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Carrageenans are sulfated galactans found in the cell walls of numerous red seaweeds (Rhodophyta). They are classified
according to the number and the position of sulfate ester groups and the occurrence of 3,6-anhydro-galactose. Although the
carrageenan biosynthesis pathway is not fully understood, it is usually accepted that the last step consists of the formation of a
3,6-anhydro ring found in k- and t-carrageenans through the enzymatic conversion of D-galactose-6-sulfate or p-galactose-2,6-
disulfate occurring in u- and v-carrageenan, respectively. We purified two enzymes, sulfurylase I (65 kD) and sulfurylase II (32
kD), that are able to catalyze the conversion of v- into t-carrageenan. We compared their sulfate release rates (i.e. arising from
the formation of the anhydro ring) with the viscosity of the solution and demonstrated two distinct modes of action. In
addition, we found that some mixtures of sulfurylase I and II lead to the formation of carrageenan solutions with unexpectedly
low viscosities. We discuss the implication of these findings for the assembly of a densely aggregated matrix in red algal cell

walls.

Agars and carrageenans are the most abundant
components of the cell walls in numerous red algae
(Rhodophyta) and can represent up to 50% of algal dry
weight. These sulfated galactans are densely packed in
the cell wall in a three-dimensional solid network of
pseudocrystalline fibers, which assemble during the
deposition of cell wall macromolecules (Craigie, 1990).
Sulfated galactans constitute a large family of hydro-
colloids that are made up of linear chains of Gal with
alternating «(1—3) and B(1—4) linkages. In aga-
rose, the a-linked Gal units are in the L configuration
(L unit), while in carrageenans, they are in the D con-
figuration (D unit; Rees, 1969). Agarose refers to an
unmodified neutral backbone of agarobioses (LA-G)
of which up to 20% may carry methyl groups or sul-
fate ester groups (Fig. 1). Carrageenans are classified
according to the number and position of sulfated
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esters (S) and by the occurrence of a 3,6-anhydro
ring in the a-linked residues (DA unit) found in
gelling «-carrageenan (DA-G4S) and t-carrageenan
(DA2S-G4S; Rees, 1969; Knutsen et al., 1994; Usov,
1998). However, carrageenans have very heteroge-
neous chemical structures, depending on algal source,
life stage, and extraction procedure (Craigie, 1990;
Usov, 1998). This structural complexity is attributed to
the occurrence of a mixture of carrageenans in extracts
as well as to the presence of hybrid or copolymer
chains that arise when ideal carrabiose motifs co-occur
in purified carrageenans (Greer and Yaphe, 1984;
Craigie, 1990; Bixler, 1996, Guibet et al., 2008). The
most well-known carrageenan copolymers are those
found in native or unprocessed k- and t-carrageenan
chains. They usually contain fractions of their biosyn-
thetic precursors named u-carrageenan (D65S-G4S) and
v-carrageenan (D2565-G4S), respectively (Fig. 1; Bellion
et al., 1983; van de Velde et al., 2002b).

The biosynthetic pathways of agars and carrageen-
ans are currently only hypothetical. However, based
on the structures of agarobiose and carrabiose moieties
that co-occur in polysaccharide chains, the proposed
sequences of catalytic events accounting for the chem-
ical structures of agars and carrageenans usually as-
sume that three classes of enzymes are involved:
galactosyl transferases, sulfotransferases, and Gal-6-
sulfurylases (in agarose; Rees, 1961a, 1961b), referred
to as “sulfohydrolases” in carrageenans (Wong and
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Figure 1. Formation of agarose, k-, and t-carrageenan repeating di-
saccharide moieties generated enzymatically from their respective
biosynthetic precursors, porphyran, u-, and v-carrageenan.

Craigie, 1978). The a- and B-galactosyl transferases
catalyze the polymerization of the Gal backbone. Sulfo-
transferases decorate the neutral Gal chain with sul-
fate side groups. These reactions have been shown to
take place in the Golgi apparatus, but none of these
enzymes have been isolated in vitro (Tveter-Gallagher
et al., 1984; Gretz et al., 1990). Only the final step of
agarose biosynthesis has been unambiguously dem-
onstrated with the characterization of the enzymatic
activity of Gal-6-sulfurylases, which catalyze the for-
mation of the 3,6-anhydro rings in agarose (Rees,
1961a, 1961b). This reaction was also shown to occur
in vivo (Hemmingson et al., 1996a, 1996b). The forma-
tion of the k- and t-carrageenan anhydro rings was
also observed after incubation of u- and v-carrageen-
ans, respectively, with red algal protein extracts that
have been named sulfohydrolases (Wong and Craigie,
1978; Zinoun et al., 1997). These observations confirm
that the formation of anhydro rings is catalyzed at the
final step of biosynthesis.

The anhydro ring is a chemical structure widely
used in carbohydrate chemistry to selectively modify
sugar residues (Varma et al., 2004; Hou and Lowary,
2009; Tanaka et al., 2009). In contrast to synthetic
moieties, there are very few examples of sugar resi-
dues with an anhydro ring in vivo. To our knowledge,
in addition to the 3,6-anhydro-Gal residues encoun-
tered in agars and carrageenans, the only other doc-
umented natural anhydro ring is the 1,6-anhydro
N-acetyl-muramic acid located at the glucan chain
end of a peptidoglycan (murein; Holfte et al., 1975;
Heidrich and Wollmer, 2002). This 1,6-anhydro ring is
an intraresidue glycosidic bond and occurs when a
glycosidic bond is cleaved via a transglycosylation
mechanism. The enzymatic mechanism leading to the
3,6-anhydro ring in agars and carrageenans is, to date,
unknown. Nevertheless, the anhydro ring is probably
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the result of a nucleophilic substitution where the ester
sulfate located at position 6 is replaced with the
hydroxyl group at position 3, similar to the reaction
that occurs when carrageenans are treated with alkalis
(Cianca et al., 1997; Viana et al., 2004). The conversion
of the a-p-Gal-6-sulfate (u-carrabiose) and 2,6-disulfate
(v-carrabiose) into their corresponding 3,6-anhydro
derivatives greatly reduces the hydrophilic nature of
the Gal residues, inverts the chair conformation of the
pyranose rings from 'C, to *C,, and, as a consequence,
allows the carrageenans to adopt a helical conforma-
tion required for sol/gel transition (Lawson and Rees,
1970; van de Velde et al., 2002b).

The Gal-6-sulfurylases found in agarophytes and
the analogous sulfohydrolase activities extracted from
carrageenophytes represent a novel class of enzymes
owing to the chemical reactions they catalyze as well
as to their involvement in building the matrix of the
cell wall. In addition, these enzymes have only been
found in the red algal lineage. As a consequence, they
represent one of the evolutionary innovations associ-
ated with the emergence of red seaweeds. In this
context, we purified and biochemically characterized
the enzymes that catalyze the formation of anhydro
rings in carrageenans. We found that at least two
enzymes convert v- into t-carrageenan in Chondrus
crispus gametophytes and that these enzymes differ in
their M, and in their mode of action. In addition, we
prepared a viscous carrageenan solution whose prop-
erties were directly related to the mode of action of
these enzymes. The implications of our findings are
discussed in the context of cell wall biosynthesis. More
specifically, given that carrageenans are reputed to
give high-strength gels at low concentrations, we
suggest that sulfurylases allow carrageenans to be
densely packed in algal cell walls.

RESULTS
Purification of Enzymes That Modify v-Carrageenans

A combination of different chromatographic
methods were used to isolate two enzymes from C.
crispus protein extracts, namely sulfurylase I and II,
which converted v- into t-carrageenan. At each stage of
purification, specific enzyme activity was determined
and combined with SDS-PAGE and Coomassie Bril-
liant Blue staining of the protein fractions. Results
from a typical sulfurylase purification experiment are
presented in Table I. The first chromatographic step of
purification using hydrophobic interaction chroma-
tography on phenyl-Sepharose essentially removed
the red phycoerythrin pigment. The subsequent
DEAE-Sepharose chromatography highlighted two
distinct sulfurylase activities. The first fraction, which
led to a significant release of sulfate groups without
substantially modifying the viscosity of the medium,
was observed at elution volumes of about 200 to 350 mL
(i.e. about 300-580 mm NaCl) and was named sulfur-
ylase I (Fig. 2). The second enzyme, sulfurylase II,
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Table 1. Purification yields of sulfurylases

Purification Step Protein  Yield Total SO,*~ ffcetslf;;
mg % ng M mg”min”

Crude extract 104.9 100.0 581,460 56.3
(NH,),SO, fraction ~ 84.1  80.2 457,753 55.3
Phenyl-Sepharose 24.8 23.6 356,559 145.9
DEAE-Sepharose

Sulfurylase | 4.7 45 166,215 359.0

Sulfurylase Il 0.1 0.1 40,215 4,082.9
HiTrap Heparin HP

Sulfurylase | 0.1 0.1 39,331 3,993.1

At this stage, sulfurylase | was still contaminated and was further
purified on a HiTrap Heparin column, as described in “Materials and
Methods.”

eluted at about 400 to 500 mL (i.e. about 650-800 mm
NaCl) and induced a strong increase in viscosity that
was associated with a moderate release of sulfate (Fig.
2). At this stage, sulfurylase II was pure and its mass
was estimated by SDS-PAGE at about 32 kD (Fig. 3).
An additional step of semiaffinity chromatography on
a HiTrap Heparin column was required to obtain pure
sulfurylase I, which migrated as a 65-kD single band
by SDS-PAGE (Fig. 3).

During the preliminary purification experiments,
the cyclization of the 3,6-anhydro ring was determined
chemically according to Jol et al. (1999), and the release
of sulfate was correlated with an increase of 3,6-
anhydro-Gal (data not shown). Consequently, the pu-
rification protocol of the sulfurylases was mainly
based on their ability to catalyze the release of sulfate,
which was assayed by high-performance anion-
exchange chromatography (HPAEC). The sulfurylases’
capacity to increase viscosity was also measured using
a viscosimeter. This increase in viscosity excluded, for
example, the possibility that carrageenan-degrading
enzymes (i.e. carrageenases) co-occurred in the extract.
If they had been present, polysaccharide molecular
mass would have been reduced, resulting in a lower
viscosity of the carrageenan solutions. These analytical
methods were chosen because they require only min-
ute amounts of proteins to demonstrate enzyme activ-
ity. However, neither the release of sulfate nor the
increase in viscosity definitely proves the formation of
the 3,6-anhydro ring. Nonetheless, sulfurylase activi-
ties were unambiguously characterized by 'H NMR
experiments performed with the two purified proteins
(Fig. 4A). The v- and t-carrabiose moieties were char-
acterized by the signal of the anomeric proton of the
a-linked Gal (D2S,65-H1 and DA2S) resonating at 5.5
and 5.3 ppm, respectively (van de Velde et al., 2002a).
Before incubating the v-/i-carrageenan, the v-carra-
biose to t-carrabiose ratio was estimated at about
19.5% by integrating the anomeric signals. During
incubation with sulfurylase I, the signal of the anome-
ric proton (D2S,65-H1) as well as signals ascribed to
other protons of the v-carrabiose moieties (D2S,65-H2,
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-H3, and -H6) strongly decreased. At the end of the
enzymatic reaction, only the proton signal correspond-
ing to t-carrabiose moieties occurred without any new
signals. This suggests that v-carrabiose units were
converted into t-carrabiose units. Similar results were
obtained with sulfurylase II (data not shown).

Similar experiments were conducted on hybrid «-/
u-/1-/v-carrageenan. The 'H NMR spectrum of this
carrageenan was more complex (Fig. 4B), but signals
corresponding to the anomeric protons were straight-
forwardly ascribed (van de Velde et al., 2002a) to
D2S,65-H1 (v-; 5.5 ppm), DA2S-H1 (-; 5.32 ppm),
D6S-H1 (u-; 5.27 ppm), and DA-H1 (x-; 5.11 ppm). By
integrating the anomeric signal, we estimated the
composition in v-, t-, u-, and k-carrabiose moieties at
about 23.5%, 21.6%, 8.9%, and 45.9%, respectively.
After incubation with sulfurylase, the signals corre-
sponding to v-carrabiose decreased dramatically, as
previously observed with v-/t-carrageenan. Using the
k-carrabiose moieties as an internal reference, the
decrease in intensity of the D2S,6S-H1 signal was
equal to the increase in the DA2S-H1 signal, thus
demonstrating that v-carrabiose moieties were con-
verted into t-carrabiose moieties.

It should be noted (Fig. 4B) that the intensity of
anomeric signal of u-carrabiose (5.27 ppm) remained
constant throughout the incubation experiments, high-
lighting the specificity of sulfurylases I and II for
v-carrabiose moieties. In addition, we observed that
the enzymes were ineffective on A-carrageenan, which
occurs in C. crispus sporophytes. The NMR spectra
also lacked any signal corresponding to anomeric
protons localized at the reducing end. This result
confirms that the cyclization of the anhydro ring was
not associated with detectable carrageenan depoly-
merization.
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Figure 2. Chromatographic purification of sulfurylases I and Il on a
DEAE-Sepharose fast-flow column (2 X 22 c¢m). Elution of proteins was
performed using an increasing gradient of NaCl. The concentration of
released sulfate (white circles) and the viscosity (black squares) of the
resulting polymer obtained after incubation with v-/t-carrageenan are
presented for the different fractions.
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Figure 3. SDS-PAGE of purified sulfurylase | (lane A) and Il (lane B)
stained with Coomassie Brilliant Blue R-250. Lanes M, Size markers.

Biochemical Characterization of Gal-2,6-Sulfurylases

The formation of 3,6-anhydro rings was monitored
by following the concentration of sulfate released in
the medium. The conversion of v-carrabiose moieties
into t-carrabiose moieties by pure sulfurylase I and
I was a slow phenomenon. Conversion kinetics ex-
hibited a linear rate of sulfate release for incubations
of up to 20 h. In an attempt to reduce these conver-
sion times, we assayed other incubation conditions
by varying enzyme and substrate concentrations.
We observed that increased enzyme concentrations
(>0.5ug mL ") did not accelerate the kinetic reactions.
Moreover, higher amounts of carrageenan (>0.7%,
w/v) dramatically increased the viscosity of the me-
dium and, as a consequence, affected enzyme efficiency.
Therefore, biochemical and kinetic parameters were
determined using the initial velocity corresponding to
the slope of the linear increase observed between 0 and
15 h of incubation.

Pure v-carrageenan cannot be directly obtained from
a biological source, and chemical synthesis of this
polysaccharide has never been reported. Conse-
quently, biochemical and kinetic parameters of the
enzymes were determined using a hybrid v-/t-carra-
geenan (Table II). Under these conditions, we cannot
exclude the possibility that the sulfurylases are in-
hibited by the t-carrabiose moieties. Nevertheless, we
observed that sulfurylases I and II seemed to have a
similar temperature optimum of 48°C. For tempera-
tures higher than 60°C, we observed a rapid loss of
activity, probably due to enzyme denaturation. The
pH optima were also similar and measured at about
pH 8 to 9 and pH 7 to 8 for sulfurylase I and II,
respectively. Wong and Craigie (1978) reported a pH

1612

optimum of 6.5 for the C. crispus sulfohydrolase that
converts u- into k-carrageenan. Biochemical parame-
ters—apparent K, V.., and k., of the enzymes

reported in Table Il—were also very similar between
the two enzymes.

Comparison of the Mode of Action of the
Two Gal-2,6-Sulfurylases

Conversion kinetic series were performed to simul-
taneously measure the concentration of sulfate re-
leased (i.e. the number of 3,6-anhydro rings formed)
and the viscosity of the medium. Figure 5 shows that,
for both enzymes, desulfation of the substrate was
associated with an increase in viscosity, eventually

A G4S-H4 (D2S,6S)  D2S,6S-H5
— G4S-H3
DA2S-H1 D2S,6S-H2 D2S,68-H6 (D2S,65-H1)

D2S,6S-H1

:

ppm
B D6S-H1 DA-H1
DA2S-H1
D2S,6S-H1
1
T T T T 1T —rr+rrrrrr1
6.00 5.50 5.00 4.50 4.00 3.50

Figure 4. '"H NMR spectra of the conversion kinetics of »- to
-carrabiose using v-/i-carrageenan (A) and hybrid v-/i-/k-/u-carra-
geenan (B) as substrates. These substrates were incubated with sulfurylase
I (52 ng) at 40°C for up to 24 h. The anomeric protons of the various
carrabiose units (v-, D2S,65-H1; -, DA2S-H1; u-, D6S-HT1; k-, DA-HT)
as well as the protons corresponding to wv-carrabiose moieties are
indicated on the spectra.
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Table Il. Biochemical and kinetic parameters for sulfurylases I and Il

Parameter Sulfurylase | Sulfurylase I
Molecular mass (kD) 65 32
Temperature optimum (°C) 48 48
pH optimum 8-9 7-8
Ky (um) 3.3 4.8
Vo (mvmin™") 0.24 0.28
ko (min™h) 6.5 4.7

cat

leading, when incubated for long time periods, to the
gelation of t-carrageenan. However, at an equal con-
centration of released sulfate, the viscosities were not
the same when the conversion was catalyzed by
sulfurylase I or II. This is clearly illustrated in Figure
5, which shows that sulfurylase II induced greater
viscosity at lower concentrations of sulfate than sul-
furylase I. For example, a release of only 0.2 mm sulfate
was sufficient to increase the viscosity of the medium
to 4 mPa with sulfurylase II, while twice as many
catalytic events were required to reach a viscosity of
the same order with sulfurylase I.

We assayed the conversion of v- into t-carrageenan
by incubating the substrate with a range of sulfurylase
I-to-II ratios. Figure 6 shows the concentration of
sulfate released as well as the viscosity of the medium
for each sulfurylase I-to-II ratio. Incubations were
conducted for 12 h, which, for both enzymes, corre-
sponded to a release of about 0.35 uMm sulfate. We
observed that the concentration of sulfate released by
the various mixtures of sulfurylase was almost con-
stant, suggesting that the sulfate released was in fact
the sum of sulfate released independently by each
enzyme. As demonstrated in Figure 5, the viscosity of
the medium was higher when incubation was con-
ducted with sulfurylase II alone. Indeed, the viscosity
of the medium decreased dramatically when low
amounts (10%—20%) of sulfurylase I were added to
sulfurylase II. The viscosity of the medium was lowest
when sulfurylase I-to-II ratios were between 50:50 and
80:20, and viscosity was lower than when sulfurylase I
was used alone.

DISCUSSION
D-Gal-2,6-Sulfurylases Make up a New Class of Enzymes

In 1961, Rees (1961a) unambiguously demonstrated
the occurrence of an enzyme extracted from Porphyra
umbilicalis that catalyzes the formation of 3,6-anhydro
rings in agarose, which occurs when the sulfate ester
group is eliminated from r-Gal-6-sulfate. The enzyme
was then named Gal-6-sulfurylase (systematic name:
L-Gal-6-sulfate:alkyltransferase [cyclizing]; EC 2.5.1.5).
The conversion of u-carrageenan into k-carrageenan
by protein fractions from C. crispus (Wong and Craigie,
1978) and Gigartina stellata (Lawson and Rees, 1970),
and the conversion of v-carrageenan into t-carra-
geenan with Calliblepharis jubata extracts (Zinoun et al.,
1997), have also been reported. Although the purifica-
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tion of these carrageenan-modifying enzymes was
only partial, the sulfohydrolase extracts were thought
to have enzyme activity with a similar mechanism
as the 1-Gal-6-sulfurylase that acts on agarose precur-
sors. Here, to our knowledge for the first time, we
purified, to near electrophoretic homogeneity, two
enzymes named sulfurylase I and II that are able
to catalyze the desulfation and the cyclization of a-p-
Gal-2,6-disulfate (v-carrabiose unit) to form a-p-(3,6)-
anhydro-Gal-2-sulfate (i-carrabiose unit). SDS-PAGE
analysis indicated that these enzymes are monomers
in solution. The purified enzymes were specific to
v-carrageenan and were inactive on u-carrageenan.
Our investigations unambiguously demonstrate that
the formation of anhydro rings is an enzymatic reac-
tion that is carried out by single proteins. Conse-
quently, this observation is compatible with a reaction
mechanism involving a nucleophilic substitution, as
proposed for the cyclization of anhydro rings in alka-
line solutions. At the molecular level, the catalysis of the
cyclization by sulfurylases may occur via a multistep
mechanism, as usually encountered with polysaccharide-
modifying enzymes. However, the cyclization of the
anhydro ring and the release of the sulfate ester group
is probably a concerted mechanism.

The sulfurylases belong to transferase-type enzymes
(and not to hydrolase-type enzymes), as already sug-
gested by Lawson and Rees (1970). Therefore, the term
sulfohydrolase used to describe the active fraction
containing an enzyme that catalyzes anhydro ring
formation in carrageenans now appears inappropriate.
Consequently, in analogy with agarose-acting en-
zymes, the enzymes forming anhydro rings in «- and
t-carrageenans should be named p-Gal-6-sulfurylase
and p-Gal-2,6-sulfurylase, respectively.

Sulfurylases I and II Induce Different Viscous
Carrageenan Solutions in Vitro

As expected, we detected D-Gal-2,6-sulfurylases in
other carrageenophyte seaweeds, such as Mastocarpus

20
0 16
5_; . Sulfurylase Il
>
o
3
S 4
> Sulfurylase |

0 0.1 0.2 0.3 04 0.5 0.6
Concentration of released sulfate (mM)

Figure 5. Variation in the viscosity of the incubation medium deter-
mined after treatment of «-/v-carrageenan with sulfurylase | and Il as a
function of the concentration of released sulfate. Error bars correspond
to the sp determined from three independent experiments.
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Figure 6. Viscosity (white squares) and concentration of released
sulfate (black triangles) after 12 h of incubation of t-/v-carrageenan
with increasing sulfurylase | (Sulf I)-to-sulfurylase Il (Sulf Il) ratios. Error
bars correspond to the sp determined from three independent exper-
iments.

stellatus and Kappaphycus alvarezii, suggesting that
these enzymes are common in carrageenophyte algae.
Sulfurylases I and II also had very similar biochemical
parameters, which may indicate that they have similar
localizations in algal cells. As already noted by Wong
and Craigie (1978), C. crispus Gal-6-sulfurylases are
very stable, which means that they can be stored at 4°C
for several weeks without any reduction in activity
and enzyme kinetics can be completed within 1 d. The
main difference between the purified sulfurylases I
and II we isolated here was their molecular masses (65
and 32 kD, respectively) and their modes of action. As
shown in Figure 5, the increase of viscosity of carra-
geenan solutions was not induced in the same way by
the two sulfurylases. We found that for the same
amount of sulfate molecules released and leading to
the same v- to t-carrabiose ratio, the viscosities of the
carrageenan solutions were very different. These vis-
cous solutions obtained through the action of enzymes
involved in biosynthesis may have some parallels with
in vivo carrageenan assembly.

The differences in viscosity between carrageenan
solutions composed of equal quantities of »- and
-carrabiose moieties suggest that the properties of
the biocatalyzed v-/t-carrageenan are probably caused
by differences in the distribution of carrabioses along
the chain. The conversion of »- into t-carrageenan
may occur in a sequence of catalytic events leading
to various distributions of modified carrageenans
according to whether the reaction is catalyzed by
sulfurylase I or II. As already observed for hybrid
k-/1-carrageenans, carrabiose distribution is an im-
portant parameter controlling the functional proper-
ties of carrageenans (Guibet et al., 2008). For example,
v- to t-carrageenan conversion may proceed via ran-
dom conversion of p-Gal-2,6-sulfate or by processive
conversion of a stretch of v-carrageenans. Unfortu-
nately, no pure v-carrageenan precursors have ever
been isolated, limiting the possibility of enzymological
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studies. In addition, the distribution of the »- and
-carrageenan moieties along the hybrid »-/i-carra-
geenan substrates we used was unknown. Conse-
quently;, it is difficult to determine the mode of action
of sulfurylases. However, as observed for alginate-C5-
epimerase, another enzyme that catalyzes the gelation
of an anionic algal polysaccharide, the mode of action
as well as the mechanism of recognition were found to
be the key parameters that determine the polysaccha-
ride’s properties (Campa et al., 2004; Steigedal et al.,
2008).

Role of Sulfurylases in Algal Cell Wall Assembly

As in terrestrial plants, red algal cell walls are a
composite material made most often of cellulose mi-
crofibrils embedded in a matrix composed of polysac-
charides and, to a lesser extent, proteins and aromatic
substances. In contrast to those found in terrestrial
plants, matrix polysaccharides in agarophytes and
carrageenophytes represent the main constituent of
the cell wall. As a consequence, the physical properties
of the cell wall are directly related to agar or carra-
geenan assembly.

The gelling properties of agarose and carrageenans
have been the subject of many studies, which are
usually carried out with polysaccharides having al-
most ideal structure and at concentrations ranging
from 0.1% to 1% (w/v). These experimental conditions
are very unlike those encountered in the cell wall.
Indeed, agarophyte and carrageenophyte cell walls
contain about 10% (w/v) polysaccharides, with hybrid
—not ideal—structures. It is widely accepted that the
hybridity of carrageenans, as they are found in vivo,
strongly affects their gelation properties (Bixler et al.,
2001; van de Velde, 2008). Consequently, given this
biological reality, the cell wall is probably a very dense
arrangement of carrageenan molecules. This type of
compact arrangement is possible due to the low chain
stiffness, low viscosity, and low gelling properties of
the polysaccharides.

Under the speculation that the biosynthesis of car-
rageenan contributes to making a material of low
viscosity but high density, the low viscosity of carra-
geenan solutions obtained after incubation with sul-
furylase mixtures may be seen as a synergistic mode of
action that developed in carrageenophytes. Indeed,
the combination of both sulfurylases has made it
possible to make less viscous solutions than those
obtained with individual enzymes. There is no evi-
dence that the sulfurylases are colocalized in algae;
furthermore, they may arise at different steps in cell
wall biosynthesis and/or in the regulation of cell wall
properties. However, the ability of these enzyme mix-
tures to make low-viscosity solutions of t-carrageenan
in vitro remains intriguing.

Like other plant and algal matrix polysaccharides,
including pectins, hemicelluloses, alginates, and
agars, carrageenans are synthesized in the Golgi ap-
paratus and exported to the wall in secretory vesicles
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(Tveter-Gallagher et al., 1984). Assembly of these
polysaccharides in the wall involves enzymes (i.e.
pectin methyl esterase, alginate-C5-epimerase, and
now D-/L-Gal-6-sulfurylases) that confer the ability to
make gels or viscous solutions in vitro. Consequently,
although the chemical structures of these polysaccha-
rides and their associated biosynthetic enzymes are
very different, in all cases the distribution of the
repetition moieties and, thus, the rheological proper-
ties of the polysaccharides are fine-tuned in vivo by
enzymes.

MATERIALS AND METHODS

Unmodified t-carrageenan extracted from Eucheuma denticulatum was
provided by CP Kelco (Copenhagen). The polysaccharide was composed of
about 19.5% v-carrageenan moieties according to 'H NMR analyses. The
present hybrid carrageenan, referred to here as t-/v-carrageenan, was used to
screen and study p-Gal-2,6-sulfurylase activities. All solutions and buffers
containing NaNj (about 0.01%, w/v) were filtered at 0.22 um prior to use to
prevent bacterial contamination.

Purification of Chondrus crispus p-Gal-2,6-Sulfurylases

C. crispus gametophytes were collected on the shore at Roscoff, Brittany,
France. Specimens were frozen in liquid nitrogen and stored at —80°C.
Successive purification experiments were performed with several batches of
seaweed randomly chosen from collections acquired between September 1997
and October 2006.

Frozen C. crispus (approximately 650 g) was ground in liquid nitrogen and
allowed to thaw in 1.5 L of cold extracting buffer (50 mwm Tris-HCI, pH 9.5, 500
mum KCl, and 10 mm 2-B-mercaptoethanol). The suspension was maintained at
4°C, and all of the following fractionation and purification steps were
performed at this temperature. The suspension was gently stirred overnight
prior to centrifugation at 10,000g for 75 min. The supernatant was brought to
30% (NH,),SO, saturation [16.4 g (NH,),SO, per 100 mL of extract] by slowly
adding the (NH,),SO, salt and allowing it to dissolve. The precipitate was
discarded after centrifugation at 24,700g for 60 min. The supernatant was
loaded on a phenyl-Sepharose 6 fast-flow (low-sub) column (2.0 X 24 cm; GE
Healthcare) previously equilibrated in buffer A [50 mm Tris-HCl buffer, 30%
(NH,),SO,, 500 mm KCl, and 10 mm 2-B-mercaptoethanol, pH 8.7]. The gel was
washed with buffer A at a flow rate of 1.5 mL min~! until effluent A,z was
negligible. Elution of the bound proteins was achieved by applying a linearly
decreasing gradient from 30% to 0% (NH,),SO, [buffer A to buffer A without
(NH,),SO, respectively] for 720 min (flow rate of 1.5 mL min ). Extraction,
fractionation, and hydrophobic interaction chromatography were repeated
once in order to have enough material for the following step. All of the active
fractions (approximately 970 mL) were pooled and dialyzed for 36 h against
5 X 10 L of buffer B (50 mm Tris-HCI, pH 7.1, and 10 mm 2-8-mercaptoethanol).

The desalted sample was loaded on a DEAE-Sepharose column (2.0 X 22
cm; GE Healthcare) previously equilibrated with buffer B. The column was
washed with buffer B to remove the unbound proteins and eluted at a flow
rate of 1 mL min " with an increasing step gradient of NaCl in buffer B (0 min,
0 mm NaCl; 390 min, 650 mm NaCl; 450 min, 650 mm NaCl; 630 min, 1 M NaCl).
Active fractions eluting between 300 and 600 mm NaCl (sulfurylase I) and 650
and 800 mm NaCl (sulfurylase II) were collected and dialyzed about 6 h
against buffer B.

Active fractions corresponding to sulfurylase I were then loaded at a flow
rate of 1 mL min~' on a HiTrap Heparin HP prepacked column (1 mL; GE
Healthcare) previously equilibrated in buffer B. The column was washed with
buffer B to remove unbound proteins. Elution of sulfurylase I was performed
ata flow rate of 1 mL min~" with an increasing step gradient of NaCl in buffer
B (step 1, linear increase of NaCl concentration from 0 min, 0 mm NaCl to 10
min, 350 mm NaCl; step 2, the 350 mm NaCl concentration was kept constant
until 15 min; step 3, linear increase of NaCl concentration from 15 min, 350 mm
NaCl to 25 min, 800 mm NaCl; step 4, the 800 mm NaCl concentration was kept
constant until 30 min; step 5, linear increase of NaCl concentration from 30
min, 800 mm NaCl to 35 min, 1,200 mm NaCl; the 1,200 mm NaCl concentration
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was maintained until the elution ended). The active fractions were collected
when the NaCl concentration was kept for 10 min at 800 mm.

At the different steps of purification, the active fractions were analyzed by
SDS-PAGE (Laemmli and Favre, 1973) using a 12% polyacrylamide gel, and
protein quantification was performed according to Bradford (1976) using the
Bio-Rad protein assay. Bovine serum albumin was used as a standard. In
addition, the sulfurylase activity was detected by measuring the concentration
of sulfate released after incubating the seaweed extracts with t-/v-carra-
geenan. The standard reaction mixture contained 100 uL of each protein
fraction in 50 mm Tris-HCI, pH 7.1, and 100 uL of -/ v-carrageenan (1.4%, w/v)
in MilliQ (Millipore) water. The reaction was conducted at 40°C for 6 to 15 h.
Carrageenans were discarded from the reaction mixture by filtering the
reaction mixture previously diluted 2-fold through a Microcon-10 (Amicon;
cutoff of 10 kD) unit subjected to centrifugation (3,320g, 20 min, 30°C). The
fractions were compared with similar enzyme extracts boiled for 10 min used
as a reference. The release of sulfate was measured by HPAEC (see below).

Enzymological Experiments with Sulfurylases I and II

Conversion kinetics were monitored by HPAEC (see below) by measuring
the number of sulfate ions released, assuming that the number of catalytic
events was equal to the number of sulfate groups released. Temperature
optimum was determined by measuring the initial velocity of conversion
kinetics of 100 uL of t-/v-carrageenan in water (1.4% [w/v] t-/v-carrageenan
is equivalent to 5.9 mm v-carrabiose units) incubated with 50 uL of sulfurylase
solution and 50 uL of buffer. The concentrations of the enzymes were 0.084 mg
mL™! and 0.0614 mg mL™" for sulfurylases I and II, respectively. The
incubation temperatures ranging from 0°C to 60°C were tested in steps of
10°C in 100 mm Tris-HCI, pH 8. To determine the pH optimum, 100 uL of t-/v-
carrageenan in water (3% [w/v] t-/v-carrageenan) was incubated with 75 uL.
of sulfurylase solution and 125 uL of buffer at 200 mm. Sulfurylase activity was
assayed at pH values of 5.5, 6.0, 6.5, 7, 7.5, 8, 8.5, and 9; the experiments were
completed at 48°C. The solutions used to buffer the reaction medium were as
follows: 200 mm MES +20 mwm 2-B-mercaptoethanol at pH 5.5 and 6; and 200
mM Tris-HCl [(hydroxymethyl)-amino methane] +20 mm 2-3-mercaptoethanol
atpH 7.0 to 9.

The Michaelis parameters were determined at the optimum conditions
(pH 8 and 48°C). Kinetics experiments were conducted as above, and 100 uL.
of 1-/v-carrageenan in water with concentrations ranging from 0.105% to 2.1%
(w/v), corresponding to 0.44 to 8.85 mm v-carrabiose units, was incubated
with 50 uL of enzyme and 50 uL of 100 mm Tris-HCI, pH 8. The reaction was
stopped by diluting the incubation medium 2-fold and by centrifuging the
samples in a Microcon-10 (Millipore) to remove the v-carrageenan. The
concentration of free sulfate present in the filtrate was then determined by
HPAEC.

Synergy experiments were conducted by making up solutions with vary-
ing ratios of sulfurylase I and II (0.084 mg mL™' and 0.0614 mg mL™’,
respectively). After incubation of t-/v-carrageenan for 15 h according to the
same experimental conditions described above, viscosity and the concentra-
tion of released sulfate were determined.

HPAEC

The concentration of free sulfate present in the filtrate was then analyzed
by HPAEC using a Dionex 500 chromatography system equipped with a GP40
gradient pump and an ED40 electrochemical detector. The anions were
separated on an AS11 anion-exchange column (4 X 200 mm; Dionex) with
accompanying AGI1 guard column (4 X 50 mm; Dionex). Elution was
performed with 12 mm NaOH using an isocratic flow rate of 1 mL min~".
The background conductivity originating from the anions in the eluent was
reduced using the anion self-regenerating suppressor (4 mm; Dionex) with a
self-regenerated suppressor current of 100 mA. After suppression, the re-
leased sulfate groups were detected with the ED40 electrochemical detector
(Dionex) in the conductivity mode. According to the elution conditions, the
peak of sulfate eluted separately from other ions at 3 min. The concentration of
sulfate was deduced from the signal intensity and calculated from a standard
sulfate solution.

Viscosity Measurements

Viscosity measurements were carried out on the reaction mixture de-
scribed above except that after incubation at 48°C, the viscosity of the reaction
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mixture was directly measured using a Brookfield DVIII rheometer thermo-
stated at 48°C. Unless otherwise stated, measurements were performed for 4
min using a shear rate of 120 rpm.

NMR Spectroscopy

The ratio of i to v-carrageenan was determined by 'H NMR spectroscopy.
One-dimensional 'H NMR spectra were recorded on a Bruker Avance DRX
500 spectrometer equipped with an indirect 5-mm gradient probehead 'H/
B3C/%'P, at a probe temperature of 353 K. Prior to analysis, samples were
exchanged twice in D,O and redissolved in 99.97 atom% D,O. Chemical shifts
are expressed in ppm in reference to an external standard (trimethylsilylpro-
pionic acid). No suppression of the HOD signal was performed.

Carrageenan Nomenclature

We used the nomenclature established by Knutsen et al. (1994) for
carrageenans. The 4-linked a-p-galactopyranosyl unit is designated the p
unit, and the 3-linked B-p-galactopyranosyl unit is designated the G unit. The
position of the sulfate group is indicated by the letter S. For example, the
disaccharide repetitive units of v-carrageenan and t-carrageenan are G4S-
D2S,65 and DA2S-G4S, respectively.
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