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Transfer of carbohydrate-active enzymes from
marine bacteria to Japanese gut microbiota
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Gut microbes supply the human body with energy from dietary
polysaccharides through carbohydrate active enzymes, or
CAZymes', which are absent in the human genome. These enzymes
target polysaccharides from terrestrial plants that dominated diet
throughout human evolution®. The array of CAZymes in gut
microbes is highly diverse, exemplified by the human gut symbiont
Bacteroides thetaiotaomicron’, which contains 261 glycoside
hydrolases and polysaccharide lyases, as well as 208 homologues
of susC and susD-genes coding for two outer membrane proteins
involved in starch utilization™*. A fundamental question that, to
our knowledge, has yet to be addressed is how this diversity evolved
by acquiring new genes from microbes living outside the gut. Here
we characterize the first porphyranases from a member of the
marine Bacteroidetes, Zobellia galactanivorans, active on the
sulphated polysaccharide porphyran from marine red algae of the
genus Porphyra. Furthermore, we show that genes coding for these
porphyranases, agarases and associated proteins have been trans-
ferred to the gut bacterium Bacteroides plebeius isolated from
Japanese individuals’. Our comparative gut metagenome analyses
show that porphyranases and agarases are frequent in the Japanese
population® and that they are absent in metagenome data’ from
North American individuals. Seaweeds make an important contri-
bution to the daily diet in Japan (14.2 g per person per day)®, and
Porphyra spp. (nori) is the most important nutritional seaweed,
traditionally used to prepare sushi”'’. This indicates that seaweeds
with associated marine bacteria may have been the route by which
these novel CAZymes were acquired in human gut bacteria, and
that contact with non-sterile food may be a general factor in
CAZyme diversity in human gut microbes.

Marine algae contain sulphated polysaccharides'" that are absent in
terrestrial plants. These unique polymers are used as a carbon source
by marine heterotrophic bacteria that produce specific CAZymes'>. In
comparison to the accumulating knowledge on the degradation of
plant polysaccharides', little is known about the enzymes acting on
polysaccharides from marine edible algae such as Porphyra (nori),
Ulva (sea lettuce) or Undaria (wakame). This lack of knowledge con-
cerning marine glycoside hydrolases, which impedes their identifica-
tion in metagenomic studies, was the initial rationale for our search
for new glycoside hydrolases in Z. galactanivorans. This marine
Bacteroidetes was isolated from the red alga Delesseria sanguinea for
its capacity to degrade agars and carrageenans'*"". The recent genome
analysis of Z. galactanivorans (T.B. et al., manuscript in preparation)
showed the existence of five proteins (Zgl017, Zg2600, Zg3376,
7g3628 and Zg3640) that are distant relatives of B-agarases and
K-carrageenases (on average 23% identity with AgaA and CgkA). All
of these sequences feature the catalytic signature EXDXXE typical of
glycoside hydrolase family 16 (GH16) (Supplementary Fig. 1), but do

not possess the critical residues needed for recognition of agarose or
K-carrageenan'’,

To identify their substrate specificity we cloned and expressed these
five GH16 genes in Escherichia coli. However, only Zg1017 and the
catalytic module of Zg2600 were expressed as soluble proteins and
could be further analysed (Supplementary Fig. 2). As predicted, these
proteins had no activity on commercial agarose (Supplementary
Fig. 3) or k-carrageenan. Consequently, we screened their hydrolytic
activity against natural polysaccharides extracted from various marine
macrophytes (data not shown). Zg2600 and Zg1017 were found to be
active only on extracts from the agarophytic red algae Gelidium,
Gracilaria and Porphyra, as shown by the release of reducing ends
(Fig. 1a). These enzymatic activities correlate with increasing amounts
of 4-linked a-L-galactopyranose-6-sulphate (L6S) in the extracted
polysaccharides, as shown by 'H-NMR (Fig. 1b)'®. This monosacchar-
ide is typical of porphyran, which ideally consists of alternating L6S
and 3-linked B-D-galactopyranose units (G)" (Fig. 1a and Supplemen-
tary Fig. 4a). Occasionally, L6S units are replaced by 4-linked
3,6-anhydro-o-L-galactopyranose units (LA), as found in agarose™.
Because the extracted porphyran contained about two-thirds L6S-G
and one-third LA-G motifs (Fig. 1b), this polysaccharide was purified
from LA-G motifs by B-agarase pre-treatment. Zg2600 and Zgl1017
showed highest activity on the purified porphyran, whereas agarases
were inactive. 'H-NMR analysis of the purified reaction products
shows that the major final product of both porphyranases is the dis-
accharide L6S—G (Supplementary Figs 5 and 6), indicative of cleavage
ofthe B-1,4-glycosidic bond (Supplementary Figs 4b and 6). Therefore,
7g2600 and Zgl1017 are the first B-porphyranases described so far—
referred to as PorA and PorB, respectively—and they represent a new
class of glycoside hydrolases.

We solved the crystal structures of PorB and of an inactivated
mutant of PorA in complex with a porphyran tetrasaccharide, allow-
ing the identification of key residues for porphyran recognition. The
structural differences in B-porphyranases that determine substrate
recognition predominantly concern the subsite —2, which binds an
L6S unitin PorA and an LA unitin AgaA (Protein Data Bank accession
1URX). The L6S unit is surrounded by W56 (W67, PorB) on one side,
R133 on the opposite side and by R59 (R70, PorB) above (Fig. 2a).
Whereas W56 stacks to one face of the L6S unit, R59 forms a bidentate
hydrogen bond with the hydroxyl group on carbon 2 of the L6S unit
and the o-(1,3)-glycosidic-bond oxygen. The sulphate group of the
L6S unit is oriented towards the interior of the cleft and protrudes into
a positively charged and hydrophobic pocket (Fig. 2b). Critical for
porphyran recognition, this pocket leaves space for the bulky sulphate
group substituted at carbon6. In contrast, non-adapted glycoside
hydrolases, such as B-agarases, impose high sterical constraints at this
position (Supplementary Fig. 7a) rendering productive binding
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Figure 1| Activity screening on natural algal polysaccharides reveals
porphyranase activity. a, PorA and PorB were screened on crude algal
extracts and compared to AgaA; the species on which the enzymes were
active are displayed. The bars show the amount of produced glucose-
reducing end equivalents (n = 3, error bars represent mean * s.d.). The

impossible, as reflected by the biochemical activity of AgaA, which
cannot degrade pure porphyran.

This structural information was then exploited for data mining of
porphyranases in sequence databases. Six potential B-porphyranases
were identified in the GenBank non-redundant database, with iden-
tity ranging from 35% to 55% with PorA and PorB. Structure-based
sequence alignment indicates that the crucial residues for porphyran
recognition are well conserved in all of these GH16 enzymes (Sup-
plementary Fig. 1). Moreover, phylogenetic analysis confirms that
these six proteins, together with Zg3376, Zg3628, Zg3640, PorA and
PorB, constitute a monophyletic group (clade 2) distinct from the
[-agarase and K-carrageenase subfamilies (Fig. 3; for details see Sup-
plementary Table 2). Therefore, all of these additional proteins are
confidently predicted to be B-porphyranases and clade 2 can be
defined as a new subfamily within GH16. The genes coding for
7g3376, 2Zg3628 and Zg3640 from Z. galactanivorans are thus named
porC, porD and porE, respectively.

Figure 2 | Structural determinants of porphyran active enzymes. a, An
active site mutant of PorA was generated by polymerase chain reaction
(PCR) mutagenesis and co-crystallized with the purified porphyran
tetrasaccharide showing the key residues for porphyran recognition. Four
sugar units are defined by electron density. The negative charge of the
sulphate group is neutralized with salt bridges from the side chains of H53
and R133. b, Surface representation of the substrate binding site,
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activities on crude extracts are compared with that on pure porphyran (top)
and agarose (bottom). b, "H-NMR spectra from the corresponding
substrates in a show that the enzymatic activity correlates with the quantity
of L6S units. Activity of PorA and PorB is highest on pure porphyran (>95%
L6S-G).

All the orthologues of B-porphyranases that we detected by blast
analysis in GenBank are encoded by marine bacterial genomes,
except for Bp1689 (36%, 35% and 52% identity with PorA, PorB
and PorE, respectively) which originates from the human gut bac-
terium Bacteroides plebeius. To date, the literature describes six dif-
ferent strains of this species, all of which were isolated from the
intestinal microbiota of Japanese individuals® and the type strain
was sequenced as part of the Human Microbiome Project (HMP,
http://genome.wustl.edu/genomes). Notably, B. plebeius also con-
tains a putative -agarase from GHI16, Bp1670 (53% identity with
AgaB, Fig. 3). In contrast, none of the 24 other Bacteroides genome
sequences available at the US National Center for Biotechnology
Information (NCBI) contain any B-porphyranase or 3-agarase genes.
Among these additional species, ten species were isolated from western
individuals (eight North American and two French) and six from East
Asian individuals (five Japanese and one Japanese Hawaiian). The
remaining strains are uncharacterized and were selected by the HMP

b

perpendicular to the view in a, highlighting the pocket specifically
accommodating the sulphate group of the L6S unit bound to binding site
—2. The pocket is occupied by a tyrosine residue in B-agarases (Y69 in
AgaA), which is situated in the highly divergent amino-terminal region. In
both panels final refined electron density (2F, — F; grey grid) surrounding
the sugar units and the neighbouring amino acids is represented at a 15 level.
The figure was prepared with PyMol.
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Figure 3 | Phylogenetic analysis of GH16 galactanases reveals
porphyranases in many marine bacteria and in the Japanese gut bacterium
B. plebeius. GH16 enzymes specific for red-algal-sulphated galactans cluster
in three clades: clade 1, B-agarases; clade 2, B-porphyranases; and clade 3,
K-carrageenases. Marine bacteria use these enzymes for red-algal galactan
degradation. The non-marine exception is the human gut bacterium B.
plebeius, which contains a B-porphyranase and a -agarase (white circles)
reminiscent of the porphyranolytic system of Z. galactanivorans (black
diamonds).

(see Supplementary Table 5). Analysis of the B. plebeius genome shows
that Bp1670 and Bpl689 are surrounded by other CAZyme genes
(Fig. 4): two glycoside hydrolase family 86 (GH86) [-agarases
(Bp1693 and Bpl694), two glycoside hydrolase family 2 (GH2)
[-galactosidases (Bp1672 and Bpl673) and a sulphatase (Bpl701).
This genomic region also contains a gene coding a carbohydrate-
binding module family 22 (CBM22) protein (Bp1696), preceded by
a susD-like gene (Bp1697) and its associated TonB-dependent recep-
tor gene (susC-like, Bp1698). All these carbohydrate-related genes
have their closest orthologues in marine bacteria (identity between
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Figure 4 | Upstream and downstream of the porphyranase gene (Bp1689),
the genome of B. plebeius contains carbohydrate-related genes that share
highest identity with proteins used for red-algal galactan degradation in
two marine Bacteroidetes. Shown is the sequence identity between B.
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48% and 69%), whereas homologous genes from other gut Bacteroides
species are much more distant (~30% identity). Moreover, six of
these genes (Bp1670, Bp1671, Bp1689, Bp1693, Bp1694 and Bp1696)
have no homologue in other Bacteroides genomes. The genes Bp1696,
Bp1697 and Bp1698 also share synteny with two polysaccharide utili-
zation loci (PUL) from Z. galactanivorans, which include either agaB
(Zg3573) or porE (Zg3640). Interspersed between these genes shared
with marine bacteria there are genes well conserved with other gut
Bacteroides (Supplementary Table 3), showing that B. plebeius is a
regular gut symbiont that received an unusual set of genes most
probably by horizontal gene transfer (HGT) from a marine bacterium.
The possible mechanism for HGT was identified by analysing the
region downstream of Bp1670, which contains genes coding for con-
served relaxase/mobilization proteins (Bp1662 and Bp1663/Bp1665),
required for conjugative DNA transfer”'. Interestingly, the B-agarase
Msl116 and the putative B-porphyranase Ms132 of Microscilla sp.
PREI1 (Fig. 3) are encoded by a plasmid that contains a relaxase gene
(Ms155) homologous to Bp1662*. In conclusion, these results indi-
cate that B. plebeius acquired a porphyran utilization locus that origi-
nated from an ancestral porphyranolytic marine bacterium, related to
the extant marine Bacteroidetes Z. galactanivorans and Microscilla sp.
PREL.

To extend these findings, we searched for homologues of PorA,
PorB and Bp1689 in metagenomic data available at NCBI. No por-
phyranase was found in samples with terrestrial origin. The meta-
genome data sets obtained by open ocean sampling did not contain
porphyranase genes either, but this is probably explained by the lack
of red macroalgae in the ‘open ocean’. Porphyranase distribution is
thus essentially limited to coastal waters and to seaweed-associated
bacteria. To test whether porphyranases are common in Japanese gut
microbes, we analysed the gut metagenome data obtained from 13
Japanese volunteers (total read length, 726,907,479 base pairs (bp);
average length, 840 bp)°. Seven potential porphyranases were unam-
biguously identified in the microbiomes of four people (between
31% and 42% identity with PorB, between 83% and 100% with
Bp1689; see Table 1). Six putative B-agarases (GH16) were also
detected in four Japanese individuals (between 51% and 59% identity
with AgaB, between 96% and 99% with Bp1670). Interestingly, in one
Japanese family, the mother and her unweaned baby girl had a micro-
biota containing porphyranase and agarase genes, suggesting that
porphyranolytic gut Bacteroides strains may be transmitted between
relatives. In contrast, when analysing the gut metagenome data of 18
North American individuals (total read length, 1,830,767,417 bp;
average length, 223 bp)” no porphyranase or agarase genes were
detected, even though this data set is 2.5-fold larger than the

TonB-
susD- dependent

like receptor-like Sulphatase

i 28%

33%

like dependent

receptor-like

plebeius, Microscilla sp. PRE1 and Z. galactanivorans proteins. Six of these
genes (Bp1670, Bp1671, Bp1689, Bp1693, Bp1694 and Bp1696) are
conserved with marine bacteria, but are absent in genomes of other gut
Bacteroides.

©2010 Macmillan Publishers Limited. All rights reserved



NATURE| Vol 4648 April 2010

LETTERS

Table 1| Presence of porphyranases and agarases in Japanese gut metagenomes

Individual Query Porphyranase Bp1689 Match length Agarase Bp1670 identity Match length
identity (Zg1017) (%) (no. of amino acids) (Zg3573) (%) (no. of amino acids)
F1-S F1-S_3191.1_B_pred_2_-_157_654_0_C 83 (42) 165 (109) - -
F1-S_077P07.z_B_pred_2_-_400_864_0_C 84 (32) 139 (150) - -
F1-S_051H15.y_B_pred_2_-_130_390_0_C 93 82 - -
F2-W (mother) F2-W_029111.z_B_pred_1_-_12 764_0_C 85 (39) 235 (162) - -
F2-W_368.1_B_pred_2_-_832_1554_0_C - - 96 (51) 222 (202)
F2-Y (child) F2-Y_2347.1 _B_pred_2_+_1383_2351_0_C 87 (37) - - -
F2-Y_032L13.y_B_pred_1_-_1 614 0_P 94 (31) 184 (207) - -
F2-Y_008023.y_A_pred_1_+_1 655_1_P - 97 (58) 194 (206)
F2-Y_399.1_B_pred_5_-_4757_5316_2_P - 97 (59) 185 (205)
In-R In-R_047A09.g_B_pred_1_+_1 _846_0_P - 99 (52) 281 (298)
In-R_5520.1_A_pred_1_-_43_666_0_C - - 98 (59) 207 (209)
In-D In-D_058K14.b_B_pred_2_-_470_958_0_C 100 (33) 162 (145) - -
In-D_129010.g_B_pred_1_-_76_909_0_C - - 96 (53) 277 (266)

Sequence identities and match lengths are given without parentheses for matches to Bp1689 and Bp1670 and in parentheses for matches to Zg1017 (Z. galactanivorans PorB) and Zg3573 (Z.

galactanivorans AgaB). Queries were run through http://www.metagenome.jp.

Japanese data set (almost tenfold considering average read length)°.
However, the average read length is shorter in the American data set.
To test whether this difference might have an impact on the like-
lihood of detecting porphyranases and agarases, we searched for
homologues of the gene coding for the o-amylase SusA from
B. thetaiotaomicron, which is well conserved in Bacteroides genomes.
Using the following criteria (E-value <10~ "%, score >50, identity
>50%), we found 34 and 306 homologues in the Japanese and
American data sets, respectively, confirming that there is no bias due
to the read length. Applying the Fischer’s exact test* to the respective
CAZyme counts gives a P-value of P=1.68 X 10~ °, indicative of a
statistically significant association between populations and the occur-
rence of porphyranase sequences in gut microbiota. Altogether, ana-
lyses of the available genomic and metagenomic data indicate that
porphyranase and agarase genes are specifically encountered in
Japanese gut bacteria and are probably absent in the microbiome of
western individuals.

The detection of this HGT was possible owing to two favourable
factors: B-porphyranases are absent in terrestrial microbes, and the
transfer was relatively recent compared to the millions of years of
mammalian gut microbiome evolution. This is supported by the high
sequence identity of the porphyranase and associated genes in
B. plebeius with genes found in marine Bacteroidetes. In contrast,
acquisition of terrestrial plant-specific CAZyme genes probably
occurred early in the evolution of herbivorous/omnivorous mammals,
and such horizontally acquired genes would be difficult to distinguish
from ancestral, vertically transmitted genes. The timing of such a HGT
event is, however, difficult to estimate®’. The question then arises of
how the genes described here were acquired by Japanese gut bacteria.
Tax records from the eighth century list seaweeds as payments to the
Japanese government’, showing that they had an important role in
Japanese culture. Dietary seaweed therefore is the most probable vec-
tor for the contact with marine microbes that led to HGT, as the only
porphyran source in human nutrition is nori. Traditionally, noriis not
roasted and thus contact with associated marine microbes is promoted
through Japanese sushi’. Consequently, the consumption of food with
associated environmental bacteria is the most likely mechanism that
promoted this CAZyme update into the human gut microbe.

METHODS SUMMARY

Porphyra umbilicalis algae were collected in spring 2008 near Roscoff in the
intertidal zone. One-hundred grams of dry weight material was used for the
polysaccharide extraction®. This polysaccharide is referred to as porphyran.
To remove LA-G motifs, porphyran was pre-digested with an excess of B-agarase
B (AgaB)". The resistant fraction was separated from oligosaccharides by gel-
filtration. This fraction is referred to as pure porphyran.

Enzyme activity assays were carried out as previously described for
[-agarases'® but at 30 °C, with a porphyranase concentration of ~5nM and a
porphyran solution of 0.125% (w/v). The oligosaccharides produced during
enzymatic digestion of all polysaccharides from various algal species were mea-
sured by a reducing sugar assay calibrated against a glucose concentration curve
and presented as glucose-reducing end equivalents™.

PorA and PorB were produced by recombinant expression in E. coli (see
Methods). All enzyme constructs are appended by a Hise-tag for protein puri-
fication following standard affinity- and size-exclusion high-performance liquid
chromatography (HPLC) methods. The crystal structure of PorA was solved by
multiwavelength anomalous diffraction (MAD) on a gold derivative using the
program HKL2MAP?. A standard mutagenesis kit from Qiagen was used to
introduce the E139S mutation into PorA (for primers, see Supplementary
Table 4). A complex structure was obtained by co-crystallization with purified
porphyran tetraoligosaccharide. Refinement was performed with REFMAC?*
and model building with Coot™. The crystal structure of PorB was solved by
molecular replacement and using PorA as a search model. All data sets were
collected at the European Synchrotron Radiation Facilities.

The purification of porphyran oligosaccharides was carried out by several
subsequent liquid chromatography steps. "H-NMR spectra were recorded and
the signals were fully assigned using a complete set of correlation spectra (COSY,
HMBC and HMQC). Details of the phylogeny analysis are described in the
Methods section.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Activity screening on algal extracts. Algae of species (Ectocarpus siliculosus,
Delesseria sanguinea, Zostera marina, Porphyra umbilicalis, Gracilaria gracilis,
Gelidium spinosum, Chondrus crispus and Laurencia pinnatifida) were all collected
at low tide near Roscoff, extensively washed with fresh water, shock frozen with
liquid nitrogen and ground in a mortar until a fine powder was obtained. One-
hundred grams of dry weight material was used for the polysaccharide extraction™.
The algal powder was treated with 80% ethanol, centrifuged and the supernatant
was discarded. Ethanol extraction was repeated until the supernatant remained
colourless. The obtained algal solid fraction was pelleted, frozen and subsequently
dried by lyophyllization. For the enzymatic activity tests, 50 mg of algal powder was
resuspended in 1 ml distilled water and extracted for 1 h at 98 °C. The suspension
was centrifuged for 5 min at 3,000g and the supernatant was transferred into a new
tube. This extraction was repeated twice and the three extraction supernatants were
finally combined. The dried mass was recovered for each extract to calculate the
normalized enzyme activity and to record 'H-NMR-spectra.

One-hundred microlitres of algal extract was incubated with ~1 pg of enzyme
at 30 °C in 300 mM NaCl and 10 mM sodium acetate, 16 mM tri-sodium citrate
(pH 7.2) until complete digestion could be obtained. Complete digestion was
monitored by further adding of enzyme and re-measuring the amount of
released oligosaccharides. The samples were centrifuged for 30 min at 3,000g,
to spin down non-digested gel particles, and re-equilibrated for 20 min at 20 °C.
Soluble reaction products in the supernatant were quantified by a reducing sugar
assay”®. The amount of reducing ends produced by the enzymes was calculated
with a glucose calibration curve and the obtained results are presented as glu-
cose-reducing end equivalents (Fig. 1). The final values were calculated by sub-
tracting control levels measured for solutions with no enzyme added (data not
shown). The calibration curve with 50-300 pg ml~" of glucose was used to cal-
culate the amount of reducing ends as glucose-reducing end equivalents.
Medium throughput cloning and expression strategy. The five new GH16
enzymes from Z. galactanivorans were selected for recombinant expression.
Two enzymes (Zg2600 and Zg3628) are multimodular and consist of catalytic
modules appended by carbohydrate-binding modules (CBMs)* or modules of
unknown function. From these multimodular enzymes only the catalytic modules
were amplified by PCR and subsequently cloned. Cloning strategy and primers of
all targets are given in Supplementary Table 4.

All targets were amplified in parallel by PCR with a set of forward and reverse
primers that were calculated to have a melting temperature of 70 °C. Purified PCR
products were digested with a mix of the corresponding restriction enzyme/buffer
system (NEB) for 3 hat 37 °C. After digestion, the PCR products were again purified
with a standard DNA purification kit and finally eluted with 25 pl of H,O. The PCR
products were ligated with an equally digested pET15b-derived plasmid (gift from
M. Cygler), which was additionally dephosphorylated. For the transformation,
chemically competent DH5a. E. coli cells were used following standard procedures.

The recombinant soluble expression of the different constructs was first
screened in small scale. The obtained clones were transformed into recombinant
Bl21 (DE3) cells and then used to inoculate a 3 ml Luria—Bertani-broth precul-
ture, supplemented with 100 pgml™" of ampicillin in deep-well format. The
preculture was incubated overnight at 37 °C and 10 ul were transferred for
inoculation of 2 ml ZYP-5052 medium (ampicillin, 100 pg ml~")*". The expres-
sion test cultures were incubated at 20 °C for three days and harvested by cent-
rifugation. The cells were lysed with 500 pl of lysis buffer composed of 50 mM
Tris, pH 8, 300 mM NaCl, 1 mgml ™" lysozyme and DNase. The cell lysate was
centrifuged and the supernatant separated for batch affinity purification with
hypercel nickel resin. The remaining cell pellet, which contained the insoluble
expressed fraction, was extracted with 6 M urea for 30 min and centrifuged. The
supernatant was stored for SDS—polyacrylamide gel electrophoresis (PAGE)
analysis. The cell lysate supernatant was used for batch affinity purification
and 50 pl of nickel charged hypercel resin was added to the supernatant. After
incubation for 20 min, the supernatant was discarded and the pellet washed with
500 ul buffer (lysis buffer without lysozyme and DNase) followed by further
centrifugation. The bound proteins were eluted by adding 500 mM imidazole
solution. Fractions of inclusion bodies, soluble cell lysate and batch-purified
proteins were analysed on 12% SDS-PAGE (data not shown). The expression
procedures were then up-scaled to 1 litre cultures for protein production before
structural and biochemical analysis.

Crystallization and structure solution. PorA was crystallized by the hanging-
drop method in 18-20% PEG 4,000, 0.2 M ammonium sulphate and 0.1 M
sodium acetate, pH 4.6, at 20 °C. Drops contained 2 ul of 2.6 mgml ™' protein
solution plus 1 pl of crystallization solution and were equilibrated against 500 il
crystallization solution. A heavy atom derivative was obtained by soaking a
native crystal for 24 h in mother liquor supplemented with 5mM potassium
tetra-chloro-aureate (III) and 5% glycerol. Before flash freezing at 100K the
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crystal was back-soaked in mother liquor with 10% glycerol for ~1 min. MAD
data were collected on beamline ID23I. Four data sets were collected from one
heavy atom derivative crystal, around the LIII gold absorption edge. Anomalous
data were processed with XDS and scaled with XSCALE™. The heavy atom
substructure solution was determined with SHELXD?* followed by density
modification with SHELXE as part of HKL2MAP* and the resulting electron
density map was improved by solvent flattening with the program DM (CCP4)**.
The crystallization conditions for the PorA_E139S complex structure were
adapted from the native protein and 5-10mM of neo-porphyrotetraose was
added. For these crystals the data collection was carried out on beamline
BM30A. Data were processed with Mosflm™ and SCALA (CCP4)*.
Refinement was performed with REFMAC*® and model building with Coot™.

PorB was crystallized within one-to-two weeks by the sitting-drop method
with a crystallization solution composed of 33-35% PEG 1,000, 0.4 M lithium
sulphate and 0.1 M MES buffer at pH 6.0. The sitting drops were formed by
mixing 2 pl of protein solution (5.6 mgml ™~ ") and 1 pl of crystallization solution,
and equilibrated against a 500 pl crystallization solution at 20 °C). For cryo-
conservation, crystals were brought to 10% glycerol in 5% increments in the
crystallization solution. After solving the phases by molecular replacement, the
model building and refinement were carried out as described for PorA. For all
data sets, 5% of the observations were flagged as free and used to monitor
refinement procedures and a summary for data collection and final refinement
statistics are given in Supplementary Table 1.

Purification of the oligosaccharides by preparative size-exclusion chromato-
graphy. The material for oligosaccharide purification was obtained by incuba-
tion at 30 °C of porphyran with 2.6 pgml ™' of PorA in water.

The purification of porphyran oligosaccharides was carried out by preparative
size-exclusion chromatography with three Superdex 30 (26/60) columns in ser-
ies, integrated on a HPLC system liquid injector/collector (Gilson). The freeze-
dried hydrolysis product was dissolved in deionized water at a concentration of
4% (w/v). After filtration, 4 ml of sample was injected and eluted with 50 mM
ammonium carbonate at a flow rate of 1.5 ml min . Fractions of oligosacchar-
ides that could be assigned to distinct peaks were collected, pooled and analysed
by HPLC (data not shown) and fluorophore-assisted PAGE and the fractions
were freeze-dried by lyophyllization for further analyses by nuclear magnetic
resonance (Supplementary Fig. 6).

Fluorophore-assisted carbohydrate electrophoresis. Fractions obtained after
separation of oligosaccharides were analysed by fluorophore-carbohydrate—
PAGE™. Aliquots of 100 pil were labelled with 2 il AMAC (2-amnoacridone) solu-
tion or with 2 pl ANTS (8-aminonaphthalene-1,3,6-trisulphonate) solution. After
dissolution of the oligosaccharide pellets, 5 ul of a 1 M sodium cyanoborohydride
in dimethylsulphoxide (DMSO) was added and the mixture was incubated for 16 h
at 37 °C. The samples were analysed on a 30% polyacrylamide running gel with a
4% stacking gel.

Nuclear magnetic resonance spectroscopy. All samples were solubilized in D,0
and exchanged twice, before being analysed on a Bruker 500 MHz NMR spectro-
meter. For the polysaccharides extracted from algae that were used as substrates for
enzymatic assays, 'H-NMR spectra were recorded at 70 °C using 64 scans. For
oligosaccharides, 'H-NMR spectra were recorded at 25°C using 16 scans
(Supplementary Fig. 6). Chemical shifts are expressed in p.p.m. by reference to an
external standard TSP (trimethylsilylpropionic acid). The NMR signals of the puri-
fied oligosaccharides were fully assigned using a complete set of correlation spectra:
COSY (doublequantum-filtered correlation spectroscopy), HMBC (heteronuclear
multiple bond correlation) and HMQC (heteronuclear single quantum correlation).
Sequence and phylogeny analyses. Multiple sequence alignments were generated
using MAFFT with the iterative refinement method and the scoring matrix
Blosum62*. The structure-based multiple alignment of the B-porphyranases was
displayed using the program ESPript™. For the phylogeny analyses of the GH16
enzymes, the sequences were selected from the CAZY database. The MAFFT align-
ment of these sequences was manually refined using Bioedit (T. Hall), on the basis
of the superposition of the structure of the k-carrageenase of Pseudoalteromonas
carrageenovora®, the B-agarase AgaA'” and the B-porphyranases PorA and PorB
from Z. galactanivorans. Phylogenetic trees were derived from this refined align-
ment using the maximum likelihood method with the program PhyML". The
reliability of the trees was always tested by bootstrap analysis using 100 resamplings
of the data set. The trees were displayed with MEGA 3.1*'.
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