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“Land comprises 29.2 percent of the surface of the globe; all the rest is occupied by the sea,
where the principal mass of green living matter exists and most of the luminous solar energy is

transformed into active chemical energy...

These (productive marine ecosystems) are chemical laboratories, with energy more powerful

than the most massive forests of solid earth.”

V.L. Vernadsky, The Biosphere (1926), 855-translated by D.B.Langmuir, 1997, Springer Verlag.

Summary

Glycoside hydrolases catalyze one important reaction on earth: the transformation of
photosynthetically derived polysaccharides into small building blocks, which constitute the
major energy and carbon source at all levels of the food chain. This process is highly efficient in
the marine ecosystem, because both turnover of primary production and the subsequent
microbial recycling of polysaccharides is accelerated, compared to the terrestrial environment.
This makes the microbial glycoside hydrolases a key player in marine and global carbon cycle
because polysaccharides do not substantially accumulate in the ocean.

However, and in strong contrast to the enzymes used by terrestrial microbes for plant
degradation, the enzymes used by marine microbes for the degradation of algae are largely
unknown (the "knowledge gap" of marine glycoside hydrolases). This limits our ability to
interpret results from new emerging technologies, such as environmental transcriptomics and
metagenomics, to extend our understanding of the function of microbes in the marine ecosystem.
We also ignore numerous glycoside hydrolases with potential for interesting new
biotechnological applications. Recent efforts to catch up with this "knowledge gap” have in the

first instance led to diverse genome sequencing projects, including that of the marine
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heterotrophic bacterium Zobellia galactanivorans.

The major aim of my thesis was therefore to exploit the genome data of Z. galactanivorans and
to identify, and subsequently characterize through biochemical and structural methods, the
potentially new functions of marine glycoside hydrolase enzymes that were discovered by the

expert annotation of the genome (Tristan Barbeyron et al. in preparation).

More precisely, during the three years of my thesis in Roscoff, | studied the agarolytic enzyme
system selected from the genome data of the marine Bacteroidetes Z. galactanivorans. The
bacterium contains two glycoside hydrolase family 16 (GH16) enzymes that have previously
been identified as B-agarases. The bioinformatic analysis of the genome of Z. galactanivorans,
carried out at the beginning of my thesis, revealed the presence of 16 family GH16 enzymes in
total. Nine of these genes grouped together phylogenetically and contained the two previously
identified agarases. This high number of nine related but divergent GH16 enzymes led to the
hypothesis that they might be part of an agarolytic system, containing different specificities for
the degradation of the chemically diverse red algal agars. Therefore my work concentrated on the
analysis of the seven agarase related enzymes to test this hypothesis.

By using a strategy going from the “gene to the structure and function”, | applied medium
throughput heterologous protein expression, preparative protein purification with HPLC,
biochemical and functional characterization, protein crystallization and structural analysis by
crystallographic methods, in order to analyze and characterize in detail the selected gene
products. Three of the novel family GH16 enzymes could be produced in a recombinant form.
One | have identified as being another B-agarase with modified substrate specificity and the other
two enzymes were identified as the first B-porphyranases. Their substrate ,porphyran, is a
sulfated polysaccharide that belongs to the agar class and is predominantly found in red algae of
Porphyra spp.. Notably, this polysaccharide has been known for decades (at least since 1961) but
porphyranases had never been described before. During my thesis work | have elucidated the
crystal structures of these two B-porphyranases as well as the novel p-agarase, and the results
will be presented together with their biochemical characterization. The discovery of these new

functions together with the new B-agarase shows that the nine GH16 enzymes form indeed a
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system for complex agar degradation containing diverse specificities. Moreover, and profiting of
the detailed characterization of the determinants leading to the new enzyme class
“porphyranases”, we have performed data mining and phylogenetic analysis of all homologous
genes present in public databases. As expected, these genes occur in many marine microbes for
porphyran and agar degradation from red algae. However, one GH16 porphyranase gene together
with another GH16 agarase gene were identified in a human gut bacterium, sampled from
Japanese individuals. Our detailed analysis of the gene context of these different gene
occurrences allowed the conclusion that a horizontal gene transfer from marine to human gut
bacteria occurred. Such a transfer did not occur to bacteria from the Americans or the Europeans
because bacterial samples from these populations do not contain porphyranase or agarase genes.
In our opinion this transfer was induced by the difference in habit of nutrition, since the diet of

Japanese historically contains seaweed such as Porphyra also known as nori (the algae in sushi).
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I. Introduction

I.1 The marine ecosystem

I.1.1 Heterotrophic bacteria as a key player in marine carbon cycle

Primary production is the photosynthetic conversion of carbon dioxide and water into oxygen
and organic compounds such as sugars by plants. Two-thirds of the earth surface is covered by
water and approximately one half of the global primary production occurs in the oceans. The
produced particulate organic matter is transported into the ocean's interior where it is eventually
sequestered in a manner known as the biological pump. This sequestration has generated a
carbon sink and has reduced atmospheric carbon dioxide in an ancient process that literally fuels
today's industrial world. Nevertheless, the amount of stored material compared to the initially
produced biomass is minimal since over 98% is recycled by heterotrophic bacteria (Smith et al.
1992; Hedges et al. 2001).

The importance of microbial re-mineralization in the oceanic ecosystem is illustrated by the fact
that even though one half of the global primary production occurs in the ocean, it is driven by
only ~1% of the total marine biomass (Azam et al. 2007). This non intuitive small number is
explained by the extreme turnover of marine microalgae, which is the reason for the high level of
biological production in the sea. For example, the turnover rate in marine microalgae is 2-6 days
compared to 19 years for terrestrial plants (Field et al. 1998). Algal blooms can appear rapidly
and they produce high levels of biomass (Figure 1), then die shortly after, for instance through
viral attack (Suttle 2005; Frada et al. 2008) and the remains become available for instantaneous

consumption by marine microbes.
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Figure 1: Phaeocystis algal bloom in the North Sea in front of Scotland illustrating the high productivity of
the marine ecosystem. Algal blooms quickly produce high amounts of biomass and dissappear giving rise to the
high turnover in the oceanic ecosystem (www.visibleearth.nasa.gov). The produced organic matter is to a high
extent recycled by marine microbes that transform high molecular weight into low molecular weight compounds

with enzymes.

Photosynthetically produced carbon and biogenic material from other levels of the marine food
web is either soluble or becomes part of the particulate organic matter (POM) pool. Particulate
organic matter also known as marine snow, creates a microhabitat and carbon source for
heterotrophic bacteria (Smith et al. 1992) (Figure 2).

The other huge fraction, which is the soluble biogenic material in the ocean, is called dissolved
organic matter (DOM). Microbes have a key role in cycling of DOM because they are the only
organisms that can access this solute carbon pool. These microbes become a nutritional source
for planktonic grazers which in turn are consumed by fish. Therefore the microbes funnel carbon
and energy to higher trophic levels (plankton/fish) a process which is called the microbial loop
(Azam et al. 1983; Azam 1998). The microbes are hence ecologically essential by promoting

nutrient availability at the base of the food web via the microbial loop. Furthermore
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heterotrophic bacteria help directly to release inorganic nutrients otherwise exported from the
euphotic surface layer by sequestration to the depth of the oceans. For example, Bidle et al.,
discovered that bacterial proteolysis of the proteins that protect diatom silica frustules leads to
increased dissolution of silicate, and thus hinders the sequestration of this growth limiting
nutrient. This indirect release of silicate which is not used as a nutrient by the bacteria thereby
possibly impacts the further growth of Diatoms (Bidle et al. 1999). This process in which the
algal growth limiting nutrient silicate is liberated by proteolytic activity may equally occur with
trace metals liberated by glycoside hydrolases from cation chelating anionic polysaccharides (see

below and Figure 2).
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Figure 2: Carbon and nutrient flow from and to particulate organic matter in the sea. (a) The aggregation of
particles and their bacterial decomposition are a central part of the carbon cycle in the marine ecosystem. Marine
snow is highly colonized by bacteria, and transports carbon, nitrogen, phosphorus, iron and silicon into the ocean’s
interior. The enzymatic activities of bacteria liberate nutrients which become non sinking dissolved organic matter
(DOM) and form plumes in the ocean. Free-living bacteria are attracted to such DOM-rich hot spots to exploit this
carbon and energy source. They in turn produce biomass which is fed into the food web (the microbial loop).
Copied from (Azam et al. 2007). (b) Microfluidic experiment showing how nutrient hot spots attract marine
heterotrophs created for instance by enzymatic attack from sedimenting particles. Accumulation of P. haloplanktis
in the nutrient plume of a particle sinking at U _ 110 _m s_1. The flow is from bottom to top, the bacteria are
represented by the black dots. Red indicates higher nutrient concentration, reproduced from (Stocker et al. 2008).
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I.1.2 Polysaccharides are an important part of the marine DOM and POM pools

The "Sweet Ocean"'

It is estimated that ~40% of the organic matter produced by primary producer's cycles through
the dissolved organic matter (DOM) pool (Azam et al. 1983; McCarthy et al. 1996). With ~10% g,
DOM represents one of the largest dynamic carbon pools on our planet (McCarthy et al. 1996)
ranging in the same magnitude as all living vegetation on the earth continents (Hedges 1992).
Within DOM, carbohydrates are an abundant component and account for 15-30% of the total
mass (Benner et al. 1992). Even though highly diluted (~1mg/L), if one imagines that all DOM
carbohydrates (DOM with 30% carbohydrates) present in 1 L of seawater were glucose units in
form of pyranose rings and linked in one single polysaccharide chain through $-1,4 linkages (1
unit ~5 A, measured in cellulose penta-oligosaccharide, pdb; 3150), the length of this molecule
would cover ~3 times the distance from our earth to the moon (1126617 km of 384403 km core
to core, Figure 3). This exemplifies the abundance of carbohydrates in the marine ecosystem and
shows why their turnover is of such an importance for the global carbon cycling. Furthermore it
points to the importance of understanding the mechanisms by which microbial carbohydrate
catabolism takes place in the sea and why bacteria are so successful in rapidly degrading these

enormous amounts of carbon stored in complex marine polysaccharides.
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Figure 3: A conceptual image ""The Sweet Ocean™. The polysaccharide chain illustrates the theoretical
carbohydrate chain, of all sugars in DOM of one litre of seawater, covering the distance between the earth and the
moon (background: NASA ISS007 Sunrise Pacific Ocean).

I.1.3 Bacterial enzymatic decomposition of marine organic matter

As illustrated and described above, organic carbon matter in marine environments are to a major
extent made up of polysaccharides (Benner 1992, Scoog et al. 1997). Unicellular and
multicellular algae as well as bacteria have been suggested to be the major contributors to the
production of carbohydrates found in DOM and POM (Biersmith et al. 1998). In plants and
macroalgae, carbohydrates occur predominantly in the form of cell wall polysaccharides (Gilbert
et al. 2008) or storage polysaccharides, whereas microalgae secrete extracellular polysaccharides
with diverse functions (antiviral, grazing control, or to lower the sedimentation coefficient and
many others) (Myklestad 1995; Wotton 2004). For instance, microalgae produce polysaccharides
as carbon shunt, when excess production occurs during photosynthesis (Smetacek et al. 1986) a
process not described for terrestrial plants. All these polysaccharides serve as carbon and energy

source for bacteria, which degrade high molecular weight compounds including polysaccharides,
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DNA and proteins with specific enzymes to reduce molecular mass. This is a critical factor for
nutrition uptake in bacteria since only molecules under 6 kDa can pass the cell wall (Weiss et al.
1991).

I.1.4 Why enzymatic degradation of gel forming marine galactans impacts the
carbon cycle

The ocean is a ""Sweet Jelly™

In the ocean, production and storage of photosynthetically derived organic matter are separated
in space. Up to ten thousand meters of water divides surface from seafloor, a distance to be
conquered by sedimenting particles. Consequently, processes modulating the sedimentation
coefficient of particles, either positive or negative, influence carbon cycle.

Jellifying polysaccharides have a unique role in the marine ecosystem since they are involved in
gel particle formation in the sea. These abundant colloidal gel particles (~10% of DOM) are
important for the microbial loop, sedimentation processes, element cycling, carbohydrate
chemistry and particle dynamics in the ocean (Passow 2002; Verdugo et al. 2004). Marine gels
are three-dimensional networks of biopolymers imbedded in seawater. They are abundant in
seawater (Alldredge et al. 1993) and their size ranges from single macromolecules over
intermolecular assemblies of several hundreds of microns to hectares of sea surface. A macro gel
that is to a high extent composed of polysaccharides is the mucilage event, covering huge areas
of sea-surface of the Adriatic Sea. It has been proposed that a limitation of microbial degradation
by unknown reasons is the factor for this “constipated” carbon flow in the marine ecosystem
(Figure 4d) (Umani et al. 2007; Sartoni et al. 2008).

Marine gels can form within minutes to hours from dissolved organic matter released by algae or
bacteria. It was the dynamic light scattering (DLS) based laboratory study carried out by Chin et
al (Chin et al. 1998), which resolved the previously proposed hypothesis that seawater DOM can
spontaneously aggregate to form micro gels of increasing size and therefore create a conduit

from DOM to POM (McCarthy et al. 1996). It is assumed that anionic polysaccharides are
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essential in this process since they promote micro gel formation due to their stickiness (Chin et
al. 1998; Engel et al. 2004). This mechanism can be controlled with EDTA, which chelates
divalent cations and abolishes any coagulative activity. In the ocean, the analogous metal
chelating ability of anionic residues, most often carboxyl or sulfate groups, on marine
polysaccharides are responsible for this coagulation. This implies that anionic polysaccharides
influence trace metal cycling as they chelate divalent cations, which are removed from the
surface water layers when sedimentation occurs (Hedges 1992; Hedges et al. 2001). Since
aggregation leads to increased particle size which results in higher sinking rates, anionic
polysaccharides were suggested as a potential carbon sink by increasing the transport of
photosynthetically derived organic matter and trace metals to the sea floor (Engel et al. 2004).
Bacterial activity may have the diametrical opposite effect, when enzymatically degrading
polysaccharides and thereby reducing the downward flux. One can infer that the microbial
community (1 million bacteria/ml) contains all the necessary tools (glycoside hydrolases) to
degrade the vast complexity of polysaccharides in the oceans. This is because over 98% of the
organic matter is recycled and no evidence for selective preservation for instance of
polysaccharides was found in sediments (Hedges et al. 2001). However, and despite their crucial
role, most of the enzymes that are used by marine bacteria to degrade the oceanic gel phase
(dominantly constituted of polysaccharides) are unknown to date.

To study enzymatic degradation of gel forming particulate organic matter is difficult due to the
chemical complexity as well as the limited availability of colloidal aggregates. As an alternative
to naturally occurring aggregates, agarocolloids from macrophytic red algae and the agarolytic
system from the marine Bacteroidetes Zobellia galactanivorans are used in this study as a model
system for the enzymatic degradation of the oceanic gel phase (Figure 4c).

Page

18



-4 -5 6 -7 -8 -9 1 0-1 0

q Metres10°

1 1

PoC DOC B
| Zooplankton | 5 Colloidal “

] Phytoplankton | % Dissolved >

\ / Macromolecules

Microgels and colloidal nanogels |
=

Macrogels and TEP

10° 10° 10* 10° 10* 10

Molecular weight

Figure 4: The transition from dissolved to particulate organic matter can be induced by jellifying anionic
polysaccharides which are abundant in the marine ecosystem. (a) Here, the full size range of organic matter is
shown, from monomers, polymers, colloids and gel particles to traditional particles (divided into particulate organic
carbon (POC) and dissolved organic carbon (DOC). TEP, transparent exopolymer particle copied and modified from
(Azam et al. 2007). (b) Inset: Environmental scanning electron microscopy photograph of a fully hydrated microgel
from seawater (scale bar, 2um) copied from (Chin et al. 1998). (c) Microphotograph of an agarose microgel
associated with and degraded by the heterotrophic bacterium Z. galactanivorans. (d) A diver examining the

mucilage event in the Adriatic Sea (polysaccharide dominated macrogel).

1.2 Marine polysaccharides

In the first part of the introduction 1 stressed the importance of microalgae as carbon source in
the marine ecosystem. They are significant producers of the polysaccharides which are a major
component of the oceanic gel phase, particulate organic and dissolved organic matter. To

understand the bacterial tools (enzymes) which allow the high turnover in the marine ecosystem
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without a "constipated" carbon flow is therefore of ecological interest. Nevertheless, even though
several studies about polysaccharide composition in microalgae have been carried out
(Myklestad 1977; Paulsen et al. 1977; Alderkamp et al. 2007), much less is known about their
chemical structure and abundance in comparison to the polysaccharides found in marine macro
algae. The ecological importance of these macrophytes is not negligible because they potentially
function as carbon sinks in contrast to microalgae of which carbon is rapidly recycled (Smith
1981; Gattuso et al. 1998).

Therefore | will focus here on the cell wall polysaccharides of marine macrophytes, many of
which are well characterized and commercially available to perform biochemical or

microbiological experiments which is not the case for polysaccharides from microalgae.

1.2.1 The cell walls of marine macrophytes

Plant and marine algal cell walls can be seen as a two-phase system in which a crystalline phase,
the skeleton, is embedded in an amorphous phase, the matrix. However, the ratio of skeletal over
matrix polysaccharides in the cell walls of marine algae is inversed with respect to that in plants;
while in plants cellulose generally represents the major fraction, the amount of jellifying matrix
polysaccharides of the algal cell walls can reach 80 % of the total mass. Furthermore, these
matrix polysaccharides in algae are highly anionic (sulfate or carboxylate groups) whereas
neutral polysaccharides are a minor component. In addition, most of these matrix
polysaccharides form gels and their abundance in marine macrophytes (Figure 5), or as less
characterized transparent exopolysaccharides from unicellular algae or bacteria, indicates the
general importance of gel forming polysaccharides in the marine ecosystem. It has been
suggested that these anionic gel forming polysaccharides (alginate, carrageenans, agars,
fucoidans, ulvans see Figure 6) may be a convergent adaptation to the marine environment
(Kloareg et al. 1988).

One common modification of gel forming algal polysaccharides that is completely absent in

terrestrial plants is the sulfate-esterification. The diversity of marine algal polysaccharides is
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summarized in Table 1.

Figure 5: Algal diversity near Roscoff in the rocky shore intertidal zone. (1) Porphyra umbilicalis (red algae),
(2) Palmaria palmata (red algae), (3) Ulva lactuca (green algae), (4) Fucucs serratus (brown algae)

Table 1. Polysaccharide diversity in marine algae. Unlike terrestrial plants and most freshwater algae,

photosynthetic algae and plants living in the marine environment contain sulfated polysaccharides.

Chlorophyta Rhodophyta (bljg\tﬂoa'ﬁggtes&
(green algae) (red algae) diatoms)
Cellulose Cellulose Cellulose
B-1,3-xylans B-1,3-xylans chitin (diatoms)
o0l sl\laecL::tr:zlr'des B-1,4-mannans B-1,4-mannans
y i
Starch Floridean starch Laminarin
Macroalgae
Agars Alginates
Ulvans Carrageenans Fucans
Anionic
polysaccharides Microalgae
Sulfated Carboxylated and
Capsulans gluco-galactoxylans sulfated
(Prasinococcus) (Porphyridium) polysaccharides
(Phaeodactylum)
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1.2.2 The skeleton component of algal cell walls

Similar to terrestrial plants, most macroalgae contain neutral and linear polysaccharides as cell
wall skeleton, the most common polysaccharides being cellulose, xylans and mannans. Pure and
highly crystalline cellulose exists in some algal species for instance in Siphonocladales
(Cronshaw et al. 1958), Cladophorales (Frei et al. 1961) and in the Chlorococcales. This is
generally rare, since alternative building blocks, such as xylose, increase the heterogeneous
character of the molecules present in algal cell walls. For example, the cellulose of Rhodymenia
palmata contains up to 50% of B-1,4-xylose (Cronshaw et al. 1958). The thalli of Rhodophyceae
and Phaeophyceae contain between 1 and 8% cellulose in contrast to higher plants which contain
around 30 % (Preston, 1974).

In conclusion, marine algae contain cellulose to a lesser extent than terrestrial plants and most
often of a more heterogeneous character (Kloareg et al. 1988). I will further focus on the gel
forming, anionic matrix polysaccharides from marine algae, since they are particular to the
marine ecosystem, and skeletal cell wall polysaccharides will not further be discussed here.

1.2.3 The matrix component of algal cell walls

In contrast to skeletal polysaccharides the matrix polysaccharides are in most cases extractable
with hot water and for the cation chelating matrix polysaccharides additives such as salts,
alkaline, acid or chelators are needed. Several of these matrix polysaccharides are used as food
additives or for biotechnological applications due to their high jellifying ability (agar,
carrageenan, alginate). Sulfated polysaccharides such as fucans, carrageenans and porphyran
found recent interest due to their pharmacological activities which include antiviral (Buck et al.
2006), antithrombic (Franz et al. 1996; Alban et al. 1997), antiinflammatory and antioxidative
effects (Zhang et al. 2004; Hatada et al. 2006).

A common feature of algal polysaccharides is their high heterogeneity resulting from variable

sulfate position (agars, carrageenans, fucans), sometimes not clear evidence of repeating units
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(ulvans) and the common presence of branching positions. These modifications which challenge
bacterial degradation complicate in the same time the complete structural elucidation of these
anionic polysaccharides and limit pharmacological application (Groth et al. 2009). The reason
for this highly variable structure is unclear but one possible explanation may be a first defence
against microbial attack by limiting enzymatic degradation systems through chemical

complexity.
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Figure 6: Complex marine algal polysaccharides. Most of these polysaccharides form gels except laminarin

which is a storage glucan and is soluble in water.
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1.2.4 The green algae

The Chlorophyceae contain cell wall matrix polysaccharides reminiscent of the hemicelluloses
and pectin found in higher plants though they are sulfated and heavily ramified (Percival 1979).
The matrix polysaccharides of Cladophorales and Codiales are comprised of sulfated xylo-
galacto-arabinans of L-arabinose blocks separated by D-galactose residues and with D-xylose
branching (Percival et al. 1971). Ulvales, Acrophoniales and Urosporales contain glucurono-
xylorhamnans which are also sulfated and additionally carboxylated. They are frequently
comprised of repetitive L-rhamnose-2-sulfate and D-glucuronate units, alternatively linked by a-
1,3 and B-1,3 glycosidic bonds and further ramified by p-1,4 linked D-xyloses (Percival 1979).

1.2.5 The brown algae

Brown algae are commonly known and exploited for their alginate content, a polysaccharide
with calcium dependant gelling ability. Alginate which is widely used as a matrix in medical
applications (Reis et al. 2006), as an ingredient in modern food (Mc Hugh 2003) and other
applications, such as heavy metal detoxification, due to its high metal ion chelating ability (Davis
et al. 2003; Davis et al. 2003). This polysaccharide is one of the recent highlighted ingredients of
the "molecular cuisine™ used by Ferran Adria (EIl Bulli four year winner as the world's best
restaurant) to create his surprising apple and orange caviar. Alginate is a heterogeneous polymer
of the two uronic acids B-D-1,4-mannuronate (M) and its C5 epimer a-L-1,4-guluronate (G).
These residues appear as homopolymeric MM and GG blocks or in a heteropolymeric
distribution GM (Haug et al. 1967; Haug et al. 1969). The gelling behaviour of this
polysaccharide depends on the distribution of G and M units in the polysaccharide chain. This
distribution can be modulated by C-5 epimerases which convert the mannuronic into guluronic
acid and are therefore of biotechnological interest (Morch et al. 2008).

Brown algae especially the Fucales contain another group of matrix polysaccharides, the
fucoidans. These are sulfated polysaccharides, generally of an a-L-fucose backbone. The

polysaccharide can be substituted with sulfate-esters, masked with ramifications and also may

Page

25



contain other monosaccharide residues. In nature, these anionic polymers are of high
heterogeneity since they contain a continuous spectrum of highly ramified polysaccharides,
ranging from high uronic acid, low-sulfate—containing polymers with significant proportions of
D-xylose, D-galactose, and D-mannose to highly sulfated homofucan molecules with
approximately three substituents per disaccharide (Kloareg et al. 1988; Colin et al. 2006;
Descamps et al. 2006).

1.2.6 The cell wall matrix of marine red algae: agars and carrageenans

Rhodophyta contain mainly linear sulfated galactans either of the carrageenan class
(Carrageenophyta) or the agar class (Agarophyta). The red algal galactans, agars and
carrrageenans are widely exploited in various industries due to their special rheological
properties (Mc Hugh 2003; Michel et al. 2006). Both polysaccharide classes form gels, the
strength of which is modulated by substitutions on the linear molecular backbone. This
backbone consists of alternating 1,4-linked 3-D-galactose (G unit) and 1,3-linked a-L-galactose
(L unit agar) or 1,3-linked a-D-galactose (D unit carrageenan), following the nomenclature by
Knutsen et al. (Knutsen et al. 1994) (Figure 7).
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Figure 7: The repetitive motifs in agarose and in porphyran and the linkage specificity of the different
agarases (see below). Please note the difference between G-LA or G-L6S motifs which are different from the

In agarose, the neutral fraction of agar, the L unit is modified by a 3,6-anhydro bridge (LA)
(Craigie 1990) that stabilizes the molecule by allowing helix formation. In natural agars from red
algae, the G and L units can be variably substituted by methyl and sulfate groups (Figure 8),
(Maciel et al. 2008). Composition and regularity of the primary structure of carrageenans and
agars directly affect their gelling behaviour. The presence of disaccharide units, where the 3,6-
anhydro bond is replaced by sulfation on C6 leading to L-galactose-6-sulfate units, markedly

affect gelling behaviour in agars and in carrageenans. Such modified structures are considered as
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biological precursors, found especially in actively growing tissues of red algae, where this
sulfated sugar is enzymatically converted into the anhydro sugar by the action of a
sulfoeliminase (Rees 1961). The fate of the precursor agarocolloid pool has been studied in
Gracilaria chilensis fed with *3C enriched CO5. In this study it was shown by mass spectrometry
that the majority of the produced L6S units were subsequently transformed into LA units
(Hemmingson et al. 1996). Nevertheless, a substantial amount of residual L6S units that
remained in the developed tissue indicates that the potential biological function of this
modification is more than solely a precursor, even though still not understood. Moreover, in
certain red algal species, such as in developed Porphyra spp., the majority of L-galactoses in the

agar primary structure occur as L6S units, underlining the latter argument.

For biotechnological applications, agars are chemically (alkaline) treated to obtain the neutral
agarose with high gelling quality. Indeed, agars and carrageenans form thermo-reversible gels in
solution and their respective melting temperatures and the gel rigidity are strongly influenced by
ester sulfates masking the polysaccharide chain. In the natural context, as cell wall
polysaccharide, agars are modified by various substitutions such as methyl-ethers or ester-
sulfonic groups (Craigie 1990). More rarely one can also find pyruvic acid modifications, which
form a ketal cycle with the D-galactose, strongly influencing the physico-chemical properties of
the extracted polysaccharides. Agars can be extracted from Gelidium, Gracilaria, Ahnfeltia,
Acanthopelis and Pterocladia. The highest quality of agar is extracted from Gelidium which
contains a low amount of modifications and high amount of LA units resulting in high gelling
quality. Therefore Gelidium species are industrially exploited as agar source. But the discovery
of an alkaline pre-treatment, which transforms the sulfated agars into neutral agarose allowed to
industrially exploit low quality agars from Gracilaria spp. (Nisizawa et al. 1987).

A highly sulfated polysaccharide is the earlier mentioned porphyran, the major cell wall matrix
component found in Porphyra spp. and Bangia spp.. Porphyran contains predominantly a-L-
galactose-6-sulfate (L6S unit) instead of a-L-3,6-anhydro-galactose and is further highly
methylated on the C6 of the G units. Due to the L6S modification, the polysaccharides lack the

high gelling capacity of agarose therefore porphyran solutions are viscous. The extracted
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polysaccharides from Laurencia or Polysiphonia are even further from the ideal agarose
structure, since their structural units that resemble porphyran a-L-galactose units are further
methylated in position 2 and sulfated in position 6 (Batey et al. 1975). The polysaccharides of
Ceramium rubrum are similar to those in Laurencia but the L-galactose units are seldom sulfated
(Turvey et al. 1976)(Figure 8).

CH;

H020\<
OR; OR, o

R4 OR, R1 OR, OR3
o HO
o-
OH
HO
R1— Hor 303
R2= H or CH3

R;=H or CH; or SO5"

Figure 8: Agarocolloid diversity in marine red algae. Different substitutions such as methylations, sulfatations or
pyrovate groups have been reported to decorate the neutral disaccharide agarose unit.

1.2.7 Agarose 3D structure

It is still matter of debate whether agarose molecules form single or double antiparallel helices
that anneal and lead to the gel state of agarose. In their early work, Arnott et al. analyzed X-ray
diffraction patterns of agarose fibres (Arnott et al. 1974) and proposed a double helical structure
as interpretation of their results (Figure 9). In the double helical conformation the antiparallel

agarose chains would form left handed helices with a pitch of 1.9 nm (length of repeating unit
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h=0.633nm) and threefold symmetry. This double helical structure would have an inner cavity of
0.45 nm in diameter, enough to host water molecules that would be involved in the stabilization
of the strands through hydrogen bonds with O-2 of the G and O-5 of the LA unit. In contrast,
Ford and Atkins interpreted their experimental data obtained from dried films with a single
helical structure of extended helices and a pitch ranging from 0.89 to 0.97 nm (Ford et al. 1989).
These experimental results were supported by modelled agarose strands based on the agarobiose
units (Jiminez-Barbero et al., 1989) and the interpretation of UV-spectra recorded from dried
films (Arndt et al. 1994). On the other hand, the double helical structure initially proposed by
Arnott et al., received recent support by Allouch et al., who modelled the double helical structure
by extending two agarose oligosaccharides that were bound in the active site and at a secondary
binding site in their protein crystal structure of the [-agarase AgaA mutant from Z.

galactanivorans (Allouch et al. 2004).

—
non / \

reducing end &=

“reducing end”

Figure 9: Double helical structure model proposed by Arnott et al. (Arnott et al. 1974) (pdb code 1AGA).

Both models highlight the importance of the anhydro-bridge that stabilizes the helical structure

by inter and/or intramolecular hydrogen bonds and are in agreement with the fact that LA
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substitution of C6 (L6S) with sulfate-ester abolishes gel formation which can be explained by the
different backbone structures between agarose and porphyran (Rees et al. 1982; Morrice et al.
1984) (Figure 10). In conclusion, the precise quaternary assemblage of agarose chains in the gel

state is still to be resolved.

Figure 10: Neoagarose-tetrasaccharide compared with the neoporphyrose tetrasaccharide. (a) In agarose the
3,6-anhydro bond locks the pyranose ring in the *C, conformation leading to the regular agarose backbone structure.
(b) In porphyran the anhydro bond does not exist due to the sulfation on C6. The 3,6-transannular interaction
between C6 and the C3-OH when the L-galactose pyranose ring is in the *C, conformation is energetically
unfavourable and the ring switches from 'C, to the “C, conformation.

In summary two factors can be defined which render these polysaccharides recalcitrant against
microbial degradation. First of all, the various chemical modifications that mask the
polysaccharide chains may result in adapted degradation systems with enzymes of different
specificities. Secondly, the physical gel forming behaviour (Helbert et al. 2006) of these matrix
galactans render these polysaccharides recalcitrant against enzymatic degradation. This
heterogeneous phase problem is also found in fibrillar or crystal forming polysaccharides, the
most recalcitrant case is cellulose, and results from the fact that a dissolved enzyme has to
degrade an insoluble substrate. Terrestrial bacteria have evolved highly complex degradation

machineries such as cellulosomes (Bayer et al. 1998), or degradation systems including enzymes
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with different mode of action or enzymes with different modules, to efficiently degrade the
heterogeneous phase (Ferreira et al. 1997; Fernandes et al. 1999). This heterogeneous phase
problem may equally play a role in the aggregation of jellifying polymers, a process that limits

enzyme accessibility.

On can assume that microbes adapted to the chemical variability in agars and target this
complexity by secretion of numerous hydrolytic enzymes with varying specificies and/or modes
of action. This has been described for neutral agarose (Ekborg et al. 2005) but never for
chemically diverse galactans in the sea. As mentioned in the first paragraph, the recycling of
marine polysaccharides is mainly performed by marine bacteria and their enzymes are largely

unknown.

1.3 The marine heterotrophic bacteria

1.3.1 Marine bacteroidetes

Autotrophic bacteria, aside heterotrophic bacteria dominate the bacterial biomass in marine
surface waters. Among the heterotrophic bacteria the most abundant groups are the
Proteobacteria and the Cytophaga-Flavobacteria cluster (Kirchman 2002). The importance of
these bacteria in the degradation of high molecular weight polymers and therefore in the carbon
cycle has been shown (Cottrell et al. 2000). Members of Bacteroidetes are frequently associated
with marine particles (Delong et al. 1993) and their comparative genome analysis has recently
been subject of a “Marine Genomics Europe” project aiming at understanding their
environmental impact. One of the sequenced genomes, from the marine bacteroidetes Gramella
forsetii, already indicated its ability to degrade polymeric organic matter (Glockner et al. 2003;
Bauer et al. 2006).

Within the same comparative genomic project, the genome of the marine bacterium Z.

galactanivorans was analyzed and the thorough manual annotation was performed by members
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of the group (namely Tristan Barbeyron and Gurvan Michel; manuscript in preparation).

1.3.2 Zobellia galactanivorans

This heterotrophic, marine bacteroidetes was isolated from the surface of the marine red algae
Delesseria sanguinea (Barbeyron et al. 2001) (Figure 11). Z. galactanivorans is a Gram-negative
,non-spore-forming, rod shaped bacterium (0.2 by 1.5-8.0 um). The colonies are yellow or
orange due to a flexirubin-type pigment. The cells do not possess flagella but display gliding
locomotion, and they are chemo-organotrophic and heterotrophic. The metabolism is respiratory,
not fermentative and strictly aerobic, with oxygen as the final electron acceptor. The bacterial
cells were found to efficiently hydrolyze the galactans from red seaweeds such as agar and
diverse carrageenans, observed by the strong gel hydrolysing ability of colonies on these gels. In
recent experiments, where marine algal polysaccharides and others were used as sole carbon
source, it was shown that Z. galactanivorans can grow on a multitude of algal substrates, many
of which are sulfated. An additional interesting point is that the use of cellulose, a major land
plant polysaccharide, as substrate, did not result in any growth (Barbeyron T. and Michel G.

personal communication).

Due to its high ability to degrade diverse marine algal galactans, it has been included in the
comparative genome sequencing project. The genome analysis allowed the identification of
several new agarase-like sequences, which were selected to be subject of the present study (see
below).
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Figure 11: The marine heterotrophic bacterium Z. galactanivorans collected from the red algae Delessaria
sanguinea. (@) A colony of Z. galactanivorans. (b) The red algae Delessaria sanguinea. Microphotograph of Z.
galactanivorans. (d) Electron microphotograph of Z. galactanivorans (Barbeyron et al. 2001).

An overall genome analysis revealed that Z. galactanivorans contains 143 glycoside hydrolases.
This high number reflects its ability to decompose marine algal polysaccharides. The genome
also contains 72 sulfatases and such a high number of sulfatases are only outnumbered by one
other marine bacterium, the marine planctomycet Rhodopirellula baltica, which contains 103
sulfatases (Glockner et al. 2003; Bauer et al. 2006). In contrast to the high number of sulfatases
found in these marine bacteria, the number of sulfatases in soil bacteria is marginal. For instance,
Flavobacterium johnsoniae contains 12 and many soil bacteria entirely lack sulfatases. One can
therefore speculate that the high number of sulfatases is a marine ecosystem specific niche-
adaption to cope with the high amount of sulfated polysaccharides (Figure 6) in this special
ecosystem. Interestingly the proteobacterium Saccharophagus degradans (Weiner et al. 2008)

does not contain sulfatases, reflecting its life style in the brackish estuarine environment with
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carbon input from land. Z. galactanivorans is the marine bacterium with the highest number of
algal polysaccharide degrading glycoside hydrolases of which the crystal structures are solved to
date.

The detailed bioinformatic analysis of the gene context of glycoside hydrolases and sulfatases in
the genome of Z. galactanivorans showed that these genes often clustered together in operon-like
structures that very often either included TonB-dependant receptors, accompanied by SusD-like
proteins, and/or two-component systems. This type of putative operon structure has been found
connected to pathogenesis (Blanvillain et al. 2007) and has been named carbohydrate utilization
locus, or CUT locus. The study shows that the presence of these operons is important for the
adaptation to its host and the authors suggest that an overrepresentation and the presence of CUT
loci designate the ability to scavenge carbohydrates.

.4 The glycoside hydrolases

1.4.1 Enzymatic transformation of HMW compounds

Proteins and DNA are considered as easily degradable due to their limited number of building
blocks (two pyrimidines and two purines in RNA and DNA) (usually 23 L-amino acids in
proteins) and the uniform kind of linkages. For example RNA rapidly degrades on the bench, due
to the ubiquity of RNAses. In contrast, in polysaccharides and other glycan structures post
translational modifications on glycoproteins challenge bacterial degradation systems due to their
high diversity and complex structure of assemblage. For instance, for a theoretical
hexasaccharide sequence formed by different sugar units, more than 1.05x1012 possible
oligosaccharide structures can be calculated. In contrast, a set of six amino acids generates only
46 656 different structures, which is 7 orders of magnitude lower (Laine 1994). This enormous

theoretical and observed carbohydrate diversity resides from seven major structural features.
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These are i) epimers of the D and L configuration, ii) linear primary structure or branching, iii)
ring size, iv) anomeric configuration, v) linkage position, vi) branching positions and vii)
reducing terminal attachment, which combine all into various structures with identical mass. This
huge chemical variation found in glycans is also the reason for the large abundance of glycoside
hydrolases displaying different substrate specificities, and that are classified into families based

on their sequence similarity (httpd://www.cazy.org) (Cantarel et al. 2008).

1.4.2 Glycoside hydrolases and their sequence based classification

Glycoside hydrolases (GH) are the enzymes responsible for degradation of carbohydrates to
produce mono- and oligosaccharides from substrates with higher degree of polymerization.
Glycoside hydrolases are ubiquitous throughout all kingdoms of life where they catalyse the
cleavage and formation of glycosidic bonds, reactions which are important in a myriad of
biological processes.

The high diversity of their substrates is reflected by the number and diversity of carbohydrate
acting enzymes or CAZymes, which are found with highly divergent sequences, different folds,
and catalytic mechanisms. However, since the carbohydrate diversity exceeds by far the number
of protein folds, CAZymes have evolved from a limited number of ancestors by acquiring novel
specificities at substrate and product level (Cantarel et al. 2008).

Carbohydrate active enzymes have been classified into families based on their amino-acid
sequence similarity. The carbohydrate active database (CAZy database) merges the present
knowledge on 115 glycoside hydrolase, 91 glycosyltransferase, 19 polysaccharide lyase and 52
carbohydrate-binding module families (http://www.cazy.org/).
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1.4.3 The catalytic mechanism of glycoside hydrolases

The glycosidic bond is hydrolysed by two critical residues: the acid/base and the
base/nucleophile residue that are generally aspartates or glutamates (Davies et al. 1995). The
hydrolytic attack occurs via two possible mechanisms which result either in retention or
inversion of the configuration of the anomeric carbon (Koshland 1953; Sinnott 1990; Vocadlo et
al. 2008). The distance between the two involved catalytic residues differs between these two
mechanisms, although exceptions do exist. If the catalytic mechanism involves retention of the
anomeric carbon the distance is around 5.5 A, whereas this distance is generally bigger in
enzymes (6.5A-9A) of inverting mechanism, since here the activated water molecule requires
further space between the nucleophile residue and the anomeric carbon. Inverting glycoside
hydrolases proceed via a direct displacement mechanism, in which an oxocarbenium-ion like
transition state is formed. The two carboxylic active site residues are placed at an appropriate
distance to provide the base catalytic assistance activating a water molecule (nucleophile), while
the second catalytic residue (proton donor) provides acid assistance by protonating the glycosidic
bond oxygen at the point of cleavage. The catalysis in retaining glycoside hydrolases proceeds
via a double-displacement mechanism, in which a covalent glycosyl-enzyme intermediate is
formed and subsequently hydrolysed by an oxocarbenium ion-like transition state (Withers 2001)
(Figure 12).
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Figure 12: Glycoside hydrolase mechanism of inverting and retaining enzymes (from Withers
2001).

1.4.4 Mode of action in glycoside hydrolases

Besides their catalytic mechanism, which separates retaining from inverting enzymes, glycoside
hydrolases can be additionally classified by their mode of action. Three modes of action are
generally defined by the outcome of the biochemical analysis. Keeping in mind that these
definitions are not completely strict in nature, one can define exo-, endo- or a processive mode of
action. Exo enzymes specifically attack chain ends of the substrate and then dissociate from their
substrate, while endo enzymes cleave anywhere along the chain and dissociate after the reaction.

Processive enzymes usually divided into endo- and exo- processive; catalyze several successive
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rounds of hydrolysis before dissociating from the substrate. The precise characterization of the
mode of action of an enzyme is not straightforward, but generally the protein structure analysis
can complement the biochemical data. An enzyme with a pocket topology points towards an exo-
activity, the presence of a catalytic groove can randomly bind on a polymeric substrate and is
indicative of enzymes with an endo-mode of action, but is equally found in processive enzymes.
Finally, in the tunnel or tyroid topology that has been described for enzymes with a processive
mode of action, large loops or domains close down on the polymer chain that is funnelled

through the enzyme, which most probably decreases the dissociation rate.

Within family GH16 examples for all these different topologies have been described. The recent
crystal structure of a B-galactosidase from Clostridium perfringens (Tempel et al. 2005) revealed
the pocket topology, while both B-agarases display the open-groove catalytic site and the «-
carrageenase CgkA possesses the tunnel topology, which is reminiscent of processive hydrolases
(Divne et al. 1994; Divne et al. 1998) (Figure 13).
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Figure 13: These three GH16 enzymes present the different active cleft topologies pocket, open cleft and the
tyroid. (@) The B-galactosidase with the pocket topology. (b) The B-agarase A with the open cleft. (c) The -
carrageenase with the tunnel topology. The arrows indicate the substrate binding with the tip pointing towards the

reducing end of the substrate.
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1.4.5 Subsites in glycoside hydrolases

Within the substrate binding cleft of an enzyme, positive (+) and negative (-) substrate binding
subsites can be defined, with respect to the catalytic residues, at the point of cleavage. This
nomenclature has been adopted for all glycoside hydrolases, whereby definition, —n subsites
represent enzyme/sugar ring interactions with the glycon (new reducing end) and +n subsites
represent the interactions with the aglycon (new non-reducing end) (Davies et al. 1997). By
definition the point of glycosidic bond cleavage is situated between the -1 and +1 binding sites
(Figure 14).

Acid/Base glutamate
(@]
Substrate -z

| SO 26X 201 ZO)

NR

o o

7

Nucleophile glutamate

Figure 14: Subsite nomenclature in glycoside hydrolases. Here shown for the f-agarases AgaA and AgaB from
Z. galactanivorans. Red circles show the L-galactose and white circles the D-galactose rings found in agarose. NR
stands for the non reducing end and R for the reducing end of the substrate oligosaccharide.
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1.4.6 Agarolytic bacteria and glycoside hydrolases

The first agar-degrading microorganisms were isolated from a Norwegian fiord by Gran in 1902.
Since then at least 30 microorganisms with agarolytic activity have been reported. The vast
majority of these bacteria are of marine origin belonging to Cytophaga (Duckworth et al. 1968;
Duckworth et al. 1969; Duckworth et al. 1969; Van der Meulen et al. 1975), Microbulbifer (Ohta
et al. 2004), Pseudomonas (Ha et al. 1997; Kang et al. 2003), Pseudoalteromonas (Belas 1989;
Vera et al. 1998; Ivanova et al. 2003; Schroeder et al. 2003), Microscilla (Zhong et al. 2001),
Vibrio (Aoki et al. 1990; Sugano et al. 1993; Sugano et al. 1994; Sugano et al. 1994; Araki et al.
1998), Alterococcus (Shieh et al. 1998), Alteromonas (Potin et al. 1993), Thalassomonas (Ohta et
al. 2005) , Saccharophagus (Ekborg et al. 2005; Ekborg et al. 2006) and Zobellia (Allouch et al.
2003; Jam et al. 2005). Agarase activity has also been observed in terrestrial organisms, such as
Paenibacillus (Hosoda et al. 2003) and Streptomyces (Bibb et al. 1987); genes of agarases have
been found in soil by metagenomics (Voget et al. 2003), and interestingly agarase activity was
found in an unidentified hospital contaminant (Swartz et al. 1959). Currently there is only one
report of an agarase purified from an eukaryote, the mussel Littorina mandshurica (Usov et al.
1975). Because agarolytic bacteria have been isolated from various far eastern mussels, it is
likely that the agarase activity reported for L. mandshurica results from an associated bacterial
symbiont.

Agars serve as carbon source for these diverse microorganisms, which degrade this class of
polysaccharides with glycoside hydrolases specific for the alternating a-1,3 und -1,4-glycosidic
linkages. Based on their specificity, agarases can be classified into two major categories, p- and
a-agarases. P-Agarases cleave the f-1,4 linkages to produce oligosaccharides of the
neoagarobiose series with D-galactose at the reducing end. The a-agarases cleave the o-1,3
glycosidic linkages and produce oligosaccharides of the agarobiose series with 3,6-anhydro-L-
galactose at the reducing end.
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One of the most intensively characterized agarolytic systems originates from Pseudoalteromonas
atlantica (Day et al. 1975; Groleau et al. 1977). This system consists of an extracellular endo-p-
agarase |, which depolymerises agarose to neoagarotetraose. The end-products are subsequently
processed by two periplasmic enzymes, the p-agarase Il and a neoagarobiose hydrolase, finally
yielding 3,6-anhydro-L-galactose and D-galactose (Morrice et al. 1983; Morrice et al. 1983). A
similar mode of agar degradation was reported for Pseudomonas elongata (Vattuone et al. 1975)
and Flavobacterium flevense (Van der Meulen et al. 1975). In contrast, Vibrio sp. JT0107
secretes two [-agarases that depolymerise agarose to neoagarobiose and neoagarotetraose,
respectively which are subsequently degraded by a periplasmic a-L-galactosidase. This enzyme
cleaves the a-1,3-linkages of the neoagaro-oligosaccharides from the nonreducing ends (Sugano
et al. 1993; Sugano et al. 1994). Recently the agarolytic system from Saccharophagus degradans
(Ekborg et al. 2005) has been characterized. This heterotrophic proteobacterium was isolated
from decomposing cord grass and was the subject of a genome sequencing project, due to its
biotechnological potential. Functional studies have shown that this bacterium degrades a wide
array of complex polysaccharides including those originating from algal, fungal and plant
sources (Weiner et al. 2008). The agarolytic system present in this microbe has been extensively
studied on a genomic and proteomic level (Ekborg et al. 2006), and has been found to be
composed of five agarases belonging to three different glycoside hydrolase families, namely
GH16, GH50 and GH86.

1.4.7 Family classification of agarases

The sequence based glycoside hydrolase classification has the advantage of relating the structural
fold to the function of the enzymes. Consequently, divergent evolution leads to polyspecific
enzyme families. On the other hand, this classification will separate enzymes that display the
same substrate specificity but that have convergently evolved on different protein folds. As an
example, cellulases can be found in 12 different families. In the same manner, the actually

known B-agarases are classified into three glycoside hydrolase families, GH16, GH50 and GH86
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(http://www.cazy.org) and various p-agarases have been biochemically characterized (for review
(Michel et al. 2006).

Interestingly, although active on the same substrate polysaccharide, the three a-agarases known
to date fall into their own family, GH96, and are much less abundant, (Flament et al. 2007).
Indeed, the environmental abundance of (3-agarases appears much higher when inferred from the
available number of B-agarase like sequences in the actual databases (NCBI, protein sequence
database: 233 p-agarase sequences compared to only three a-agarases). Traditionally, agarases
are screened on agar plates and the positive agar lyses from environmental, from expression
clone libraries with E. coli as host, or from purified enzymes can be easily detected by the
depression created in the gel by enzymatic activity (Figure 15). This method equally detects a-
agarase or B-agarase activity and is thus unbiased, compared to the reducing sugar assay that
gives negative results with a-agarases. Since the number of reported (3-agarases outnumbers the
a-agarases, for which the screening method is most probably not the reason, one can assume that

a-agarases are less abundant in the marine environment.

Figure 15: Agarolytic activity demonstrated on an agar plate. (a) Alteromonas agaralytica streaked out on an
agar plate strongly degrades the agar around the colonies. (b) The recombinantly expressed and purified a-agarase
from the same bacterium has the same effect and leads to a hole in the substratum. The arrows indicate the
degradation of agar by the enzymatic activity.
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The B-agarase family GH16 contains the most agarases in the databases (Tristan Barbeyron
personal communication). p-Agarases, and the here presented B-porphyranases provide an
interesting model system to investigate the molecular bases of the heterogeneous gel forming
polysaccharide degradation by marine heterotrophic microbes.

As mentioned above (The cell wall matrix of marine red algae: Agars and carrageenans) certain
components of agar, such as porphyran, may consist mostly of sulfated sugar units. Yet it is
unclear whether this type of agarocolloid is degraded by p-agarases displaying very broad
substrate specificity, or if specific enzymes have evolved to degrade these agar-variant
structures. Until the start of my thesis, no porphyran specific activity had been reported, although
various [-agarases from marine bacteria have been used to analyze the primary structure of red

algal galactans especially of porphyran from Porphyra spp. (Morrice at al. 1983).

1.4.8 The glycoside hydrolase family GH16

As mentioned previously, the family classification of glycoside hydrolases is sequence based. A
major consequence of this is that the catalytic mechanism is in general the same throughout a
GH-family of enzymes (Davies et al. 1995; Henrissat et al. 1997). However, recent exceptions
have been reported (Gloster et al. 2008). Another consequence is that while some families
contain enzymes displaying one and unique specificity, as family GH6 for cellulases or GH11
for xylanases, others including GH1, GH5 or GH13 covers a wide range of substrate
specificities. The glycoside hydrolase family 16 (GH16) is such a polyspecific family with eight
described specificities and includes more than 900 sequences to date. Numerous structures have
been described, two of which are active on red algal galactans, namely the B-agarases and a «-
carrageenase. All GH16 enzymes contain the same catalytic residues and share the retaining
reaction mechanism with retention of the configuration at the anomeric carbon (Keitel et al.
1993). The eight enzyme activities that have been described so far cover lichenases, xyloglucan
endotransferases, keratan-sulfate endo-1,4-beta-galactosidases, glucan endo-1,3-beta-D-
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glucosidases, endo-1,3(4)-beta-glucanases, xyloglucanases, p-agarases and k-carrageenases to
which we can add the new activity of B-porphyranases described in my thesis work (Table 2).

Table 2: The different specificities described for GH16 enzymes.

Activity EC number PDB structures
Endo-1,3(4)-B-D-glucanase 32.16 1
Laminarinase 3.2.1.39 1
Lichenase 3.2.1.73 3
B-agarase 3.2.1.81 2
K-carrageenase 3.2.1.83 1

Keratan-sulfate endo-1,4-B-galactosidase 3.2.1.103 -

Xyloglucanase 321151 1
Xyloglucan:xyloglucosyltransferase 321207 2
B-porphyranase 3.2.1.- 2

Both p-agarases, AgaA and AgaB from Z. galactanivorans as well as the k-carrageenase CgkA
from P. carrageenovora share the jellyroll fold, formed of two B-sheets with of seven B-strands
each. These two B-sheets are stacked in a sandwich like manner and this sandwich is twisted
around the potential carbohydrate substrate to create an extended binding cleft. This cleft is
surrounded by strand connecting surface loops which influence specificity and the mode of
action of the enzyme (see below). The catalytic event in retaining enzymes takes place via a
double-displacement mechanism that involves two strictly conserved carboxylic residues
(Koshland 1953; Sinnott 1990). These catalytic residues, located in the centre of the substrate

binding cleft, are characterized by the conserved sequence pattern EXDx(X)E of active GH16.
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The first glutamate of this pattern could be identified as the nucleophile and the last glutamate as
the acid/base in the 1,3-1,4-B-glucanase from B. macerans (Hahn et al. 1995). The central
aspartate residue, which is also strictly conserved, seems to maintain the nucleophile glutamate
in the negatively charged state (Kleywegt et al. 1997). Even though the catalytic machinery of
different enzyme structures within family GH16 is conserved, local residue substitutions
modulate substrate specificity at the active site.

1.4.9 The p-agarases from Z. galactanivorans

The first GH16 enzyme purified from Z. galactanivorans was a k-carrageenase which was
expressed by the bacterium in presence of carrageenan as substrate. This enzyme could be
purified to homogeneity from the culture supernatant and was subsequently cloned and
characterized (Potin et al. 1991; Barbeyron et al. 1998). When Z. galactanivorans is cultivated in
the presence of agar the culture supernatant contains B-agarase activity specific for the p-1,4
glycosidic linkages in the polysaccharide. At least two agarase genes coding for different B-
agarases were identified by functional cloning in Z. galactanivorans (Jam et al. 2005). These
genes were named agaA and agaB. The product of gene agaA codes for a protein with 539 amino
acids and contains a N-terminal sequence of 19 residues which probably targets the gene product
into the extracellular medium (von Heijne 1983) and is cleaved of in the mature protein (Figure
16).

Further sequence analysis revealed that the gene product of agaA is modular, and contains three
domains which are the catalytic GH16 module coupled to two C-terminal modules of unknown
function. The high affinity of the native AgaA enzyme to sepharose beads (cross linked agarose)
suggests that these non characterized modules might consist of agarose specific carbohydrate

binding modules (Murielle Jam personal communication).

The gene product of agaB is a protein of 40.7 kDa molecular weight and 335 residues and the 20

first residues encode a hydrophobic signal peptide which does not contain the peptidase | specific
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cleavage site (Nakai et al. 1991) (PSORT) but a possible lipid anchor, suggesting that this
protein remains cell wall associated after its expression (Jam et al. 2005). The sequence analysis
showed that AgaB is a monomodular enzyme, consisting only of the GH16 catalytic module.

C

B-Agarase A
Sp Linker UNK | UNK 2

Family GH-16 catalytic module

11920 290 298 429 434 539
B-Agarase B
LP

Family GH-16 catalytic module

11718 353

Figure 16: The gene organisation of the two first described B-agarases from Z. galactanivorans copied from
(Jam et al. 2005).

The biochemical analysis of these [3-agarases revealed that the major reaction products of both
are neo-agarohexaose and neo-agarotetraose and that AgaB can further degrade the neo-
agarohexaose into neo-agarotetraose and neo-agarobiose. The degradation efficiency of both
enzymes was highest on neo-agarooctaose indicating that these enzymes possess a substrate
binding cleft consisting of eight subsites, four on the non reducing end (-) and four on the
reducing end (+). This interpretation was also confirmed by the crystal structures of both
enzymes (Allouch et al. 2003).
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Loop 282-294

Figure 17: The p-agarase AgaB from Z. galactanivorans forms a biological dimer copied from (Jam et al. 2005).

Figure 18: The B-agarase AgaA from Z. galactanivorans contains a second binding on the back of the enzyme
possibly involved in the unwinding of the double helical agarose chain as here modelled by extending the two bound
oligosaccharides copied from (Allouch et al. 2004).
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Furthermore the crystal structure analysis revealed some particular features of both enzymes.
AgaB forms a biological dimer induced by an unusual loop in GH16 between residues 282-294
(Figure 17). This dimer may be due to the biological role of AgaB as cell wall bound glycoside

hydrolase and it was confirmed by gel filtration experiments.

When the activity of the [-agarases were compared on solid state agarose gel it revealed that
AgaA had a significantly higher efficiency in agarose gel degradation than AgaB and the protein
crystal structure analysis gave an elegant and surprising explanation for this phenomenon. AgaA
has a second agarose binding site which is located at the opposite side of the enzyme in respect
to the substrate binding cleft (Figure 18). By extending the oligosaccharides bound to both
binding sites the double helical agarose model, proposed by Arnott and Fulmer et al. 1974, could
be modelled without disturbing the stereochemistry of the glycosidic linkages and the sugar
planes. It was postulated that this new mode of binding could allow AgaA to unwind the double
helical agarose which would explain why this enzyme is so active on agarose gel in respect to
AgaB (Allouch et al. 2004).

1.5 The “knowledge gap” of marine polysaccharides degrading enzymes

In the past, advances in microbiology, including marine microbiology, depended mostly upon
culturing. The new age of metagenomics enables the study of the vast majority of microbial
species which are as yet unable to be cultivated in the laboratory. These technologies and the
analyses they enable (comparative (meta)genomics, (meta)transcriptomics, (meta)proteomics,
metabolomics, high throughput gene disruptions, etc) have ushered in a new era of biology with
fundamental implications for basic research and biotechnological advances. But, they also pose
challenges, especially in marine biology, since this flow of data also highlight the lack of

knowledge concerning marine specific metabolisms.
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Although projects as the Sorcerer Il Global Ocean Sampling Expedition have highlighted the fact
that much of the phylogenetic and biochemical diversity of life on Earth is present in its marine
microbes, they also highlight that we are way behind in understanding the diversity and
functioning in the marine environment. - Up to 60 % of the sequences have no equivalent to
previously studied proteins. There are huge numbers of putative genes, the function of which is
often unknown and at best only deduced from sequence comparisons. Because more is often
known about the genetics and physiology of terrestrial organisms, the number of
unknown/putative genes is overwhelming for marine samples because there is so little
experimental data on marine model organisms. As an example, despite their ecological
importance the number of biochemically and structurally described “marine” glycoside
hydrolases is low compared to "terrestrial” glycoside hydrolases (Elifantz, Waidner et al. 2008).
Moreover, when identified, these enzymes often constitute completely new protein families: 1-
and A-carrageenases (Michel et al. 2003), a-agarases (Flament et al. 2007) or fucanases (Colin,
2006). Therefore, these enzymes are only accessible through the application of standard
biochemical approaches, since in any genomic approach they would have been annotated as
“conserved hypothetical proteins” or given incorrect substrate specificities. The keyword search
"glycoside hydrolase™ in the Protein Data Bank (21.09.09) gave 413 structure hits of which 170
can be attributed to cellulase or related (CBM) functions. In contrast, a search for marine
polysaccharide specific glycoside hydrolases such as agarases results in five structural hits and a
search for carra