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Fucoidans are chemically complex and highly heterogeneous
sulfated marine fucans from brown macro algae. Possessing a
variety of physicochemical and biological activities, fucoidans
are used as gelling and thickening agents in the food industry
and have anticoagulant, antiviral, antitumor, antibacterial, and
immune activities. Although fucoidan-depolymerizing enzymes
have been identified, the molecular basis of their activity on
these chemically complexpolysaccharides remains largely unin-
vestigated. In this study, we focused on three glycoside hydro-
lase family 107 (GH107) enzymes: MfFcnA and two newly iden-
tified members, P5AFcnA and P19DFcnA, from a bacterial
species of the genus Psychromonas. Using carbohydrate-PAGE,
we show that P5AFcnA and P19DFcnA are active on fucoidans
that differ from those depolymerized by MfFcnA, revealing dif-
ferential substrate specificity within the GH107 family. Using a
combination of X-ray crystallography and NMR analyses, we
further show that GH107 family enzymes share features of their
structures and catalytic mechanisms with GH29 �-L-fucosi-
dases.However,we found thatGH107 enzymeshave the distinc-
tion of utilizing a histidine side chain as the proposed acid/base
catalyst in its retaining mechanism. Further interpretation of
the structural data indicated that the active-site architectures
within this family are highly variable, likely reflecting the spec-
ificity of GH107 enzymes for different fucoidan substructures.
Together, these findings begin to illuminate the molecular
details underpinning the biological processing of fucoidans.

Originating from various brown macro algae, fucoidans are
chemically complex sulfated fucans that possess a variety of
physicochemical and biological activities; thus, their study is of
increasing interest. They are a known source of nutritional
value and because of their rheological properties are used as
additives in the food industry as gelling and thickening agents.
In addition, fucoidans are recognized as potential novel thera-
peutic agents because they possess several health-related bio-
logical activities, including anticoagulant, antiviral, antitumor,
antibacterial, and immune-inflammatory actions (1–6).
Comprising a backbone primarily of glycosidically linked

�-L-fucose, the semiregular structure of fucoidan has been pro-
posed as a sulfated glycan of up to 14 monosaccharides that is
defined by the regularly repeating disaccharide units 2-sulfated
fucose and 2,3-disulfated fucose with either �(1–3)- or �(1–4)-
glycosidic linkages (1, 7). Fucoidans can further be grouped into
two main classes. Class 1 fucoidans are defined by their homo-
geneous �(1–3)-linked fucopyranose polysaccharide back-
bone. Class 2 fucoidans are distinguished by their repeating
�(1–3)- and �(1–4)-linked fucopyranose backbone (2, 7–13).
However, a number of variations of the above linkages, as well
as additional �(1–2)-linkages, have also been reported (2, 15).
In all classes, increased structural differentiation is imparted by
varying degrees of branching, sulfate ester group substitutions,
acetylation, and modification with galactose, glucuronic acid,
mannose, xylose, and/or rhamnose residues (2).
Being a relatively common marine polysaccharide, one

expects the ability to metabolically utilize this photosyntheti-
cally fixed carbon source to be quite widespread amongmarine
organisms, particularly microbes. Whether this is the case,
however, is unclear and, consequently, the biological pro-
cessing of this chemically complex polysaccharide is currently
not well understood. Glycoside hydrolase family 29 (GH29)3
�-L-fucosidases sourced from marine mollusk species partici-
pate in the degradation of algal fucoidan through the exo-hy-
drolytic release of �-L-fucose or sulfated �-L-fucose (16, 17). It
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is also speculated that microbial derived �-L-fucosidases may
participate in the degradation of algal fucoidan by removing
�(1–2)- and �(1–4)-linked fucosyl side chains from the poly-
saccharide (18). A fucoidan active glycoside hydrolase from the
marine bacterium Mariniflexile fucanivorans sp. nov., FcnA,
was the founding member of glycoside hydrolase family 107
(19, 20). Biochemical characterization of FcnA revealed it to
endo-hydrolytically depolymerize a class two fucoidan from
Pelvetia canaliculata by hydrolysis of the �(1–4)-glycosidic
linkage within the repeating motifs [34)-�-L-fucopyranosyl-
2,3-disulfate-(1–3)-�-L-fucopyranosyl-2-sulfate-(13]n. Cur-
rently, there are seven othermembers of family GH107, includ-
ing two patented sulfated fucan hydrolases, referred to as Fda1
and Fda2 from themarine bacteriumAlteromonas sp. SN-1009
(21).
Although fucoidan depolymerizing enzymes have been iden-

tified, the molecular basis of their action remains largely unin-
vestigated. In this study we focus on three GH107 family
enzymes, FcnA, which we will specify as MfFcnA, and two
newly identified members, P5AFcnA and P19DFcnA, from
marine Psychromonas species SW5A and SW19D, respectively.
Here we show that P5AFcnA and P19DFcnA show activity
on fucoidans from Laminaria hyperborea and Macrocystis
pyrifera, thus distinguishing them from MfFcnA, which lacks
activity on these substrates. To probe the molecular basis of
fucoidan activity and provide some potential insight into the
differential specificity of this enzyme family, we determined the
full structure of P5AFcnA and catalytically active fragments of
MfFcnAbyX-ray crystallography. This revealed structural sim-
ilarities to GH29 �-L-fucosidases and the proposal of a catalytic
mechanism that retains the stereochemistry of the substrate at
C1 of the hydrolyzed bond, support for which was provided by
NMR analyses. Although the catalytic machinery is conserved
throughout the family, including the unusual use of a histidine
residue as the proposed catalytic acid/base, the structural data
point to nonconserved subsites outside of the primary�1 sub-
site as possible key contributors to determining the specificity
of GH107 enzymes for different fucoidan substructures.

Results

Members of the GH107 family depolymerize a number of
sulfated fucans

MfFcnA is the founding member of GH107 and the canoni-
cal example of an endo-fucoidanase. The activity of this
enzyme, however, was only reported on fucoidan from one
source, and subsequent to this report, no characterization of
additional members of GH107 have been reported. Therefore,
we sought to provide additional assessment of substrate speci-
ficity within the GH107 family with MfFcnA serving as our
standard. Because it is a relatively large, multimodular protein,
we based our initial truncation comprising residues Gln29–
Thr794 on the construct of Colin et al. (19), which we refer to as
MfFcnA2 (Fig. 1A), and produced this in Escherichia coli.
In the genome sequences of two newly isolated fucoidano-

lytic marine Psychromonas sp., we identified two genes encod-
ing proteins that we refer to as P5AFcnA and P19DFcnA. These
are 403-amino acid proteins, including predicted 15-amino

acid secretion signal peptides, which display 81% amino acid
sequence identity to one another. Initial annotation of these
proteins indicated identity (E values of �10�8) with proteins
classified as GH107 enzymes and no identity with other
GH families. More detailed comparison of P5AFcnA and
P19DFcnA with members of GH107, including MfFcnA,
yielded amino acid identities between 16 and 21%. Although
the identities of P5AFcnA and P19DFcnA with the canonical
GH107 MfFcnA were comparatively low, they were suggestive
of membership in GH107 and possible fucoidanase activity.
P5AFcnA and P19DFcnA were produced as recombinant pro-
teins in E. coli with only their predicted secretion signal pep-
tides truncated (Fig. 1B).
To assess the activity of recombinant MfFcnA2, P5AFcnA,

and P19DFcnA against fucoidans originating from a variety of
algal sources, we used carbohydrate-PAGE (C-PAGE) (Fig. 2).
Consistent with previous reports, MfFcnA2 was capable of
degrading fucoidan, and displayed activity on fucoidan from
Chorda filum and fucoidan from Ascophyllum nodosum (Fig.
2). It also showed some capacity to degrade fucoidan from Sac-
charina japonica (previously known as Laminaria japonica)
(Fig. 2), which is a complex and highly variable fucoidan that
contains both class 1 and 2 backbone structures. P5AFcnA and
P19DFcnA both showed the capacity to degrade fucoidans,
supporting assignment of fucoidanase activity andmembership

Figure 1. Modular schematics showing the variation in currently classi-
fied GH107 enzymes and the Psychromonas enzymes P5AFcnA and
P19DFcnA. A, the modular structures of full-length MfFcnA and the trunca-
tions used in this study. B, schematics of P5AFcnA and P19DFcnA. The pro-
teins were recombinantly expressed without their predicted secretion signal
peptides (shown in “yellow”). C, the modulare structures of the remaining
currently classified GH107 enzymes. Fda1 and Fda2 are the entries from
Alteromonas sp. SN-1009 and SVI_0379 is from Shewanella violacea DSS12.
AXE80_07420, AXE80_07425, AXE80_07310, and AXE80_07305 are from
Wenyingzhuangia fucanilytica CZ1127. In all panels, the domains are: yellow,
signal peptide; blue, GH107 (�/�)8 D1 domain; gray, immunoglobulin-like R
domain (IPR013783); green, secretion system C-terminal sorting domain
(IPR026444); purple, concanavalin A-like lectin/glucanase domain super-
family (IPR013320); light blue, archaeal/bacterial C-terminal peptidase
(IPR007280); and red, conserved all�-strand domain. Module/domain assign-
ments were based on a combination of manual assignment by BLAST and
automated assignment by InterProScan (14).
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in family GH107 (Fig. 2). They qualitatively displayed the same
specificity for fucoidans from L. hyperborea and M. pyrifera,
with apparently some limited ability to degrade fucoidans from
S. japonica and C. filum (Fig. 2). The distinct laddering pattern
observed upon treatment of fucoidan from L. hyperborea with
either P5AFcnA and P19DFcnA implies endo-fucoidanase
activity.

Structural analysis of GH107 members

In an effort to provide molecular insight into fucoidan deg-
radation by GH107 enzymes, we made extensive attempts at
crystallizing P5AFcnA and P19DFcnA. We were successful in
getting X-ray diffraction quality crystals of P5AFcnA. This pro-
tein crystallized in the space group P3121with a singlemolecule
in the asymmetric unit. Phases were initially determined to
�1.98 Å resolution by a single isomorphous replacement with
anomalous signal (SIRAS) experiment using an iodide deriva-
tive. The resulting preliminary model was used with a higher
resolution 1.55 Å resolution data set to determine the final
refined structure. This revealed a single domain organization
comprising a (�/�)8-barrel domain (Fig. 3). The (�/�)8-barrel
fold contains defects in the secondary structure such that the
polypeptide regions corresponding to one of the �-helices and
one �-strand do not form regular secondary structures and are
better described as random coil. Electron density for one metal
ion, which was modeled as Ca2�, was found weakly bound to
the loop leading into �-helix 7 and was coordinated by one
nitrogen ligand from Lys259 and one water molecule (Fig. 3).

Initial attempts at crystallizing MfFcnA2 were unsuccessful,
and we reasoned that this was likely due to our inability to
purify the protein as a fully intact andhomogeneous protein. To
explore potential regions of disorder in MfFcnA2 and possibly
inform the generation of constructs that could be crystallized,

Figure 2. Fucoidanolytic substrate specificity screen of recombinant MfFcnA, P5AFcnA and P19DFcnA by C-PAGE. A, activity screen against class one
fucoidan (C. filum, �(1–3)-linked fucopyranose polysaccharide backbone) and unclassified fucoidan (M. pyrifera). B, activity screen against class two fucoidan
(A. nodosum, repeating�(1–3)- and�(1– 4)-linked fucopyranose backbone) and unclassified fucoidan (D. antarctica).C, activity screen against a heterogeneous
fucoidan that contains both class 1 and 2 backbone structures (S. japonica) and unclassified fucoidan (L. hyperborea). In A–C, the lanes include a carrageeno-
ligosaccharide standard (lanes S), untreated fucoidan (lanes 1), and fucoidan treated with MfFcnA2 (lanes 2), P5AFcnA (lanes 3), and P19DFcnA (lanes 4). D, a
complete summary of activity, including examples were no activity was seen, is given.

Figure 3. The structure of P5FcnA shown as a cartoon representation. A
bound calcium atom is shown as a green sphere, and a bound malonate mol-
ecule is shown as green sticks.
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we performed a hydrogen-deuterium exchange (HDX) MS
analysis of MfFcnA2. This highlighted a highly dynamic region
at the C terminus comprising residues Thr731–Thr769 (Fig. 4A).
Subsequently, a new construct was designed, MfFcnA4, which
comprised resides Gln29–Ser734 (Fig. 1A). This new construct

could be purified as a stable, homogeneous polypeptide and
produced crystals of X-ray–diffraction quality.
MfFcnA4 crystallized in the space group P3121 with a single

molecule in the asymmetric unit. The phases were initially
determined to�2.8 Å resolution by a SIRAS experiment using
an iodide derivative. The resulting preliminary model was used
with a higher resolution 2.2 Å resolution data set to determine
the final refined structure. This revealed a four-domain organi-
zation comprising a large N-terminal (�/�)8-barrel domain,
which displayed a rootmean square deviation (RMSD) of 2.21Å
over 287 aligned residues and 24% sequence identity when
compared with the P5AFcnA structure (Fig. 4, B and C). This
N-terminal domain, whichwewill refer to asD1, also contained
the same secondary structure defects as P5AFcnA. InMfFcnA4
the D1 domain is linked to three consecutive Ig-like domains
that wrap around the D1 domain (Fig. 4, B and C). Electron
density for twowell definedmetal ions,modeled asCa2� (based
on coordination geometry, protein ligands, and refined B-fac-
tor), was found in the N-terminal domain. One Ca2� (Ca1) was
found bound to the loop leading into �-helix 5 and was octahe-
drally coordinated by five oxygen ligands from the protein (side
chains of Asp330, Asn335, and Asp336; backbone carbonyls of
Phe327 and Arg332) and one water molecule (Fig. 4B). The sec-
ond and likely more weakly bound Ca2� (Ca2) was found near
the C terminus of �-helix 7. This was also octahedrally coordi-
nated but by four water molecules and two oxygen ligands: one
from the carboxylate of Asp79 and the other from the backbone
carbonyl of Thr77 in the protein (Fig. 4B).
As noted by Colin et al. (19) the three repeating domains,

referred to as R1 to R3, following D1 had folds consistent with
membership in the immunoglobulin-like superfamilywith each
domain binding a calcium atom at an apical end (Fig. 4, B and
C). The pairwise amino acid sequence identities range from 27
to 48%, whereas the structural superimposition gives RMSD
values of 1.6 Å (R1 cf. R2), 1.7 Å (R1 cf. R3), and 0.7 (R2 cf.R3) Å.
The high frequency of carbohydrate-binding modules (CBM)
in carbohydrate-active enzymes, combined with the observa-
tion that these often have Ig-like folds, lends to the idea that the
repeated domains inMfFcnA4may beCBMs (22, 23).However,
CBMs invariably employ carbohydrate-binding sites with sol-
vent-exposed aromatic amino acid side chains (22, 23), which
the R domains lack and therefore do not display features con-
sistent with carbohydrate recognition. Structure similarity
searches using the DALI server (24) show that the domains
most closely related to the R domains are the C-terminal tan-
dem repetitivemodules CDHL-1 andCDHL-2 from the ligand-
binding region of the Staphylococcus aureus surface-exposed
serine-rich repeat glycoprotein (SRRP) (25) (PDB codes 4M00
and 4M03). R1 shows structural similarity to the C-terminal
module CDHL-2 (PDB code 4M03) (25% identity over 85 resi-
dues, with a RMSD of 2.0 Å). R2 and R3 show structural simi-
larity to the CDHL-1 module (PDB code 4M00) (22 and 24%
identity over 92 and 86 residues, with a RMSD of 2.8 Å and 2.1
Å, respectively). The CDHLmodules, which resemble calcium-
dependent eukaryotic cadherins, function as a relatively rigid
stem to extend the N-terminal lectin module of the glycopro-
tein outwards from the S. aureus cell surface. Like the R
domains inMfFcnA, the CDHLmodules bind one Ca2� ion per

Figure 4. Structural analysis of MfFcnA. A, identification of dynamic
regions of MfFcnA2 by HDX. Hydrogen deuterium incorporation levels
observed for MfFcnA2 after 3 s of deuterium exposure at 0 °C. Every point
represents the central residue of a peptide, generated during immobilized
pepsin digestion, on the x axis versusHDX on the y axis. The experiments were
conducted in triplicate, and error bars are shown. The deuterium incorpora-
tion levels are colored according to the legend where amino acids that have
low deuterium incorporation are colored blue, and amino acids that have
high deuterium incorporation are colored red (see also Fig. S1). B, the MfF-
cnA4 structure colored by secondary structure and orientated to show the
three consecutive C-terminal Ig-like domains (R1, R2, and R3) that wrap
around the large N-terminal (�/�)8-barrel catalytic domain (D1) that coordi-
nates an ethylene glycol (green sticks). C, the solvent-accessible surface of
MfFcnA4. D, the MfFcnA9 structure (yellow) superimposed over the MfFcnA4
(gray) structure to show the similar structural arrangements of the composite
domains in different crystallographic conditions. In all panels, calcium atoms
are shown as green spheres, a sodium atom is shown as a purple sphere, and
bound ethylene glycol and malonate ion are green sticks.
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module and are suggested to facilitate structural rigidity to
adopt the extended conformation in solution (25). On this basis
we propose that the R1–R3 domains could be carrying out a
similar function whereby the R modules constitute a structural
spacer separating the D1 catalytic domain from the unknown
C-terminal domain.
We made extensive attempts to generate a structure of MfF-

cnA4 in complex with fucoidan oligosaccharides purified after
treatment of C. filum fucoidan with this enzyme. These
attempts were unsuccessful, and we reasoned this to be largely
because of occlusion of the active site in the crystal packing of
the existing crystal form and an inability to generate alternative
crystal forms. To obtain a construct that might crystallize dif-
ferently, we designed a truncation based on theMfFcnA4 struc-
ture comprising only the D1–R2 domains (amino acids Gln29–
Asp623), which we called MfFcnA9 (Fig. 1A). Recombinant
purified MfFcnA9 crystallized and its structure was deter-
mined; however, wewere again unable to generate the structure
of the bound complex. Nevertheless, a comparison of the MfF-
cnA9 coordinates withMfFcnA4 provided insight into the con-
formational preference of the composite domains in these poly-
peptides. An overlay of the two structures revealed a RMSD of
0.65 Å over all of the residues present in the MfFcnA9 model
(Fig. 4D). Notably, the two different crystal forms of MfFcnA4
and MfFcnA9 had quite different crystallographic environ-
ments, suggesting that the very similar arrangements of the first
three domains (D1–R2) in these different truncations of MfF-
cnA represent a configuration that is consistently stabilized by
the interdomain interfaces. The R3 domain in MfFcnA4, how-
ever, is fully solvent-exposed, suggesting that the terminal
domain in this construct may be somewhat flexible (Fig. 4D).
Supporting this is the observation that the average B-factor for
R3 was �10 Å2 (or �20%) higher than for the R1 and R2
domains, which were otherwise similar.

Structural comparison of the D1 domain of MfFcnA and P5A
reveals insight into fucoidanase activity

Comparative structural analysis of theD1domain ofMfFcnA
and P5AFcnA using the DALI server revealed the majority of
themost structurally similar proteins to belong toGH family 29
with the closest structural homologue to both proteins (RMSD
of 3.0 Å with 13% identity over 459 residues of MfFcnA4 and
RMSD of 3.8 Å with 12% identity over 459 residues of
P5AFcnA) being an �-L-fucosidase from Bacteroides thetaiota-
micron (BT2192; PDB code 4OZO) (26). Enzymes from glyco-
side hydrolase family 29 typically have �(1–2), �(1–3), �(1–4),
or �(1–6) �-L-fucosidase activity and largely act on the nonre-
ducing termini of fucosylated glycans. However, it has been
speculated that certain �-L-fucosidases may participate in the
degradation of algal fucoidan by removing�(1–2)- and/or�(1–
4)-linked fucosyl side chains from the polysaccharide (18).
Despite extensive attempts to generate structures of sub-

strate and/or product complexes of GH107s, we were unable to
do so. Therefore, to provide greater insight into the location
and architecture of the active site, we performed a structural
comparison of both MfFcnA4 and P5AFcnA with BiAfcB from
Bifidobacterium longum subsp. Infantis (27) in complex with
lacto-N-fucopentaose II (LNFPII), which terminates in the Lea

antigen trisaccharide (Gal�1–3(Fuc�1–4)GlcNAc) (PDB code
3UET) (Fig. 5A). Consistent with the DALI comparison, this
revealed similarities between only the (�/�)8 domains and not
the accessory domains appended to the main catalytic domain
in MfFcnA4.
A more detailed comparison of residues in the BiAfcB active

site showed the structural conservation of the catalytic nucleo-
phile, which is Asp172 in BiAfcB, with Asp226 and Asp201 in the
proposed active sites of MfFcnA4 and P5AFcnA, respectively
(Fig. 5B). When the ligand for BiAfcB from the superimposi-

Figure5. Comparative structural analysis ofMfFcnA4andP5AFcnAwith the�-fucosidaseBiAfcB from familyGH29.A, the MfFcnA4 (pink) and P5AFcnA
(green) structures superimposed over the BiAfcB (blue; PDB code 3UET) structure in complex with lacto-N-fucopentaose II Lea antigen (LNFP II;
Gal�1–3(Fuc�1– 4)GlcNAc�1–3Gal�1– 4Glc) to show structural similarities between (�/�)8-barrel catalytic domains. B, comparison of catalytic sites between
MfFcnA4 (pink sticks), P5AFcnA (green sticks), and BiAfcB (blue sticks). Because the BiAfcB–LNFP II complex was generated with a D172A mutant, we overlapped
the apo-BiAfcB structure (PDB code 3MO4) with the BiAfcB–LNFP II complex, and it is the unmutated active site of BiAfcB that is shown with the ligand from the
complexed structure. InA and B, the substrate bound to BiAfcB is shown as yellow sticks.C, C-PAGE analysis of the activity of MfFcnA4_H294Q on fucoidan from
C. filum and A. nodosum.

GH107 structure and mechanism

18300 J. Biol. Chem. (2018) 293(47) 18296–18308



tions was examined in the context of the putative MfFcnA4
and P5AFcnA active sites, we found that Asp226 and Asp201
were in approximately the correct position to attack C1 of a
fucose in the �1 subsite, consistent with a possible role as the
catalytic nucleophile in these GH107s. The general acid/base in
BiAfcB is Glu217, which is structurally replaced by His294 in
MfFcnA4 and His276 in P5AFcnA (Fig. 5B). The Ne2 nitrogens
of the histidine side chains are roughly positioned to act as
acid/bases, suggesting that His294 and His276 may act in this
capacity. To provide support for this, the His294 residue from
MfFcnA was conservatively mutated to a glutamine, which
abolished the activity of the mutant protein, MfFcnA4
H294Q, on the fucoidan substrates from C. filum and A. nodo-
sum (Fig. 5C). The crystal structure of MfFcnA4H294Q was
determined and revealed no structural defects, other than sub-
stitution of the histidine, that would lead to the inactivity of the
enzyme (not shown). This supports the general assignment of
this pocket as the catalytic site and points to a specific catalytic
role for His294 in MfFcnA and, by extension, His276 in
P5AFcnA.

GH107s depolymerize fucoidan via an endohydrolytic
retaining mechanism

MfFcnA is reported to have endo-fucoidanase activity (19),
whereas the pattern of products from P5AFcnA activity on
L. hyperborea fucoidan is also suggestive of endo-acting hydro-
lytic activity (Fig. 2C). The structures of these enzymes reveal
active sites that are contoured as grooves on the surfaces of the
enzyme (Fig. 6), consistent with recognition and internal cleav-
age on fucoidan chains. Furthermore, the different surface con-
touring of MfFcnA and P5AFcnA are coherent with the differ-
ent specificities of the enzymes for fucoidans from various
sources.
The ability of MfFcnA to hydrolyze fucoidan from C. filum,

which is reported to be a class one fucoidan comprising an
�(1–3)-linked fucose backbone with �(1–2) branches, contra-

dicts the described specificity of the enzyme for �(1–4)-link-
ages. To resolve this ambiguity, we purified two products
resulting from the digestion of C. filum fucoidan with MfF-
cnA2. One product was the major rapidly appearing product
(within minutes) and the second product appeared only after
extensive incubation (hours). NMR analysis of the major prod-
uct revealed it to be a tetrasaccharide comprising an �(1–4)-
linked repeat of the disaccharide L-fucopyranose-2,3-disulfate-
�(1–3)-L-fucopyranose-2-sulfate, which is the same as the
tetrasaccharide product reported by Colin et al. (19) as result-
ing from the MfFcnA catalyzed endohydrolytic digestion of
fucoidan from the brown algaP. canaliculata. The disaccharide
product appearing after extensive digestion was the L-fucopy-
ranose-2,3-disulfate-�(1–3)-L-fucopyranose-2-sulfate disac-
charide. These results reveal that C. filum fucoidan does con-
tain some fraction of �(1–4)-linkages. The production of the
disaccharide likely results from slow conversion of the tetrasa-
ccharide product, whichmay bind the enzymewith low affinity.
Together, these results are consistent with those of Colin et al.
(19) and supports the conclusion that MfFcnA endohydrolyti-
cally cleaves �(1–4)-linkages in fucoidan, which appear to be
present in the preparation of C. filum fucoidan that we used.
On the basis of these results, which suggest that the�1 sub-

site in MfFcnA accommodates L-fucopyranose-2-sulfate, we
modeled this monosaccharide into the active site using the
overlap of the MfFcnA4 structure with the coordinates of the
BiAfcB–LNFP II complex as a guide. This suggested the pres-
ence of a basic pocket in the�1 subsite that may accommodate
and complement the charge of this acidic sulfate ester group,
thus implying that the sulfation pattern of fucoidanmay play an
important role in its recognition by the enzyme (Fig. 6A). A
similar approach with P5AFcnA also reveals basic patches in
the active-site groove, also suggesting an ability to accommo-
date sulfate groups (Fig. 6B). However, the unknown structures
of P5AFcnA substrates and the different surface contouring of
the P5AFcnA active site relative to that of MfFcnA make the
role of sulfate accommodation less clear in this enzyme.
Given the similarities in the positioning of the catalytic resi-

dues in GH29 enzymes and the proposed nuclophile and acid/
base residues in MfFcnA, we hypothesized that the GH107
enzyme should catalyze hydrolysis of the glycosidic bonds in
fucoidanwith a retaining catalyticmechanism, which is used by
GH29 enzymes (18, 28). Direct determination of the stereo-
chemical outcome of hydrolysis byMfFcnA by 1HNMRproved
challenging because of the low reaction rates and the relatively
fast mutarotation of the hemiacetal product. To overcome this,
we used a strategy wherein transglycosylation to an alcohol is
monitored because the first formed acetal product is stereo-
chemically stable; mercaptoethanol proved to be a suitable
alcohol for this purpose (29, 30). Incubation of C. filum
fucoidanwithMfFcnA2 in the presence of 10% 2-mercaptoeth-
anol led to cleavage to oligosaccharide products. The smallest
product formed was purified, and then its structure was deter-
mined by NMR (Fig. 7A). This analysis revealed that in this
product the -OCH2CH2SH is connected to C1 of the newly
generated disaccharide with an � configuration. Formation of
an �-glycoside product from an �-glycoside substrate confirms
the retention of stereochemistry and thus reaction through a

Figure 6. Electrostatic surface representations of the MfFcnA4 (A) and
P5AFcnA active sites (B). Using the structural overlay of MfFcnA4 and
P5AFcnA with the BiAfcB–LNFP II complex (see Fig. 4), �-L-fucopyranosyl-2-
sulfate was overlapped with the fucose in the�1 subsite of the BiAfcB–LNFP
II complex. The �-L-fucopyranosyl-2-sulfate is shown in the context of the
solvent-accessible surface colored by electrostatic potential. The putative sul-
fate-group binding site is circled in red. O3 and O4 are labeled for reference
and would represent the points from which the intact polysaccharide may
extend. The dashed black line represents the approximate direction of the
active-site groove.
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double-displacement mechanism. By extension to the hydroly-
sis reaction, this supports a retaining hydrolysis mechanism
catalyzed by MfFcnA (Fig. 7B).

Discussion

Glycoside hydrolase family 107 presently has eight formally
classifiedmembers withMfFcnA the only example whose char-
acterization has been reported in the literature. The sizes of
these putative proteins range from 574 amino acids to the larg-
est, MfFcnA, at 1007 amino acids (Fig. 1). The bioinformatics
analysis of MfFcnA by Colin et al. (19) suggested that this pro-
tein comprises multiple modules. This was supported by our

structural analysis ofMfFcnA4,which clearly revealed the pres-
ence of four distinct modules within residues 29–732 of the
protein; the structure and function of the C-terminal region of
full-length MfFcnA remains unknown. The comparison of the
MfFcnA4 and MfFcnA9 structures suggest that the first three
modules, D1 to R2, comprise a structurally stable unit. This is
consistent with the observations of Colin et al. (19) and our
observations (not shown) that variants truncated smaller than a
construct terminating after R1 could not be produced as soluble
protein. However, only the (�/�)8 D1 module of MfFcnA
houses the catalytic machinery with no apparent contribution
to the active site from the R modules, which suggests that the

Figure 7. The catalytic mechanism of fucoidan hydrolysis by MfFcnA2. A, capturing the first formed anomer with 2-mercaptoethanol. Top panel, free
disaccharide and disaccharide acetal and their 1H spectra. Isolated disaccharide acetal has a J1,2�3.8 Hz, indicating� configuration and thus retention of stereo
chemistry at the cleavage site. Bottom panel, NOESY and HMBC spectra of isolated disaccharide acetal showing the linkage of 2-mercaptoethyl group to C-1 of
the disaccharide. B, a schematic of the proposed catalytic mechanism of MfFcnA.
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GH107 family is largely defined by the D1 structural unit.
Indeed, supporting this proposition, only the�400-amino acid
D1 module is conserved among the classified members of
GH107 (Fig. 7). Although all of the presently classified mem-
bers of GH107 are considerably larger than the conserved D1
domain, suggesting that a common feature of these enzymes is
multimodularity (Fig. 1), the (�/�)8 D1 module defining the
GH107 family appears to be the minimal catalytically func-
tional unit of these enzymes, as it clearly is in P5AFcnA and
P19DFcnA.
The (�/�)8-barrel adopted by the D1 domain ofMfFcnA and

P5AFcnA revealed highest structural similarity to GH29 exo-
�-fucosidases. Structural conservation of functionally similar
amino acid side chains with the catalytic residues of GH29
enzymes allowed us to postulate a retaining catalytic mecha-
nism for this enzyme, which was supported by the results of
NMRanalyses. The apparent utilization of a histidine side chain
in both enzymes as a catalytic residue, as suggested by the struc-
tures and reinforced by the MfFcnA4H294Q mutant lacking
detectable activity, is unusual for a glycoside hydrolase, but it
has been associated with phosphorolytic enzymes (31). How-
ever, an analysis of fucoidan hydrolysis in a phosphate-contain-
ing buffer by NMR did not provide any evidence for the forma-
tion of sugar phosphates. Thus, we propose that the current
evidence is most consistent with MfFcnA utilizing a retaining
hydrolytic mechanism whereby the side chain of Asp226 acts as
the nucleophile and the side chain ofHis294 acts as the acid/base
(Fig. 7B). Supporting this, both of these residues are conserved
among currently classified GH107 enzymes, as well as
P5AFcnAandP19DFcnA (Fig. 8A). Precedent for nonphospho-
rolytic glycoside hydrolases using a putative catalytic histidine
exists in the glycoside hydrolase family 117 exo-�-agarases,
where a histidine residue is proposed to act as an acid in an
inverting catalyticmechanism (32, 33), and inGH145 L-Rh�-�-
1,4-GlcA �-L-rhamnohydrolases where a histidine also func-
tions as a catalytic residue in a unique mechanism suggested to
involve an epoxide intermediate (34). Other examples in which
a (potentially) anionic carboxyl side chain has been replaced by

a neutral residue such as histidine are found in theGH1myrosi-
nases, where the acid/base Glu is replaced by Gln and an exog-
enous base (ascorbate) binds in its place (35); in the sialidases,
where a neutral tyrosine residue takes the place of a carboxylate
nucleophile (36); and in many sialyl transferases, where His
serves as the general base catalyst (37). The majority of these
enzymes bind and work upon an anionic substrate; thus it is
supposed that the replacement of the anionic carboxylate in the
active site by a neutral residue such as histidine allows the ani-
onic substrate to bind effectively. Such is presumably also the
case for GH107 enzymes so that they may accommodate the
sulfated substrate.
The similarity of theMfFcnA4 and P5AFcnA structures with

those of the GH29 enzymes provided initial evidence of the
likely catalytic residues in these enzymes, but the remainder of
the conservation between the GH107 active site and GH29
active sites is relatively limited. Indeed, this appears to be
largely the case within the complete GH107 family. Conserva-
tion of amino acid residues in the D1 domain of this family,
including P5AFcnA and P19DFcnA, by ConSurf analysis (38)
and mapped onto the D1 domain of the MfFcnA structure
shows that the overall sequence conservation on the protein
surface is quite low (Fig. 8B). There are 13 residues of the total
�400 residues in the catalytic D1 domain that show conserva-
tion in all current members of the GH107 family, and notably,
this includes the proposed catalytic Asp and His residues and
four additional residues that are present in the �1 subsite.
Thus, this family displays the anticipated conservation of the
putative catalytic machinery and the features presumably
allowing accommodation of fucose in the�1 subsite.
The lack of conservation in the surface regions neighboring

the �1 subsite in GH107 enzymes likely reflects the different
subsite architectures that allow the enzymes to recognize dif-
ferent fucoidan structures. This is exemplified by the differing
groove-like topologies of the MfFcnA and P5AFcnA substrate-
binding sites, which appears to reflect the need for the catalytic
sites to accommodate different polymers of fucose. For exam-
ple, MfFcnA binds a substrate with alternating �(1–3)- and

Figure 8. Amino acid conservation in the GH107 family catalytic domains. A, an amino alignment of relevant portions of the (�/�)8 D1 domain of all 10
GH107 members illustrating the conserved putative aspartate nucleophile (indicated by a green arrow), the conserved putative histidine acid/base (indicated
by yellowarrow), and the conserved tryptophan residue in the�1 subsite. The numbering above the alignment represents that of the MfFcnA4 structure. B, the
conservation of amino acids of the full D1 domain from Amapped onto the solvent-accessible surface of the D1 domain structure from MfFcnA4 calculated by
ConSurf (38). Amino acids colored turquoise are considered variable through to amino acids coloredmaroon, which are considered highly conserved. The inset
focuses on the putative�1 subsite with the highly conserved residues shown as sticks and colored as in A. The bound ethylene glycol molecule is shown as
green sticks.

GH107 structure and mechanism

J. Biol. Chem. (2018) 293(47) 18296–18308 18303



�(1–4)-linkages, such as is found in A. nodosum fucoidan (7,
10, 39) and, based on our results, in C. filum fucoidan as
well. However, MfFcnA lacked activity on Fucus vesiculosis
fucoidan, which is thought to have the same class two backbone
structure as A. nodosum fucoidan (7, 12, 40), suggesting addi-
tional subtleties, such as sulfation patterns, in the recognition
of fucoidan by individual enzymes. Indeed, we hypothesize a
pocket in the�1 subsite of MfFcnA that accommodates a spe-
cific sulfate substituent (Fig. 6A). In contrast, the substrates
utilized by the new fucoidanases P5AFcnA and P19DFcnA
were the same for both enzymes and different from theMfFcnA
substrates. Because these two enzymes were active on
fucoidans whose structures are poorly defined (L. hyperborea
andM. pyrifera) or are highly variable and chemically complex
(S. japonica), we presently cannot comment on their precise
substrate requirements (2, 12, 3). However, it is clear that their
preference is distinct from that of MfFcnA, and this property
must be imparted by different active-site topologies that allow
them to accommodate unique fucoidan structures.
Together, these findings begin to illuminate the molecular

details underpinning the biological processing of fucoidan.
Although fucoidan is broadly classified into two types based on
the stereochemistry of the fucose backbone, it is clear that this
is a structurally diverse family of polysaccharides resulting from
the enormous range of potentialmodifications to the backbone,
including, for example, sulfations, branching, and decoration
with other sugars. This high structural diversity appears to be
reflected in the differential specificity of even a very small gly-
coside hydrolase family like GH107, which shows evidence of a
conserved catalytic mechanism but likely variable active-site
architectures to provide differential substrate specificity. These
molecular-level observations provide a foundation that may
ultimately aid in the informed implementation of such enzymes
as biocatalytic tools to characterize fucoidans and/or produce
potential biologically active molecules from fucoidan.

Experimental procedures

Materials

All reagents, chemicals, and other carbohydrates were
purchased from Sigma unless otherwise specified. Purified
fucoidan from M. pyrifera and F. vesiculosis were from Sigma;
fucoidan fromC. filum,A. nodosum, andDurvillaea antarctica
was from Elicityl; L. hyperborea fucoidan was from FMC;
S. japonica fucoidan was from Cactus Botanicals;Undaria pin-
nitiffida fucoidan was from Marinova/NZP; and Cladosiphon
okamuranus fucoidan was from Kanehide Bio Co. Ltd.

Fucoidanase cloning, recombinant expression, and
purification

The E. coli codon optimizedMfFcnA2 gene encoding amino
acid residues Gln29–Thr794 of the full-length protein fused to
an N-terminal six histidine tag by a thrombin cleavage site was
generated synthetically and inserted into pET28a (Genscript)
to make the construct pET28a_MfFcnA2. The pET28a_
MfFcnA4 construct was obtained by amplifying the truncated
region of the MfFcnA2 gene, including the N-terminal six-
histidine tag from the template pET28a_MfFcnA2 using the
primers MfFcnA2_F (5�-AGCCATATGGCTAGCCAAGTA-

CCAGATCCAAACCAAG) and MfFcnA4_R (5�-GTGGT-
GGTGCTCGAGTTAACTAATAATAGTTGCAATTACGT-
TGA), inserting it into pET28a using the In-Fusion�HD cloning
kit (Takara Bio USA, Inc.). The pET28a_MfFcnA9 construct
was also obtained by the same procedure but using the primers
MfFcnA2_F (5�-AGCCATATGGCTAGCCAAGTACCAGA-
TCCAAACCAAG) and MfFcnA9_R (5�-GTGCTCGAGTTA-
ATCCACGGTAATCTTGATTTCGG). The MfFcnA_H294Q
mutant was constructed using the QuikChange site-directed
mutagenesis method (Agilent Technologies) with the plasmid
pET28a_MfFcnA4 as the template. The following primers were
used: MfFcnA_H294Q_F (5�-TATACCTTTGGCCAGCCGT-
TTGGTGGCGCGGGTAA and MfFcnA_H294Q_R (5�-GCC-
ACCAAACGGCTGGCCAAAGGTATAATCGTCAAAC-
AGG). The P5AFcnA and P19DFcnA gene sequences, obtained
from genomes of marine isolates SW5A and SW19D (see
below), were syntheticE. coli codon optimized genes, excluding
signal peptides, and including an N-terminal six-histidine tag.
Plasmid with the genes were inserted into pET28a to make the
constructs pET28a_p5AFcnA and pET28a_P19DFcnA, respec-
tively, were ordered fromGenscript. The sequence fidelity of all
constructs was confirmed by bidirectional DNA sequencing.
Plasmidswere used to transformE. coliBL21 (DE3), and sub-

sequent transformants were grown in Luria-Bertani medium
with 50 �g/ml kanamycin at 37 °C at 180 rpm to an A600 of
�0.5. The growth temperature of the cultureswas then reduced
to 16 °C for 45 min before adding a final concentration of 0.05
mM isopropyl �-D-thiogalactopyranoside to induce protein
expression. Following further incubation of 15–20 h, the har-
vested cells were chemically lysed by resuspension in 35% (w/v)
sucrose, 1% (w/v) deoxycholate, 1% (v/v)TritonX-100, 10mgof
lysozyme, and 0.2 �g/ml DNase in 20 mM Tris-HCl (pH 8.0).
Cell lysate was centrifuged at 16,000� g for 30 min to separate
cellular supernatant and pellet. The supernatant was applied to
a nickel-affinity chromatography column and eluted with 20
mM Tris-HCl, 0.5 M NaCl (pH 8.0), with increasing imidazole
concentrations (20–500mM). Eluted protein was concentrated
then further purified by size-exclusion chromatography using a
HiPrep 16/60 Sephacryl S-200 HR column in 20 mM Tris-HCl,
0.5 M NaCl (pH 8.0).

Isolation of fucoidan-degrading bacteria

The fucoidanolytic marine Psychromonas sp. isolates SW5A
and SW19D were isolated from brown macro algae collected
from the shores of Cadboro Bay and Willows Beach (Victoria,
Canada). Fragments of the macro algae were used to inoculate
10 ml of minimal seawater medium supplemented with 0.1%
(w/v) various purified fucoidan preparations and incubated at
25 °C at 200 rpm for 20 h. The cultures were used to inoculate
another 10ml ofminimal seawatermedium supplementedwith
0.1% (w/v) fucoidan and incubated at 25 °C at 200 rpm for 20 h.
The cultures were then used to inoculate Zobell Marine plates
2216 (HiMedia Laboratories) and incubated at 25 °C for up to 3
days. Single colonies were used to inoculate 10 ml of minimal
seawater medium supplemented with 0.1% (w/v) fucoidan and
incubated at 25 °C at 200 rpm for 20 h. The cultures were then
used to inoculate another 10 ml of minimal seawater medium
supplemented with 0.1% (w/v) fucoidan and incubated at 25 °C
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at 200 rpm for 20 h. Two isolated bacterial strains designated
SW5A and SW19Dwere found to grow on purified commercial
fucoidan.

Sequencing, assembly, and annotation of fucoidan-degrading
bacteria genomes

Genomic DNA was extracted from SW5A and SW19D
grown in 5 ml of Zobell Marine broth, incubated for 20 h at
25 °C at 200 rpm, using the DNeasy blood and tissue kit (Qia-
gen). Paired-endDNA librarieswere prepared usingNEBNext�
dsDNA Fragmentase (New England BioLabs), SPRIselect� re-
agent kit (Beckman Coulter, Inc.), and NEBNext� UltraTM II
DNA library prep kit for Illumina� (New England BioLabs).
The library was quantified using the QuBITTM dsDNA HS
assay kit (Invitrogen), the NEBNext Library Quant kit (New
England BioLabs), and an Agilent 2100 Bioanalyzer high sensi-
tivity DNA chip (Agilent Technologies). Next generation
sequencing of libraries was performed on the Illumina MiSeq
platform with theMiSeq V2 reagent kit (500 cycles) (Illumina).
Sequencing analysis of paired-end reads and genome assembly
was performed using the A5-miseq pipeline (41). Analysis of
the 16S RNA revealed both bacterial strains to belong in the
Psychromonas genus and are consequently referred to as Psy-
chromonas sp. SW5A and Psychromonas sp. SW19D. The
dbCAN webserver and database (42) was used to annotate all
carbohydrate-active enzymes present in the genomes, includ-
ing the identification of P5AFcnA from Psychromonas sp.
SW5A and P19DFcnA from Psychromonas sp. SW19D.

Assays for fucoidanase activity

Fucoidanase activity assays were conducted using C-PAGE
analysis of the release of anionic oligosaccharides (43). Briefly,
0.25% (w/v) of fucoidan and 1 �M fucoidanase in 20 mM Tris-
HCl (pH 8.0) buffer with 0.5 M NaCl were incubated for 40 h at
room temperature. Sulfated carrageenan oligosaccharides were
used at 0.05% (w/v) as standards. The samples and standards
had loading dye added (5% (w/v) glycerol, 0.005% (w/v) bro-
mphenol blue) and were run on an acrylamide/bis-acrylamide
electrophoresis gel with a 5% (w/v) stacking layer and 24% (w/v)
resolving layer in 75 mM Tris-HCl (pH 8.8) for 15 min at 100 V,
20 min at 150 V, and 30 min at 200 V. Gels were stained with
0.1% O-toluidine blue (w/v) in 1% (v/v) acetic acid and
destained with 1% acetic acid.

HDX-MS

HDX reactions were conducted in triplicate with 31 pmol of
MfFcnA2 and were initiated by the addition of 45 �l of D2O
buffer solution (10mMHEPES, pH 7.5, 50mMNaCl, 97%D2O),
to give a final concentration of 87% D2O. Exchange was carried
out for 3 s on ice and was terminated by the addition of ice-cold
quench buffer (final concentration, 0.6 M guanidine HCl, 0.8%
formic acid). A fully deuterated sample was prepared by incu-
batingMfFcnA2 in 3 M guanidine HCl at room temperature for
30 min, prior to a 1-h exposure to D2O buffer solution on ice.
The samples were flash frozen in liquid nitrogen and stored at
�80 °C until mass analysis. The peptides were generated by
running the sample over two immobilized pepsin columns
(Applied Biosystems; porosyme, 2-3131-00) at 10 and 2 °C at

200 ml/min for 3 min. Mass analysis was completed as
described previously (44–46). Complete peptide data are given
in Fig. S1.

Crystallization, data collection, structure solution, and
refinement

Protein crystals were grown at 18 °C using the hanging-drop
vapor-diffusionmethod. Hanging drops weremade by adding 1
�l of protein solution (protein between 10 and 20 mg/ml in 20
mM Tris-HCl, pH 8.0, 500 mM NaCl) to 1 �l of crystallization
condition. Crystals used to solve the MfFcnA4 and MfFcnA4_
H294Q structures grew in the crystallization condition 0.1 M

NaCl, 1.4 M (NH4)2SO4, sodium acetate:acetic acid, (pH 4.5).
Crystals used to solve the MfFcnA9 structure grew in the crys-
tallization condition 0.2 M MgCl2, 0.1 M Bis-Tris (pH 5.6), 19%
PEG 3350. Crystals used to solve the P5AFcnA structures grew
in the crystallization condition 2 M sodiummalonate (pH 6–7).
P5AFcnA crystals required no additional cryo-protection prior
to flash cooling in a nitrogen stream at 100 K.However, crystals
of the MfFcnA constructs required cryo-protection in crystal-
lization solution supplemented with 30% ethylene glycol before
being flash-cooled in a nitrogen stream at 100 K.
Diffraction data were collected on an “in-house” instrument

comprising a PILATUS3 R 200K hybrid pixel array detector
coupled to a MicroMax-007HF X-ray generator with a Vari-
MaxTM-HF Arc) Sec confocal optical system and an Oxford
Cryostream 800 or on Beamline 7-1 at the Stanford Linear
Accelerator Center (Stanford Synchrotron Radiation Light-
source (SSRL)). In house diffraction data were indexed, inte-
grated, and scaled using the HKL2000 suite (47) and converted
to an mtz file using SCALEPACK2MTZ in the CCP4 platform.
The data collected at SSRL was processed using iMosflm (48)
for indexing and integration and Aimless for truncation and
scaling (49). Initial structures of MfFcnA4 and P5AFcnA were
solved by SIRAS using the SHARP/autoSHARP package (50)
with a 2.8 Å (MfFcnA4) and 1.98 Å (P5AFcnA) native data sets
and a 2.9 Å (MfFcnA4) and 2.4 Å (P5AFcnA) data set collected
on derivatives produced by a 10–15-min soak of crystals in
cryo-protecting solution supplemented with 1 M NaI.
For theMfFcnA4 structure, the resulting phases were of suf-

ficient quality for BUCANNEER to automatically build a�60–
70% complete model comprising mainly backbone of the pro-
tein. This model was improved using a higher resolution 2.2 Å
MfFcnA4 data set collected using synchrotron radiation, the
initial model as a template for molecular replacement using
PHASER (51), and BUCANNEER to automatically build a new
nearly complete model. Iterative model building and refinement
was used to complete the model. This model was used
as the starting point to determine the structure of the MfF-
cnA4 H294Q mutant using data collected to 2.85 Å in-house.
Diffraction data for MfFcnA9 were collected in-house, and the
structure of MfFcnA9 was solved by molecular replacement
using the final MfFcnA4 model as a search model and the pro-
gramPHASER (51) in theCCP4 platform. TheMfFcnA9model
was completed by iterative building and refinement as above.
For the P5AFcnA structure, the resulting phases were of suf-

ficient quality for BUCANNEER to automatically build an ini-
tial model. The initial model was used as a template for molec-
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ular replacement using PHASER (51) and a 1.55 Å P5AFcnA
data set. The resulting phases were used as a starting point for
iterative model building and refinement to complete the
P5AFcnA model.
All model building and refinement was performed using

COOT (52) and REFMAC (53). The addition of water mole-
cules was performed in COOT with FINDWATERS and man-
ually checked after refinement. In all data sets, refinement pro-
cedures were monitored by flagging 5% of all observation as
“free” (54). Model validation was performed using MolProbity
(55). All data collection, processing, and model refinement sta-
tistics are shown in Table 1.

Preparation of fucoidan oligosaccharides

Fucoidan from C. filum (500 mg) was resuspended in 20 mM

Tris (pH 8.0) with excess MfFcnA4 (10 �M) and incubated for
3 h at room temperature on a EnduroTM MiniMix rotating
mixer (Labnet International). The assaywas frozen, lyophilized,
resuspended in 0.5 ml of distilled water, and centrifuged at
12,000 rpm for 10 min in a 3-kDaMWCOAmicon�Ultra cen-
trifugal filter (MerckMillipore). This process was repeated two
times, and all flow-through, containing small molecular
weight oligosaccharides, was collected, pooled, and purified
on a size-exclusion-chromatography column containing
Bio-Gel P-2 gel in 0.1 M ammonium bicarbonate. Elution
fractions were analyzed by TLC using the solvent system

8:4:1 formic acid:butanol:water. The resulting pure samples
were pooled, lyophilized, resuspended in 0.5 ml of distilled
water, and vacuum-concentrated to remove excess ammo-
nium carbonate.

NMR analysis: general
1H, 13C, 1H-1H COSY, 1H-1H total correlation spectros-

copy,1H-13C HSQC (or 1H-13C HMQC), 1H-13C HMBC,
NOESY (or ROESY) NMR spectra were collected on Bruker
Avance 400MHz, BrukerAvance III 600MHz, aswell as Bruker
Avance III 850 MHz NMR spectrometers at 25 °C.

Product analysis by NMR

To a 1% (w/w) solution of C. filum in Na-HEPES buffer (50
mM, pH 7) was added 5 �M of FcnA2, and the reaction mixture
was incubated for 10 h at 25 °C. The formation of hydrolysis
products was monitored by TLC (1:1:1 water:isopropanol:ethyl
acetate), as well as 1H NMR. It was shown that within 10 min
C. filum fucoidan was hydrolyzed to a mixture containing tet-
rasaccharide (Rf� 0.31), whichwas slowly converted to a disac-
charide (Rf � 0.67) in 10 h. The solved 1H and 13C chemical
shifts of the tetrasaccharidewere found to be almost identical to
those described for L-fucopyranose-2,3-disulfate-�(1–3)-L-
fucopyranose-2-sulfate-�(1–4)-L-fucopyranose-2,3-disulfate-
�(1–3)-L-fucopyranose-2-sulfate (56) (Fig. S2). The disaccha-

Table 1
X-ray data collection and structure statistics
The values for the highest resolution shells are shown in parentheses.

MfFcnA4 low
resolution

MfFcnA4
iodide MfFcnA4

MfFcnA4
H294Q MfFcnA9

P5AFcnA low
resolution

P5AFcnA
iodide

P5AFcnA high
resolution

Data collection
Beamline Home source Home source SSRL 7-1 Home source Home source Home source Home source Home source
Wavelength (Å) 1.54178 1.54178 0.97531 1.54178 1.54178 1.54178 1.54178 1.54178
Space group P 3121 P 3121 P 3121 P 3121 P43212 P 3121 P 3121 P 3121
Cell dimensions
a (Å) 155.53 156.35 156.60 156.53 61.92 97.35 97.17 97.45
b (Å) 155.53 156.35 156.60 156.53 61.92 97.35 97.17 97.45
c (Å) 84.60 85.15 84.57 84.41 324.35 96.34 96.25 96.68

Resolution (Å) 30.0–2.80
(2.95–2.80)

30.0–2.90
(3.07–2.90)

40.0–2.20
(2.28–2.20)

29.6–2.85
(2.95–2.85)

20.0–2.24
(2.32–2.24)

50.0–1.98
(2.01–1.98)

30.0–2.40
(2.44–2.40)

40.0–1.55
(1.58–1.55)

Rmerge 0.150 (0.497) 0.170 (0.713) 0.120 (0.866) 0.095 (0.733) 0.153 (0.217) 0.054 (0.327) 0.114 (0.503) 0.071 (0.569)
�I/�I	 10.6 (3.3) 10.5 (2.0) 14.9 (3.3) 18.9 (2.3) 7.6 (2.2) 19.4 (2.4) 27.0 (3.4) 29.3 (2.8)
CC1⁄2 0.995 (0.955) 0.992 (0.869) 0.998 (0.924) 0.996 (0.957) 0.994 (0.935) 0.998 (0.893) 0.998 (0.952) 0.998 (0.863)
Completeness (%) 99.8 (99.5) 99.8 (99.8) 100.0 (100.0) 98.5 (93.5) 99.6 (99.9) 99.8 (98.7) 100.0 (99.8) 100.0 (100)
Redundancy 7.9 (7.8) 7.8 (7.8) 10.7 (10.5) 6.3 (6.4) 4.9 (3.4) 5.1 (2.5) 13.6 (6.3) 7.8 (5.2)
No. of reflections 230,245 207,719 648,258 173,464 153,600 190,440 284,204 60,4824
No. unique 29,290 26,897 60,747 27,694 31,364 37,079 20,891 77,250

Refinement
Resolution (Å) 2.2 2.85 2.24 1.55
Rwork/Rfree 0.22/0.25 0.25/0.29 0.24/0.27 0.17/0.19
No. of atoms
Protein 5435 (A) 5400 (A) 4569 (A) 2883 (A)
Ligand 12 (EDO), 4 (CA),

1 (NA)
4 (EDO),
2 (CA)

4 (EDO),
5 (CA)

7 (MLI),
1 (CA)

Water 451 59 65 524
B-factors
Protein 43.2 (A) 59.9 (A) 31.75 (A) 15.6 (A)
Ligand 48.0 (EDO), 43.4 (CA),

57.3 (NA)
65.34 (EDO),
86.2 (CA)

39.7 (EDO),
43.7 (CA)

24.0 (MLI),
28.0 (CA)

Water 42.9 34.8 26.9 29.2
RMSD
Bond lengths (Å) 0.01 0.01 0.01 0.02
Bond angles (°) 1.26 1.11 1.07 1.77

Ramachandran (%)
Preferred 95.4 95.3 94.7 97.0
Disallowed 0.14 0 0 0

PDB code 6DLH 6DMS 6DNS 6M8N
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ride was determined to be L-fucopyranose-2,3-disulfate-�
(1–3)-L-fucopyranose-2-sulfate by NMR analysis (Fig. S2).

The stereochemistry of hydrolysis by NMR

To a 1% (w/v) solution of C. filum in Na-HEPES buffer (10
mM, pH7) containing 10% (w/w) 2-mercaptoethanol was added
5 �M of MfFcnA2, and the reaction was incubated for 3 days at
25 °C. The formation of hydrolysis products was monitored by
TLC (1:1:1water:isopropanol:ethyl acetate), aswell as 1HNMR.
The reaction mixture was lyophilized to dryness and sonicated
in MeOH. The fraction solubilized in MeOH was shown to
contain the free disaccharide (Rf� 0.67) and a newdisaccharide
spot (Rf� 0.71), whereas the remaining solid contained the free
disaccharide (Rf � 0.67) and tetrasaccharide (Rf � 0.31). The
new disaccharide product (Rf� 0.71) was isolated by prepara-
tive TLC (1:1:1 water:isopropanol:ethyl acetate) and analyzed
byNMR (Fig. S2). 1HHMBC andNOESY experiments revealed
that -OCH2CH2SH is connected to the C-1 of the newly gener-
ated disaccharide with � configuration (J1,2 � 3.8 Hz). In a
control reaction, no detectable disaccharide acetal was formed
when incubating the free disaccharide with 2-mercaptoethanol
under the same conditions.
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