
presence of the substrate or the corresponding product. The struc-
tural comparison of FucOB and the FucOBgs4;14 revealed that the pro-
tein structure is mostly preserved and that there are no substantial
conformational changes (r.m.s.d. of 0.477 A for 761 residues). The
crystal packing analysis of FucOB and FucOBgs4;4 Structures reveals a
strong m-1 stacking interaction between W453 with two prolines
residues, P765 and P783, of the neighbor protomer. Consequently, this
protomer restricts the entrance of the substrate into the active site,
supporting the inability to obtain a complex crystal form.

To describe the architecture of the H-type blood group epitope
binding site, we thus generated a three-dimensional model of FucOB in
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Fig. 4 | Structural basis of FucOB specificity for H-type blood antigen. a Surface
representation of the FucOB structure, with annotated domains and loops, showing
the location of the Type Il H antigen substrate. b Cartoon representation of the

FucOB structure, showing the location of the Type Il H antigen substrate. ¢ Surface

representation of FucOB showing the location of the Type Il H antigen into the
active site. Docking calculations of FucOB with different blood group antigens
includingd Type Il H, e Type Il A, and f Type Il B. The predicted clashes are shown as
green dotted squares and H bonds are shown as black dotted lines.

complex with H, A, and B antigens by in silico molecular docking cal-
culations. To this end, we defined the putative FucOB substrate bind-
ing site considering the crystal structure of BbAfcA in complex with the
substrate 2’-fucosyllactose (2’FL; Fucal-2GalB1-4Glc; PDB code 2EAD).
The H antigen’s 04 and O5 atoms of the galactose ring make hydrogen
bonds with W378, whereas O3 and 04 atoms make hydrogen bonds
with H383, both residues located in loop 25. In contrast, the fucose
residue in H antigen is more deeply buried in the active site of FucOB.
The 04 atom makes a hydrogen bond with H693 in loop 39; O5 makes a
hydrogen bond with N387 located in a-helix 8; whereas O4 and 03
atoms make hydrogen bonds with W655 in loop 37 (Fig. 4a-d). Con-
versely, molecular docking calculations for the A-type blood group
epitope containing the GalNAcal-3(Fucal-2)Gal oligosaccharide show
that the GalNAc residue exhibits significant clashes with the protein
(Fig. 4e). Specifically, GalNAc residue’s ring shows clashes, including C1

and C2 with T443 located in loop 28, and C2, C3, C4, 03 and 04 with
N385 located in loop 25. Moreover, the acetyl group clashes with T443
and S444 in loop 28, and H383 in loop 25. Furthermore, molecular
docking calculations for the B-type blood group epitope, containing
the Galal-3(Fucal-2)Gal oligosaccharide, show similar significant cla-
shes of the Gal residue with the protein as observed with the A anti-
gen (Fig. 4f).

To further support these findings at the molecular level, we first
performed 0.5 us molecular dynamics (MD) simulations of the FucOB
in complex with H, A, and B type antigens obtained by in silico mole-
cular docking calculations (see Fig. 4d-f, respectively). The relative
movement between the ligands and the enzyme was analyzed by
monitoring the distance between the center of the aromatic ring of
W378 and the methyl group of the fucose residue (Supplementary
Fig. 8). The MD simulations clearly show that the type H antigen is
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deviation of triplicate measurements. Source data are provided as a Source

Data file.

stable and maintains this interaction throughout the trajectory. Several
hydrogen bonds between the antigen and FucOB are also formed. In
contrast, the type A and B antigens explore other areas of FucOB or
almost detach from the enzyme (Supplementary Fig. 8).

We then performed single-point alanine mutations of residues in
the loops that decorate the (-barrel core of the enzyme and contact
the H antigen substrate (Fig. 5). We studied the ability of 11 single-point
mutants to process the fucose residue on two substrates, Type Il and
Type V H antigens. Specifically, we individually mutated key residues in
loop 25 (W378A, H383A, N385A), loop 28 (T443A, S444A, W453A), loop
35 (H613A); loop 37 (W655A), loop 39 (H693A and D699A) and o-helix
8 (N387A), in addition to the catalytically inactive E541A (Fig. 5a, b;
Supplementary Fig. 9). Collectively, the mutational analysis of the
FucOB loops that contact the fucose residue (loops 25, 35, 37, and 39)
and N387A located in a-helix 8, indicated they were critical for Type Il
and Type V H antigens recognition (Fig. 5c). Interestingly, the muta-
tions T443A and S444A were nearly dispensable for the enzymatic
activity, while W453A resulted in a very significant reduction of the
FucOB activity (Fig. 5c). It is worth mentioning that residues T443,
S444, and W453 of loop 28 contacts the galactose ring. The side chains
of T443 and S444 make hydrogen bonds with O3 and O4 atoms of
galactose, while W453 stabilizes the sugar ring by a stacking interac-
tion which, in light of the experimental data, seems to play an impor-
tant role in FucOB substrate binding (Fig. 5a-c).

A detailed comparison of FucOB structures with that of the only
four GH95 members for which experimental structural information is
currently known provides additional deep insights into the molecular
mechanism of H-type blood group epitope recognition and specificity.
The three-domain architecture is essentially preserved between the
five GH95 members, with FucOB displaying the largest substrate
binding groove (Supplementary Figs. 5 and 10). However, the struc-
tural variability of the loops that decorate the active site might account

for the differences in enzymatic activity and substrate specificity. In
that sense, the available structural information of enzyme-ligands
complexes is also limited to just four: «-L-galactosidase
BACOVA _03438 in the presence of 3-L-Gal (PDB code 4UFC), and o-1,2-
fucosidase BbAfcA in the presence of the substrate 2’FL (PDB code
2EAD), the products a-L-Fuc and GalB1-4Glc (PDB code 2EAE) and the
deoxyfuconojirimycin inhibitor (DFJ; PDB code 2EAC). The active site
along the GH95 family shows two different conformations of the loop
where the catalytic E541 is located. In the unliganded structures of
FucOB and BbAfcA (PDB code 2EAB), this loop moves away from the
binding site creating an open groove. However, this loop adopts a
different conformation in GH95 family crystal complexes of BbAfcA
(PDB code 2EAC and 2EAE) and BACOVA 03438 (PDB code 4UFC) with
glycan substrates, moving around 2.8 A closer to the substrate and
closing the active site.

Structural comparison of the FucOB complex with the H-type
antigen obtained by in silico molecular docking calculations with that
of BbAfcA in complex with 2’FL reveals that both ligands superimpose
well (Supplementary Fig. 11). Single-point mutational analyses in the
FucOB and BbAfcA enzymes support that residues N385, N387, E541,
and D699 (N421, N423, E566, and D766 in BbAfcA, respectively) play
critical roles in the catalytic mechanism of GH95 members. FucOB
residues W378, H383, H613, W655, and H693, which also comprise the
fucose binding pocket, were found essential for the enzymatic activity
and are largely conserved not only in BbAfcA (W414, H419, H678,
W?722, and H760, respectively) but also other a-1,2-fucosidase mem-
bers of the GH95 family (Supplementary Fig. 5). Our mutagenesis data
identified W453 as an important residue for the interaction with the
galactose residue at the +1 subsite. Interestingly, the structure-based
alignment shows variability in the region comprising loop 28. How-
ever, the enzymes preserve an aromatic residue at this position (W500
in BbAfcA, F435 in BACOVA_03438; Supplementary Figs. 5 and 11).
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Altogether our structural and enzymatic data strongly support com-
mon substrate binding and catalytic mechanisms for the «-1,2-fucosi-
dase members of the GH95 family.

Finally, a structural comparison between BACOVA_03438 (o-L-
galactosidase) and BbAfcA (a-1,2-L-fucosidase) suggested that a single
residue located at the -1 subsite could determine the substrate spe-
cificity for L-galactose or L-fucose. Specifically, T370 in
BACOVA 03438 interacts with the L-galactose 06 atom by hydrogen
bonds, whereas H419 in BbAfcA interacts with the L-fucose C6 methyl
group by aliphatic interactions®. Nevertheless, very limited structural
data are available for this family to conclude that this polymorphic
position at the —1 subsite is the sole structural feature that determines
the substrate specificity of this family. In that sense, subsequent bio-
chemical characterization and the structural determination of other
GH95 family members demonstrated that this polymorphic position
was not essential for substrate recognition in this family of enzymes.
This is the case of XacAfc95 from Xanthomonas axonopodis pv. citri***,
and Blon_2355 from Bifidobacterium longum subsp. Infantis*®, both of
which contain a threonine residue at -1 subsite and showed o-1,2-L-
fucosidase activity (Supplementary Fig. 11). In addition, the mutation
T395H in XacAfc95 maintains the substrate specificity for L-fucose™.
Interestingly, the catalytic domain of BbAfcA did not liberate fucose
from any of the artificial substrates examined, p-nitrophenyl (pNP)-a-L-
fucoside, pNP-B-L-fucoside, and 4-methylumbelliferyl-a-L-fucoside®.
Similarly, BACOVA_03438 lacks enzymatic activity against 4-nitrophe-
nyl-a-L-galactopyranoside®. Therefore, it was suggested that the sub-
site +1 could also play a role in defining the enzymatic activity and
specificity of GH95 enzymes®. However, according to our activity
assays, FucOB and XacAfc95*, hydrolyze fucose from pNP-a-L-

fucoside artificial substrate. These findings support a more elaborate
mechanism of substrate selectivity in the GH95 family members that is
not restricted to direct interactions with the residues comprising the
-1 subsite.

FucOB converts universal O to rare Bombay-type blood group

Our enzymatic activity assays clearly showed that FucOB can hydrolyze
the o-1,2 linked fucose residue in Type I, Type II, Type IlI, and Type VH
antigens, generating the afucosylated Bombay phenotype. In contrast,
FucOB cannot cleave the a-1,2 linked fucose residue from Type V A
antigen or the Type V B antigen. To determine whether FucOB can
convert universal O into a rare Bombay type blood group, type O RBCs
were incubated with 200, 50, 5, 0.5, 0.05, and 0.005 pg mL™ of either
FucOB or the catalytically inactive version of the enzyme FucOBEs414,
and analyzed by agglutination assays against naturally containing anti-
H Bombay serum (Fig. 6a, b; Supplementary Fig. 12; see the “Methods”
section). Strikingly, as depicted in Fig. 6b, RBCs pre-incubated with
FucOB at 200, 50, and 5ug mL™” showed no agglutination in the pre-
sence of Bombay serum that contains anti-H antibodies. This result
clearly indicates the cleavage of the L-fucose present in the H antigen
and therefore, the conversion of universal O into a rare Bombay-type
blood group. It is worth noting that all O RBCs previously incubated (i)
without enzyme or (ii) with the inactive FucOBEs414, agglutinated due
to the presence of anti-H antibodies in the Bombay serum, showing the
classic hemolytic reaction described once Bombay blood is mixed with
any kind of ABO blood group sample”. To check whether this phe-
nomenon is reproducible and representative in a larger number of
samples, we repeated the experiment with RBCs from 20 donors, 10 O
Rh negative and 10 O Rh positive. All universal O RBCs were converted
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to rare Bombay type blood group (Supplementary Fig. 13). To further
support and validate our findings, we performed a secondary agglu-
tination test using an anti-H lectin, a blood grouping reagent prepared
from an extract of Ulex europaeus seeds. As depicted in Supplementary
Fig. 14, RBCs from O donors pre-incubated with FucOB 5pugmL™?
showed no agglutination in the presence of the anti-H lectin. In con-
trast, the catalytically inactive FucOBgs4;4 sShowed a clear agglutination
reaction after treatment with the anti-H lectin. These results also
support the cleavage of L-fucose present in the H antigen by FucOB
and the conversion of universal O into a rare Bombay-type
blood group.

The viability and integrity of converted Bombay RBCs by the
action of FucOB were essentially preserved (Fig. 6; Supplementary
Fig. 15). Supporting this notion, RBCs belonging to O-negative and
O-positive blood groups were subjected to different tests that are
carried out routinely in the clinic. On the one hand, RBCs from non-
treated blood, as well as RBCs incubated with and without 50 ug mL™
of FucOB at 37 °C, were visualized in blood smears to check whereas
the morphology of the erythrocytes is affected by (i) the incubation
temperature or (ii) the action of FucOB on the H surface antigen of the
erythrocytes. As shown in Fig. 6c,d, all RBCs display a normal bicon-
cave morphology®. On the other hand, we performed the glucose-6-
phosphate dehydrogenase (G6PD) assay in the same RBCs. G6PD is a
ubiquitous enzyme present in the membrane of erythrocytes that
plays a critical role in the redox metabolism of all aerobic cells. The
enzyme catalyzes the first and rate-limiting step of the pentose phos-
phate pathway, generating NADPH and ribose-5-phosphate, which is
essential for the production of nucleotide coenzymes and nucleic
acids and therefore, cell division*®. The positive results in all of our
samples indicate that the viability and integrity of the cell membrane
are preserved (Supplementary Fig. 15).

To evaluate whether the conversion of O-type RBCs by FucOB was
complete, we studied by fluorescence-activated cell sorting (FACS)
analysis after treatment of O-type RBCs with the active enzyme (Fig. 7).
For that, we first identified RBCs based on the expression of CD235a
(glycophorin A), a transmembrane glycoprotein expressed by ery-
throcytes, and then determine the frequency of antigen H+ cells (see
the gating strategy in Supplementary Fig. 16) with 2 different anti-H
blood group monoclonal antibodies (clone 97-1 and clone 86-M anti-H
monoclonal antibodies) and an H antigen recognizing conjugated
lectin (see the “Methods” section). The percentages of positive cells
resulted in (i) 64.2% when we used clone 97-1, and (ii) 56.7%, when we
used clone 86-M. Importantly, the experiments performed with the
anti-H lectin showed that practically all group O red cells, 95.1%, were
positive. It is worth noting that the inability of anti-H antibodies to label
all O-type RBCs may be related to the fact that the expression of blood
antigens is variable depending on the donors*** and/or the quality of
the antibodies. Interestingly, in the literature, the expression of the H
antigen by flow cytometry on O-type RBCs is generally performed by
staining with anti-H lectin®’. Importantly, the binding of the anti-H
monoclonal antibodies and the anti-H lectin completely disappeared
when O-type RBCs were pre-treated with FucOB (Fig. 7).

Discussion

The only structural difference between the ABO blood group antigens
is the presence or absence of an external sugar residue linked to the
common chain precursor in A, B, and H antigens, respectively (Fig. 1)".
Therefore, the enzymatic modification of one sugar in the oligo-
saccharide could change the blood group of RBCs into another one,
being the conversion of A, B, and AB blood groups into O, the called
universal blood, highly important for the universal blood supply of
blood banks in emergency situations®. This concept was first
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proposed/demonstrated using an a-galactosidase from green coffee
beans, to convert B-type RBCs into universal O, following a subsequent
successful  transfusion***,  Two  families of  «-N-acet-
ylgalactosaminidases (GH109) and a-galactosidases (GH110) success-
fully converted their corresponding B and A RBCs*. However, large
quantities of enzymes were needed, rendering the approaches
impracticable. The complete removal of both the A and B antigens was
achieved with the endo-galactosidase E-ABase from Clostridium per-
fringens, which cleaves the terminal trisaccharides*®. More recently, a
significant advance was made by functional metagenomic screening of
the human gut microbiome for enzymes that can convert the A or
B-type antigens into universal O antigens. An enzymatic pathway from
the obligate anaerobe Flavonifractor plautii comprising (i) an N-acet-
ylgalactosamine deacetylase and (i) a galactosaminidase (GH36),
converted A" RBCs to O-type universal donor RBCs via a unique
mechanism*’. Their ability to complete the conversion at very low
enzyme concentrations in whole blood will simplify their incorpora-
tion into blood transfusion practice, broadening blood supply®. In
addition, both enzymes were also used to convert blood group A lungs
to blood group O lungs using ex vivo lung perfusion®. The authors
showed minimized antibody binding, complement deposition, and
antibody-mediated injury after enzymatic treatment suggesting that
this strategy has the potential to improve equity in the allocation of
organs for transplantation®’.

A rare blood donor phenotype occurs at least 1/1000 and includes
high-frequency-antigen-negative ~ and  multiple-common-antigen-
negative blood groups, including the Bombay phenotype. Due to the
low frequency of each rare blood group, it is crucial to have an accurate
international database of rare blood donors to ensure that patients
who require lifesaving rare blood units can receive them. Thereis also a
rare inherited primary immunodeficiency disorder called leukocyte
adhesion deficiency (LAD) that causes the Bombay phenotype. Type Il
(LAD 11) disorder results from a defect in fucose metabolism which
enables the correct fucosylation of glycoproteins, including H antigen
biosynthesis™*2. Due to the low prevalence of each rare disease,
medical expertise is rare, knowledge is scarce, care offerings inade-
quate, and research is limited. Thus, despite their large overall number,
rare disease patients are the orphans of health systems*>**,

Efforts were concentrated on the identification of an enzyme
capable of performing the conversion of universal type H into rare
Bombay-type blood. Up to date, only 14 GH95 family members were
reported to have a-1,2-L-fucosidase activity (EC 3.2.1.63; Fucal-2Galf3
as substrate; 11 from bacterial species and three eukaryotic enzymes;
Supplementary Table 1). The removal of the fucose residue from the
H-antigen oligosaccharide in RBCs was initially explored using an «-1,2-
fucosidase from Aspergillus niger*>. However, the enzyme displayed an
optimum pH of 4.5, limiting its practical application®. An «-1,2-fuco-
sidase successfully modified the Type Il chain H antigen on RBCs.
However, the Type Il chain H antigen was unaffected. In addition, the
enzyme displayed maximum activity at acidic pH values, reducing its
application”. Interestingly, synthetic metallopeptides of 16 to 20
amino acids were designed as artificial fucosidases to remove fucose
from Type Il H antigen on RBCs®. More recently, a membrane o-1,2-
fucosidase from Elizabethkingia meningoseptica showed activity on
Type I, Type II, and Type IV H antigens, producing H-deficient RBCs*.
Its amino acid sequence displayed ca. 23.9% identity with the soluble
FucOB from A. muciniphila®®. FucOB shows encouraging character-
istics as an a-1,2-fucosidase. First, FucOB is easily produced in high
yields and purity, 5.0 mgL™. Second, according to our Bombay con-
version enzymatic assays, the amount of active enzyme able to
hydrolyze the fucose from H antigen in O blood samples is very low,
5ug mL™. Finally, FucOB displayed the ability to convert O group into
Bombay in complete blood and non-washed RBC samples. We directly
incubated the enzyme at 37 °C with blood samples collected from the
Blood Bank to perform G6PD activity assay and blood smears and we

measured that the enzyme can hydrolyze the fucose from H antigens in
that condition. Altogether, we propose FucOB as a promising bio-
technological and therapeutic tool to cleave the fucose present in
O-type blood RBCs and therefore, convert universal O-type blood into
rare Bombay-type blood facilitating the transfusion to Bombay phe-
notype individuals. Taking into account our extensive/thorough
structural, biochemical, and substrate specificity analysis of FucOB, it
is tempting to speculate that other members of the GH95 family (e.g.
BbAfcA) will likely serve the same purpose as FucOB regarding the
conversion of O blood group to the Bombay blood group.

Given the complexity and diversity of intestinal mucin glycan
structures, the deconstruction of these molecules involves the con-
certed action of GHs encoded by the genome of mucin-degrading
bacteria. In mucins, the core structures are elongated and frequently
modified by fucose residues through o-1,2, a-1,3, and «-1,4 linkages’*".
Genes encoding for fucosidases are widely distributed in the genome
of gut bacteria. They mostly belong to the GH29 and GH95 families,
which follow retaining and inverting catalytic mechanisms®*?,
respectively. Transcriptional data support the notion that GH29 and
GH95 fucosidases play an important role in the ability of Bacteroides
thetaiotaomicron VPI-5482%, Bifidobacterium longum subsp. infantis
ATCC 15697°%, Bifidobacterium bifidum JCM 1254°*, and Ruminococcus
gnavus ATCC 29149 to utilize mucins as a source of carbon. To date,
only four GH95 fucosidases from human gut commensal strains have
been biochemically characterized: (i) a-1,2-L-fucosidase AfcA from B.
bifidum JCM 1254%°, (ii) a-1,2-L-fucosidase Blon 2335 from B. longum
subsp. infantis ATCC 697, (iii) a-1,2-fucosidase RiFuc95 from Rose-
buria inulinivorans DSM 16841°°, and (iv) «-L-fucosidase
RUMGNA_00842 from R. gnavus ATCC 29149%". The genome of A.
muciniphila strain ATCC BAA-835 encodes four GH29 and two GH95
genes. Both GH95 fucosidases Amuc_0186 and FucOB (Amuc_1120)
were significantly upregulated when A. muciniphila was grown in
mucin®. Although there is no experimental evidence of Sus-like sys-
tems in Verricomicrobium phylum?, careful inspection of the protein-
encoding genes in the genome of A. muciniphila ATCC BAA-835 strain
showed that the fucOB gene is close to (i) OgpA, a paradigmatic O-
glycopeptidase that exclusively hydrolyzes the peptide bond
N-terminal to serine or threonine residues substituted with an O-gly-
can, and (ii) a predicted sulfatase (Amuc_1118) (Supplementary Fig. 1).
Altogether, our experimental data support that the two enzymes seem
to be part of a conserved cluster dedicated to the mucin degradation
system.

The composition and physiology of the gut microbiota play a
major role in human health and disease. Alterations of such equili-
brium have been implicated in several pathologies, including meta-
bolic disease, cardiovascular disease, type-2 diabetes, and cancer™**°5,
In the colon, the mucus lining the epithelium is critical for maintaining
a homeostatic relationship with the gut microbiota by harboring a
microbial community at a safe distance from the epithelial surface®’.
The mucin glycans that make up the mucus layer provide binding sites
and a sustainable source of nutrients for bacteria that inhabit the
mucus niche’®. The peripheral terminal epitopes show considerable
variation with a decreasing gradient of fucose and ABH blood group
antigens expression from the ileum to the colon™. For example, H and
A blood group antigens were shown to be present exclusively in the
ileum and cecum’ It is worth noting that ABH blood group antigens
can play a direct role in infection by serving as receptors and/or co-
receptors for bacteria, parasites, and viruses”. Interestingly, the
human gut symbiont R. gnavus showed specificity to blood group A
antigen during mucin glycan foraging. This capacity was conferred by a
gene encoding for a predicted GH98 blood-group endo-f-1,4-
galactosidase®”. The experimental data point support that the GH
repertoire of R. gnavus strains enables them to colonize different
nutritional niches in the human gut, a model that could be operational
in other members of the gut microbiota.
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Carbohydrate-specific enzymes are well-established tools and are
often used to advance the analytical methods within glycobiology. The
use of high-resolution mass spectrometry in glycobiology research has
increased both the sensitivity and the level of detail that can be stu-
died. Many of the enzymatic tools available have remained the same
since their development, often in the early days of glycobiology.
Lately, several new and improved exoglycosidases have been brought
to the market and found applications within basic glycobiology
research and as tools for the biopharmaceutical industry developing
novel glycoprotein therapeutics®’*7¢. FucOB is commercialized in the
context of an a-fucosidase mix, FucosEXO™, for efficient removal of
«1-2, al-3, and al-4 linked fucose from N- and O-glycoproteins or free
oligosaccharides and applications in fundamental glycomics and
research’”. This illustrates how novel enzymes such as FucOB can be
used as tools to address scientific challenges and push the boundaries
of science.

Methods

Materials

Blood group H antigen triaose type I, blood group H antigen triaose
type V (2-fucosyllactose), blood group H antigen triaose type II, blood
group A antigen triaose type V, blood group B antigen triaose type V
were purchased from ELICITYL. 3-fucosyllactose was purchased from
Carbosynth, GDP-Fucose, and Lewis a trisaccharide from Sigma
Aldrich, and 6-fucosylchitobiose (GIcNAcB(1-4)[Fuca(1-6)]GIcNAc)
from TCI. Anti-blood group H ab antigen antibody [97-1] (ab24213; the
epitope is a carbohydrate moiety) and mouse IgM [B11/7]-Isotype
control (ab91545) were purchased from Abcam, anti-blood Group H n/
ab antigen antibody [86-M] (AGM-022Y]J) was purchased from Creative
Biolabs, goat anti-mouse IgM (Heavy chain) cross-adsorbed secondary
antibody PE (M31504) and CaptureSelect IgG-Fc were purchased from
Thermo Fisher Scientific, and BV421 Mouse Anti-Human CD235a were
purchased from BD Biosciences (cat. number 562938) Anti-H lectin
reagent (extract of Ulex europaeus seeds) was purchased from BioRad
and FITC-conjugated anti-H lectin (also an extract of Ulex Europeaus)
(L32476) was purchase from Thermo Fisher Scientific. SialEXO, PNGase
F, and FabRICTOR were from Genovis AB and Recombinant Fut2 was
purchased from R&D systems. Fucosidase 95A from Bifidobacterium
longum (CZ0511) was purchased from NZYTech.

Human samples and ethics statement

Tubular segments attached to RBCs concentrate units from
anonymous healthy donors were obtained from the Blood Bank of
Cruces University Hospital. The study was approved by the Ethics
Committee for Clinical Research of Cruces University Hospital
(CEI E21/65) in accordance with Spanish Law and the Declaration
of Helsinki.

Cloning of wild-type and single-point mutants of FucOB from A.
muciniphila strain ATCC BAA-835 and BbAfcA

The pET29a-Amuc 1120, pET29a-Amuc 1120%** (pET29a-fucOB and
pET29a-fucOB®"* genes, hereafter), and the catalytic domain of
pET29a-BbAfcA* were synthesized/sequenced by ATG: biosynthetic.
The fucOB, fucOB®*", and BbAfcA were introduced into the pET29a
plasmid using the Ndel and Hindlll sites. The recombinant FucOB and
FucOBEs41a (796 residues) have a deletion of the first 23 residues that
were predicted as a signal peptide and an additional peptide of 17
amino acids at the N-terminus that includes a histidine tag (Supple-
mentary Fig. 2). pET29a-fucOB"**", pET29a-fucOB™***, pET29a-
fucOB™*®A, pET29a-fucOBN*™, pET29a-fucOB™**, pET29a-fucOB>****,
pET29a-fucOB“***, pET29a-fucOB"", pET29a-fucOB"***, pET29a-
fucOB"*, pET29a-fucOB"*** were generated by QuikChange site-
directed mutagenesis (Fig. 5; Supplementary Figs. 9 and 11; Supple-
mentary Table 3)’%. BbAfcA also includes a histidine tag at N-terminus.

Expression and purification of wild-type and single-point
mutants of FucOB from Akkermansia muciniphila strain ATCC
BAA-835 and BbAfcA

Escherichia coli BL21 (DE3) cells transformed with pET29a-fucOB,
pET29a-fucOB®™**, pET29a-fucOB"*’**, pET29a-fucOB"****, pET29a-
fucOB“*™A, pET29a-fucOBN*™, pET29a-fucOB™**, pET29a-fucOB>****,
pET29a-fucOB"***, pET29a-fucOB™", pET29a-fucOB"***, pET29a-
fucOB"***, pET29a-fucOB”*** or pET29a-BbAfcA were grown in Luria
Broth (LB) medium supplemented with 50 pgmL™ of kanamycin at
37 °C. When the culture reached ODggg = 0.6, Protein expression was
induced by adding 1.0 mM isopropyl -thiogalactopyranoside (IPTG).
After 20 h at 18 °C, cells were harvested at 5000 x g for 20 min at 4 °C
and resuspended in 50 mL of 50 mM Tris-HCI pH 7.5, 500 mM NacCl,
containing protease inhibitors (Complete EDTA-free, Roche) and
0.5uL L™ of the culture of benzonase (Sigma Aldrich). Cells were
then disrupted by sonication in 12 cycles of 10 s pulses, with 60 s
cooling intervals between the pulses, and 60% of amplitude and
the suspension was centrifuged for 30 min at 59,000 x g at 18 °C.
The supernatant was filtered by 0.22 pm pore size Merck Millipore
Durapore™ PVDF Membrane Filters and subjected to Ni**-affinity
chromatography using a HisTrap Chelating column (5mL, GE
HealthCare) equilibrated in 50 mM Tris-HCI pH 7.5, 500 mM Nacl.
Elution was performed with a linear gradient of 0-500 mM imi-
dazole in 300 mL of 50 mM Tris-HCI pH 7.5, 500 mM NaCl at
4 mL min™.. Fractions of interest were pooled, buffer exchanged to
50 mM HEPES pH 7.0 in a 30 kDa cut-off centrifugal filter, and
loaded into a HiTrap SP HP column (1 mL; GE HealthCare), equili-
brated in buffer 50 mM HEPES pH 7.0. Elution was performed with
a linear gradient of 0-1000 mM NaCl in 30 mL of 50 mM HEPES pH
7.0, at 1mL min™’. Fractions of interest were pooled and loaded
onto a Superdex 75 16/600GL (GE Healthcare) equilibrated in the
corresponding buffer according to the experiment to be per-
formed (20 mM Tris-HCI pH 7.5. for crystallization assays and
50 mM Tris-HCI pH 7.5 and 150 mM Nacl for blood group conver-
sion assays). Fractions of interest were pooled and concentrated to
14 mg mL™" and 15 mg mL, respectively, in 20 mM Tris-HCI pH 7.5,
using a 30kDa cut-off centrifugal filter (Millipore) for crystal-
lization purposes. The resulting preparations displayed a single
protein band by SDS-PAGE (Supplementary Figs. 2 and 9). Purified
FucOB and FucOBgsq;a Were produced at 5.0 and 6.8mgL™ of
growth culture. Purified proteins were stored at =80 °C.

FucOB, BbAfcA and BIFuc95A substrate specificity assays

120 nmol each of 3-fucosyllactose, Lewis-A trisaccharide, 6-fuco-
sylchitobiose, blood group H antigen triaose Type |, Type Il, and Type
V (2’-fucosyllactose), blood group A antigen tetraose Type V or blood
group B antigen tetraose Type V were incubated with FucOB, BbAfcA,
and BIFuc95A, at a molar enzyme to substrate ratio of 1:100,000 in
20 mM Tris-HCI pH 6.8. After 30 min incubation at 37 °C, the reac-
tions were stopped by heating to 90 °C for 10 min and the amount of
released fucose in each reaction was determined using the L-fucose
assay kit (Megazyme) according to the manufacturer’s instructions.
In short, L-fucose dehydrogenase and NADP® were added to
the FucOB, BbAfcA, and BiFuc95A digested samples, and the forma-
tion of NADPH during oxidation of t-fucose, stoichiometric with
the amount of free i-fucose in the sample, was monitored
spectrophotometrically.

FucOB activity assay using p-nitrophenyl-a-L-fucose (pNP-Fuc)
500 nmol pNP-Fuc was incubated with 40 ug FucOB in 50 pL 20 mM
Tris-HCI pH 6.8 at 37 °C for 4 h. The reaction was stopped by the
addition of 0.1% formic acid and the product was separated from the
educt by reverse-phase HPLC and quantified using UV detection
at 300 nm.
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Glycoengineering of TNFR

1mg etanercept (TNFR/IgG1 Fc fusion protein) was incubated with
1000 u SialEXO and 1000 u PNGase F for 4 h at 37 °C to desialylate the
O-glycans and remove the N-glycans (to simplify the analysis). 8 mM
GDP-fucose, 10 mM MnCl,, 10 mM CaCl,, and 3 pg recombinant human
Fut2 fucosyltransferase were added and the resulting mixture was
incubated at 37 °C overnight. The resulting fucosylated glycoprotein
was purified using CaptureSelect IgG-Fc (multispecies) according to
the manufacturer’s recommendations.

FucOB activity assays by LC-MS

20 pg of fucosylated etanercept was incubated with 1 pg FucOB for 1 h
at 37 °C in a total volume of 40 pL 20 mM Tris pH 6.8. To simplify the
analysis, the TNFR domain carrying the fucosylated O-glycans was
separated from the Fc region by digestion with FabRICATOR (IdeS)
protease that cleaves the IgG Fc fusion protein at one specific site
below the hinge. The resulting protein subunits were reduced and
denatured by incubation for 1 h at 37 °C in 4 M guanidine-HCI, 100 mM
DTT and analyzed by reverse phase LC-MS using a Bruker Impact Il ESI-
QTOF mass spectrometer.

Activity assay of FucOB mutants

120 nmol each of blood group H antigen triaose type Il and V were
incubated with FucOB at a molar enzyme to substrate ratio of 1:50 000
in 20 mM Tris-HCI pH 6.8. After 30 min incubation at 37 °C, the reac-
tions were stopped by addition of 1:6 (v:v) 1M Tris-HCI pH 10 and the
amount of released fucose in each reaction was determined using the
L-fucose assay kit (Megazyme) according to the manufacturer’s
instructions.

FucOB and FucOBgs,;4 crystallization and data collection
FucOB was crystallized by mixing 0.25uL of a protein solution at
14 mgmL™ in 20 mM Tris-HCI pH 7.5 with 0.05 L of seed stock solu-
tion and 0.2 uL of 200 mM potassium fluoride, 20% (w/v) PEG 3500
(PEG ION HR2-126 protein crystallization screen, Hampton Research).
Seeds stock solution was prepared following Hampton Research pro-
tocols and vortexed bead seed stock technique procedures’. Crystals
grew in 120 days and were cryo-cooled in liquid nitrogen using
200 mM potassium fluoride, 20% (w/v) PEG 3500, and 20% glycerol, as
cryo-protectant solution. The FucOBgss14 Was crystallized by mixing
0.25 pL of a protein solution at 15 mg mL™ and 2.5 mM of A type V blood
antigen in 20 mM Tris-HCI pH 7.5 with 0.05 pL of seed stock solution
and 0.2 uL of 200 mM sodium chloride, 20% (w/v) PEG 3350 (PEG ION
suite protein crystallization screening, Hampton Research). Crystals
grew in 15 days and were cryo-cooled in liquid nitrogen using 200 mM
sodium chloride 20% (w/v) PEG 3350 and 20% glycerol, as cryo-
protectant solution. Complete X-ray diffraction datasets for FucOB
and FucOBgs414 Were collected at XO6DA-PXIII beamline, at the Swiss
Light Source, the Paul Scherrer Institute, Switzerland, and BL13-XALOC
beamline at ALBA, Cerdanyola del Valles, Spain, respectively. FucOB
crystallized in the orthorhombic space group P 2; 2; 2; with one
molecule in the asymmetric unit and diffracted to a maximum reso-
lution of 1.8 A (Supplementary Table 1). FucOBgs4;a crystallized in the
monoclinic space group P 2; with one molecule in the asymmetric unit
and diffracted to a maximum resolution of 1.95A (Supplementary
Table 1)%. All datasets were integrated and scaled with XDS following
standard procedures®.

FucOB and FucOBgs4;4 Structure determination and refinement
The structure determination of FucOB and FucOBgs4;4 Was carried out
by molecular replacement methods implemented in Phaser®* and the
PHENIX suite® using the PDB code 2EAB as a search template. Initial
cycles of model building, density modifications, and refinement by
Buccaneer®* and the CCP4 suite®. The final manual building was per-
formed with Coot®* and refinement with phenix refine®. The structures

were validated by MolProbity®. Data collection and refinement sta-
tistics are presented in Supplementary Table 1. The atomic coordinates
and structure factors were deposited with the Protein Data Bank,
accession codes are 7ZNZ and 7Z00. Molecular graphics and structural
analyses were performed with the UCSF Chimera package®'.

Structural analysis and sequence alignment

Structure-based sequence alignment analysis was performed using
Chimera®’. Protein pocket volume was calculated using HOLLOW®S, Z-
score values were produced by using DALI*’. Domain interface analysis
was performed using PISA’®. Conserved and similar residues were
labeled using the Multiple Align Show server (https://www.
bioinformatics.org/SMS/multi_align.html).

Molecular docking calculations

H, A, and B antigens were modeled using GLYCAM-Web website
(Complex Carbohydrate Research Center, University of Georgia,
Athens, GA; http://www.glycam.com). Ligand docking was performed
using AutoDock Vina employing standard parameters” and visualized
using USCF Chimera®. The active site of FucOB was defined taking into
account the crystal structure of the homologous «-1,2-fucosidase
BbAfcA in complex with the substrate 2-fucosyllactose (2'FL; Fucal-
2GalP1-4Glc; PDB code 2EAD).

Molecular dynamics (MD) simulations

We used the in silico molecular docking structures shown in Fig. 4 as
the initial structures for the three complexed studied by MD simu-
lations. The simulations were carried out with AMBER 20 package®
implemented with ff14SB”> and GLYCAMO6j** force fields. The sys-
tem was neutralized by adding explicit counter ions. Each complex
was immersed in a water box with a 10 A buffer of TIP3P water
molecules”. A two-stage geometry optimization approach was per-
formed. The first stage minimizes only the positions of solvent
molecules, and the second stage is an unrestrained minimization of
all the atoms in the simulation cell. The systems were then gently
heated by incrementing the temperature from O to 300 K under the
constant pressure of 1atm and periodic boundary conditions. Har-
monic restraints of 30 kcal mol™ were applied to the solute, and the
Andersen temperature coupling scheme was used to control and
equalize the temperature. The time step was kept at 1fs during the
heating stages, allowing potential inhomogeneities to self-adjust.
Long-range electrostatic effects were modeled using the particle-
mesh-Ewald method®®. An 8 A cut-off was applied to Lennard-Jones
interactions. Each system was equilibrated for 2 ns with a 2-fs time
step at a constant volume and temperature of 300 K. Production
trajectories was then run for additional 0.5 us under the same simu-
lation conditions.

Blood samples extraction, collection, and storage

Samples of RBC concentrates from anonymous healthy donors were
obtained from blood bag tubing segments at the Blood Bank of Cruces
University Hospital. The samples containing standard preserving CPD-
SAGM media’” were stored at 4 °C until used for up to 35 days. RBCs
from non-treated blood were collected the same day of the experiment
from two healthy consenting donors into a citrate Vacutainer using a
protocol approved by the Ethics Committee for Clinical Research of
Cruces University Hospital (CEI E21/65) in accordance with the Spanish
Law and the Declaration of Helsinki.

Enzymatic conversion of universal O into rare Bombay-type
blood group assay

To analyze the enzymatic conversion of universal O into rare Bombay
type 2mL of healthy donors’ blood samples were first diluted with
18 mL of PBS to reach a 4% red cells suspension and washed twice with
PBS (centrifuged at 5000 x g for 5min at 4 °C). After removing the

Nature Communications | (2023)14:1765

12


https://www.bioinformatics.org/SMS/multi_align.html
https://www.bioinformatics.org/SMS/multi_align.html
http://www.glycam.com

Article

https://doi.org/10.1038/s41467-023-37324-z

supernatant, 18 mL of PBS was added and the suspension was sepa-
rated into 18 aliquots of 1 mL final volume. The samples were cen-
trifuged at 200 x g for 5 min at RT. After removing the supernatant, the
needed amount of enzyme was added over 200 pL final sample
volume, to reach a final concentration of 200, 50, 5.0, 0.5, 0.05, and
0.005 pL mL™ of FucOB or FucOBgs4;4. The mixtures were maintained
in an incubator OPAQ I10-E and the orbital MaXl shaker OL30-ME
(OVAN) at a constant stirring of 110 rpm for 30 min at 37 °C. The cells
were then washed twice with 1mL of PBS. Finally, each sample was
diluted in 200 pL of PBS per sample.

DG Gel column agglutination assay

DG Gel Neutral and DG Gel Coombs cards from Grifols (Diagnostic
Grifols, S.A.) were used for blood group typing and agglutination
assays based on the gel technique described in 1985 by Ives Lapierre®,
We followed the manufacturer’s recommendations. 10 uL of RBC
sample was diluted in 1 mL of Grifols Diluent. 25 pL of Bombay serum
was added to the selected DG Gel wells and 50 L of previously diluted
RBC sample was then added. The DG Gel Neutral cards were incubated
for 15min at RT, whereas DG Gel Coombs cards were incubated for
15 min at 37 °C, and later centrifuge in DG SPIN centrifuge for 9 min at
RT. RBCs that underwent agglutination with anti-H antibody present in
Bombay serum were evaluated following the manufacturer’s instruc-
tions. Briefly, the presence of an RBCs pellet in the bottom of the gel
column indicates no agglutination (negative result) neither hemolysis
in the sample. On the other hand, clumps of RBCs throughout the gel
column indicate cells agglutinated in the sample (positive result). Each
agglutination card has 8 buffered tubes to perform the experiments.
Therefore, the results displayed in the corresponding Figures are
shown in patches.

Anti-H lectin agglutination assay

1mL of two healthy O-negative blood group donor’s samples and 1 mL
of one healthy B-positive blood group donor sample were first washed
twice with 9 mL of PBS and centrifuged at 5000 x g for 5min at 4 °C.
The washed samples were diluted to 500 pL of 4% of red cells sus-
pension. 5 L of the needed amount of FucOB, FUCOBEs4;4, OF PBS (as a
control) was added over the red cells suspension to reach a final
concentration of 5.0 pyg mL™ of the enzyme. The mixtures were incu-
bated for 10 min at 37 °C. 25 pL of each sample was added over 50 pL of
anti-H lectin reagent or PBS (as a control) and results were read mac-
roscopically. The presence of RBCs pellet in the bottom indicates no
agglutination (negative result) or hemolysis in the sample. In contrast,
a reddish solution of RBCs indicates cells agglutinated in the sample
(positive result).

Blood smears

To visualize the RBC physical preservation after conversion, treated
and control samples were observed by May-Griinwald-Giemsa
stained smears®. Specifically, 200 pL of O-negative blood samples
were directly incubated with 50 pgmL™ of active enzyme in an
incubator OPAQ I10-E and the orbital MaXI shaker OL30-ME (OVAN)
at the constant stirring of 110 rpm for 30 min at 37 °C. One drop of
enzymatically converted blood sample was later spread in a glass
slide and fixed by dipping it in absolute methanol for three minutes.
Then, an equal volume of stain solution 1 (0.3 g May-Griinwald
powder in 100 mL absolute methanol) was freshly mixed with a
buffer solution at pH 6.8 of 6.63 g KH,PO,, 2.56 g Na,HPO, 2H,0 and
distilled water up to 1000 mL. The mixture was applied over the fixed
sample for 5 min horizontally positioned. A dilution of stain solution
2 (1g Giemsa stain powder dissolved in 66 mL glycerol, and heated to
56 °C for 120 min to later add 66 mL of absolute methanol) in the
same buffer solution (1:9; v/v) was added over the sample for 15 min.
Finally, the stained sample was washed with water and visualized with
an optical microscope.

Glucose-6-phosphate dehydrogenase assay

To perform glucose-6-phosphate dehydrogenase activity assay
200 plL of O negative blood sample was directly incubated with 50 pg
mL™ of active enzyme in an incubator OPAQ I10-E and the orbital
MaXI shaker OL30-ME (OVAN) at the constant stirring of 110 rpm
incubator for 30 min at 37 °C. Trinity Biotech Glucose-6-Phosphate
Dehydrogenase (G6PD) reagents were used to perform a G6PD
deficiency assay in converted blood samples following the manu-
facturer’s instructions*. 0.2 ml of G6PD substrate solution (Glucose-
6-Phosphate (4 pmol), NADP (1.6 umol), Glutathione, oxidized
(1.6 umol), and lytic agent in 2 mL volume) were incubated at 37 °C
with 0.01 mL blood sample.

Flow cytometry studies

For FACS analysis, enzymatically treated O-type RBCs were diluted
(1:10) in PBS and then 1L of diluted blood was added to 100 pL of
staining buffer (PBS +1% fetal bovine serum). Next, cells were incu-
bated with (1:100) mouse anti-blood group H ab antigen-antibody
(97-1) (from Abcam), (1:10) mouse anti-blood group H n/ab antigen-
antibody (86-M) (from Creative Biolabs), or with (1:10) mouse IgM
Isotype control (B11/7) (from Abcam) for 30 min on ice. Then, cells
were washed twice with staining buffer and incubated with (1:100) PE
goat anti-mouse IgM antibody from Invitrogen for 30 min at RT. For
the staining with lectins, cells were incubated with (1:1000) FITC-
conjugated anti-H lectin (L32476) for 15 min at RT. Then, cells were
washed twice with staining buffer and incubated with BV421 mouse
anti-CD235a (GA-R2) from BD Bioscience for 30 min on ice. Lastly,
samples were washed once and resuspended in a staining buffer, and
acquired in a MACSQuant Analyzer 10 flow cytometer (Miltenyi Bio-
tec). Flow cytometry data were analyzed using Flowjo™ v10.4. The
determination of the population positive for antigen H was based on
the isotype control.

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

Data availability

The atomic coordinates and structure factors have been deposited
with the Protein Data Bank, access codes 7ZNZ (FucOBWT) and 7200
(FucOBES541A). Previously published PDB structures used in this study
are available under the accession codes: 2EAB, 7KMQ, 2RDY, 2EAD,
2EAE, 2EAC, and 4UFC. All other data are available from the corre-
sponding authors on request. Source data are provided with
this paper.

References

1. Daniels, G. The molecular definition of red cell antigens. Int. Soc.
Blood Transfus. Sci. Ser. 5, 300-302 (2010).

2. Reid, M. E., Lomas-Francis, C. & Olsson, M. L. The Blood Group
Antigen (Elsevier Ltd, 2012).

3. Daniels, G. Human Blood Groups. 3rd edn (Wiley-Blackwell, 2013).

4. Rahfeld, P. & Withers, S. G. Toward universal donor blood: enzy-
matic conversion of A and B to O type. J. Biol. Chem. 295,
325-334 (2020).

5. Landsteiner, K. On agglutination of normal human blood. Transfu-
sion (Paris) 1, 5-8 (1961).

6. Kabat, E. A. Blood group substances—their chemistry and immu-
nochemistry. J. Am. Pharm. Assoc. (Sci. ed.) 45, 1-330 (1956).

7. Watkins, W. M. & Morgan, W. T. J. Specific inhibition studies
relating to the Lewis blood-group system. Nature 180, 1038-1040
(1957).

8. Quraishy, N. & Sapatnekar, S. Advances in blood typing. In Advan-
ces in Clinical Chemistry, (ed Makowski, G. S.) Vol. 77. pp. 221-269
(Elsevier, 2016).

Nature Communications | (2023)14:1765

13


http://doi.org/10.2210/pdb/7ZNZ/pdb
http://doi.org/10.2210/pdb/7ZO0/pdb
http://doi.org/10.2210/pdb2EAB/pdb
http://doi.org/10.2210/pdb7KMQ/pdb
http://doi.org/10.2210/pdb2RDY/pdb
http://doi.org/10.2210/pdb2EAD/pdb
http://doi.org/10.2210/pdb2EAE/pdb
http://doi.org/10.2210/pdb2EAC/pdb
http://doi.org/10.2210/pdb4UFC/pdb

Article

https://doi.org/10.1038/s41467-023-37324-z

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

Stanley, P. & Cummings, R. D. Structures common to different
glycans. In Essentials of Glycobiology (eds. Varki, A., et al.) (Cold
Spring Harbor (NY): Cold Spring Harbor Laboratory Press., 2015).
Hosoi, E. Biological and clinical aspects of ABO blood group sys-
tem. J. Med. Investig. 55, 174-182 (2008).

Oriol, R. Genetic control of the fucosylation of ABH precursor
chains. Evidence for new epistatic interactions in different cells and
tissues. Int. J. Immunogenet. 17, 235-245 (1990).

Patenaude, S. I. et al. The structural basis for specificity in human
abo(h) blood group biosynthesis. Nat. Struct. Biol. 9,

658-690 (2002).

Alfaro, J. A. et al. ABO(H) blood group A and B glycosyltransferases
recognize substrate via specific conformational changes. J. Biol.
Chem. 283, 10097-10108 (2008).

Albesa-Jové, D., Sainz-Polo, M. A., Marina, A. & Guerin, M. E.
Structural snapshots of a-1,3-galactosyltransferase with native
substrates: insight into the catalytic mechanism of retaining gly-
cosyltransferases. Angew. Chem. 129, 14853-14857 (2017).
Scharberg, E. A., Olsen, C. & Bugert, P. The H blood group system.
Immunohematology 32, 112-118 (2016).

de Haas, M., Thurik, F. F., Koelewijn, J. M. & van der Schoot, C. E.
Haemolytic disease of the fetus and newborn. Vox Sang. 109,
99-113 (2015).

BHENDE, Y. M. et al. A ‘new’ blood group character related to the
ABO system. Lancet 1, 903-904 (1952).

Bhatia, H. M. The ‘Bombay’ (Oh) blood group. Vox Sang. 52,

1-2 (1987).

Kelly, R. J. et al. Molecular basis for H blood group deficiency in
Bombay (O(h)) and para- Bombay individuals. Proc. Natl Acad. Sci.
USA 91, 5843-5847 (1994).

Shahverdi, E. et al. The first comprehensive study of H-deficient
phenotypes in Iran. Transfus. Med. Hemother. 46, 376-380 (2019).
Balgir, R. Identification of a rare blood group, ‘Bombay (Oh) phe-
notype,” in Bhuyan tribe of Northwestern Orissa, India. Indian J.
Hum. Genet. 13, 109-113 (2007).

Mallick, S., Kotasthane, D. S., Chowdhury, P. S. & Sarkar, S. Bombay
blood group: Is prevalence decreasing with urbanization and the
decreasing rate of consanguineous marriage. Asian J. Transfus. Sci.
9, 129-132 (2015).

Sommer, F. & Backhed, F. The gut microbiota-masters of host
development and physiology. Nat. Rev. Microbiol. 11,

227-238 (2013).

Postler, T. S. & Ghosh, S. Understanding the holobiont: how
microbial metabolites affect human health and shape the immune
system. Cell Metab. 26, 110-130 (2017).

Collado, M. C., Derrien, M., Isolauri, E., De Vos, W. M. & Salminen, S.
Intestinal integrity and Akkermansia muciniphila, a mucin-
degrading member of the intestinal microbiota present in infants,
adults, and the elderly. Appl. Environ. Microbiol. 73,

7767-7770 (2007).

Derrien, M. Mucin Utilisation and Host Interactions of the Novel
Intestinal Microbe Akkermansia muciniphila. Narcisinfo (Wagenin-
gen University, Wageningen, The Netherlands, 2007).

Derrien, M., Collado, M. C., Ben-Amor, K., Salminen, S., & De Vos, W.
M. The mucin degrader Akkermansia muciniphila is an abundant
resident of the human intestinal tract. Appl. Environ. Microbiol. 74,
1646-1648 (2008).

Yang, S. et al. Deciphering protein O-Glycosylation: solid-phase
chemoenzymatic cleavage and enrichment. Anal. Chem. 90,
8261-8269 (2018).

Trastoy, B., Naegeli, A., Anso, |., Sjogren, J. & Guerin, M. E. Structural
basis of mammalian mucin processing by the human gut
O-glycopeptidase OgpA from Akkermansia muciniphila. Nat. Com-
mun. M, 4844 (2020).

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

Katayama, T. et al. Molecular cloning and characterization of Bifi-
dobacterium bifidum 1,2-a-L-fucosidase (AfcA), a novel inverting
glycosidase (glycoside hydrolase family 95). J. Bacteriol. 186,
4885-4893 (2004).

Drula, E. et al. The carbohydrate-active enzyme database: functions
and literature. Nucleic Acids Res. 50, D571-D577 (2022).

Ottman, N. et al. Genomescale model and omics analysis of
metabolic capacities of Akkermansia muciniphila reveal a pre-
ferential mucin-degrading lifestyle. Appl. Environ. Microbiol. 83,
e01014-e01017 (2017).

Nagae, M. et al. Structural basis of the catalytic reaction mechanism
of novel 1,2-o-L-fucosidase from Bifidobacterium bifidum. J. Biol.
Chem. 282, 18497-18509 (2007).

Vieira, P. S. et al. Xyloglucan processing machinery in Xanthomonas
pathogens and its role in the transcriptional activation of virulence
factors. Nat. Commun. 12, 4049 (2021).

Rogowski, A. et al. Glycan complexity dictates microbial resource
allocation in the large intestine. Nat. Commun. 6, 7481 (2015).
Kostopoulos, I. et al. Akkermansia muciniphila uses human milk
oligosaccharides to thrive in the early life conditions in vitro. Sci.
Rep. 10, 14330 (2020).

Déjean, G., Tauzin, A. S., Bennett, S. W., Creagh, A. L. & Brumer, H.
Adaptation of syntenic xyloglucan utilization loci of human gut
Bacteroidetes to polysaccharide side chain diversity. Appl. Environ.
Microbiol. 85, e01491-19 (2019).

Sela, D. A. et al. Bifidobacterium longum subsp. infantis ATCC 15697
o-fucosidases are active on fucosylated human milk oligosacchar-
ides. Appl. Environ. Microbiol. 78, 795-803 (2012).

Ford, J. Red blood cell morphology. Int. J. Lab Hematol. 35,
351-357 (2013).

Minucci, A., Giardina, B., Zuppi, C. & Capoluongo, E. Glucose-6-
phosphate dehydrogenase laboratory assay: how, when, and why?
IUBMB Life 61, 27-34 (2009).

Bianco, T., Farmer, B. J., Sage, R. E. & Dobrovic, A. Loss of red cell A,
B, and H antigens is frequent in myeloid malignancies. Blood 97,
3633-3639 (2001).

Hult, A. K. & Olsson, M. L. Many genetically defined ABO subgroups
exhibit characteristic flow cytometric patterns. Transfusion 50,
308-323 (2010).

Sharon, R. & Fibach, E. Quantitative flow cytometric analysis of ABO
red cell antigens. Cytometry 12, 545-549 (1991).

Garratty, G. Modulating the red cell membrane to produce uni-
versal/stealth donor red cells suitable for transfusion. Vox Sang. 94,
87-95 (2008).

Goldstein, J., Siviglia, G., Hurst, R., Lenny, L. & Reich, L. Group B
erythrocytes enzymatically converted to group O survive normally
in A, B, and O individuals. Science (1979) 215, 168-170 (1982).
Kruskall, M. S. et al. Transfusion to blood group A and O patients of
group B RBCs that have been enzymatically converted to group O.
Transfusion (Paris) 40, 1290-1298 (2000).

Liu, Q. P. et al. Bacterial glycosidases for the production of universal
red blood cells. Nat. Biotechnol. 25, 454-464 (2007).

Anderson, K. M. et al. A clostridial endo-$3-galactosidase that
cleaves both blood group A and B glycotopes: the first member of a
new glycoside hydrolase family, GH98. J. Biol. Chem. 280,
7720-7728 (2005).

Rahfeld, P. et al. An enzymatic pathway in the human gut micro-
biome that converts A to universal O type blood. Nat. Microbiol 4,
1475-1485 (2019).

Wang, A. et al. Ex vivo enzymatic treatment converts blood type A
donor lungs into universal blood type lungs. Sci. Transl. Med. 14,
eabm7190 (2022).

Becker, D. J. & Lowe, J. B. Leukocyte adhesion deficiency type II.
Biochim. Biophys. Acta Mol. Basis Dis. 1455, 193-204 (1999).

Nature Communications | (2023)14:1765

14



Article

https://doi.org/10.1038/s41467-023-37324-z

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

Das, J., Sharma, A., Jindal, A., Aggarwal, V. & Rawat, A. Leukocyte
adhesion defect: where do we stand circa 2019? Genes Dis. 7,
107-114 (2020).

Hartley, T. et al. New diagnostic approaches for undiagnosed rare
genetic diseases. Annu. Rev. Genom. Hum. Genet. 21,

351-372 (2020).

Boycott, K. M., Dyment, D. A., Sawyer, S. L., Vanstone, M. R. &
Beaulieu, C. L. Identification of genes for childhood heritable dis-
eases. Annu. Rev. Med. 65, 19-31 (2014).

Bahl, O. P. Glycosidases of aspergillus niger. Il. Purification and
general properties of 1,2-alpha-L-fucosidase. J. Biol. Chem. 245,
299-304 (1970).

Doinel, C., Ropars, C. & Rufin, J. M. | and H activities of human red
blood cells treated with an 1, 2-a-L-Fucosidase from aspergillus
niger. Rev. Fr. Transfus. Imnmunohematol. 23, 259-269 (1980).
Zhang, W. & Zhu, Z. yan Structural modification of H histo-blood
group antigen. Blood Transfus. 13, 143-149 (2015).

Yu, Z. & Cowan, J. A. Design of artificial glycosidases: metallopep-
tides that remove H antigen from human erythrocytes. Angew.
Chem.- Int. Ed. 56, 2763-2766 (2017).

Li, T. et al. Bacterial fucosidase enables the production of Bombay
red blood cells. Preprint at bioRxiv https://doi.org/10.1101/
695213 (2019).

Sun, G. et al. Complete genome sequence of Elizabethkingia
meningoseptica, isolated from a T-cell non-Hodgkin’s lymphoma
patient. Genome Announc. 3, e00673-15 (2015).

Tailford, L. E., Crost, E. H., Kavanaugh, D. & Juge, N. Mucin glycan
foraging in the human gut microbiome. Front. Genet. 6, 81 (2015).
Katayama, T., Fujita, K. & Yamamoto, K. Novel bifidobacterial gly-
cosidases acting on sugar chains of mucin glycoproteins. J. Biosci.
Bioeng. 99, 457-465 (2005).

Martens, E. C., Chiang, H. C. & Gordon, J. |. Mucosal glycan foraging
enhances fitness and transmission of a saccharolytic human gut
bacterial symbiont. Cell Host Microbe 4, 447-457 (2008).

Ashida, H. et al. Characterization of two different endo-o-N-acet-
ylgalactosaminidases from probiotic and pathogenic enter-
obacteria, Bifidobacterium longum and Clostridium perfringens.
Glycobiology 18, 727-734 (2008).

Crost, E. H. et al. Utilisation of mucin glycans by the human gut
symbiont Ruminococcus gnavus is strain-dependent. PLoS ONE 8,
76341 (2013).

Pichler, M. J. et al. Butyrate producing colonic Clostridiales meta-
bolise human milk oligosaccharides and cross feed on mucin via
conserved pathways. Nat. Commun. 11, 3285 (2020).

Wu, H. et al. Fucosidases from the human gut symbiont Rumino-
coccus gnavus. Cell. Mol. Life Sci. 78, 675-693 (2021).

Thursby, E. & Juge, N. Introduction to the human gut microbiota.
Biochem. J. 474, 1823-1836 (2017).

Johansson, M. E. V. et al. The inner of the two Muc2 mucin-
dependent mucus layers in colon is devoid of bacteria. Proc. Natl
Acad. Sci. USA 105, 15064-15069 (2008).

Etienne-Mesmin, L. et al. Experimental models to study intestinal
microbes-mucus interactions in health and disease. FEMS Micro-
biol. Rev. 43, 457-489 (2019).

Robbe, C., Capon, C., Coddeville, B. & Michalski, J. C. Structural
diversity and specific distribution of O-glycans in normal human
mucins along the intestinal tract. Biochem. J. 384, 307-316 (2004).
Jensen, P. H., Kolarich, D. & Packer, N. H. Mucin-type O-glycosyla-
tion—putting the pieces together. FEBS J. 277, 81-94 (2010).
Cooling, L. Blood groups in infection and host susceptibility. Clin.
Microbiol. Rev. 28, 801-870 (2015).

Trastoy, B. et al. Structural basis for the recognition of complex-Type
N-glycans by Endoglycosidase S. Nat. Commun. 9, 1874 (2018).
Klontz, E. H. et al. Molecular basis of broad spectrum N-glycan
specificity and processing of therapeutic IgG monoclonal

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

antibodies by endoglycosidase S2. ACS Cent. Sci. 5, 524-538
(2019).

Trastoy, B. et al. Sculpting therapeutic monoclonal antibody
N-glycans using endoglycosidases. Curr. Opin. Struct. Biol. 72,
248-259 (2022).

Gstottner, C. et al. Structural and functional characterization of
SARS-CoV-2 RBD domains produced in Mammalian cells. Anal.
Chem. 93, 6839-6847 (2021).

Liu, H. & Naismith, J. H. An efficient one-step site-directed deletion,
insertion, single and multiple-site plasmid mutagenesis protocol.
BMC Biotechnol. 8, 91 (2008).

Luft, J. R. & DeTitta, G. T. A method to produce microseed stock for
use in the crystallization of biological macromolecules. Acta Crys-
tallogr. D Biol. Crystallogr. 55, 988-993 (1999).

Kondrashov, D. A., Zhang, W., Aranda, R. IV, Stec, B. & Phillips, G. N.
Sampling of the native conformational ensemble of myoglobin via
structures in different crystalline environments. Proteins Struct.
Funct. Genet. 70, 353-362 (2008).

Kabsch, W. et al. XDS. Acta Crystallogr. D Biol. Crystallogr. 66,
125-132 (2010).

McCoy, A. J. et al. Phaser crystallographic software. J. Appl. Crys-
tallogr. 40, 658-674 (2007).

Adams, P. D. et al. PHENIX: a comprehensive Python-based system
for macromolecular structure solution. Acta Crystallogr. D Biol.
Crystallogr. 66, 213-221 (2010).

Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and
development of Coot. Acta Crystallogr. D Biol. Crystallogr. 66,
486-501 (2010).

Afonine, P. V. et al. Towards automated crystallographic structure
refinement with phenix.refine. Acta Crystallogr. D Biol. Crystallogr.
68, 352-367 (2012).

Chen, V. B. et al. MolProbity: all-atom structure validation for
macromolecular crystallography. Acta Crystallogr. D Biol. Crystal-
logr. 66, 12-21 (2010).

Pettersen, E. F. et al. UCSF Chimera—A visualization system for
exploratory research and analysis. J. Comput. Chem. 25,
1605-1612 (2004).

Ho, B. K. & Gruswitz, F. HOLLOW: Generating accurate repre-
sentations of channel and interior surfaces in molecular structures.
BMC Struct. Biol. 8, 49 (2008).

Holm, L. & Rosenstrom, P. Dali server: Conservation mapping in 3D.
Nucleic Acids Res. 38, W545-W549 (2010).

Krissinel, E. & Henrick, K. Inference of macromolecular assemblies
from crystalline state. J. Mol. Biol. 372, 774-797 (2007).

Trott, O. & Olson, A. J. AutoDock Vina: improving the speed and
accuracy of docking with a new scoring function, efficient optimi-
zation, and multithreading. J. Comput. Chem. 31, 455-461 (2009).
Case, D. A. et al. AMBER 2020, University of California, San Fran-
cisco (2020).

Maier, J. A. et al. ff14SB: Improving the accuracy of protein side
chain and backbone parameters from ff99SB. J. Chem. Theory
Comput. 11, 3696-3713 (2015).

Kirschner, K. N. et al. GLYCAMOG: a generalizable biomolecular
force field. carbohydrates. J. Comput. Chem. 29, 622-655 (2008).
Kiyohara, K., Gubbins, K. E. & Panagiotopoulos, A. Z. Phase coex-
istence properties of polarizable water models. Mol. Phys. 94,
803-808 (1998).

Darden, T., York, D. & Pedersen, L. Particlemesh Ewald: an N-log(N)
method for Ewald sums in large systems. J. Chem. Phys. 98,
10089 (1993).

Antonelou, M. H. et al. Red blood cell aging markers during storage
in citrate-phosphate-dextrose- saline-adenine-glucose-mannitol.
Transfusion (Paris) 50, 376-389 (2010).

Lapierre, Y. et al. C. D. The gel test: a new way to detect red cell
antigen-antibody reactions. Transfusion (Paris) 30, 109-113 (1990).

Nature Communications | (2023)14:1765

15


https://doi.org/10.1101/695213
https://doi.org/10.1101/695213

Article

https://doi.org/10.1038/s41467-023-37324-z

99. Houwen, B. Blood film preparation and staining procedures. Clin.
Lab. Med. 22, 1-14 (2002).

Acknowledgements

This work was supported by the MINECO/FEDER EU contract PID2019-
105649RB-100 and Severo Ochoa Excellence Accreditation SEV-2016-
0644; the Basque Government contracts KK-2021-00034 and KK-2022/
00107 and NIH RO1AI149297 (to M.E.G.); EU Marie-Sklodowska Curie ITN,
DIRNANO, contract 956544 and the Mizutani Foundation for Gly-
coscience contract 220115 (to F.C.). This project has received funding
from the European Union’s Horizon 2020 research and innovation pro-
gram under the Marie Sktodowska-Curie grant agreement No. 844905
and “Ramon y Cajal” fellow from the Spanish Ministry of Economy and
Competitiveness (B.T.) and the Basque Government (I.A.). We acknowl-
edge Diamond Light Source (proposals mx28360), ALBA synchrotron
beamline BL13-XALOC (mx2020094584), beamline XO6DA at SLS (Villi-
gen Switzerland; proposal 20201980), and iNEXT (proposals 1618/2538)
for providing access to synchrotron radiation facilities. We gratefully
acknowledge Dra. Ana Arruga, Centro de Transfusiéon de la Comunidad
de Madrid, Spain, and Dr. Luis Larrea, Centro de Transfusion de la
Comunidad Valenciana, Spain, for providing Bombay-type red blood.

Author contributions

I.A.,B.T.,J.O.C.,and M.E.G., conceived the project. l.A., A.N., J.O.C., A.O.,
AM.-M., M.G.-A,, E.A.,, O.Z., F.C., R AD.O., and B.T., performed the
experiments. I.A., A.N., J.O.C.,, A0, EA,O.Z,F.C,RAD.O.F.B., B.T.,
J.S.,and M.E.G., analyzed the results. I.A., A.N., J.O.C.,F.C., B.T., J.S.,and
M.E.G., wrote the paper.

Competing interests

J.S.,E.A.,and A.N. are employees of Genovis A.B., and A.N. hold shares in
the company. LA, AN., J.O.C., A.O.,, AM.M,, M.G.A,, EA,, O.Z., F.C.,
R.A.D.O., B.T., and M.E.G. declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-37324-z.

Correspondence and requests for materials should be addressed to
Beatriz Trastoy, Jonathan Sjogren or Marcelo E. Guerin.

Peer review information Nature Communications thanks Fumi-ichiro
Yamamoto, and the other, anonymous, reviewers for their contribution
to the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:1765

16


https://doi.org/10.1038/s41467-023-37324-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Turning universal O into rare Bombay type blood
	Results
	FucOB is an α-1,2-fucosidase that specifically cleaves H antigen
	The architecture of full-length FucOB
	Structural basis of H antigen recognition and specificity by FucOB
	FucOB converts universal O to rare Bombay-type blood group

	Discussion
	Methods
	Materials
	Human samples and ethics statement
	Cloning of wild-type and single-point mutants of FucOB from A. muciniphila strain ATCC BAA-835 and BbAfcA
	Expression and purification of wild-type and single-point mutants of FucOB from Akkermansia muciniphila strain ATCC BAA-835 and BbAfcA
	FucOB, BbAfcA and BlFuc95A substrate specificity assays
	FucOB activity assay using p-nitrophenyl-α-l-fucose (pNP-Fuc)
	Glycoengineering of TNFR
	FucOB activity assays by LC-MS
	Activity assay of FucOB mutants
	FucOB and FucOBE541A crystallization and data collection
	FucOB and FucOBE541A structure determination and refinement
	Structural analysis and sequence alignment
	Molecular docking calculations
	Molecular dynamics (MD) simulations
	Blood samples extraction, collection, and storage
	Enzymatic conversion of universal O into rare Bombay-type blood group assay
	DG Gel column agglutination assay
	Anti-H lectin agglutination assay
	Blood smears
	Glucose-6-phosphate dehydrogenase assay
	Flow cytometry studies
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




