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Lay summary

The finite nature and instability of fossil fuelpglies, as well as the high levels of
carbon dioxide emissions generated due to the ufieese kind of fuels, show the
importance of alternative and more sustainableggngources. An interesting option
is to produce biofuels like ethanol or butanol froimmass. The production of biofuels
from crops such as corn or sugarcane is well astedal. However, this requires large
amounts of cultivable land, leading to higher psiter food due to the competition for
land between crops for food and the ones usec&ptoduction of biofuels. In this
scenario, the use of green algae as an alternrswee of biomass seems to be an
interesting alternative. They do not require ardhted, fertilizers or fresh water as

with land plants, and they grow considerably faster

Green algal biomass contains different types o&sgbains, including cellulose and
ulvan. For the production of biofuels, these sugfains need to be shortened into
single sugars, which can be converted into biofuslag microorganisms. Different
microorganisms are able to degrade different tyfesigar chains. Synthetic biology
offers the possibility to import these degradatigpabilities from one microorganism
into another. This study explored the possibility modifying the bacterium
Escherichia coliadding to it the degradative capabilities fromeotimicroorganisms
so that it would be able to degrade the main sebains present in green algae,
cellulose and ulvan. In addition, the ulvan degngdiapability of the microorganism
Formosa agariphilas also explored.



Abstract

Green macroalgae represent an attractive souremefvable carbon. Conversion of
algal biomass to useful products requires depolyagon of the cell wall
polysaccharides cellulose and ulvan. Cellulose headtcation has been widely
studied and involves synergistic action of endoghases, exoglucanases, dghd
glucosidases. The enzymatic depolymerization ofmltraas not received the same
attention and additional studies are required ideorto fully understand the

mechanisms involved in its biodegradation.

Synthetic biology offers the possibility of impeory modules such as biomass-
degrading systems and biofuel producing pathways fdifferent organisms into a
genetically tractable host such&scherichia coli In this study it was shown thit
coli expressing the glycosidase CHU2268Cgtophaga hutchinsongrows well on
cello-oligosaccharides such as cellohexaose, aneexpssion with the
endoglucanase CenA d@ellulomonas fimiallows growth on untreated crystalline
cellulose. Moreover, a model for ulvan utilizatias built for the first time based on
a polysaccharide utilization locus from the algase&sated flavobacteriurhormosa
agariphila. It was also shown th&t agariphila,is able to grow using biomass from
the green macroalddlva lactucaas its sole carbon source, and enzymes with ubeana
activity are induced by the presence of this afgthé culture medium. Enzymes for
ulvan depolymerization frorf. agariphila including an ulvan lyase, xylanases and
rhamnosidases, were cloned using the PaperClip Ddd8embly method and
expressed in active form H. coli. Furthermore, a secretion system based on the use
of the Antigen 43 was successfully used to se@etactive ulvan lyase usirkg coli
and ribosome binding sites of different strengtleserstudied and used to optimize the

system.

These results represent a first step for the desfga microorganism capable of
utilizing green macroalgal biomass for the productf biofuels and other valuable

bio-products.
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1 Introduction

1.1 General background

Finding energy sources that are renewable andd@ssging to the environment is
essential. The possibility of producing biofuelstsias ethanol and n-butanol from
green macroalgal biomass seems to be an attradtieraative. This is due to a number
of desirable characteristics such as no competfbormrable land, fast growth rates,
absence of structural biopolymers such as ligmud, the capability to grow in saline
water, amongst others (John et al., 2011). Addifignthis kind of biomass can be
used to produce other useful co-products. Ulvane af its main cell-wall
polysaccharides, is a source of the rare sugar mbae which can be used as a
precursor for the synthesis of fine chemicals sastfragrances (Lahaye & Robic,
2007) or the commodity chemical 1,2-propanediokéa et al., 2010).

In order to convert green macroalgal biomass inteeful products the

depolymerization of its two main cell wall polysaecides, cellulose and ulvan, is
required. The hydrolysis of cellulose has been lyidaudied and the most accepted
mechanism for its degradation involves synergistiion of enzymes from three
classes: endoglucanases, exoglucanases,pajtdcosidases (Lynd et al., 2002).
However, knowledge about the enzymatic sacchatidicaof ulvan is scarce and the

mechanisms involved in its biodegradation stilléé&w be identified.

To design an ideal microorganism capable of praduaseful products from biomass
in an economically viable process, the use of stittbiology seems to be a suitable
approach, offering the possibility of importing nubes such as biomass-degrading
systems and biofuel producing pathways from diffex@ganisms into a genetically
tractable host such dsscherichia coli(Alper & Stephanopoulos, 2009). In this
context, synthetic biology allows the testing ofitimle combinations of enzymes (e.g.
cellulases) in order to determine which of thesgehhetter performance using

different cellulosic substrates (French, 2009)adidition, it is possible to study the



presence of synergistic patterns between diffeesratymes (inter and intra class),

which could be exploited to improve the hydrolysiscess.

Considering the background information presentad,droject will be focused on the
use of synthetic biology to study the enzymatic rddgtion of the two main

polysaccharides present in green macroalgal bignoalislose and ulvan.

1.2 Biofuels from macroalgal biomass

Interest in biofuels has been increasing for twinm@asons: the insecurity caused by
the imminent depletion of fossil fuel reserves #mel need to reduce carbon dioxide
emissions caused by fossil fuel usage in orderitigae climate change (Solomon et
al., 2007).

Industrial production of biofuels from sugar/stabps (e.g. sugar cane, sugar beet,
corn and wheat), known as first generation biofusi&ell established and can address
these issues. However, the cost of the raw madeisahigh and their production
requires substantial amounts of cultivable landdileg to an increase in the price of

food due to the competition for available land dehal., 2011).

In this scenario, new sources of raw materials shioe studied. Low-cost feedstocks
such as lignocellulosic residues and algal bionfassond generation biofuels) are
attractive alternatives. However, hydrolysis of tbabohydrates present in the
biomass is necessary to obtain fermentable sudpatscdan be used for biofuel
production (John et al., 2011), leading to highmdpction costs compared with first
generation biofuels (Tan et al., 2008).

In the case of lignocellulosic feedstocks a prettreent step is necessary to remove
lignin and make the carbohydrates accessible foyraatic hydrolysis (Klinke et al.,
2004). Lignin is a structural biopolymer that igwelifficult to degrade biologically
(Harun et al.,, 2010). Potential fermentation intuts, such as phenols, furans,
carboxylic acids and inorganic salts, which havesgative effect on cell membrane
function, growth, and glycolysis, are formed durthg pre-treatment (Klinke et al.,
2004).



On the other hand, algal cells do not contain higmhich is essential for growth of
higher plants in a terrestrial environment. Therefdhe pre-treatment step is not
necessary for this kind of biomass simplifying tinerall conversion process of
biomass to useful products (John et al., 2011)theamore, macroalgae are able to
grow at considerably faster rates than land pldrgsause their entire surface is able
to absorb nutrients and the energy requirementghi@rproduction of supporting
tissues are lower (Adams et al., 2008). In additmacroalgae do not require arable
land, fertilizer or fresh water as in the caseanfd plants (Lahaye & Robic, 2007;
Wargacki et al., 2012).

The reasons presented above make macroalgal bi@nasscellent candidate to be

used as the raw material for the production oflmtf and other valuable co-products.

1.3 Green macroalgal biomass structure

Macroalgae can be divided into three main classesrding to their pigmentation:
green, red and brown algae, with a carbohydratéeadof 25-50%, 30-60%, and 30-
50% dry weight, respectively (Jung et al., 2013)ede classes produce a variety of
different carbohydrates with specific propertiesl atructures (John et al., 2011).
Considering the heterogeneity among the differéagses of macroalgae it is crucial
to know the composition of the biomass to be usedrder to effectively utilize their

carbohydrates as a feedstock for the productidnadiels and other bioproducts.

Among the different classes of macroalgae, gregaeahave been the least studied
(Alves et al., 2013); however, their fast growthtes and broad tolerance to
environmental conditions such as irradiation, terapge and salinity makes them an
attractive source of biomass that can be used fagdstock for the production of

biomolecules with important commercial value (Taydbal., 2001).

Green macroalgal cell wall polysaccharides belanfpur families: two major ones,

water-soluble ulvan and insoluble cellulose, ana twinor ones, alkali-soluble

xyloglucan and glucuronan (Lahaye & Robic, 200 addition, the presence of small
amounts of starch and lipids have been also repdiet% and 0-6% dry wt.,

respectively) (Bruton et al., 2009).



In particular, ulvan is composed of a number ofedlédnt repeating oligosaccharides
made up of rhamnose, glucuronic acid, iduronic ,actbse and sulphate (Lahaye &
Robic, 2007). The main repeating disaccharidesreade up of rhamnose 3-sulfate
(Rha3S) linked with either glucuronic acid (GlcAduronic acid (iduA), or xylose
(Xyl), resulting in GIcA-Rha3S (ulvanobiouronic dci A), IduA-Rha3S
(ulvanobiouronic acid B) and Xyl-Rha3S (ulvanobi@ssulfate), respectively (Collen
et al.,, 2011) (Figure 1-1). Additionally, minor esgiing units containing xylose 2-
sulfate or branches of glucuronic acid on C-2 @mhose 3-sulfate have also been
reported (Lahaye & Robic, 2007).

A)
COOH 0
HO o
HO,S 7 OH
GlcA Rha3s
% HsC P
OH 03 0
HOOC 0 0
HO,S 7 OH
0 OH
IduA Rha3s
C) P
o
OH 0
HO,S OH
Xyl Rha3s

Figure 1-1 Main repeating disaccharides found in wian. A: ulvanobiouronic acid A, B:
ulvanobiouronic acid B, C: ulvanobiose 3-sulfatehaBS: rhamnose 3-sulfate, GIcA:
glucuronic acid, IduA: iduronic acid, Xyl: xylosAdapted from Collen et al. (2011).

The other major polysaccharide in green macroalgae cellulose, a
homopolysaccharide composed of glucose monomegdu@ypyranose) linked by
1,4-glycosidic bonds (OSullivan, 1997). The cryigtal structure of algal cellulose
contains predominantly cellulose (triclinic crystalline form) instead of cellulo$p

(monoclinic crystalline form) as in the case ofrpfa b cellulose contains weaker



hydrogen bonds which provide easier access for gladanases during the
saccharification process (Daroch et al., 2013).iAshe case of cellulose, algal
xyloglucan structure also differs from that of heghplants, having a linear
trisaccharide  structure pB{D-xylopyranosyl-(3>4)-3-D-glucopyranosyl-(3>4)-
glucopyranose) instead of a cellulose-like backbohain with side chain xylose
residues attached to position C6 (Fry, 1988; Lahatyal., 1994). Finally, algal
glucuronan is composed pf1,4-D-polyglucuronic acids (Elboutachfaiti et &011).
Schematic representations of the cell wall polysaddes from green macroalgae are

shown in Figure 1-2.
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Figure 1-2 Structure of cell-wall polysaccharides fo green macroalgae.Ulvan and
xyloglucan model fragments were constructed bagdti®structures summarized by Lahaye
and Robic (2007) and Lahaye et al. (1994), respalgtiAll glycosidic linkages are assumed
to originate from C1. Monosaccharide symbols follim Symbol Nomenclature for Glycans
(SNFG) system (Varki et al., 2015).

The main sugars present in green macroalgae aresgiurhamnose, xylose and uronic
acids. Table 1-1 contains the sugar and sulfateposition of samples of the algae
Ulva sp. (Bobin-Dubigeon et al., 1997) adtva lactuca(van der Wal et al., 2013).



Table 1-1 Sugar and sulfate compaosition of the algdJlva sp. andUlva lactuca (Bobin-
Dubigeon et al., 1997; van der Wal et al., 2013).

Ulva sp.* Ulva lactuca*

Sulfate 30.8 17.9
Uronic acid 18.2 11
Rhamnose 20.3 24.1
Xylose 7.3 155
Mannose 0.7 0
Galactose 1.4 3.4
Glucose 21.3 28.2

*: % of total sugars + sulfate.

1.4 Green macroalgal biomass production

Macroalgal biomass can be obtained from a broagera sources, including natural
stocks, land-based tanks and ponds productionregs(Bleveux et al., 2014). The
majority of the global seaweed resource is a resfudultivation activities and only
6% is harvested from natural stocks (Bruton et24lQ9).

In particular, the cosmopolitan green macroaldatactucacan be grown in a range
of climates from tropical to polar (Ben-Ari et a2014; Bruhn et al., 2011), with an
optimal growth temperature of 15°C (Fortes & Lig)ia980). Green macroalgae are
only cultivated commercially in brackish waters aestuaries in Asia, for food
consumption (Ohno & Triet, 1997), and in racewagngmin South Africa (Figure 1-3),
for abalone feed (Bolton et al., 2009). Howevdntpgand-based systems to grailva
species have been tested in various locations drtheaworld, including Australia,
Denmark and Tanzania, where the algae are cultivakene (Bruhn et al., 2011,
Msuya & Neori, 2008; Neveux et al., 2014), and acthe Saudi Arabia, Israel, Spain,
Chile, USA and Denmark, where the algae is usedl laisfilter to remove nutrients
from manure or aquaculture effluents (Al-Hafedhaket 2015; Ben-Ari et al., 2014;
Hernandez et al., 2005; Macchiavello & Bulboa, 204dori et al., 1996; Nielsen et
al., 2012).



Figure 1-3 Commercial seaweed-abalone pond farm, lda Haga, on South Africa’s
southeast cost (Neori et al., 2007WJIva is grown in paddle raceways utilizing abalone
effluent and fed back to the abalone farm (left).

Aeration is an energy intensive process that coaltstitute about 85% of the green
macroalgae cultivation cost (Ben-Ari et al., 2014dwever, it has been reported that
the main role of water agitation, and aerationartipular, is to accelerate the rate of
diffusion of nutrients into the algae, and it mat be required if the concentration of
nutrients in the culture is high enough (Msuya &HNg2008). In order to reach high
algal biomass vyields, the use of aquaculture efftidrom the fish and mollusc
industries (Al-Hafedh et al., 2015; Ben-Ari et 2014; Bolton et al., 2009; Hernandez
et al.,, 2005; Macchiavello & Bulboa, 2014) or man(Nielsen et al., 2012) have
emerged as cost-effective solutions to supply #eessary nutrients to the cultures.
At the same time the algae act as a biofilter winngty help solve the environmental
problems caused by the discharge of nutrient |&aufs these industries into coastal
waters, generating a win-win situatiod. lactucahas been proposed as an ideal
candidate for simultaneous bioremediation and bgsmaroduction due to its high
photosynthetic rates, high ability to uptake digedl nitrogen and high pollution
tolerance compared with most macroalgae (Al-Hafetll., 2015; Ben-Ari et al.,
2014).

Biomass yields ranging from 72 to 95 dry t/ha/yéaeen achieved by cultivation of
Ulva in raceway ponds utilizing energy-efficient paddte provide water agitation



(Bolton et al., 2009). These levels of productior aimilar to the 74 dry t/haly

obtained by the US Aquatic Species Programme Wwhéactucawas cultivated using

an energy intensive aeration system, and consideragher than the 27 dry t/haly

produced with a non-energy intensive system (Ryhat., 1984). Additionally, it has

been reported thdl. lactucacan be cultivated as far north as Denmark with an
estimated yield of 45 dry t/haly (Bruhn et al., 2§2which is three times higher than

the one obtained using the brown aldgaeminaria in temperate waters (Kelly &

Dworjanyn, 2008). These yields are also higher thase reported when conventional

terrestrial energy crops are grown (Aylott et 2008; Barbanti et al., 2006; Cadoux
et al., 2012; Gallego et al., 2011; Heaton et28l04; Romanelli et al., 2012; Seppala
et al., 2008; Sims et al., 2010) ddlya is collected from natural stocks (Bruton et al.,

2009). The biomass yields of the macroalgae gromdeudifferent conditions and a

list of common energy crops are summarized in Taile

Table 1-2 Biomass yields of different macroalgae ancrops.

Growth yield References
[dry t/haly]

Macroalgae
Ulva — raceway system 72-95 (Bolton et al., 2009)
U. lactuca— energy intensive 74 (Ryther et al., 1984)
U. lactuca— non-energy intensive 27 (Ryther et al., 1984)
U. lactuca— cultivation tanks 45 (Bruhn et al., 2011)
Ulva sp— natural stock 2 (Bruton et al., 2009)
Laminaria 15 (Kelly & Dworjanyn, 2008)
Crops
Willow 5-11 (Aylott et al., 2008)
Poplar 2-10 (Aylott et al., 2008)
Eucalyptus 10-12 (Romanelli et al., 2012)
Miscanthus 5-43 (Cadoux et al., 2012)
Switchgrass 5-19 (Heaton et al., 2004)
Reed canary grass 2-10 (Sims et al., 2010)
Alfalfa 1-17 (Gallego et al., 2011)
Fibre sorghum 16-43 (Barbanti et al., 2006)
Maize 9-18 (Seppala et al., 2008)




Another possible source &f. lactucabiomass are green macroalgal blooms, also
known as “green tides”. Green tides have increasedmber and magnitude all over
the world due to coastal eutrophication (Smetacekiggone, 2013). However, the
delivery of biomass fluctuates seasonally andritlgtively limited (Bruhn et al., 2011;
Bruton et al., 2009), making it difficult to buikth industry based on this resource. It
has been proposed that this kind of biomass cauldtegrated into a process already
utilizing other types of biomass as the feedstd@rki{on et al., 2009).

Nowadays most of the producéd lactucabiomass is a resource with no industrial
application (Bruton et al., 2009; Chiellini & Mofgl2011). The possibility of using
this renewable biomass as a feedstock for susteimsergy has attracted increasing
attention in recent years (Chiellini & Morelli, 2D{L The high content of ash and alkali
components in green macroalgal biomass make it itadel for conversion
technologies such as combustion or pyrolysis (Brethed., 2011). On the other hand,
wet processing techniques such as fermentatiomaerabic digestion could take

advantage of the intrinsic wet nature of the mdgaddiomass (McKendry, 2002).

1.5 Production of second generation biofuels

The production of second generation biofuels uguallolves three main stages: (i)
pre-treatment of the biomass, (i) saccharificatioh polysaccharides, and (iii)

fermentation of the released simple sugars to blef(lraherzadeh & Karimi, 2007).

1.5.1 Pre-treatment

The main objective of the pre-treatment stage igdnsform the biomass from its
native form into another, on which the enzymatizcharification is more effective. In
the case of lignocellulosic biomass this is reactedugh the solubilization and/or
redistribution of lignin, which leads to an increas the surface area accessible to
cellulase enzymes (Lynd et al., 2002). On the dtlead, macroalgal biomass does not
contain lignin and seems to be less recalcitranhytrolysis than lignocellulosic
biomass. It has been reported that the pre-tredfpnecess is not required for this kind

of biomass, and efficient saccharification has bemhieved from untreated



macroalgae biomass (Adams et al., 2008; Yanagissiwal., 2011). The use of
untreated biomass would reduce the number of dtepss bioconversion lowering
the overall cost of the process (Adams et al., 20B®netheless, the pre-treatment of
green macroalgal biomass under mild conditionsates been reported (van der Wal
et al., 2013).

It is important to note that as a result of thepeatment, depending on both the kind
of biomass and the pre-treatment applied, potefgrahentation inhibitors such as
phenols, furans, carboxylic acids and inorganitssen be produced, affecting the

overall feasibility of the bioconversion processiiiKe et al., 2004).

1.5.2 Saccharification of polysaccharides

This step’s main aim is the depolymerization of i@mass in order to obtain simple
sugars that can be easily fermented. The proddi¢ckssoprocess are usually reducing
sugars including glucose. Due to the lower costoimparison with acid and alkaline
hydrolysis, this process is usually mediated byysres, which can catalyse the
hydrolysis of the biomass under mild conditions ¢B and temperatures between 45
and 50°C), preventing corrosion problems (Sun & r@he2002). However, this
process also has some disadvantages such as theokigf the enzymes and the long
period of time necessary for the reaction to comep(€aherzadeh & Karimi, 2007).

It should be noted that the major factors whicleetfthe saccharification process are:
the concentration and quality of the substrate piieetreatment used, the activity of
the enzymes, and the conditions used for the hysisobf the biomass; such as the
temperature, pH and agitation (Taherzadeh & KarR07). In addition, cellulose

accessibility has been reported as a key factosdocessful enzymatic conversion of

biomass into fermentable sugars (Jeoh et al., 2007)

1.5.3 Fermentation to biofuels and other bioproduct s

The simple sugars generated from the sacchardicg@tiocess have to be fermented to
biofuel through the use of microorganisms. The nsostmonly used microorganism

for this process at an industrial level is the y&accharomyces cerevisjaghich has
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proven to be very robust and suitable for the feret®on of sugars obtained from the
saccharification of biomass (Galbe & Zacchi, 2068)wever,S. cerevisiaés unable

to use pentose sugars, a disadvantage when thessamcomposed of a wide range
of sugars, as in the case of lignocellulosic ormmalgal biomass. In contra$i, coli

is capable of making better use of these typesoofi#iss, consuming both pentose and
hexose sugars, and it is also highly amenable taboéc engineering and synthetic
biology techniques used to improve the biofuel patithn process (Huffer et al.,
2012).

Among the different biofuels that can be produgednfthe sugars obtained from the
saccharification of biomass, ethanol has attrattednost attention (French, 2009).
Ethanol is produced from pyruvate requiring onlyotvenzymes:. a pyruvate
decarboxylase which converts pyruvate to acetaldielgnd C@ and an alcohol
dehydrogenase which reduces the acetaldehyde aa@thThis pathway has mainly
been studied i. cerevisiaghe bacteriunZymomonas mobiligr recombinani. coli
(Fischer et al., 2008). Another interesting bioftiedt can be obtained by microbial
production is n-butanol. This biofuel is producéahg with acetone and ethanol in a
process known as ‘ABE’ fermentation used 6jostridium acetobutylicumand
Clostridium beijerinckii(van der Wal et al., 2013). Butanol is producewulgh the
dimerization of two molecules of acetyl-CoA intoetmacetyl-CoA, which is
subsequently reduced and dehydrated to butyric. &smhlly, the butyrate is re-
metabolized via a four-electron reduction to n-hota(Fischer et al., 2008). This
pathway was functionally expressed in recombiriantoli by Atsumi et al. (2008).
Butanol has several advantages over ethanol: ibeamsed in petrol engines without
modification, it has a higher energy density, ilass corrosive, and it is not fully
miscible with water, thus it is possible to trangpm pipelines (French, 2009).
However, it has been reported that it is far moxéctto most microorganisms (Fischer
et al., 2008).

Moreover, rhamnose one of the main sugars pres@mneen macroalgal biomass, can
be fermented to the commodity chemical 1,2-propahéBoronat & Aguilar, 1981).
This diol is currently produced by chemical syntkeBom the non-renewable

petrochemical derivative propylene oxide, and hgdieations in a broad spectrum of
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areas, including the synthesis of biodegradablstipiaand polymer resins (Saxena et
al., 2010). The production of 1,2-propanediol tlglodhe fermentation of rhamnose
has been reported in several microorganisms inofuli coli and various yeasts
(Saxena et al., 2010). 1,2-Propanediol biosynthiesislves several steps. First, L-
rhamnose is isomerized to L-rhamnulose by a rhamismsnerase. L-Rhamnulose is
then phosphorylated to L-rhamnulose-1-phosphateabhamnulose kinase. The
phosphorylated sugar is subsequently cleaved by akliolase to produce
dihydroxyacetonephosphate and L-lactaldehyde. lyinahder anaerobic conditions
the lactaldehyde is reduced to 1,2-propanediol BlA® dependent oxidoreductase
(Bennett & San, 2001). However, this process iscootmercially feasible due to the
high price of rhamnose (Altaras & Cameron, 199%e possibility of obtaining this
sugar at lower prices through the saccharificatibmacroalgal biomass makes it an

attractive alternative to the traditional chemisghthesis of 1,2-propanediol.

The conversion of biomass to biofuels can be diliokto three main biologically-
mediated stages: (i) production of degradative sy (i) saccharification of
cellulose and other polysaccharides, and (iii) pobdormation from the released
sugars (e.g., fermentation to biofuels) (Lynd et 2002). Based on these stages it is
possible to characterize a process according tesee of consolidation. When the
enzyme production, saccharification and fermentasice carried out separately, the
process involves three discrete steps and it iseccadeparate hydrolysis and
fermentation (SHF). The simultaneous saccharificatand fermentation (SSF)
consolidates the hydrolysis and fermentation intsiregle one, while the enzyme
production is performed separately. Finally, in thse of consolidated bioprocessing
(CBP), all the stages are coupled in a single @®¢keynd et al., 2002). A schematic
summary of the different strategies for the biomamsversion process is shown in
Figure 1-4. A larger number of stages allows theeafsspecific conditions for each of
the processes; however, more reactors are requicegasing the overall cost of the
process (Lynd et al., 2002). Considering the abi\eas been proposed that the CBP
configuration has the potential to provide the lstveost route for the production of

biofuels and other high value bioproducts from bass(Lynd et al., 2005).
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Hydrolysis of polysaccharides
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Figure 1-4 Different configurations for the biomassconversion processOn the left of the
figure are the biologically mediated stages. Eamhrepresents a bioreactor, these are not to
scale. SHF: separate hydrolysis and fermentati@k: Simultaneous saccharification and
fermentation; CBP: consolidated bioprocessing.

1.6 Enzymes involved in biomass saccharification

In order to depolymerise the different cell walllysaccharides present in green
macroalgal biomass, enzymes with specific actwif each of them are required.
The mechanism involved in the enzymatic hydrolg$isellulose has been extensively
studied (Lynd et al., 2002; Zhang et al., 2006).wHweer, the enzymatic

depolymerization of the other cell wall polysacaties present in green macroalgal
biomass has not received the same attention agdadeiv enzymes involved in their

degradation have been identified.

1.6.1 Cellulose hydrolysis

The most accepted mechanism for cellulose hydmwlysiolves synergistic action of
endoglucanases (EC 3.2.1.4), exoglucanases, ingudellobiohydrolases (EC
3.2.1.91) and cellodextrinases (EC 3.2.1.74),gtucosidases (EC 3.2.1.21) (Lynd
et al., 2002). Endoglucanases randomly hydropse4-glycosidic bonds from the
amorphous regions of the polysaccharide, creatavgchain ends; exoglucanases act

on these reducing and non-reducing cellulose cbaas, releasing cellobiose and
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other short oligosaccharides; which are finally toygsed to glucose byg-
glucosidases (Zhang et al., 2006). Figure 1-5 sladiagram of cellulose hydrolysis
by the enzymatic mechanism mentioned above (Lyradl €2002).

o
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W\ D/"——ﬂ:@ 4% Cellobiose
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i Crystalline : Amorphous: Crystalline : 7 Cello-oligosaccharides

Endoglucanase
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\ ¢ S ';"' 8_ \/ \ Exoglucanase R
’ N 7

Exoglucanase NR

B-Glucosidase

Figure 1-5 Schematic representation of enzymatic layolysis of cellulose.The reducing
and non-reducing ends are represented by blackwante squares, respectively. The
exoglucanases R and NR hydrolyses from reducingremdreducing ends, respectively.
Amorphous and crystalline regions are indicatecapgtdd from Lynd et al. (2002).

Both endoglucanases and exoglucanases hydr@hlsé-glycosidic bonds and the
specificity seems to be determined by the topolofjjthe active site. Whereas
endoglucanases have open active site clefts, esaghses active sites are located in
long looped tunnels in the protein structure (Lin&leleeri, 1997).

In general cellulases are bimodular enzymes, witkxensive catalytic domain and
a small cellulose binding domain (CBD). The two @wms are linked by a highly
glycosylated protein sequence rich in proline aydftixy amino acid residues such as
threonine and serine (Tomme et al., 1995). Theiipeale of the linker is not entirely
clear, but it has been attributed functions assediavith the disruption of regular
packing of the cellulose fibrils and/or the incread the local concentration of the
catalytic domain to which they are attached (Brualg 1995). The CBD enables an
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increase in the enzyme concentration at a partisiteon the surface of the cellulose,
leading the enzyme to specific locations on thessabe, besides making the substrate
more accessible by neutralizing structural non-tEnaassociations (Tomme et al.,
1995).

Several organisms contain efficient cellulose deégtian systems, including the
filamentous fungusTrichoderma reeseithe aerobic Gram-positive bacterium
Cellulomonas fimithe aerobic Gram-negative bacteriG@ytophaga hutchinsoniand
the anaerobic Gram-positive bacteri@iostridium thermocellur{French, 2009). The
majority of commercial cellulases are producedTbighodermaand have been the
most widely studied and best characterized (Takefza& Karimi, 2007). In
particular, analysis of the genomic sequenceseofa$s studied cellulolytic bacterium
Cytophaga hutchinsoniwhich has the ability to rapidly digest crystadicellulose,
has revealed no obvious homologs of known cellooblases and it has been
suggested that this organism may use an unusuhbuohef cellulose utilization (Xie
et al., 2007).

1.6.2 Saccharification of other polysaccharides

In the case of ulvan, the other major polysaccleandyreen macroalgae biomass, only
a few studies about the utilization of enzymesitsrdepolymerization have been
reported. In most of these studies the enzymes wsed as a tool for the better
understanding of the chemical structure of thisygpamtcharide, rather than for
depolymerisation to utilize the released sugars th@r production of high-value
bioproducts (Alves et al., 2013).

The first enzyme with ulvan lyase activity was rgpd by Lahaye et al. (1997). The
ulvan lyase was obtained from a Gram-negative baateisolated from muds
containing decomposinglva sp., and it was shown to cleave the linkage batwee
Rha3S and GIcA, generating an unsaturated uromdt acthe newly created non-
reducing end. However, no amino acid sequence ef éhzyme or further
characterization of the bacterium that produceswds provided. Nonlabens
ulvanivorans a marine Bacteroidetésolated from the faeces of the sea S\plysia

punctatafed withUlva sp.,was shown to be an efficient ulvan degrader (Badiegt
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al., 2011). An ulvan lyase fronN. ulvanivoranswas purified, sequenced, and
heterologously expressed i&k. coli by Collen et al. (2011). Biochemical
characterization of the ulvan lyase showed thatas an endolytic enzyme able to
cleave ulvan between Rha3S and GIcA or IduA viaedimination mechanism. The
released oligosaccharides had a degree of polyatietz higher than two and
contained an unsaturated uronyl residue at thereduneing end. Considering that no
characterized homologs were found in the databdélsesnzyme was designated as
the first member of a novel polysaccharide lyaseilfa Recently, a new family of
ulvan lyases, showing no homology with ulvan lydsen N. ulvanivorans was
identified in three bacteria from the Alteromona$abrder by Kopel et al. (2016). The
novel ulvan lyases were heterologously expressefl. inoli and characterized to
determine their mode of action. In contrast with titvan lyase fronN. ulvanivorans

these enzymes only cleave between the residuesSRiraBGIcA.

In addition, an unsaturated glucuronyl hydrolas&(JJfrom the glycoside hydrolase
family 105 (GH105) was found in the genomic envir@amt of the ulvan lyase from
N. ulvanivorangCollen et al., 2014). The UGL was shown to spealfy cleave the

unsaturated uronic residues generated by the Ujease. Considering the proximity
within the genome of the ulvan lyase and the UGIfN. ulvanivoransit has been

proposed that they might be part of a polysacckauiilization locus (Kopel et al.,
2016).

A diagrammatic scheme of the enzymatic depolymeoisaf ulvan by the ulvan lyase
and the UGL is shown in Figure 1-6. Consideringdbmplex structure of ulvan, it is
clear that several other enzymes such as otheedyasamnosidases, xylanases and
sulfatases must be involved and their identificati® crucial in order to understand
the entire enzymatic system which leads to thersadeation of this biopolymer
(Collen et al., 2011).
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Figure 1-6 Enzymes reported to be involved in theagscharification of ulvan. First, an
ulvan lyase cleaves viaaelimination mechanism between rhamnose 3-sulfatk ether
glucuronic acid or iduronic acid, releasing a pdaith an unsaturated uronic acid at the
non-reducing end of the chain, which is subsequetglaved by an unsaturatpaylucuronyl
hydrolase (UGL) from GH10%Cleavage sites are indicated by arroRbBa3S: rhamnose 3-
sulfate, GIcA: glucuronic acidy: unsaturated uronic acid.

Moreover, it has been reported that the partididaar structure of green macroalgal
xyloglucan can be depolymerized to glucose, xylasel cellobiose using the
commercially available enzyme preparation Cellu®aglLahaye et al., 1994).
Celluclast® main activity is cellulase; howeverhdés been shown that this enzyme
preparation also containg-xylosidase side activity (Sorensen et al., 2003).
Considering the structure of this kind of xyloglac@s complete saccharification is
probably achieved through the joint action of exw @ndo-cellulases3-(1—4)-
glucosidases, arfil(1—4)-xylosidases, enzyme classes that have beenysgtialied.
Furthermore, several glucuronan lyases producdxbthybacteria and fungi have been
identified and employed for glucuronan depolymdrora(Redouan et al., 2009). In
addition, partial digestion of ulvan by a glucuronigase has also been reported,
revealing the occurrence of consecutive glucuromicid moieties in this

polysaccharide (Delattre et al., 2006).
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1.7 Use of synthetic biology for biofuel production

Synthetic biology is an emerging discipline thahsito adopt engineering concepts,
such as standardization of parts and assembly wgtho order to more easily

construct novel biological systems (Ellis et a012). Current efforts focus on the use
of modular genetic parts, which can be easily abs&arthrough the use of assembly
methods to generate more complex multi-part systedingh are then introduced into

a host organism or ‘chassis’ (Figure 1-7). The ntadparts include promoters,

ribosome binding sites (RBSs), coding DNA sequel(CESs), and terminators. The
selection of an appropriate chassis organism ablsupport the new introduced

pathways and provide background processes su@pksation and protein synthesis,
is also required. Well-characterized microorganissush as$s. cerevisiage. coliand

Bacillus subtilishave been widely used for these purposes (Freo€l).

Modular parts é ( > ( ; ( )
CDS

Promoter RBS Terminator

>

_._—-//:

New pathways

Figure 1-7 Generation of new pathways using modulaDNA parts. Modular parts include
promoters, ribosome binding sites (RBSs), DNA cgdiequences (CDSs), and terminators.
These parts are combined using DNA assembly metioogenerate new constructs than can
then be characterized. Finally, completely new wa#fs can be generated through
combination of the characterized constructs. Figuapted from Ellis et al. (2011).

The use of synthetic biology seems to be an aitteaepproach in order to reach an

effective conversion of biomass to biofuels or otreuable bioproducts. In this sense,
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several genetic modules from biomass-degradingesystand biofuel producing
pathways from different organisms can be imported a genetically tractable host,
in order to enhance its biofuel production cap#bsi (Alper & Stephanopoulos,
2009). The modular and interchangeable natureeop#rts allows the generation of
organisms able to express a variety of differemhlmioations of biomass-degrading
enzymes. These can then be screened for effeatigeadation of different biomass
substrates. These organisms can be also used pai@hdetermination of synergies
between the different enzymes (inter and intras}|aghich could be exploited in order
to reduce the amount of total protein requireddibective saccharification (French,
2009). Libraries of biomass-degrading enzymes ftbm bacteriaC. fimi and C.
hutchinsoniiare already in development for these purposeseanFrench lab, and
would be used for the generation of a celluloseratition module in this study
(French, 2009).

DNA assembly is a limiting factor for the efficieabnstruction of gene expression
systems (Ellis et al., 2011). To overcome this obseveral DNA assembly methods
have been developed. They can be divided into twtegories: restriction
endonuclease based methods and homology baseddseftestriction endonuclease
methods rely on the use of restriction sites ferabsembly of the different parts and
include BioBrick (Knight, 2003), Golden Gate (Englket al., 2008), GoldenBraid
(Sarrion-Perdigones et al., 2011), modular cloniMgClo) system (Weber et al.,
2011), and modular overlap-directed assembly vitkers (MODAL) (Casini et al.,
2014). Homology based methods rely on homology betwthe ends of neighbouring
parts and include Gibson assembly (Gibson et@D9Y, circular polymerase extension
cloning (CPEC) (Quan & Tian, 2009), seamless lmatcloning extract (SLICE)
(Zhang et al., 2012), and the PaperClip assemblyb{@Syna et al., 2014). In this study
the BioBrick and PaperClip assembly methods weesl ue generate the different

constructs.

1.7.1 BioBrick assembly

The BioBrick assembly standard was introduced bigKin(2003) to address the lack
of standardization in assembly techniques for DNuences. Each DNA part, or
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BioBrick, is flanked by standard prefix and suffequences. The prefix sequence
includes EcoRI and Xbal restriction sites, while fuffix sequence includes Spel and
Pstl restriction sites. Different compatible overbs are generated depending on the
combinations of restriction enzymes used to digestBioBricks. This allows any
BioBrick to be inserted upstream or downstrearmgf@her BioBrick. A DNA ‘scar’

is generated after the ligation of two BioBrickeyresponding to a mixed Spel/Xbal
site. After each assembly a new BioBrick with taenge physical format is generated,
which can be used to generate more complex systeitis several genetic
components. A diagrammatic explanation of the BidBassembly standard is shown
in Figure 1-8 (French, 2009). Several thousand Bek3 including promoters,
ribosome binding sites, coding sequences and tators are freely available for the
design and construction of genetic systems at éggsRy of Standard Biological Parts

(partsregistry.org).

(@) EcoRI Xbal Spel Pstl (d)
EcoRI Xbal Spel

) EcoRI Xbal
! | . Spel Pstl
5'fggattcgcggccgcttggggagnnnnf3’

3’ -cttaggcgecggegaagatgtennnn-5’

EcoRI Xbal
Spel Pstl
5’ -nnnntagtagtgcggccgetacag-3’
3’ -nnnnatgatgacgccggogacgte-5 ;
Xbal Spel Pstl
(€©)  5'_pnonta-3° 5’ -ctagagnnnn-3’ (€)
ERe s ey EcoRI Xbal scar Spel Pstl

l

5’ -nnnntactagagnnnn-3 -’
3’ -nnnnacgatctcnnnn-5-

Figure 1-8 Schematic representation of the BioBrickL.0 assembly standard(a) Each
BioBrick consists of a genetic component, suchraspters, ribosome binding sites, coding
sequences, terminators or any combination of thiemked on the upstream end by EcoRI
and Xbal restriction sites, and on the downstreathtey Spel and Pstl. (b) Standard prefix
and suffix sequences for BioBricks. Recognitioesire in bold and dashed lines indicate the
cuts made by each enzyme. (c) Example of ‘scaegsion after the ligation of two BioBricks
cut by a specific pair of restriction enzymes. Bhar is not recognized by the enzymes used
for the generation of the cohesive ends. (d) As$emibtwo BioBricks. Depending on the
restriction enzymes used, any BioBrick can be tesenpstream or downstream of any other
BioBrick. (e) The result of the assembly of any tRBricks is always another BioBrick,
which can be used for other assemblies, allowiagydneration of complex systems composed
of several genetic components. Figure from Fre@009).
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The BioBrick assembly standard is a highly flexibhethod; however, it does not
allow the assembly of more than two BioBricks isiagle reaction, which makes it
laborious for the assembly of systems involvingesal genetic components. In
addition, it requires the removal of any EcoRI, Ki#pel and Pstl restriction sites
within the BioBricks prior to assembly. Moreovdretscar generated after the ligation
encodes an in-frame stop codon, thus this methndotabe used for the generation

of fusion proteins.

1.7.2 PaperClip assembly

PaperClip assembly is a recently developed homob@ped method (Trubitsyna et
al., 2014), which use double stranded bridgingarligcleotides or ‘clips’ to enable the
assembly of multiple DNA sequences in one reaclitnlike other homology based

methods, the use of these clips allows the asseofilalygiven set of parts in any order
without requiring order-specific oligonucleotidés.addition, PaperClip does not use

restriction enzymes, thus no mutagenesis of fodndestriction sites is required.

For each part to be assembled four oligonucleotafesbout 40 bases have to be
designed. Two, upstream forward (UF) and upstreawerse (UR), match with the
upstream end of the part, while the other two, dsdveam forward (DF) and
downstream reverse (DR), match with the downstreadof the part (Figure 1-9 (A)).
Forward and reverse oligonucleotides are annealgdthier to form two double
stranded DNA half-clips. The upstream half-clip @ons a GCC overhang at the 5’ of
the UF oligonucleotide, while the downstream héilf-contains a GGC at the 5’ end
of the DR oligonucleotide. The half-clips can berstl and used in any assembly
involving the part. In order to assemble two pats,downstream half-clip of one part
has to be ligated with the upstream half-clip & tiext part, generating a full clip
(Figure 1-9 (B)). These clips guide the order @ pgarts in the final assembly, and
considering that all the half-clips have identstatky ends, any part can be assembled
after any other part. Parts can be amplified by P@&#g the UF and DR
oligonucleotides as primers; alternatively, they ba introduced into the assembly as

linearized or circular plasmids containing the dasipart. Finally, a single assembly
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reaction is performed with all the clips and pajgserated using either PCR or cell

extracts expressing recombination proteins (Figude(C)).

A B

40 bp 40 bp Clip 1-2
JCC

Clip 2-3
CC S —JCC —
~— DNA part 2 ~—cgg <—Cgg—

Clip 3-1

S —
gcc\_ DNA part 3 ~—¢99 99

C
Clip1-2  PCR /7 ‘
DNApart2 <4 Clip2-3 _) '/‘/f"ﬁ’ \
DNA part 3 Clip 3-1 ;:tfaeé't

Figure 1-9 Schematic representation of the Paper@iassembly method(A) For each part
two pairs of complementary oligonucleotides of b#3es are designed. The pair matching
the upstream end contains a GCC overhang at tedbof the forward oligonucleotide, while
the pair matching the downstream end contains a G&thang at the 5’ end of the reverse
oligonucleotide. (B) The complementary oligonucides are annealed and phosphorylated,
generating two half-clips for each part. The dowaesin half-clip from one part is ligated with
the upstream half-clip of the next part generatirfgll clip, which will give the order to the
assembly. (C) A PCR or cell extract assembly readis performed using all the clips and
parts to get the final product. Figure from Truits et al. (2016).

In addition, PaperClip offer the possibility of @ing short intervening sequences of
35 to 200 bp between the DNA parts (Figure 1-1@esSE sequence can be linkers,
ribosome binding sites or protein tags, among sthEne sequence to be inserted has
to be obtained as two pair of complementary oligbentides. As for the case of the
half-clips, the upstream pair should contain a G6W&rhang on the forward
oligonucleotide, while the downstream pair has aGG@erhang on the reverse
oligonucleotide. Additionally, 5 base complementatigky ends are used to restore

the sequence of interest. After annealing and pistation of the two pairs of
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oligonucleotides, these are inserted between tfechps using a two-step ligation
reaction. First, two separate reactions are peddirthe downstream half-clip from
part 1 is ligated with the upstream part of thenneéning sequence, and the upstream
half-clip of part 2 is ligated with the downstregrart of the intervening sequence.
Finally, an expanded clip containing the intervgnsequence is generated by mixing
the two previous ligations. This method allows fiegt design of both fusion proteins
containing different linker sequences and constrwontaining RBSs of different

strengths.

Downstream Upstream

— [0 [o]
¢ anneal
——— JCC
$ ligate i
[R—o [ of of— NNNN N s— CC m—
—cgg——nnnnn T—cgg—
¢ mix
Clip 1+X+2
gcc nnnnn gcc

—ng—nnnnn_cgg

Figure 1-10 Addition of intervening sequences betvea two PaperClip DNA parts.Short
intervening sequences (35 to 200 bp) such as Bnkdrosome binding sites and protein tags
can be added between two parts. The interveningpmeig obtained as two pairs of
complementary oligonucleotides. The upstream paitains a GCC overhang at the 5’ end of
the forward oligonucleotide and a 5 base overhaiitesb’ end of the reverse oligonucleotide,
while the downstream pair contains a GGC overhangha 5 end of the reverse
oligonucleotide and 5 base overhang complementaté one from the upstream reverse
oligonucleotide at the 5’ end of the forward oligeleotide. The two pairs of oligonucleotides
are annealed, phosphorylated and a two-step liggte@formed to get the clip. First, the
downstream half-clip from part 1 is ligated witle thpstream half of the intervening sequence
and the downstream half of the intervening sequégated with the upstream half-clip from
part 2. A final ligation is performed mixing thestdts of the two previous ligations, generating
an expanded clip containing the intervening segeieRigure adapted from Trubitsyna et al.
(2014).
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1.8 Aim and objectives

1.8.1 Aim

To study the enzymatic depolymerization of greenmagal biomass.

1.8.2 Specific objectives
= To design a module for the depolymerization ofudeBic biomass.
= To identify new enzymes involved in the depolymatian of ulvan.

= To design new DNA parts potentially useful for genstruction of an ulvan

depolymerization module.
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2 Materials and Methods

2.1 Materials

2.1.1 Chemicals and reagents
Table 2-1 summarises the main chemicals and remgset during this study.

Table 2-1 Chemicals and reagents used during theusty

Supplier

Chemical or reagent

Alfa Aesar

Cellobiose

Calbiochem

4-Methylumbellifery-D-glucuronide (MUGIcU)

Megazyme

Azo-CM-Cellulose
Cellohexaose
Cellopentaose
Cellotriose

Melford Laboratories

5-bromo-4-chloro-3-indoyp-D-galactoside (X-gal)
Agarose

Chloramphenicol (CML)
Isopropylp-D-1-thiogalactopyranoside (IPTG)

NBS Biologicals

SafeView Nucleic Acid Stain

New England Biolabs

1 kb and 50 bp DNA ladders
Q5® High-Fidelity DNA Polymerase

Restriction enzymes: EcoRlI, Xbal, Spel, Pstl andIDp
T4 DNA ligase

T4 Polynucleotide Kinase

Novagen KOD Hot start DNA Polymerase
Promega Kit Tag DNA Polymerase
QIAquick PCR Purification Kit
QIAGEN QIAprep Spin Miniprep Kit
QIAquick Gel Extraction Kit
3,5-Dinitrosalicylic acid (DNS)
4-Methylumbelliferyl$-D-cellobioside (MUC)
Sigma-Aldrich 4-Methylumbelliferyl$-D-glucopyranoside (MUG)

4-Methylumbelliferyl$-D-xylopyranoside (MUX)
4-Nitrophenyle-L-rhamnopyranoside (pNPR)
Carboxymethyl cellulose (CMC)
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Supplier Chemical or reagent
Congo red
Glucose

Sigma-Aldrich Remazol brilliant Blue R (RBB)
Sea salts

Yeast extract

BigDye Terminator v3.1 Cycle Sequencing Kit

Thermo Scientific ) ) i
Coomassie (Bradford) protein assay kit

VWR Cetylpyridinium chloride monohydrate

2.1.2 Bacterial strain and expression vectors

DNA manipulation and cloning was carried out uskgcoli IM109 andE. coli
TOP10.E. coliJM109,E. coli TOP10,E. coliBL21 andFormosa agariphilaKMM
3901 were used for growth assay and protein exipredgore details about the strains

used during the study are summarised in Table 2-2.

Table 2-2 List of strains used during the study

Strain Genotype Supplier
F" traD36 proAB" lacl? 4(lacZ)M15/ New England
E. coliJM109 A(lac-proAB) gIinV44 el4yrA96 recAl Biolabs g

relAl endAl thi hsdR17

F-mcrA A(mrr-hsdRMS-mcrBC)
®80lacZAM15 AlacX74 recAl araD139

E. coliTOP10 A(ara ley 7697galU galK rpsL (StrR) Invitrogen
endAl nupG
E. colistr. B F ompT gal dcm lon New Enaland

E. coliBL21 (DE3) hsd$s(rs'ms™ A(DE3 [lacl lacUV5-T7 Biolabs g
gene 1 ind1 sam7 niflg malB|«-12(AS)

F. agariphilaKMM 3901 Native strain DSMZ

Construction and expression of the parts wereeaghwut using the plasmid pSB1C3
obtained from the Registry of Standard Biologicatt® (partsregistry.org). pSB1C3
is a high copy number plasmid (100-300 copies p#) carrying a pMB1 replication

origin, a chloramphenicol resistance gene and teatars bracketing its multiple

cloning site (Figure 2-1).
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(2064) Xbal Spel (2)
BioBrick prefix \ BioBrick suffix
(2049) EcoRI \ PstI (20)

bacterial terminator\\ \ / his operon terminator
\/

pSB1C3
2070 bp

lambda t0 terminator

Figure 2-1 Plasmid map of pSB1C3 and its sequencesference points. CMLR:
Chloramphenicol resistance gene; ori: pMB1 replicaorigin. Plasmid map generated using
SnapGene® software (GSL Biotech).

2.1.3 Restriction enzymes
Table 2-3 shows the different restriction enzymasduduring this study.

Table 2-3 Restriction enzymes used during the study

Enzyme Restriction site (5—3")*
GAATTC
EcoRI-HF CTTAAG
T'CTAGA
xbal AGATC,T
A'CTAGT
Spel-HF TGATC.A
CTGCAG
Pstl-HF
GACGT,.C
GTBA'TC
Dpn CT.BAG

* The black triangles indicate titdeavage site of the enzyme. m6A:-Ngthyladenine.
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2.1.4 Primers and oligonucleotides

Oligonucleotides for PaperClip DNA assembly methete designed according to
Trubitsyna et al. (2014). For each part or intemgrsequence to be assembled four
oligonucleotides were designed: upstream forwar&)(Wpstream reverse (UR),

downstream forward (DF) and downstream reverse (DR)

Two divergent non-overlapping primers, one forwand one reverse, were designed
to delete or insert DNA sequences using MABEL (NMetzsesis with blunt-end
ligation). To delete a DNA fragment from a constrtlee divergent primers were
designed flanking the unwanted region. To inseghart DNA fragment into a
construct a tail at the 5' end of one of the prem@mtaining the desired sequence was
added.

VF2 and VR primers flanked the BioBrick cloningesénd were used for sequencing
constructs in pSB1C3 and routine colony PCR to khiee lengths of the assemblies.
Additionally, sequence specific primers were destyto sequence internal regions of
the constructs.

All the primers and oligonucleotides were orderesnt Integrated DNA

Technologies. Primer and oligonucleotide sequeacesisted in Appendix 8.1.1.

2.1.5 DNA parts

Table 2-4 summarizes the DNA parts used duringtibgy; including the type, length

and origin of each of them.

Table 2-4 DNA parts used during this study

Name Type Origin Length [bp]
pSB1C3 Backbone iIGEM Registry 2059
BBa_J33207 Promoter iIGEM Registry 600
Placz* Promoter E. coli 379
CHU2268** CDS C. hutchinsonii 2280
CHU226&\SP CDS C. hutchinsonii 2226
CHU2268HT CDS C. hutchinsonii 2244
CenA*** CDS C. fimi 1350
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Name Type Origin Length [bp]

CenAASC CDSs C. fimi 1347
Cexxr** CDSs C. fimi 1461
Cfbglu*** CDSs C. fimi 1455
OsmY CDS E. coli 603

Ag43SP Signal peptide E. coli 156

Ag43N455 CDSs E. coli 1758
FA2190 CDS F. agariphila 1146
FA2194 CDS F. agariphila 843

FA2195 CDS F. agariphila 795

FA2197 CDS F. agariphila 2475
FA2204 CDS F. agariphila 3435
FA2205 CDS F. agariphila 2976
FA2206 CDS F. agariphila 2946
FA2209 CDS F. agariphila 2712
FA2213 CDS F. agariphila 2118
FA2216 CDS F. agariphila 1716
FA2217 CDS F. agariphila 2796
FA2219 CDS F. agariphila 1551
tFA2219 CDS F. agariphila 951

FA221NASP CDSs F. agariphila 1473
tFA221NSP CDS F. agariphila 873

tFA221INSPASC  CDS F. agariphila 870

FA2220 CDS F. agariphila 1374
FA2222 CDS F. agariphila 1059
FA2223 CDS F. agariphila 2211
FA2225 CDS F. agariphila 3465

* Designed by Maryia Trubistsyna, it containg P lacZ'. ** First cloned into pSB1A2 by Chao-Kuo
Liu. *** First cloned into pSB1A2 by Damian Barnard

Table 2-5 shows the ribosome binding sites (RBSsllwduring this study and their

respective strengths.

Table 2-5 List of RBSs

Name Sequence (553) Strength*

BBa_J15001** TACTAGAGCTCAAGGAGGTACTAG 13670.10
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Name Sequence (553) Strength*
GGCAA! CGCAAACGACAGEECECEEEGET

CHU2268 RBS CCCCCGTAGTAGT CA 9536.96

CHU226&8\SP RBS CTCCTTTCAGA GTCAGCTACA G 9864.36
GATCG

CHU2268HT RBS CGTTAA TTCTA G 9862.91
TCTCG
TGGTCTAACGT CGCCGCCCGAGGAGATAAAAACAT

CenA RBS AGGTAGCC 10889.42

FA2190 RBS SCCT TCAACCELTACACGAATATAAT CACACOOE 9514.13
TACGA

FA2197 RBS TCA TTCATA 10410.21
TTACT

FA2204 RBS CTTCACAGMTCTTA C 9545.55
ACCTC

FA2205 RBS %CEFAAAGA CCTAATA A 10915.55

FA2206 RBS TOEGT CACCOCCLCAACCETAATATCACGEATTA 9536.96
AAAGA

FA2209 RBS SCAT CELTEEGTTAGACCCCATCCTTACATAGGT T 10029.99
ACTGT

FA2213 RBS ATAA CCTATCTCATAGTTAAT 10974.66
CACCGA

FA2216 RBS TTTA TTTATAT ACAACACE 10193.82
CAGIT

FA2217 RBS A T A A 9117.27
GTAAA
GGAGGCTATCCCAGGACGAAGCCGTAAGTACGAGG

FA2219 RBS AGGCAGCC 10889.42
CAATTCTCTAACACTACGT CCAACGCAGGAAGCCGA

FA221ASP RBS CCAGOGCC 10915.55

FA2220 RBS Teret CCTATTAGGACACT = 9952.09
ATAAT

FA2222 RBS CCTTTOCACA TTATAA 9952.09
AGAGG

FA2223 RBS AN CGTACATTCA AGETC 10491.7
TAGAA

FA2225 RBS STGI:I:T: AAAAACT CAAGACATAACAAGEAGCAM 11053.97
ACATAGCAAGAAT TAAGGCGAAACGGCAATAAGAG

OsmY RBS GATCGRCC 10029.99
CGGACACCTCGCTAAAT CGATCACAACCCAAGAGA

Ag43 RBS ATTTCGOC 9117.27

Ag43 1k RBS AAGAAAAAGCTCTCCATAA 1055.96
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Name Sequence (553) Strength*

Ag43 5k RBS TGGCCATCTCTAAGTAATCC 4437.53

* The strength of the RBSs was calculated usingRB& calculator (Salis et al., 2009). ** CHU2268

was used as a reference to calculate the strefighisdRBS.

Table 2-6 shows a list of linkers used in this gtudth their respective nucleic acid

and amino acid sequences.

Table 2-6 List of linkers

Name Nucleic acid sequence (533’) Amino acid sequence

GGAGGCGGAGGAAGCGECEGT GGTGECTCTGGET

FlexL GGAGGT GACTCGGGT GROGECAGTTAG [ GEEGS] 4

RigidL  GAAGCAGCCGCAAAGGAGGCTGCAGCAAAG [ EAAAK]

Col  AOCUDCACSOOCACCACIOOGACCCIACAo0G  CASPTPTRTTRTPTP
ACGTCOGGT COGRC0GEG

OmpTL  GGTGGTCGTOGTTCTCGTCGTGITGGTACC GGRRSRRVGT

ompriL  COTGGTGGTGGTTCTGITGGTOGTCOTTCTCGT  GAGGSGERRSRRVGT

CGTGTTGGTACTGGTGGTGGTGGT TCT ceees
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2.2 Methods

2.2.1 DNA manipulation

2.2.1.1 PCR conditions

PCR was performed in a reaction mixture contaii@ymM dNTPs, 0.5 uM forward
primer, 0.5 uM reverse primer, 1X Q5 Reaction Byfie U/ pl Q5® High-Fidelity
DNA Polymerase and either 0.2b0f plasmid DNA or a small amount of colony as
the template in a final volume of 50. 1X Q5 High GC Enhancer was used for
sequences with high GC content. The amplificationditions were: 1 cycle at 98°C
for 30 s; 30 cycles of 98°C for 10 s, annealinggerature optimized for each primer
set for 30 s and 72°C for 30 s/kb; and a final esiten cycle at 72°C for 2 min.

Colony PCR was performed in a reaction mixture aioirig 0.2 mM dNTPs, 0.5 uM
reverse primer, 0.5 uM forward primer, 1X Green @y® Reaction Buffer, 0.025
U/ul GoTag® DNA Polymerase and a small amount ¢drepin a final volume of 15
ul. The amplification conditions were: 1 cycle at’@5for 2 min; 30 cycles of 95°C
for 0.5 min, annealing temperature optimized fahgarimer set for 0.5 min and 72°C
for 1 min/kb; and 1 final additional cycle at 72f&@ 10 min.

PCR products were analyzed by agarose gel eledregis.

2.2.1.2 Agarose gel electrophoresis

Standard agarose gel electrophoresis was carriedsing 8 g/l agarose gels in 1X
TAE buffer at 90 V and for 30-40 min. 20 g/l agaagels run at 60 V were used for
small DNA fragments (e.g. clips). New England Bidal kb and 50 bp DNA ladders
were used as the markers. Gels were stained usind/@l SafeView Nucleic Acid

Stain and visualized under blue light.
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2.2.1.3 DNA purification

DNA fragments amplified by PCR were purified usthg QIAquick PCR Purification
Kit or the QIAquick Gel Extraction Kit according tbe manufacturer's instructions.

2.2.1.4 BioBrick assembly

Two digestions were performed in parallel to obtam insert and the acceptor. Spel-
HF and Pstl-HF were used to digest the acceptaoigevudibal and Pstl-HF were used

to digest the insert. The digestions were carrigchb37°C for 2 h in a reaction mixture
containing: 1X CutSmart buffer, 1 /enzyme 1, 1 Ull enzyme 2 and gl of plasmid

DNA in a final volume of 2Qul. The digested samples were checked by agarose gel
electrophoresis and purified using the QIAquick FRification Kit according to the
manufacturer's instructions. The purified fragmemtsre then ligated at 16°C
overnight in a mixture containing: 1X T4 DNA ligast) Uil of T4 DNA ligase 3.5

ul of the acceptor and 1048 of the insert in a final volume of 20. 5 pl of the

assembly reaction were used for transformations.

2.2.1.5 PaperClip assembly

DNA parts were amplified by PCR from plasmid DNA oolonies using their
corresponding UF and DR oligonucleotides as prinfgzstion 2.1.4). When plasmid
DNA was used as the templateyllof Dpnl was added after the PCR and the sample
incubated for 1 h at 37°C to digest the parentabmpid and reduce background
colonies after transformation. All samples wereifprd using the QIAquick PCR
Purification Kit according to the manufacturer'stmictions. The concentration of the
DNA parts were measured on a Nanodrop 2000 spdaitometer (Thermo Scientific,
US). All parts were stored at -20°C until use.

Upstream and downstream half-clips were prepareadcma final concentration of 40
UM of each of the corresponding forward and reverggonucleotides in a final
volume of 50ul. The oligonucleotides were aligned together lmwstooling down
(1°C/s) from 95°C to 4°C. All half-clips were stdrat -20°C until use.
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Clips were prepared by ligation of the downstreati-tlips associated to the part 1
with the upstream half-clip associated to the gattpstream and downstream half-
clips were first phosphorylated for 30 min at 37A@G reaction mixture containing 14
uM of each half-clip, 1X T4 ligase buffer and 1 U pdlynucleotide kinase in a final
volume of 10ul. After the phosphorylation 1 U T4 ligase was atldad the samples
incubated at 16°C for 1 h. When short intervenieguences were added (e.g. RBSs
or protein linkers) a two step ligation was usedédoerate the clips. In the first step,
in two different tubes the downstream oligonucléetassociated to part 1 and the
upstream oligonucleotide associated to part 2 vpl@sphorylated and ligated as
above with the upstream half of the interveningueege and the downstream half of
the intervening sequence, respectively. In the rsgstep the two tubes were mixed
together and incubated for an additional hour atQ@esulting in the complete clip.

All clips were checked by agarose gel electrophsres

The assembly reaction contained: 4uh@f backbone, 2 ngl of each other part, 60
nM of each clip, 1xKOD Hot Start DNA polymerase feuf 0.2 mM dNTPs, 1.5 mM
MgSQy and 0.02 Uil KOD Hot Start DNA polymerase in a final volume&Sfiul. 1X
Q5 High GC Enhancer was used when parts with hiGhc@ntent were assembled.
The assembly conditions were: 1 cycle at 95°C fami@; 5 cycles of 95°C for 20 s

and 70°C for 25 s/kb. pl of the assembly reaction were used for transftiona

2.2.1.6 MABEL (Mutagenesis with blunt-end ligation)

MABEL was used to insert or delete DNA fragmentsrirconstructs that were already
cloned into pSB1C3. PCR was performed using twcerdent non-overlapping
primers designed as described in section 2.1.4wnid DNA as the template. The
PCR product was treated withyd of Dpnl for 1 h at 37°C to destroy the parental
plasmid and then purified using the QIAquick PCRifiaation Kit according to the
manufacturer's instructions. The products were phoylated at 37°C for 30 min in
a reaction mixture containing: 1X T4 DNA ligase ctan buffer, 1 Uil T4
Polynucleotide Kinase and 10 DNA in a final volume of 2Qul. The samples were

then self-ligated at 16 °C overnight using 4Qluf T4 DNA ligase. The enzymes
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were heat inactivated for 10 min at 65°Culsof the final products were used for

transformation.

2.2.1.7 DNA sequencing

All the constructs were sequence verified by Gera,Rhe sequencing service of the
University of Edinburgh. The samples were prepamnedreaction mixture containing:

2 ul 5X sequencing buffer, 1 pl BigDye, 1 pl primeor{vard or reverse), 2 ul of
plasmid DNA and 4l distilled HO. The sequencing conditions were: 50 cycles of
95°C for 30 s, 50°C for 20 s and 60°C for 4 ming ancycle at 60°C for 1.25 min.

Primers used for sequencing are described in seictisection 2.1.4.

2.2.2 Transformation of E. coli and DNA plasmid minipreps

Competen€. coli cells were prepared and transformed as describé&thipg et al.
(1989). An additional heat shock step of 90 s aCAfllowed by 90 s on ice was
performed before adding the Lysogeny broth (LB)removery. To transform cells, 1
ul of plasmid DNA or 5ul of assembly were added to the competent cells

Plasmid DNA minipreps were prepared from 2 ml &f ml overnightE. coliculture

using the QIAprep Spin Miniprep Kit according thamafacturer’s instructions.

2.2.3 Media and culture conditions

LB or LB agar were the chosen media used for reuiincoli culturing. 40ug/ml
chloramphenicol (CML) was used for selection whes plasmid pSB1C3 was used.
90 ug/ml IPTG and 4Qug/ml X-gal were used for induction and selectionewlthe
constructs containedak2. All liquid cultures were incubated at 37°C withaging at
200 rpm.

Marine broth (MB) or MB agar were used for routiReagariphila culturing. The

composition of this culture medium is a modificatiof the Marine Broth 2216 from
Difco™, using Sea Salts to substitute all the minerale Medium also contains
peptone and yeast extract that provide a good saifneutrients. Liquid cultures were
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incubated at 21°C with shaking at 200 rpm. Solitture were incubated at room

temperature.

Culture media recipes are given in Appendix 8.1.1.

2.2.3.1 E. coli growth on cellodextrins

M9 medium agar plates supplemented with a 5 gliarasource, 0.2 g/l yeast extract
40 pg/ml CML and 90ug/ml IPTG were used for growth assays on solid omadi
Glucose and cellobiose were used as the carbonesdBlucose, cellobiose and yeast
extract were filter-sterilized and added to the medafter autoclaving the mineral

base.

When liguid medium was used single colonies weeddus inoculate 5 ml of LB
supplemented with 4Qg/ml CML and incubated at 37°C with shaking at 2pMh
overnight. In order to remove the LB the overnighltures were centrifuged for 10
min at 16000 g, washed twice and re-suspended iflhi9 medium. 96-well plates
(Greiner Bio-One, Germany) were loaded with 20@f{M9 medium supplemented
with 40 ug/ml CML, 90pug/ml IPTG, 0.2 g/l yeast extract, 4 g/l of the drént carbon
sources and the overnight cultures diluted to ODn@&® 0.02. Glucose, cellobiose,
cellotriose, cellotetraose and cellohexaose weesl s the carbon sources. The
cultures were incubated at 37°C in a Sunrise Bliggaplate reader (Tecan Ltd, UK)
for 72 h with shaking at 150 rpm. OD 595 nm wasorded every 15 min. The

experiments were done in triplicate.

2.2.3.2 E.coli growth on cellulose paper

Single colonies were used to inoculate 5 ml of UB@emented with 4Qg/ml CML
and incubated at 37°C with shaking at 200 rpm dgetnCultures were centrifuged
for 10 min at 16000 g, washed twice and re-suspemld ml of M9 medium. The
overnight cultures were diluted to @D0Onm 0.5 in a glass universals containing 5 ml
of M9 medium supplemented with 4§/ml CML, 90ug/ml IPTG, 0.2 g/l yeast extract
and 3 pieces of 1 chof pure cellulose blotting paper (Whatman® GB003, mm,
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300 gsm, Sigma-Aldrich). The universals were intedat 37°C with shaking at 200

rpm and the total protein assay to determine grdegk section 2.2.8).

2.2.3.3 E. coli growth on enzymatically pretreated ulvan

Single colonies were used to inoculate 5 ml of uBEemented with 4Qg/ml CML
and incubated at 37°C with shaking at 200 rpm agétnCultures were centrifuged
for 10 min at 16000 g and resuspended in 1 ml oidd@ium. 96-well plates (Greiner
Bio-One, Germany) were loaded with 200 pl of ovginhculture diluted to OD 600nm
0.02 in enzymatically pretreated solubilized ul@ee 2.2.17). The cultures were
incubated at 37°C in a SPECTROstar Nano microptaseler (BMG Labtech,
Germany) for 18 h with shaking at 700 rpm. OD 600nas recorded every 6 min.

The experiment was done in triplicate.

2.2.3.4 F. agariphila growth assays

F. agariphilacolonies grown on MB plates for 3 days at roomgderature were used
to inoculate flasks containing 50 ml of a 35 gA salts preparation supplemented with
1 g/l yeast extract and different carbon sourcé® darbon sources used were 5 g/l
peptone, 4 g/l glucose and 10 g/l lactuca The flasks were incubated at 21°C with
shaking at 200 rpm and OD 600nm recorded to deterigriowth.

2.2.4 Heterologous protein expression

E. coli colonies with the desired constructs, checked dgusencing, were used to
inoculate vials containing 5 ml of LB with 4@/ml CML. Each vial was incubated
overnight at 37°C with shaking at 200 rpm and ltnanhsferred to a flask containing
50 ml LB. The new culture was incubated under #mesconditions until OD 600nm
~0.6 was reached and protein expression was induite®0 ug/ml IPTG for 4 h or

overnight.
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2.2.5 Crude lysate preparation

Cells with the expressed proteins were transfaaé&® ml disposable centrifuge tubes
and harvested by centrifugation at 5000 g for 3@ i 4°C. The pellet was re-
suspended in 1 ml of phosphate buffered saline JRIB8 kept on ice until use. The
cells were lysed by sonication using 10 cycles®f&bursts (12um amplitude) and
20 s of rest on ice slurry. The sonicated cellsenamtrifuged at 16000 g for 5 min
and the supernatant saved as the cell lysate. dllet pras washed twice with 1ml of
PBS and the last resuspension saved as the cek.deb

2.2.6 Cell fractionation

The cells were harvested by centrifugation (5006130 min at 4°C) and the
supernatant saved as the extracellular fraction. sEparate cytoplasmic and
periplasmic fractions an osmotic shock was caroetlas described by Rutter et al.
(2013). The pellets were resuspended in 3 ml otlsHwuffer (0.5 mM sodium
ethylenediaminetetraacetic acid (EDTA), 100 mM JHEIl, pH 8.0,
phenylmethylsulfonyl fluoride and 0.5 M sucrose).ml of this suspension was
incubated on ice for 5 min and then centrifugetiGftO0 g for 5 min. The pellets were
warmed up to room temperature and resuspende® imllof ice-cold water. After 1
min on ice, 85 ul of 20 mM MgeEwas added. Cells were centrifuged at 16000 g for
5 min and the supernatant saved as the periplafiaition. The pellets were
resuspended in 1.5 ml of PBS and lysed by ultrasdion using the same conditions
as for the total cell lysates. The samples weré¢riteged for 5 min at 16000 g and the
supernatant saved as the cytoplasmic fraction. péléets were washed twice,
resuspended in 1.5 ml of PBS and saved as thesdebri

2.2.7 Protein quantification

The protein concentration of the different samplas determined using the Bradford
Assay Reagent. For each sample, a cuvette withdf Biadford Assay Reagent was
mixed with an appropriate amount of sample (il}2covered with parafilm and mixed
several times by inversion. A standard curve wasttacted by mixing 2l samples

of different concentration of Bovine Serum Albun{BSA) with 1 ml of Bradford
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Assay Reagent (see Appendix 8.1.3). The absorhzfresch sample or standard was

measured at OD 595nm. All samples were measurggplicate.

2.2.8 Total protein assay

The total protein assay was used when the OD eeswdten’t reliable due to the
presence of insoluble substrates in the mediaull60Dculture was mixed with 90

of Bradford Assay Reagent in a cuvette and theurgxincubated at 65°C for 1 hour
to lyse the cells. The mixture was allowed to ad@ivn for 1 h at room temperature
and the absorbance of the sample measured at 59Anstandard curve was
constructed measuring OD 600nm and total proteidiftérent concentrations of an
E. coli culture grown on M9 medium supplemented with 5giiicose, 0.2 g/l yeast
extract and 4@u,g/ml CML (see Appendix 8.1.3).

2.2.9 SDS PAGE

SDS-PAGE (Sodium dodecyl sulphate polyacrylamidé ejectrophoresis) was
carried out as described by Sambrook and Rusg#ilj2using the mini-PROTEAN
kit from Bio-Rad, with a stacking and resolving gefi 5 and 12% (w/v) of
polyacrylamide, respectively. Electrophoresis wasfggmed at 80 V until all the
sample was at the end of the stacking gel andttieeroltage was increased to 180 V
for 45 min. The gel was stained with CoomassieliBnt Blue.

2.2.10 His tag purification

His tag purification was carried out using HisTrEP columns (GE Healthcare
Lifesciences, US) according to the manufacturestommendations. Binding buffer
consisted of 25mM TrisHCI (pH 8), 20 mM imidazo®3 M NaCl and 10% (v/v)
glycerol and it was also used for the lysis of ¢els. An imidazole step gradient of
0.1, 0.2, 0.3 and 1 M was used for elution.
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2.2.11 Buffer exchange

Buffer exchange was performed using PD-10 desaltolgmns (GE Healthcare
Lifesciences, US) according to the manufacturer&ructions. PBS was used as the
elution buffer.

2.2.12 Source of Ulva lactuca samples

Dry U. lactucabiomass was obtained from La Herradura de Guaya@&anChile, and

was kindly provided by Dr. Cristian Bulboa from Warsidad Andrés Bello, Chile.

2.2.13 Preparation of alcohol insoluble residue (Al R)

Alcohol insoluble residue (AIR) ob. lactucawas obtained as described by Fry
(1988). 20 g olJ. lactucawas mixed with 160 ml of 70 % (v/v) ethanol aneé th
biomass milled using a blender. The suspensionstwasd using a magnetic stirrer
bar for 24 h and the biomass collected by filtnatibrough Miracloth (Calbiochem,
Germany). The previous step was repeated severas tivashing with 200 ml of 70%
(v/v) ethanol until the filtrate was colourless afrde of low molecular weight
compounds. The final material was air-dried at raemperature and stored in an air

tight bottle to prevent moisture damaging the saspl

2.2.14 Ulvan purification

Ulvan was extracted from thé. lactucaAlR using ammonium oxalate as a chelating
agent (Fry, 1988). A suspension containing 500 MAIR in 5 ml 0.2M ammonium
oxalate (pH 4 adjusted with formic acid) was indeblafor 2.5 h at 8% and then
stirred overnight at 37°C. The sample was centefugt 4500 g for 30 min and the
supernatant saved. The pellet was washed withd ddionized water and centrifuged
at 4500 g for 30 min. The supernatants were condbamel dialyzed against deionized
water using a 3.5K molecular-weight cut off diatystassette (Thermo Fisher

Scientific, US) and then freeze-dried.
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2.2.15 Preparation of unsaturated ulvan oligosaccha  rides

A stock containing 10 g/l of the purified ulvan®BS (pH 7.0+0.2) was prepared. 1.5
ml of the stock were mixed with 20 pl of cell lysatontaining the ulvan lyase
FA221ASP fromF. agariphila and incubated at 37°C overnight. The enzyme was
inactivated for 20 min at 8C and the oligosaccharide mixture filtered (0.2 pum)
Formation of unsaturated ends was confirmed byctleteof C=C double bonds by

increase of absorbance at 235nm.

2.2.16 Ulvan solubilisation

U. lactucawas milled and resuspended at 10 g/l in watepufe hydrothermal pre-
treatment was carried out by autoclaving the samipl2PC for 15 min or incubating
it at 85°C for 4h. The pre-treated samples were centrifige0 min at 4500 g and
the supernatant containing the solubilised ulvaredaand analysed by thin layer
chromatography (TLC). Autoclaving was used as thadard pre-treatment and the

biomass resuspended in different media for thebdadation.

2.2.17 Enzymatic saccharification of soluble ulvan

Different combinations of enzyme extracts were uskd the enzymatic
saccharification of soluble ulvan. The reaction wagied out in a reaction mixture
containing 1.9 ml of ulvan solubilized in M9 mediuamd 20 pl of each enzyme
extract. The samples were incubated at 37°C ovetnig

2.2.18 Activity assays

2.2.18.1 Congo Red activity assay

The Congo Red activity assay described by TeathérVdood (1982) was used as
gualitative assay for endoglucanase activity detecfctivity assays were performed
either using live cells or enzyme extracts. Whem kcells were used, 5 ml of LB
supplemented with 40g/ml CML was inoculated with a single colony and tulture

incubated at 37°C with shaking at 200 rpm overnighe culture was centrifuged for
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10 min at 16000 g and the pellet resuspended ierwahe cells were diluted to OD
600nm 1 and a 10 pl drop used to inoculate a EUC-LB-agar plate containing 90
pg/ml IPTG and 4Qug/ml CML. When enzyme extracts were used,h aiquot was
deposited on a 2 g/l CMC-PBS-agar plate. The plagzs incubated at 37°C overnight
and then flooded using 5 ml of 1 mg/ml Congo Relditsm for 20 min at room
temperature. Finally, Congo Red was removed angltte washed with 10 ml of 1
M sodium chloride for 15 min at room temperaturastained halos correspond to the

areas where the CMC has been degraded.

2.2.18.2 Azo-CM-Cellulose activity assay

For each sample 10 ul of enzyme extract were mixiéd 20 pl Azo-CM-Cellulose
substrate solution and 470 ul of PBS (pH 7.0x02pi2 ml tube. The tube was
incubated for 1 h at 37°C and the reaction termeishdily adding 1 ml of absolute
ethanol and mixing vigorously for 10 s. The sampbkes centrifuged for 5 min at
16000 g and 1 ml of the supernatant transferraxartuvette to measure absorbance
at 590nm. Each sample was tested in triplicatestadard curve was prepared
measuring absorbance at 590nm of different conagoitis of Remazol brilliant Blue

R (RBB) (see Appendix 8.1.3). A unit of enzymeiatt [U] was defined as the
amount of the enzyme that catalyzes the releadermimole of RBB per minute at
37°C.

2.2.18.3 4-Methylumbelliferone based activity assays

For each sample 20 ul of enzyme extract was mimedduvette with 960 ul of PBS
(pH 7.0£0.2) and 20 pl of 10 mM 4-methylumbellifef¢D-glucopyranoside (MUG),
10 mM  4-methylumbelliferyB-D-cellobioside = (MUC), 10 mM 4-
Methylumbelliferyl{3-D-xylopyranoside (MUX) or 10 mM 4-Methylumbellifgr -
D-glucuronide (MUGIcU). The cuvette was incubate@#&C for 1 h and fluorescence
recorded with the Modulus™ Single Tube MultimodeaBe&r (Turner BioSystems,
US). Each sample was tested in triplicate. A stechdarve was prepared measuring

the fluorescence of different concentrations of dimlumbelliferone (MU) (see
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Appendix 8.1.3). A unit of enzyme activity [U] waefined as the amount of the

enzyme that catalyzes the release of 1 pmole ofpetUminute at 37°C.

2.2.18.4 4-Nitrophenyl-a-L-rhamnopyranoside activity assay

For each sample 20 pl of crude lysate was mixeld 960 pl of PBS (pH 7.0+£0.2) and
20 ul of 10 mM p-Nitrophenyi-L-rhamnopyranoside (pNPR) in a cuvette. The
cuvette was incubated at 37°C for 1 h and OD 41fewarded with a SPECTROstar
Nano reader (BMG Labtech, Germany). Each sample tesiged in triplicate. A
standard curve was prepared measuring the OD 4b@mifferent concentrations of
p-Nitrophenol (pNP) (see Appendix 8.1.3). A urfieazyme activity [U] was defined
as the amount of the enzyme that catalyzes thaselef 1 pumole of pNP per minute
at 37°C.

2.2.18.5 Cetyl pyridinium chloride activity assay

The plate assay described by (Gacesa & Wustem&Q) 8as used as qualitative
assay for ulvan lyase activity detection. Activatysays were performed either using
live cells or enzyme extracts. When live cells evased, 5 ml of LB supplemented
with 40 ug/ml CML were inoculated with a single colony ahe tulture incubated at
37°C with shaking at 200 rpm overnight. The cultwas centrifuged for 10 min at
16000 g and the pellet resuspended in water. The were diluted to OBOONM 1
and a 10 ul drop was used to inoculate a 1 g/lnibB-agar plate with 9Qg/ml IPTG
and 40ug/ml CML. When enzyme extracts were usedgadaiquot was deposited on
a 1 g/l ulvan-PBS-agar plate. The plates were iatedat 37°C overnight and then
flooded using 5 ml of 10% (w/v) cetyl pyridiniumlohide solution for 20 min at room
temperature. Unstained halos correspond to thes andeere the ulvan has been
degraded. The same results were obtained when agimgy purified or solubilized
ulvan for the plates. Plates containing solubilinécin were prepared from a starting
solution containing 10 gll. lactuca

43



2.2.18.6 DNS activity assay

Reducing sugar equivalents were quantified by tathod of Miller (1959) with some
modifications. For each sample 10 to 40 ul of erzyxiract were mixed with 160 pl
ulvan solubilized in PBS (pH 7.0+0.2) (see 2.2.a64l PBS (pH 7.0£0.2) up to 200
ul. Specific blanks were used for each sample auntathe same mixture but without
the ulvan. Samples were incubated at 37°C for 4vernight. PCR tubes containing
90 ul of DNS solution (10 g/l 3,5-dinitrosalicylacid, 0.5 g/l sodium sulphite, 10 g/l
sodium hydroxide and 300 g/l potassium sodiumatgjr were mixed with 90 pl of
the reaction. Samples were incubated at 90°C fanib?and cooled on ice for 5 min
to stop the reaction. 100 ul were transferred @6 well plate and absorbance at
590nm recorded with a SPECTROstar Nano reader (Rlslitiech, Germany). Each
sample was tested in triplicate. A standard curae prepared measuring absorbance
590nm of different concentrations of rhamnose (Bppendix 8.1.3). A unit of
enzyme activity [U] was defined as the amount eféhzyme that catalyzes the release

of 1 umole of reducing sugar per minute at 37°C.

2.2.18.7 Unsaturated B-glucuronyl hydrolase activity assay

Enzyme activity was measured by monitoring the e@se in absorbance at 235nm,
corresponding to the loss of C=C double bondserstiibstrate. A mix of unsaturated
oligosaccharides obtained by degradation of purifilan by an ulvan lyase was used
as the substrate (see 2.2.15). Reactions wererperfiousing UV-Star 96-well plates
(Greiner, Austria) in a temperature-controlled SFROstar Nano plate reader (BMG
Labtech, Germany) set at 37°C. The reaction mixtaresisted of 0.5 pl of enzyme
extract diluted 50 times and 100 pl of 200 uM ofatmrated oligosaccharides in PBS
buffer (pH 7.0+0.2). The concentration of the stdist was calculated using the
extinction coefficient of the double bond (4800'mt) (Macmillan et al., 1964).
Each sample was tested in triplicate.

2.2.19 TLC (Thin layer chromatography)

Trifluoroacetic acid (TFA) was used to hydrolysee tkamples. When insoluble

biomass was used (eld. lactucaor U. lactucaAlR), 0.01 mg was used and mixed
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with 1 ml of 2M TFA. In the case of soluble polysharides the samples were
centrifuged for 5 min 16000 g and 500 pl of theesnptant mixed with 500 ul of 4M
TFA. All samples were incubated at 2@0for 1 h and cooled down on ice. The
samples were centrifuged for 5 min 16000 g andtipernatants transferred into new
tubes to be dried at 80 for 1 day.

Each sample was resuspended in 100 pl of 0.5% ¢eyobutanol and g8l loaded
on a TLC silica plate (Merck, Germany). The sameam of a 1 g/l master mix
standard (MMS) containing some of the most commelh wall monosaccharides
(galacturonic acid (GalA), galactose glucose, maenoarabinose xylose and
rhamnose) and 1/g | Glucuronic acid (GIcA) weredkexd as reference. The samples
were allowed to dry at room temperature and theeptan in a TLC chamber
containing 10 ml of the solvent mixture EPPAW (éthgetate, pyridine, propanol,
acetic acid and water) in a ratio 4:2:2:1:1. Thatglwas run for 3 h and air-dried
overnight. For visualization the plate was staiw#tl a thymol solution (5 mg thymol,
95 ml ethanol and 5 ml sulfuric acid), allowed ty dt room temperature for 30 min
and wrapped in aluminium foil before being heated 3 min at 105°C for colour

development.

2.2.20 Bioinformatics

LipoP (Juncker et al., 2003) and Lipo v1.0 (Beretml., 2006) were used to predict
lipoprotein signal peptides. TatP (Bendtsen eRal05) was used to predict Tat signal
peptides. TMHMM v2.0 (Sonnhammer et al., 1998) wased to predict

transmembrane helices. Phobius (Kall et al., 20045 used to predict both
transmembrane spans and signal peptides. SignalP(Rétersen et al., 2011) was
used to predict Sec signal peptides. BOMP (Begteal., 2004) was used to predict
beta barrel spans. MetaCyc (Caspi et al., 2014)kKiB@G (Kanehisa et al., 2016)

databases were used as references for the readimstraf sugar utilization pathways.
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3 Development of a cellulose degradation system

3.1 Introduction

In order to develop a heterologous system for wekidegradation a proper selection
of the enzymes that comprise it is crucial. A tgbitoncomplexed cellulose degrading
system includes endoglucanases (EC 3.2.1.4); twad kof exoglucanases,
cellodextrinases (EC 3.2.1.74) and cellobiohydedaqEC 3.2.1.91); andg-
glucosidases (EC 3.2.1.21) (Lynd et al., 2002)pdrticular,B-glucosidases have an
essential role in the biomass conversion procedsohysing cellobiose to glucose, a
sugar necessary for cell growth. A library of clelies encoding BioBrick parts from
bacteriaC. fimiandC. hutchinsoniioriginally designed in the French lab, will beds
to obtain the different enzymes.

The complete genome sequenceCohutchinsonii a highly active aerobic cellulose
degrader,was reported by Xie et al. (2007). Surprisingly, genes encoding
recognizable exoglucanases were detected, leadinthd suggestion that this
microorganism might either employ novel exoglucasasr has an unusual

mechanism for cellulose degradation (Wilson, 2008;et al., 2007).

However, a recent study reported that CHU2268 f@rhutchinsoniia predicted-
glucosidase, possesses activity against the exaghse model substrate MUC and it
is not able to hydrolyse the typidalglucosidase model substrate MUG, suggesting
that this enzyme may be the “missing” exoglucaradbe C. hutchinsoniicellulose

degradation system (Liu, 2012).

CHU2268 seems to be an interesting candidate éoddéivelopment of a heterologous
cellulose degradation system; nonetheless, fughalysis of the enzyme is required.
In order to validate the above results, a His tag added to CHU2268 for purification
and the enzyme assayed fdglucosidase and exoglucanase activity. In addition
growth analysis using. coliJM109 cells transformed with this enzyme usintedént
cellodextrins as a carbon source, was performeulllyj constructs under the control

of a single inducibldac promoter containing the gene encoding for the erwzy
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CHU2268 and the endoglucanase CenA fdrfimiwere assembled in order to obtain

a microorganism able to grow on pure cellulose papea sole carbon source.

3.2 Characterization and purification of the enzyme CHU 2268 from

C. hutchinsonii

3.2.1 Cloning and expression of CHU2268

CHU_2268 fromC. hutchinsoniencodes a 758 amino acid protein (CHU2268), with
a predicted molecular weight of 83.7 kDa. CHU2288candidate periplasmig-
glucosidase (Xie et al., 2007), contains an N-teahiGH3-family domain, a C-
terminal fibronectin type Ill domain of unknown fttion, and no recognizable
carbohydrate-binding module (CBM). Conserved domawere identified using the
CD-search tool from the NCBI Conserved Domain Dasal(CDD) (Marchler-Bauer
et al., 2007). Additionally, a 19 amino acid N-témad lipoprotein signal peptide was
predicted using the software LipoP 1.0 Server (Kenet al., 2003).

CHU2268 was obtained from a construct already coimepSB1A2 (Registry of
Standard Biological Parts) containing BBa_J3320F BBa_J15001 upstream of the
gene to add kc promoter and a strong RBS. The whole constructreradoned into
pSB1C3 (Registry of Standard Biological Parts), arantained using 40 mg/l| CML
(Figure 3-1).

In order to facilitate purification and charactatisn of CHU2268, the putative signal
peptide of the enzyme was replaced with a 6xHisisiigg MABEL mutagenesis. PCR
was performed using the divergent non-overlappinggrs CHU2268HisF1 and
HisTagRI and the CHU2268 construct in pSB1C3 add¢hglate. The PCR product
was purified, self-ligated, and the new plasmiddugetransfornt. coliJM109 cells.
The new construct was validated by sequencing lamdesulting protein designated
CHU2268HT (Figure 3-1).

E. coli IM109 cells were transformed with both construcid eultivated in liquid
medium with the purpose of obtaining enzyme exsréat activity assays. For each

construct 5 ml LB vials containing 40 mg/l CML wenmecubated with shaking
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overnight at 37°C, and then used to inoculate 50LBilflasks. The flasks were
incubated under the same conditions until 663D-0.6 was reached and protein
expression induced with 9@g/ml IPTG for 20 h. Cells were harvested by
centrifugation, re-suspended in PBS and lysed Ioycation. The broken cells were
centrifuged and the resulting supernatant retaiftedfurther analysis. Cultures

containing the construct pSB1C3HacZ’ were used as negative control.

pSB1C3-P,,-lacZ-CHU_2268

Cl N DT

BBa_J33207 | BBa_J15001 CHU_2268 His Operon

pSB1C3-P,-lacZ-CHU_2268HT

Cl N DT

BBa_J33207 | BBa_J15001 | CHU_2268HT | His Operon

I Promoter Q RBS IHistag
I Terminator DCDS I:l Signal peptide

Figure 3-1 CHU2268 and CHU2268HT constructs for exggssion inE. coli. The construct
pSB1C3-R-lacZ’-CHU2268 was assembled using the BioBrick assemidyhod. A C-
terminal His tag was added to CHU2268 and its s$igeptide removed using MABEL
mutagenesis. CHU2268B-glucosidase fromC. hutchinsonii, BBa J33207: R-lacZ’,
BBa J15001: strong RBS. The constructs are destabeording to the Synthetic Biology
Open Language (SBOL). RBS: ribosome binding sil2SCcoding DNA sequence.

MUC and MUG were used as model substrates to deterexoglucanase arfg+
glucosidase activity, respectively. Crude lysatamgas were mixed with each of the
substrates, and the reactions carried out at 3VA€.results obtained are shown in
Figure 3-2 (A). Surprisingly, no activity was obged when the sample containing the
CHU2268 construct was used. In contrast, CHU2268ktdwed activity against both
substrates, activity against MUG being over 2-foilgher than activity against MUC.
None of the negative controls showed activity.
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The activity assays were repeated using the santétmms but with samples obtained
from cultures induced at 30°C instead of 37°C (Feg3-2 (B)). This time the
CHU2268 construct showed clear activity against Méud very little activity against
MUC. Higher levels of activity were observed in GelU2268HT samples, with a
similar MUG/MUC activity ratio to the one obtainadhen the cultures were induced
at 37°C. This results suggest that CHU2268 mightdienly a3-glucosidase but also
a cellodextrinase.

>
W

Enzyme activity [U/I]

1.0 A =301

225
0.8 - 277
06 -%20-
-9 (L]

g1_5-
0.4 E‘w'
0.2 { wos 4
0.0 0.0

MUC MUG

BCHU2268HT mCHU2268 BNC

MucC MUG

Figure 3-2 MUC and MUG activity assays for CHU2268H and CHU2268.Cell lysates
were prepared from cultures grown at 37°C (A) adtC3(B). Activity assays were performed
using 0.2 mM of MUC or MUG as the substrate. Sasip¥ere incubated at 37°C for 1 h.
Experiments were done in triplicate. Activities agressed in units of activity per litre of
culture volume. Error bars indicate one standaror @f the mean. NC: pSB1C3-HacZ’.

The above results suggest that the modificatiorteécenzyme, replacing the signal
peptide with a His tag, had an important effectg®axpression. In order to determine
whether this change was due to the absence ofghal peptide new constructs were
designed, including one containing a version of QR&B with neither a signal peptide
nor a His tag designated CHU2268P (Figure 3-3). The assemblies were done using
the PaperClip assembly method (Trubitsyna et @ll42 All parts were amplified by
PCR using their respective UF and DR primers aibs ghrepared to connect the
different parts. Parts included the backbone (pSH1@romoter (Rc), and coding
DNA sequence. RBS were added as intervening segsenc¢he middle of the clips
connecting the promoters with the coding sequer€essidering the high influence
of the sequence following the start codon in thaten translation initiation rates
(Salis et al., 2009), specific RBSs were desigresgithe RBS calculator (Salis et al.,
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2009) to have similar translation rates for all tbeling sequences. After the assembly
reaction, the constructs were used to transtérmmoli IM109 cells and the sequences

validated by sequencing.

pSB1C3-P,,-lacZ-CHU_2268

1l N > T

Piacz: CHU2268 CHU_2268 His Operon

pSB1C3-P,,.-lacZ-CHU_2268HT

1l N 1D T

Piacz: CHU2268HT |CHU_2268HT | His Operon

pSB1C3-P,,.-lacZ-CHU_2268ASP

1l N —~_ T
| I

Piacz: CHU2268ASP |CHU_2268ASP] His Operon

| Promoter D RBS IHis tag
I Terminator D CDS D Signal peptide

Figure 3-3 CHU2268 constructs containing specific BSs for expression inE. coli. All
constructs were assembled using the PaperClip ass€mrubitsyna et al., 2014). RBSs of
similar strength were designed using the RBS caloul(Salis et al., 2009). CHU2268:
glucosidase fron€C. hutchinsoniiPacz: Pac-lacZ’. The constructs are described according to
the Synthetic Biology Open Language (SBOL). RB8osome binding site, CDS: coding
DNA sequence.

E. coliJM109 cells containing the new constructs werevatkd in liquid media using
the same conditions as described above; howewrciion was for 20 h at 37°C. Cell
lysates were prepared and used for activity asaggsmst MUC and MUG (Figure
3-4). Both CHU2268HT and CHU22B68P showed activity against the two
substrates, presenting a similar profile, while G268 showed little or no activity.
These results confirm that the signal sequencelstatious to expression of active
enzyme CHU2268.

50



o
o

BMUC
05 BMUG
§. 0.4 4
2
2
S 03
[0)]
3
N'0.2 -
w
0.1
CHU2268 CHU2268HT  CHU2268ASP NC

Figure 3-4 MUC and MUG activity assays for CHU226&onstructs containing specific
RBSs.Activity assays were carried out using cell lysated 0.2 mM of MUC or MUG as the
substrate. Samples were incubated at 37°C for Experiments were done in triplicate.
Activities are expressed in units of activity pignel of culture volume. Error bars indicate one
standard error of the mean. NC: pSB1G3HacZ'.

3.2.2 Growth of recombinant E. coli on cellodextrin-M9 media

Having demonstrated that the enzymes CHU2268 arldZ2B8HT are active against
the model substrates MUC and MUG, cell growth eixpents were performed to
determine whetheE. coli cells expressing these enzymes were able toeutitiep-
glucosidase substrate cellobiose. To do, tBatoliJM109 cells transformed with the
constructs pSB1C3rl-lacZ’-CHU2268 and pSB1C3kk-lacZ’-CHU2268HT were
grown on plates containing cellobiose as the saldan source. M9-agar plates
containing 5 g/l cellobiose, 0.2 g/l yeast extr&Xtug/ml IPTG and 4Qug/ml CML
were used for the growth assay. Additionally, matentaining 5 g/l glucose as the
carbon source and plates with no sugar were uspdsitsve and negative controls for
the medium. The plates were streaked with colatoesaining the different constructs
and incubated at 37°C overnight. Cells transformvét the construct pSB1C3zR
lacZ’ were used as a negative control for the cells.rébelts are shown in Figure 3-5.
As expected all plates had growth when glucoseusad as the carbon source. Poor
growth was observed when the plates were suppledeantly with yeast extract. In
the case of the plates supplemented with cellobiosly the cells expressing the
enzymes CHU2268 and CHU2268HT were able to groves&lresults indicate that
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CHU2268 is capable of hydrolysing cellobiose tocgke at a sufficient rate for cell

growth and its use could be key for the developrogatcellulose degradation system.

COO-
COC-
ICD

0.5% glucose 0.5% cellobiose 0.02% yeast extract
0.02% yeast extract  0.02% yeast extract

Figure 3-5 Growth of recombinantE. coli JIM109 on 5 g/l cellobiose M9 mediumGlucose
and cellobiose in combination with yeast extractengsed as the carbon sourecoli cells
transformed with constructs containing the enzyrhitJ2268 with and without the His tag
were used for the assay. Plates were induced Withgml IPTG and incubated at 37°C
overnight. NC: pSB1C3:R-lacZ’.

In order to confirm the exoglucanase activity of @268, a growth analysis using
cellodextrins of different degree of polymerisatemsole carbon source was ddae.
coli JIM109 cells transformed with the constructs far @xpression of CHU2268,
CHU2268HT and Cfbglu (locus tag Celf_2783), a tapiB-glucosidase front. fimi
(Wakarchuk et al., 1984were used to inoculate M9 medium containing 4 g/l
cellodextrin, 0.2 g/l yeast extract, A@/ml IPTG and 4Qug/ml CML. Cells containing

the construct pSB1C3:l2lacZ’ were used as a negative control. The cultures were
grown for 72 h at 37°C and cell growth recorded.cAltures, including the negative
control, were able to grow when glucose was usdteasarbon source; however, the

cells expressing CHU2268 grew at a considerablgtaate than those containing the



other constructs, probably due to toxicity of iignal peptide (Figure 3-6 (A)).
Confirming the results obtained from the growth mlates,E. coli IM109 cells
expressing CHU2268 or CHU2268HT were able to graedl wtilizing cellobiose as
the sole carbon source, with superior growth thamoine observed in cells expressing

Cfbglu (Figure 3-6 (B)).
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Figure 3-6 Growth of E. coli IM019 expressing CHU2268, CHU2268HT or Cfbglu, on
various cellodextrins.In all cases, substrates are provided at 4 g/9miédium with 0.2 g/l
yeast extract. A negative control strain (pSB1G3RcZ") is included in all experiments. A:
glucose, B: cellobiose, C: cellotriose, D: cellniese, and E: cellohexaose. All experiments
included three biological replicates. Error badi¢ate one standard error of the mean.
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Moreover, cells expressing either CHU2268 or CHIL&2b6 were also able to grow
in minimal medium containing cellotriose or cellpé®se, whereas such growth was
not observed in cells expressing Cfbglu (Figure 88D)). E. coli expressing
CHU2268HT was even able to grow using cellohexdbsgure 3-6 (E)). However,
except for cellobiose, where the cells had a simglawth rate as on glucose, the
growth rate slowed down as the degree of polymigoisaf the cello-oligosaccharides
increased (Figure 3-7). These results suggesiGH&at2268 has botR-glucosidase
(EC 3.2.1.21) and cellodextrinase activity (EC B.24).
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Figure 3-7 E. coli IM109 expressing CHU2268HT grown on cellodextrinsf different
degree of polymerization.DP: degree of polymerization. All experiments ud#d three
biological replicates. Error bars indicate one dtad error of the mean.

In order to study the subcellular localizationtod proteins irk. coli, cultures induced
for 20 h at 30°C were used for cell fractionati@ells containing the construct
pSB1C3-RclacZ’ were used as the negative control. The differest-cellular
fractions were analyzed using MUC and MUG as thisates. Activity assays were
carried out for 1 h at 37°C. The negative contidl ribt show activity in any of the
fractions. Both CHU2268 and CHU2268HT samples slibaetivity only in the
cytoplasm when MUC was used as the substrate @i (A)). The same results
were obtained for CHU2268HT when MUG was used. Ssingly, when MUG was
used CHU2268 activity was observed not only indi@plasm fraction but also in

the extracellular fraction, indicating that someyne was secreted (Figure 3-8 (B)).
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Figure 3-8 Localization of CHU2268 and CHU2268HT irk. coli JIM109. Activity assays
were performed using samples from the differentdtioa of the cell and 0.2 mM of MUC (A)
or 0.2 mM of MUG (B) used as the substrates. Sasnplere incubated at 37°C for 1 h.
Experiments were done in triplicate. Activities @ressed in units of activity per litre of
culture volume. Error bars indicate one standaror @f the mean. NC: pSB1C3«PlacZ’.

3.2.3 CHU2268 purification

Having confirmed that the enzyme CHU2268 does oskt lits activity due to the
addition of a 6xHis tag, CHU2268HT was purifiedrfréhe cell lysate using HisTrap
HP columns. The enzyme was eluted with an imidag@dient of 0.1, 0.2, 0.3 and 1
M. SDS-PAGE of the purified samples was performeccheck in which of the
different fractions the enzyme was eluted and thgrek of purity (Figure 3-9). A
strong single band appeared in the fraction cooreding to the elution with 0.2 M

imidazole; however, the band appears slightly ssnahan the expected molecular
weight for the enzyme (82.5 kDa).
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Figure 3-9 SDS-PAGE of the purified CHU2268The gel shows an elution gradient with
different concentrations of imidazole. Lane M: pgiotmarker (7-175 kDa), lane 1: 0.1M
imidazole; lane 2: 0.2 M imidazole; lane 3: 0.3 ididazole; lane 4: 1 M imidazole; lane 5:
0.03 mg of cell lysate; and lane 6: 0.1 mg of bedate. A 12% (w/v) acrylamide gel stained
with Coomassie Brilliant Blue was used.

In order to ensure that the purified enzyme is abtuhe desired one, the different
fractions were assayed for MUC and MUG activity ietiately after the purification
(Figure 3-10), confirming that the purification pess was successful and most of the

enzyme is present in the fraction eluted with 0.#Wtlazole.

CHU2268HT 01 M 02M 03M 1™
imidazole imidazole imidazole imidazole

CHU2268HT 0.1 M 02M 0.3M 1™
imidazole imidazole imidazole imidazole

Figure 3-10 MUC and MUG activity assays of the pufied CHU2268.Activity assays were
performed using 0.2 mM of MUC (A) or 0.2 mM of MUB) as the substrate. Samples were
incubated at 37°C for 1 h. CHU2268HT: cell lysadédoe the purification. NC: pSB1C34F
lacz’. Cuvettes were visualized under UV light.
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The activity assay was repeated using the fraatlated with 0.2 M imidazole and
MUC and MUG as the substrates 3 to 4 h after tegipus one. The results show a
complete lack of activity in the samples containting purified enzyme (Figure 3-11),
suggesting that the enzyme is rapidly inactivatgdhe buffer used for the elution

process.

-

CHU2268 CHU2268  CHU2268 CHU2268
HTP  HTP HT HT

MucC MUG MUC MUG

Figure 3-11 MUC and MUG activity assays after CHU2@88 purification. Activity assays
were performed using 0.2 mM of MUC or MUG as thbsttate. Samples were incubated at
37°C for 1 h. CHU2268HT: cell lysate before the ifscation; CHU2268HT P: 0.2M
imidazole elution. Cuvettes were visualized underlight.

In order to solve the inactivation problem a buféaichange to PBS using PD-10
columns was performed immediately after the puatfan process. The samples with
the new buffer were tested for activity against MA@ MUG and the results are
shown in Figure 3-12. Although the purified enzyinas activity against both

substrates, it is considerably lower than the agtiof the sample which was not

purified. This result can be explained by seveaatdrs such as a partial inactivation
of the enzyme during the time that it was exposeiti¢ elution buffer, an increase in

the dilution degree of the sample after the buéfezthange or the loss of enzyme in

other elution fractions during the purification pess, amongst other possibilities.

.

CHU2268 CHU2268 NC CHU2268 CHU2268 NC
HT HT BE HT HT BE

MUC MUG

Figure 3-12 MUC and MUG activity assays after buffe exchange.Activity assays were
performed using 0.2 mM of MUC or MUG as the sulistr&amples were incubated at 37°C
for 1 h. CHU2268 HT: cell lysate before the puation; CHU2268 BE: purified sample after
buffer exchange; NC: pSB1C3acZ’. Cuvettes were visualized under UV light.
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Finally, purification tables were prepared using ®and MUG as the substrates. The
results are shown in Table 3-1 and Table 3-2, ctg@ty. The results were consistent,
having purifications yields of 39% and 38%.

Table 3-1 Purification of CHU2268, table prepared ging MUC as the substrate

Total Total Specific

Step Volume activity protein  activity Y(l)eld Pu][|f|ctat|on
Ml -y imgl [uimg) A facter

Enzyme extract 2 0.217 16.3 0.013 100

His-tag purification 3.5 0.084 0.6 0.139 39 10.4

* A unit of enzyme activity (U) is defined as thmaunt of the enzyme that catalyses the release of 1

pmole of MU per minute.

Table 3-2 Purification of CHU2268, table prepared ging MUG as the substrate

Total Total Specific

Step Volume activity protein  activity vield - Purification
[mi] % [%] factor
(U] [mg] [U/mg]
Enzyme extract 2 0.244 16.3 0.015 100
His-tag purification 3.5 0.093 0.6 0.156 38 10.4

* A unit of enzyme activity (U) is defined as thmaunt of the enzyme that catalyses the release of 1

pmole of MU per minute.

3.3 Cellulose degradation system

3.3.1 Heterologous secretion of the endoglucanase CenAfr  om C. fimi

After having confirmed the dual activity of CHU22@&ing able to hydrolyse both
cellobiose (EC 3.2.1.21) and cellodextrins (EC B7Z4), an endoglucanase (EC
3.2.1.4) is required to complete the cellulose dédgtion system. One of the main
requisites for this enzyme is that it has to beeted byE. coli, and in this way be able
to hydrolyse the cellulose in the culture mediuno ismaller cello-oligosaccharides

that can be taken up I&coli.

The endoglucanases fro@ hutchinsoniihave been reported to be highly toxic or
inactive when expression b¥e.coli was attempted (Liu, 2012). Thus, these were

discarded as options for the system. However, CenAwell characterized
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endoglucanase fror@. fimi has been functionally secreted/leaked into théucall
medium byE. coli (Guo et al., 1988), and it seems to be an integestternative to
build up the cellulose degradation system.

The genecenAencodes a 449 amino acid protein, with a prediotetecular weight
of 46.7 kDa. CenA is composed of a 31 amino aaighadi peptide, an N-terminal
family 2 CBM and a C-terminal GH6-family domain. i&&rved domains were
identified using the CD-search tool from the NCE)@ (Marchler-Bauer et al., 2007)
and the signal peptide predicted using the soft\BagaalP 4.1 Server (Petersen et al.,
2011).

CenA was obtained from a construct already clongeBB1A2 (Registry of Standard
Biological Parts) containing BBa_J33207 and BBaO®015upstream of the gene to
add dac promoter and a strong RBS. The whole constructrera$oned into pSB1C3
(Registry of Standard Biological Parts), and mairgd using 40 mg/l| CML (Figure
3-13).

pSB1C3-P,,-lacZ’-cenA

1l N —\ T

BBa_J33207 | BBa_J15001 cenA His Operon

| Promoter QRBS DCDS ITenninator

Figure 3-13 CenA construct for expression irkE. coli. The construct pSB1C3RlacZ’-
cenAwas assembled using the BioBrick assembly metiedA: endoglucanase fro@ fimi,
BBa J33207: R-lacZ’, BBa_J15001: strong RBS. The constructs are destaccording to
the Synthetic Biology Open Language (SBOL). RB8osome binding site, CDS: coding
DNA sequence.

In order to study the subcellular localization oén@ in E. coli IM109, cultures
containing the construct pSB1C3HacZ’-cenAwere induced for 20 h at 37°C and
used for cell fractionation. Cells containing tleastruct pSB1C3-R-lacZ’ were used
as the negative control. The different sub-cellfilactions were analyzed using the
specific substrate for endoglucanase activity AM-€&llulose. The samples were

mixed with the substrate and incubated at 37°CLfor Endoglucanase activity was
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detected in all the samples, with the periplasmid eytoplasmic fractions showing
the highest levels of activity (Figure 3-14 (A)).cAnsiderable amount of activity was
also observed in the extracellular samples, inshgathatE. coli is able to secrete
CenA. No activity was detected when the fractiomsnf the negative control were
examined. Additionally, an activity assay using ragkates containing CMC was
performed. Samples from the different subcellub@ations were loaded on the plate
and incubated at 37°C overnight. The plate was #taimed with Congo Red and
washed with NaCl. Similar results to the ones frili® Azo-CM-Cellulose activity
assay were obtained, showing an accumulation ofACenthe periplasm and

confirming the secretion of the enzyme into theaedllular space (Figure 3-14 (B)).
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Figure 3-14 Localization of the endoglucanase Cenik E. coli JM109. (A) Azo-CM-
Cellulose activity assay. Enzyme extracts were thixeth Azo-CM-Cellulose substrate
solution and incubated at 37°C for 1 h. Experimemse done in triplicate. Activities are
expressed in units of activity per litre of cultmeaume. Error bars indicate one standard error
of the mean. (B) Congo Red activity assay. Enzyrtiaets were deposited on a 2 g/l CMC-
PBS-agar plate and incubated at 37°C overnight.pléie was stained with Congo Red and
washed with NaCl. Unstained halos correspond tasavehere CMC has been hydrolysed.
NC: pSB1C3-R-lacZ'.
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3.3.2 Assembly of the degradation system

Having demonstrated that the endoglucanase CemA@.dimiis secreted/leaked by
E. coli, new constructs containingfaglucosidase and CenA under the control of a
single promoter were assembled using BioBrick saeshcassembly (Figure 3-15).
CHU2268, CHU2268HT and Cfbglu were used as fifgducosidase. The plasmid
pSB1C3 was used as the backbone. Successful agsemithe constructs was
validated by sequencing. The new constructs weed t transfornk. coli IM109
cells and maintained using 40 mg/l CML.

pSB1C3-P,,~lacZ-CHU_2268-cenA

Pl N > a) DT

BBa_J33207 | BBa_J15001 CHU_2268 | BBa_J15001 cenA His Operon

pSB1C3-P,,-lacZ-CHU_2268HT-cenA

C a) o a) D T

BBa_J33207 | BBa_J15001 | CHU_2268HT | BBa_J15001 cenA His Operon

pSB1C3-P ,-lacZ’-cfbglu-cenA

1l a) N T
L)

BBa_J33207 | BBa_J15001 cfbglu BBa_J15001 cenA His Operon

y

I Promoter D RBS IHis tag
| Terminator DCDS [l Signal peptide

Figure 3-15 Cellulose degradation constructs for gaession inE. coli. All constructs were
assembled using the BioBrick assembly method. CH82Z-glucosidase fromC.
hutchinsonii, Cfbglu: p-glucosidase fromC. fimi, CenA: endoglucanase fror@. fimi,
BBa J33207: R-lacZ’, BBa_J15001: strong RBShe constructs are described according to
the Synthetic Biology Open Language (SBOL). RB8osome binding site, CDS: coding
DNA sequence.

A Congo Red activity assay using live cells containthe different constructwas

performed in order to check whether the endoglusar@enA was being secreted.
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Cells containing the construct pSB1Ca-PacZ’ were used as the negative control. A
LB-agar plate containing 2 g/l CMC and @@/ml IPTG for induction was inoculated
with cells from overnight cultures containing thietent constructs and the plate then
incubated at 37°C overnight. The plates were sthvith Congo Red and washed with
NaCl. Results are shown in Figure 3-16. Unstainatbsh surrounding the cells
correspond to the areas where CMC has been degrad#édity was observed
surrounding all the cells with constructs expreg€ienA, confirming that the enzyme
is secreted into the medium. Neither the negativerol nor the cells expressing only
CHU2268 or CHU2268HT were able to degrade the CMC.

CenA CHU2268 CHU2268HT CHU2268 CHU2268HT
CenA CenA

Figure 3-16 CMC activity assay using live cells expssing the cellulose degradation
constructs. An LB-agar plate containing 2 g/l CMC and 8§/ml IPTG was used for the
assay. Cells containing the different constructeevggown overnight at 37°C. The plate was
stained with Congo Red and washed with NaCl. Unstahalos correspond to areas where
CMC has been hydrolysed. NC: pSB1G3-RcZ'.

3.3.3 Cellulose paper deconstruction and utilizatio  n

In order to determine whether thecoli JM109 strainexpressing the cellulose
degrading systems was able to grow on pure cedypaper as the sole carbon source,
cells containing the different constructs from g®t8.3.2 were used to inoculate M9
medium supplemented with 4@/ml CML, 90ug/ml IPTG, 0.2 g/l yeast extract and
9 g/l of pure cellulose blotting paper. The culameere incubated at 37°C with shaking
for 8 days, and growth was monitored every daygidie total protein assay. The total
protein assay was used because of the presenasotidible material making OD 600
readings unreliable. The results are shown in EiQ447 (A). Total protein readings
were converted to OD600 readings using the starmaka from 8.1.3. Only the cells
expressing CHU2268HT and CenA were able to groveallulose paper. No clear

growth was detected for the negative control oratier constructs. The growth was
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confirmed by the clear cellulose paper deconswuctvhich was observed when

CHU2268HT and CenA were expressedihyoli (Figure 3-17 (B)).

These results demonstrate that the heterologousessipn of the two enzyme
degradation system containing: CHU2268HT, a celbtease expressed in the
cytoplasm, and CenA, a secreted endoglucanaseiffisient to confer onk. coli

JM109 the ability to grow on pure cellulose paper.

—8— CHU2268HT-CenA
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Figure 3-17 Growth of E. coli JM019 on cellulose paper expressing cellulose degiing
modules.(A) M9 supplemented with 9 g/l cellulose paper anddll. 3east extract was used
as the medium. The samples were incubated at 3dP€xperiments included three biological
replicates. Error bars indicate one standard eaforthe mean. (B) Cellulose paper
deconstruction by co-expression of CHU2268HT and/Ciey E. coliJM109. NC: pSB1C3-
Pac-lacz’.

63



3.4 Discussion

C. hutchinsonii an aerobic soil bacterium of the phylum Bactezted, has been
reported as an efficient degrader of cellulosiarass (Zhu et al., 2010). Candidate
endoglucanases arfdglucosidases were identified in ti& hutchinsoniigenome
sequence; however, no recognizable exoglucanases detected, suggesting an
unusual method of cellulose utilization (Xie et @&007). Recently, it was proposed
that CHU2268, a predicteggiglucosidase o€. hutchinsoniimight be the “missing”
exoglucanase o. hutchinsoniishowing activity against MUC, a model substrate f

exoglucanases and not against the cellobiose ar@aM@G (Liu, 2012).

In this study CHU2268 and CHU2268HT, a versiorhefénzyme where the secretion
signal was replaced by a 6xHis tag, were expresset E. coli IM109 and the
activity against MUC and MUG analysed. Surprisinginly CHU2268HT showed
activity and not only against MUC but also agaikiiG, contradicting the results
presented by Liu (2012). A reduction of the indoctiemperature from 37 to 30°C
was required to functionally express the nativesiogr of CHU2268. This approach
has been commonly used to improve protein foldimayyever, the drawback of this
strategy is a reduction in productivity (Baneyx &dcic, 2004). The use of a lower
temperature also emulates the conditions at whieltUZ268 is expressed i.
hutchinsonij a microorganism that grows at temperatures betv2€8@ and 36C
(Stanier, 1942). However, CHU2268HT did not loseaittivity when the cells were
induced at 37°C suggesting that the signal pephagt be the reason for the low
levels of activity. It has been previously showiattsignal peptides can modulate
protein stability and folding i&. coli(Beena et al., 2004; Singh et al., 2013). In order
to check that the increase of activity was duerd¢ineoval of the signal peptide and not
the addition of the His tag new constructs weragihes! including a version of the
enzyme without the signal peptide but no His talg 2268\SP). Specific RBSs were
used in order to obtain similar protein translatioitiation rates. CHU2268SP
showed similar levels of activity to CHU2268HT agtiMUC and MUG, confirming
the importance of the signal peptide.

E. coliJM109 expressing either CHU2268 or CHU2268HT wmds & grow on plates
containing cellobiose as sole carbon source, aonfg that the enzyme hgs
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glucosidase activity. Additionally, cells expregsi@HU2268HT were able to grow
well in minimal medium with cellotriose, cellotetrse or cellohexaose, showing that
the enzyme is able to release glucose from cellodex CHU2268 also alloweH.
coli to grow on cellodextrins; however, clear toxicisas observed. Cfbglu, @
glucosidase fronC. fimi, also allowed growth on cellobiose but at a comsilly
lower speed and no growth was observed on anyeddttier cellodextrins. CHU2268
was not detected in the periplasm but was detectethe cytoplasm and the
extracellular fractions to a lesser extent, propahle to cell death. As expected
CHU2268HT was found only in the cytoplasm, indiogtthatE. coliis able to take
up cello-oligosaccharides at least as large asleelaose. Growth rate decreased as
the cello-oligosaccharides increased in lengthsyoreably due to slower diffusion of
large cellodextrin molecules through the outer memé (Rutter et al., 2013). These
results contradict those presented by Rutter g2all3), whereE. coli growth was
only achieved when the cellodextrinase was expdessethe periplasm. The
cytoplasmic expression offaglucosidase ifk. colito allow growth on cellobiose has
been also reported by Shin et al. (2014). It has ldemonstrated that LacY, a lactose
permease, is responsible for cellobiose uptalke toli (Sekar et al., 2012). A lactose
permease has also been utilized for the uptakellftose inS. cerevisiadSadie et
al., 2011). It can be hypothesized that LacY madbo facilitate the transport of longer
cellodextrins into the cytoplasmic spacekBn coli. Cellodextrin transport systems
including cellodextrin permeases ghdlucosidases have been reported to be essential
for optimal fungal growth on cellulose (Galazkaatt 2010). This highlights the
importance of these two types of enzymes for tlhiecete utilization of cellulosic
biomass. In order to check if LacY actually actaallodextrin permease k coli,

an analogous approach to the one reported by $ekhr(2012) to check whether this
permease was responsible for cellobiose uptakeddmeilused. This would involve
testing the growth on cellodextrins of Bncoli strain where the geracY has been
knocked out. The permeases from the cryptic opecbbsindascfrom E. coli have
been used to confé&. colia cellobiose-utilization phenotype (Vinuselvi &¢,2011)

and could also be analyzed as potential cellodepgrmeases.

It would also be interesting to see if growth ifeefed by changing the subcellular

localization of the enzyme CHU2268. Naturally ocog signal peptides frofa. coli
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(e.g., those of PelB, OmpA, MalE or PhoA) couldused to target the enzyme to the
periplasmic space (Baneyx & Mujacic, 2004). Ofhgllucosidases have been already
secreted (Gupta et al., 2013) or displayed on éllesarface oE. coli(Tanaka et al.,
2011); however, in the latter case no activity waserved when they tried to use
CHU2268.

CHU2268HT was successfully purified from the cetdte using a Ni Sepharose
column. An imidazole step gradient of 0.1, 0.2, &8 1 M was used for the elution.
Most of the enzyme was obtained in the 0.2 M faactiTotal inactivation was
observed just a few hours after the purificatioocess. A buffer exchange step was
required to retain the enzyme activity, achievinguafication yield of 38%. The high
concentration of imidazole in the elution buffergmi be the reason for the
inactivation. Imidazole has been previously repbrés ap-glucosidase inhibitor
interfering in the general acid-base catalysis eygal by this enzyme and its presence
in the buffer could be the reason for this inadioma (Field et al., 1991). The use of
buffer with a low pH for the elution has been répdrand these conditions might be
an attractive alternative to improve the purifioatiprocess (Terpe, 2003). However,
this conditions might exert a negative effect om throtein activity. Further
characterization of the enzyme, including the amrtsion of a pH activity profile, will
be required in order to check whether the enzyntieigcis affected under those

conditions.

The endoglucanase CenA frat fimi was expressed usirig coli IM109 and the
protein location analyzed. Endoglucanase activig wbserved in all fractions of the
cell, indicating that the native signal peptideC&nA is recognized blg. coliand the
enzyme translocated into the periplasm. However ntlechanism utilized blg. coli

to secrete the enzyme into the medium is not dnturderstood and non-specific
leakage from the periplasm when the enzyme is egprteat high levels has been
proposed (Guo et al., 1988). In this study, accatmh of CenA in the periplasm was
also observed and this could support this hyposh€dear degradation of CMC in the
extracellular space was achieved when live celllewssed, suggesting that CenA
might be used as the first step of a celluloseattagron system.
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In order to design a cellulose degradation systeamstructs containing $-
glucosidase and CenA were assembkedcoli IM109 co-expressing CHU2268HT
and CenA was the only strain able to grow on petkilose paper as the sole carbon
source. Moreover, clear deconstruction of the satestwas also observed. These
results indicate that CenA is secreted at a sefiidevel inE. coliand acts as a source
of cello-oligosaccharides for CHU2268HT that sulmssdly release glucose allowing
cell growth. Stalbrand et al. (1998) reported 25&tulsilization of the highly
crystalline bacterial microcrystalline celluloseMBC) and 61% solubilization of the
low crystalline phosphoric acid-swollen celluloBASC) after incubation with CenA.
In both cases the soluble products were mainlpb&lse and only traces of cellotriose
were observed (Stalbrand et al., 1998). Cellobisse¢he expected product for
cellobiohydrolases but not necessarily for endaghases (Stalbrand et al., 1998). The
capacity of CenA to generate oligosaccharides ag sis cellobiose is probably the
reason why this cellulose degradation system alBveslito grown on pure cellulose
not requiring enzymes with cellobiohydrolases amtivHowever, the levels of
solubilization and final products generated by Cextfiér the hydrolysis of cellulose

paper have yet to be studied.

Cellulose is one of the main polysaccharides ptesegreen macroalgal biomass
(Lahaye & Robic, 2007), thus a potential sourceugjars to be used by this system.
However, it should be noted that different typeeitulosic biomass require different
enzymes for their degradation and other/additiogratymes might be required.
Considering that, in order to design a microorgarable to utilize green algal biomass
the cellulose degrading system designed in thidystas to be tested using cellulose
obtained from the algae. Enzymatic hydrolysi§/ofactucahas been already reported
using a commercial cellulase cocktail (GC220); hesve it was not optimized
requiring a relatively high load of enzymes to eequolysaccharide degradation (van
der Wal et al., 2013).

In summary, it was possible to generate a cellulleggadation system f&r coliusing
only two enzymes; CHU2268HT fro@. hutchinsoniian enzyme expressed in the
cytoplasm showing botBrglucosidase and cellodextrinase activity, and Ciom C.

fimi, a secreted endoglucanase. The expression of C&8URallows cells to utilise

67



cellodextrins and cellobiose, expanding its substspecificity in comparison to a
normal B-glucosidase. This system could be potentially usedthe design of a
consolidated bioprocess for the production of ketfuor other bio-products from

green macroalgal biomass or other cellulosic malteri
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4 Enzymatic ulvan depolymerisation

4.1 Introduction

Species of the genddlva are green macroalgae found worldwide (Lahaye &i&ob
2007).Ulva are grown or collected for food consumption (Ammpa& Ravindra,

2000) and responsible for green tides (Smetacekingahe, 2013), an increasing
economic and environmental problem. Currently tbaegated biomass is of little
value; however, up to 54% of algae’s dry weight resgponds to cell wall
polysaccharides (Lahaye & Robic, 2007), represgn@an interesting source of

renewable biomass to be explored.

The main carbohydrate biva is ulvan, a water-soluble cell wall polysaccharakde
up mainly of rhamnose, glucuronic acid, iduronia@a&ylose and sulphate (Lahaye
& Robic, 2007). The predominant repeating disaddearin ulvan are Rha3S-GIcA
(ulvanobiouronic acid A), Rha3S-lduA (ulvanobiouioracid B) and Rha3S-Xyl
(Lahaye & Robic, 2007).

Compared to the enzymatic depolymerisation of daydmates from brown and red
algae, the saccharification of ulvan has been tigeted less extensively. An
extracellular ulvan lyase frorlonlabens ulvanivoransvas characterized and its
catalytic domain heterologously expressef.icoli(Collen et al., 2011). This enzyme
showed endolytic activity cleaving the glycosidanik between the sulfated rhamnose
and a glucuronic or iduronic acid bf-elimination mechanism generating an
unsaturated uronic acid at the non-reducing enth@fchain (Collen et al., 2011).
Additionally, an unsaturated glucuronyl hydrolak&s() from N. ulvanivoranswas
shown to cleave specifically the unsaturated naieeng end produced by the ulvan
lyase (Collen et al., 2014). Considering the comipteof ulvan other enzymes
required for its complete saccharification such adlser lyases, rhamnosidases,
xylanases, and sulfatases remain to be identified.

Many seaweed-associated bacteria are able to etizgihadecompose algal cell
walls (Hollants et al., 2013), thus are an intengssource of ulvanolytic enzymes.

Recently, the complete genomekafrmosa agariphilaa Bacteroidetes isolated from
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green alg&crosiphonia sonderiyas reported by Mann et al. (2013), revealingoatr
potential for algal polysaccharides degradation. pbrticular, a polysaccharide
utilization locus (PUL) described in the study seeémhave all the enzymes required

for the complete saccharification of ulvan.

In order to better understand the enzymatic sadaion of ulvan,F. agariphilas
capability to utilize this polysaccharide was invgated. To do that, the potential PUL
for ulvan depolymerization was manually curated asaghlysed in-silico by
comparative genomics. Additionally, the capabitty=. agariphilato grow using the
green algdJ. lactucaas the sole carbon source was assayed and thetiordof
enzymes with ulvanase activity when this algaé&spnt in the culture medium studied.
Finally, the genes of the PUL identified as carliblaye-active enzymes (CAZymes)
were cloned intoE. coli and heterologously expressed in order to validaée

predicted activities.

4.2 F. agariphila for ulvan depolymerisation

4.2.1 F.agariphila’s PUL for ulvan utilization

The glycan degradation and import machinery in 8aatletes is usually arranged in
clusters of co-regulated genes known as polysacehartilization loci (PUL)
(Terrapon et al., 2015). A total of 13 PULs werarfd in F. agariphilds genome
(Mann et al., 2013). These were identified using phesence of at least one pair of
TonB-dependent receptor (TBDR)/SusD-like proteisoagated with polysaccharide
utilization genes as the delimiting criterion (Senhurg et al., 2010F. agariphilas
PULs were named by Mann et al. (2013) from A tord the most probable substrates
for each of them deduced based on in-depth CAZyma¢ysis. PUL H, a 77309 bp
region composed of 39 predicted genes was prestorazhrade sulfated (decorated)
rhamnogalacturonans (Mann et al., 2013). HoweWer presence of a putative ulvan
lyase, not reported by Mann et al. (2013), miglgigast that the substrate for this PUL

is actually the green macroalgal polysaccharidamlv
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In order to elucidate whether ulvan is the substiat this PUL an exhaustive analysis
of the genes that comprise the PUL was performeaHing into account the fact that
it is difficult to determine the boundaries of a lPWithout experimental data, the
flanking regions of the PUL were analysed to endhet no gene that might be
associated with the utilization of the polysacctiais excluded from the analysis. Two
additional genes immediately downstream of the eecge were identified as potential
transcription factors (locus tags BN863_22290 aN@&3_ 22300), thus added to the
analysis. Considering this, the PUL was redefinethg from BN863 21900 to
BN863_22300.

The 41 genes composing the PUL were subjected touahacuration to discard
possible errors arising from the automated preaticiind annotation of the genes. A
total of 9 genes were shown to be incomplete, mgssnportant nucleotides at the 5'-
end of the sequences. The corrected sequences/aneag protein sequences in the
supplementary results 8.2.1. Once all the genes defined, the associated proteins
were named as FA and the first four numbers otdbes tag for simplification (e.g.
FA2190 for the protein codified by BN864 21900).

ddeEaEeEaaEasp b HEmE@ K&
aa@EaadaKdEadEad e adEEc
dada@EaEad cd KAenn a4

500 bp

[l TonB-dependent receptor E Glycoside hydrolase (GH)
[0 SusD-like protein [0 Polysaccharide lyase (PL)
[l Hybrid two-component system (HTCS) @ Other

[l GntR-like transcription factor O Hypothetical protein

[0 Sulfatase

Figure 4-1 Tentative polysaccharide utilization lotfor ulvan utilization of F. agariphila.
Gene prediction and annotation were manually cdr&ach gene is represented by an arrow
that reflects the relative size and orientatiothefcoding regiorPutative functions are color-
coded. Glycoside hydrolase families are indicatgchbmbers. Intergenic regions are not
considered in the diagram. A 500 bp scale barpplgd.
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Protein functions were predicted by similarity usBlastP (Altschul et al., 1990) and
HMMER hmmscan (Eddy, 2011) against the Pfam (Final.e2016) and TGRFAM

(Haft et al., 2003) databases. The results shohatdhe PUL includes 13 CAZymes,
7 sulfatases, 3 TBDR, 3 SusD-like proteins, 2 hi/biivo-component systems
(HTCSs), and a GntR transcription factor, amongoémzymes. A list containing all
the proteins of the PUL and their respective pitedidunctions is supplied in Table
8-3. Additionally, a schematic representation @ BJL including size, orientation

and functionality of the different genes is showrrigure 4-1.

Protein subcellular localization was predicted ilice based on the decision tree
developed by Romine (2011). Less common signal igept associated with

lipoproteins and twin-arginine translocation (Ta&t)bstrates were checked first,
followed by the prediction of transmembrane sparts$ec signal peptides. Domains
that consistently occurred only in proteins foundspecific subcellular localizations
were also analyzed; however, none of these domens detected in the proteins of
the PUL. Predicted localizations of the differeritpins are shown in Table 4-1. For
more details of the tools utilized and the resoldained from each of them see

supplementary Table 8-3.

Table 4-1 Enzymes fromF. agariphila’s ulvan utilization PUL

Protein®  Locus tag Functior? Localization®
FA2190 BN864_21900 GHS88 oM
FA2191 BN864 21910 SusD-like protein OM
FA2192 BN864_21920  TonB-dependent receptor OoM
FA2193 BN864_21930 HTCS M
FA2194 BN864_21940  kdul CP
FA2195 BN864_21950  kduD CP
FA2196 BN864_ 21960 Conserved hypothetical protein M O
FA2197 BN864_21970 GH2 CP
FA2198 BN864_21980 6-phosphogluconolactonase CP
FA2199 BN864_ 21990 Conserved hypothetical protein M O
FA2200 BN864_22000  Sulfatase OM
FA2201 BN864_ 22010 Sulfatase OM
FA2202 BN864_ 22020 Sulfatase PP
FA2203 BN864_ 22030  Sulfatase PP
FA2204 BN864_22040 GH106 PP

12



Protein®  Locus tag Functiort Localization®
FA2205 BN864_22050 GH2 CP
FA2206 BN864_22060 GH2 CP
FA2207 BN864_22070  Sulfatase oM
FA2208 BN864_22080  Sulfatase OM
FA2209 BN864_22090 GH78 OM
FA2210 BN864 22100 L-rhamnose mutarotase CP
FA2211 BN864 22110 Conserved hypothetical protein P P
FA2212 BN864_22120 Conserved hypothetical protein P P
FA2213 BN864_22130 GH3 PP
FA2214 BN864_ 22140 SusD-like protein OM
FA2215 BN864_22150  TonB-dependent receptor OoM
FA2216 BN864_22160 GHA43 OM
FA2217 BN864_22170 GH78 OM
FA2218 BN864_22180 Conserved hypothetical protein P P
FA2219 BN864_ 22190 Ulvan lyase EC
FA2220 BN864_22200  GH39 PP
FA2221 BN864_22210  Sulfatase OM
FA2222 BN864_22220 GH105 PP
FA2223 BN864_ 22230 GHS3 OM
FA2224 BN864_ 22240 Oxidoreductase CP
FA2225 BN864_ 22250 GH78/sulfatase PP
FA2226 BN864_22260 Hypothetical protein PP
FA2227 BN864 22270 SusD-like protein OM
FA2228 BN864_22280  TonB-dependent receptor OoM
FA2229 BN864_22290 HTCS M
FA2230 BN864_ 22300 GntR-like transcriptional regoita CP

2 Protein names were designated in this stlidgrotein functions were predicted using HMMER

hmmscan (Eddy, 2011) against the Pfam database @iral., 2016)° Protein localization were

predicted according to Romine (2011). CP: cytopldsminner membrane; PP: periplasm; OM: outer

membrane; EC: extracellular.

In order to predict the different regions withirt@AZymes from the PUL, including

catalytic domains and carbohydrate-binding mod{{eBM), the annotation tool
dbCAN HMMs v5.0 (Yin et al., 2012) based on the GAdatabase (Lombard et al.,
2014) from 07/15/2016 was used. Additionally, HMMERmMscan (Eddy, 2011)
against the Pfam (Finn et al., 2016) and TGRFAMf(ldaal., 2003) databases was

used. Domains of unknown function were not consderThe obtained results
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indicated the presence of 13 glycoside hydrolaselslapolysaccharide lyase. The
domain organization of the different enzymes isghn Figure 4-2; predicted signal
peptides are also included in the figure.

Enzyme Length (amino acids) Mw (kDa)
0 200 400 600 800 1000 1200
FA2190 404
FA2197 93.9
FA2204 | 1302
FA2205 GH2 117.5
FA2206 GH2 11.7
FA2209 104.9
FA2213 || 79.3
FA2216 66.2
FA2217 108.7
FA2219  JEEEET (] 56.6
FA2220 |} 55.8
FA2222 || 435
FA2223 GH3 83.8
FA222s || I 1345

Figure 4-2 Domain organization of the CAZymes from. agariphila’s ulvan utilization
PUL. Cazy domains were predicted by dbCAN (Yin et @12) based on the CAZy database
(Lombard et al., 2014) from 07/15/2016. Additiodalmains were predicted using HMMER
hmmscan (Eddy, 2011) against the Pfam (Finn e2@l6) and TGRFAM (Haft et al., 2003)
databases. Signal peptides (red) and lipoprotgimaspeptide (light red) were predicted using
SignalP v4.1 (Petersen et al., 2011) and LipoP u@cker et al., 2003), respectively. A
Por_Secre_tail domain is indicated in turquoisgic@side hydrolase (GH) and carbohydrate-
binding module (CBM) family numbers are indicatél.NC: polysaccharide lyase "non
classified".

The glycoside hydrolases belong to 8 different feasi 3 GH2, 2 GH3, 1 GH39, 1
GH43, 3 GH78, 1 GH88, 1 GH105 and 1 GH106, and thef also showed CBMs
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from families 35 (FA2205) and 67 (FA2209 and FA2R Surprisingly, FA2225 not
only showed a GH78 domain but also a sulfatase dgrtias architecture is very rare
and only 4 other proteins containing it have belemiified in the Pfam database (Finn
et al., 2016), none of which have been characwrik® polysaccharide lyase (PL)
domain was identified for the predicted ulvan ly&#€219; however, it appears in
the CAZy database as a polysaccharide lyase “ramsifled” (PLNC). Two additional
domains were found in FA2219, a CBM of the familg and a C-terminal
Por_Secre_tail domain. Por_Secre_tail are assdonath the recently discovered Por
Secretion System (PorSS) or following the namingveation, Type IX Secretion
System (T9SS) (Sato et al., 2010). FA2219’'s PL dorpasition was determined
based on homology with the ulvan lyase frdinulvanivorans(accession number
G8G2V6), this being the only characterized ulvaasl/ belonging to the same group

of unclassified PL.

In order to predict the activity of the CAZymesrirdhe PUL the different families
they belong to were analyzed. In some of the fa®ilnore than one activity was
found. In those cases a phylogenetic study using thre catalytic domains of
characterized enzymes from bacteria was perforifieel families GH78 and GH106
contains onlya-L-rhamnosidases (EC 3.2.1.40), suggesting that2BA2 FA2209,
FA2217 and FA2225 are also rhamnosidases. AdditigndA2209 and FA2217
contained CMBs from family 68 which have only badentified associated with
rhamnosidases. GH88 only contains characterizeddJGC 3.2.1.-) suggesting that
FA2190 is also a UGL. GH105 is composed by threeymes: 1 UGL and 2
unsaturated rhamnogalacturonyl hydrolases (EC .3.22); however, only the UGL
from N. ulvanivorangaccession number L7P9J4) showed a high level qiiesece
identity with FA2222 (76% amino acid identity), indting that this enzyme might
also be a UGL. Finally, as mentioned before FA2&l1€ategorized as a PLNC and
shows a high level of sequence identity with amnllyase fronN. ulvanivorang76%
amino acid identity). Levels of amino acid identitgre obtained with BlastP. All the
other families contained several experimentallyrati@rized enzymes with different

activities, thus were analyzed using a phylogersgimroach.
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Bacterial GH2 includesp-galactosidases (EC 3.2.1.23);glucuronidases (EC
3.2.1.31), end@-mannosidases (EC 3.2.1.152), and pxglucosaminidases (EC
3.2.1.165). Up to 5 sequences of experimentallyrathtarized enzymes of each
activity were selected and aligned with the GH2fithe PUL using MUSCLE (Edgar,
2004) and a maximum likelihood phylogenetic trees wanstructed using MEGA7
(Kumar et al., 2016) (Figure 4-3). Clear clusteositaining enzymes of the same
activity were observed. All the enzymes from thelLPiere localized next to the
cluster containing th@-glucuronidases, suggesting that FA2197, FA2205-#2P06
have the same activity. Considering the structdirelan, where glucuronic acid is

one of the main building blocks, these resultscargsistent.

Q&MJXT beta-glucuronidase
£ P05804 beta-glucuronidase
Q9AFAZ beta-glucuronidase
Q9AHJE beta-glucuronidase
{ QBWTJ7 beta-glucuronidase
FA2205
T FA2197

—] FA2206

P70753 beta-galactosidase
Q93KF0 beta-galactosidase
————————— A3FFK4 beta-galactosidase
BSLFDE beta-galactosidase
{ P06219 beta-galactosidase
— Q56F26 exo-beta-D-glucosaminidase
L Qs2nRs exo-beta-D-glucosaminidase

{QQ}(C\M beta-mannosidase
QB8KLI9 beta-mannosidase
QBAAKE beta-mannosidase

EQMMES beta-mannosidase
Q93M25 beta-mannosidase

—
0.50

Figure 4-3 Phylogenetic analysis of the catalyticainains of the GH2 enzymes front.
agariphila’s ulvan utilization PUL. Protein sequences were obtained from UniProt (WnjPr
2015) and catalytic domains identified using dbCAfNN et al., 2012). Catalytic domains
were aligned using MUSCLE (Edgar, 2004) and a marirtikelihood phylogenetic tree was
constructed using MEGA7 (Kumar et al., 2016). UatRrccession number and activity of the
enzymes are indicated. The branch lengths inditetedivergence among the amino acid
sequences. Bar, 0.5 substitutions per site.
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Bacterial GH3 includeB-glucosidases (EC 3.2.1.21), cellodextrinases (2C134),
B-xylosidases (EC 3.2.1.37), an@l-acetylnexosaminidase (EC 3.2.1.52). A
phylogenetic tree was built using the same critasgahe one for the GH2 family.
CHU2268 fromC. hutchinsoniiwas also added to this analysis. This time only tw
clear clusters were observed, one containin@theetylhnexosaminidase and the other
all the other enzymes analyzed (Figure 4-4). Bifimmal proteins are common in this
family (B-glucosidasegfxylosidases anfl-glucosidases/cellodextrinases) and might
indicate no clear structural differences betweencttalytic domains of its members;
however, considering that ulvan does not contaisage but xylose it is highly likely

that FA2213 and FA2223 correspond3taylosidases.

4:%6316 beta-glucosidase
024749 cellodextrinase
P16084 beta-glucosidase

L 008331 beta-glucosidase

Q59506 cellodextrinase
———————— FA2213

AT7LXU3 beta-glucosidase

4‘— CHU2268 beta-glucosidase/cellodextrinase

FA2223

Q7X508 beta-xylosidase
‘—— Q76BUG6 beta-xylosidase

QIWZR6 beta-N-acetylhexosaminidase

| E— P96157 beta-N-acetylhexosaminidase
L Q8zaos beta-N-acetylhexosaminidase

0.20

Figure 4-4 Phylogenetic analysis of the catalyticainains of the GH3 enzymes front-.
agariphila’s ulvan utilization PUL. Protein sequences were obtained from UniProt (UnjPr
2015) and catalytic domains identified using dbC@Afh et al., 2012). Catalytic domains
were aligned using MUSCLE (Edgar, 2004) and a marirtikelihood phylogenetic tree was
constructed using MEGA7 (Kumar et al., 2016). UatRiccession number and activity of the
enzymes are indicated. The branch lengths inditetedivergence among the amino acid
sequences. Bar, 0.2 substitutions per site.

GH39 is a small family and not many enzymes haenlienctionally characterized.
GH39 containg-xylosidases (EC 3.2.1.37) andduronidases (EC 3.2.1.76). Ne
iduronidases have been reported in bacteria; thieretharacterized-iduronidases
from Eukaryotes were included in the analysis. FAR2was found to be
phylogenetically remote to all the other enzymetheftree (Figure 4-5) and did not

share significant levels of homology with any cltéesized enzyme after a BlastP
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search. FA2220 appears in the CAZy database asectassified” GH. No conclusive
results can be inferred from this results; howesensidering the presence of iduronic

acid in ulvan this enzyme might be a noxatiuronidase from bacteria.

Q01634 alpha-L-iduronidase

’—E:GSMS alpha-L-iduronidase

LF'48441 alpha-L-iduronidase

P23552 beta-xylosidase

QIASUD beta-xylosidase

—— QI7FM2 beta-xylosidase

P36906 beta-xylosidase

FA2220

—
0.50

Figure 4-5 Phylogenetic analysis of the catalytic ainains of the GH39 from F.
agariphila’s ulvan utilization PUL. Protein sequences were obtained from UniProt (njPr
2015) and catalytic domains identified using dbCAfNI et al., 2012). Catalytic domains
were aligned using MUSCLE (Edgar, 2004) and a marirfikelihood phylogenetic tree was
constructed using MEGA7 (Kumar et al., 2016). Uoifccession number and activity of the
enzymes are indicated. The branch lengths inditetedivergence among the amino acid
sequences. Bar, 0.5 substitutions per site.

Bacterial GH43 includes arabinanases (EC 3.2.1f9%ylosidases (EC 3.2.1.37), and
a-arabinofuranosidases (EC 3.2.1.55). The GH43 fdnait been recently divided into
sub-families for more detailed characterization {eet al., 2016). FA2216 belongs
to the sub-family 10 which contains orflyxylosidases and-arabinofuranosidases
The phylogenetic tree was built as for the othenili@s. Clear clusters containing
enzymes of the same activity were observed (Figusg FA2216 was found in the
cluster containing th@-xylosidases, suggesting that the enzyme possésseame

activity.

78



P42233 arabinanase
—|:A5IKD4 arabinanase

D2XML7 arabinanase

B3EYMS arabinanase

BBCZV1 alfa-L-arabinofuranosidase

— 45071 alfa-L-arabinofurancsidase

L P45796 alfa-L-arabinofuranosidase

—— Q76ECS beta-xylosidase
| FAZ216

—— QIKEPS beta-xylosidase

4|——OUQLXU beta-xylosidase
P94489 beta-xylosidase

——
0.20

Figure 4-6 Phylogenetic analysis of the catalyticainains of the GH43 enzymes fronk.
agariphila’s ulvan utilization PUL. Protein sequences were obtained from UniProt (WnjPr
2015) and catalytic domains identified using dbCAfNI et al., 2012). Catalytic domains
were aligned using MUSCLE (Edgar, 2004) and a marirtikelihood phylogenetic tree was
constructed using MEGA7 (Kumar et al., 2016). UatRiccession number and activity of the
enzymes are indicated. The branch lengths indittetedivergence among the amino acid
sequences. Bar, 0.2 substitutions per site.

Table 4-2 shows a summary of the expected actigitthe CAZymes ofF.

agariphila's PUL for ulvan utilization.

Table 4-2 Expected activity of the CAZymes

Enzyme Expected activity

FA2190 unsaturate@tglucuronyl hydrolase (EC 3.2.1.-)
FA2197 B-glucuronidase (EC 3.2.1.31)

FA2204 a-L-rhamnosidase (EC 3.2.1.40)

FA2205 B-glucuronidase (EC 3.2.1.31)

FA2206 B-glucuronidase (EC 3.2.1.31)

FA2209 a-L-rhamnosidase (EC 3.2.1.40)

FA2213 B-xylosidase (EC 3.2.1.37)

FA2216 B-xylosidase (EC 3.2.1.37)

FA2217 a-L-rhamnosidase (EC 3.2.1.40)

FA2219 ulvan lyase (EC 4.2.2.-)

FA2220 a-iduronidase (EC 3.2.1.76)

FA2222 unsaturate@tglucuronyl hydrolase (EC 3.2.1.-)
FA2223 B-xylosidase (EC 3.2.1.37)

FA2225 a-L-rhamnosidase (EC 3.2.1.40)
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A Position Length

. of FGly (*) (amino acids) Accession N°

FA2200 G A SEB T G 81 479 T2KMO04
FA2201 P S R T G 95 498 T2KN71
FA2202 O@Pr T R SNG 88 553 T2KPJ9
FA2203 €@P S R T G 79 507 T2KMG4
FA2207 P S R T G 77 488 T2KPK5
FA2208 T I3 ER LTG 99 511 T2KMG7
FA2221 P SR ;T G 97 596 T2KN90
FA2225 LYlS R T G 78 1174 T2KM26
Bt2S SIOlP S R SNG 64 481 Q8A7C8
Bt4S S s | LTG 84 508 QBA2F6
Bt6Sa S T |ZESER LTG 83 511 Q8A2H2
Bt6Sb el S R L TG 101 558 Q89YS5
HsAG C ElP S R LTG 84 525 Q96EG1
MmAG C E@P S R LTG 84 525 Q3TYD4
Ph2S C j\llP S R S © 82 464 CBY1N2
Ph6S C E@P S R L T G 80 545 C6Y1N4
Vs4S C JSlP 3R MT G 96 521 AOAOC5AQI9
B

,—MmAG

L HsAG

FA2202
‘4 Bt6Sa
FA2201
| FA2221
FA2225
Ph6S
——— e

r FA2200
FA2203

FA2207
Ph2S

Bt2S

FA2208

4|— Bt4S
Vs4S

0.20

Figure 4-7 Analysis of sulfatases fromF. agariphila’s ulvan utilization PUL. (A)
Alignment of signature sequences of sulfatasessigmature sequence is critical for directing
the post-translational modification of the initi@lS into the catalytic residue FGly. Protein
sequences were obtained from UniProt (UniProt, @bl signature sequences aligned using
MUSCLE (Edgar, 2004). Black and grey boxes indiciatentical and similar residues,
respectively. FGly position, protein length and Rhot accession number are indicated.
Enzymes are named after the organisms that expiness and substrate specificity. Bt:
Bacteroides thetaiotaomicrorHs: Homo sapiens Mm: Mus musculus Ph: Pedobacter
heparinus and Vs:Vibrio sp. 2S:2-O-sulfatase, 4S: 4-O-endosulfatase, 6S: 6-Oiaskda
and AG: arylsulfatase G. (B) Phylogenetic analysis of da¥as catalytic domain by
maximum likelihood method. Catalytic domains wederitified using HMMER hmmscan
(Eddy, 2011) against the Pfam database (Finn e2@L6). Catalytic domains were aligned
using MUSCLE and a maximum likelihood phylogenétee was constructed using MEGA7
(Kumar et al., 2016). The branch lengths indicaie divergence among the amino acid
sequences. Bar, 0.2 substitutions per site.

80



Considering that ulvan is a highly sulfated polgdaride, containing rhamnose 3-
sulfate and xylose 2-sulfate among its buildingckty sulfatases are likely to have an
important role in ulvan saccharification. A tot&l8sulfatases were found in the PUL
confirming the role of this class of enzyme in flystem. Glycosaminoglycan (GAG)
degradation systems including sulfatases have desaribed by Hanson et al. (2004).
The degradation is initiated by specific lyaseschhileave the glycans into smaller
oligosaccharides that are then desulfated by sisést before they are cleaved into
monosaccharides by GHs. Several bacterial sulfatasmlved in these kinds of
systems have been characterized by their reside@fyity, including 6-O-sulfatases,
endo-4-O-sulfatases, and 2-O-sulfatases (Hansah, &004). A 3-O-sulfatase from
Pedobacter heparinunmvolved in heparin degradation has been desciilyeBruce

et al. (1985). However, the gene has not been dland no nucleotide or amino acid
sequence associated with the enzyme is availabtmsi@ering the structural
similarities between GAGs and ulvan the charaaterglycosaminoglycan-degrading
sulfatases will be used as a starting point forahalysis of the sulfatases from the
PUL.

Sulfatases contain a very conserved N-terminalasige sequence comprising 12
amino acids (C/S-X-P-S/X-R-X-X-X-L/X-T/X-G/X-R/X)where the initial cysteine
or serine residue is post-translationally modifietd the catalytically active residue
formylglycine (FGly) (Hanson et al., 2004). In orde study the signature sequences
of the sulfatases of the PUL, their amino acidsusages were aligned with those of
the characterized glycosaminoglycan-degrading tadés using MUSCLE.
Additionally, two eukaryotic arylsulfatases G tishbwed 3-O-sulfatase activity were
included in the analysis (Kowalewski et al., 20I®)e results of the alignment are
shown in Figure 4-7 (A). All the sulfatases frone fAUL showed a cysteine as the first
amino acids of the signature sequence, thus aegadted as Cys-type sulfatases.
Moreover, a maximum likelihood phylogenetic treetloé catalytic domains of the
sulfatases was constructed using MEGA7 Figure B)7 A small cluster containing
enzymes having the same substrate specificity awasdf however, the sulfatases from
the PUL were found distributed all over the trebe3e results showed an amazing

diversity at the sequence level, but it is difficia predict the substrate specificity of
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these enzymes as no characterized sulfatase acjagst the sulfated residues found

in ulvan has been reported.

A
Length (amino acids) Mw (kDa)
0 200 400 600 500 1000 1200 1400
ZHC IR AR EE R R R RN | E B 156.5
Ze-S IR B R R R R AR B | E B 1547
Reg_prop repeats Y_Y_Y HisKA HATPase_c REC HTH_AraC
L J
Periplasmic sensor domain
B BT4124 Rhamnogalacturonans
4‘:4111 Rhamnogalacturonans

—|:BT4182 Rhamnogalacturonans
BT4178 Rhamnogalacturonans
BT1754 Fructosides

BT0366 Arabinans
BT4673 Pectic galactan

 E—— BT4137 O-glycans
L BT2826 Oglycans

BT3334 Chondroitin sulfate
BT4663 Heparin/Heparan sulfate
FA2193

FA2229

BT0267 Arabinogalactans

t BT3049 Arabinans
Ii BT3302 Mannans
,j BT3786 Mannans
BT2628 Mannans

Figure 4-8 Analysis of hybrid two-component systemproteins from F. agariphila’s ulvan
utilization PUL. (A) Domain organization of the hybrid two-componesystem (HTCS)
proteins. Reg_prop repeats, Y_Y_Y, phosphoaccefilisKA), ATPase (HATPase_c),
receiver (REC), and DNA binding (HTH_AraC) domamsre identified using HMMER
hmmscan (Eddy, 2011) against the Pfam database €éFial., 2016). Signal peptides in red
and transmembrane segments in brown were identiady Phobius (Kall et al., 2004). (B)
Phylogenetic analysis of HTCS by maximum likelihomeéthod. Protein sequences were
obtained from UniProt (UniProt, 2015), aligned @siMUSCLE (Edgar, 2004) and a
phylogenetic tree constructed using MEGA7 (Kumaalet2016). Locus tag and predicted
polysaccharide utilization pathway that is conedll by the HTCS ofBacteroides
thetaiotaomicrorare indicated. The branch lengths indicate therdence among the amino
acid sequences. Bar, 0.2 substitutions per site.

HTCSs are a key part of Bacteroidetes’ ability Bnse and degrade complex

polysaccharides. Most glycan PULs are activatedutin the recognition of specific
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signature oligosaccharides by their associated H{MBtens et al., 2011). HTCSs
are chimeric proteins composed of an N-terminaliptesmic sensor domain
comprising 14 Reg_prop repeats (Pfam 07495) and¥a Y domain (Pfam 07495),
and the cytoplasmic components of “alassicdl two-component systems:
phosphoacceptor (Pfam HisKA), ATPase (Pfam HATPeseeceiver (Pfam REC),
and DNA binding (Pfam HTH_AraC) domains (Lowe et &012). Figure 4-8 (A)
shows the domain organization of the two HTCSs doimrthe ulvan utilization PUL.
Domains were identified using HMMER hmmscan (Ed@@11) against the Pfam
database (Finn et al., 2016). FA2193 and FA222%sHaall the components of a
HTCS; however, only 13 repeats of the 14 Reg_prepewdentified for FA2193 and
12 for FA2229. The observed differences might iatBcthe recognition of different
signature oligosaccharides. Additionally, a searsimg the CD-search tool showed
that both proteins contain sensor domains fronfahely COG3292, known to bind
oligosaccharides (Ravcheev et al., 2013).

An extensive study of the HTCSs fromacteroides thetaiotaomicromsing
comparative genetics was reported by Ravcheev @l3). A total of 16 HTCS were
associated with the utilization of different polgsharides. The two HTCS from the
PUL were aligned with the ones froBr thetaiotaomicrorusing MUSCLE, and a
maximum likelihood phylogenetic tree constructedngsMEGA7. FA2192 and
FA2229 were found close together sharing a clusitkrB. thetaiotaomicrois HTCS
associated with the utilization of chondroitin siwdf and heparin/heparan sulfate. This
result might suggest that the sulfate groups aggezt importance for the recognition
of the signature oligosaccharides. Reinforcingithes, it has been shown that BT4663
bound specifically to unsaturated heparin and H$+eleé disaccharides with a sulfated

glucosamine component (Lowe et al., 2012).

In addition, FA2230 was identified as a transcaptregulator (TR) from the GntR
family. FA2230 showed a high level of sequencentitg with an annotated
transcriptional regulator of rhamnose utilizatioonh Jejuia pallidilutea(76% amino
acid identity); however, this has not been charamd. No published GntR-like TR
controlling the rhamnose utilization pathway wasrd. A conserved domain search

using the CD-search tool showed a ligand-bindingnaio of the negative
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transcriptional regulator FucR, a member of the RGriamily. FucR from B.
thetaiotaomicronregulates the metabolic pathways of L-fucose, ahyhgientose
closely related to L-rhamnose (Hooper et al., 19%)amnose utilization irB.
thetaiotaomicrons positively regulated by RhaR, a TR from the @ifamily (Patel
et al., 2008); however, no homologues to RhaR videatified in F. agariphila
Similar results were obtained when the rhamnoselaégs RhaR and RhaS frdfm
coli, that are also part of the AraC family but not ledmgous to RhaR froni.
thetaiotaomicronwere analyzed. These results suggest that FAZRG® be the first

member of a novel subfamily of the GntR family &4

The activity of 5 other enzymes of the PUL wereoggized from their amino acid
sequences. FA2210 was identified as an L-rhamnosaratase. Enzymes of this class
catalyze thes-p conversion of rhamnose allowing the cells to zeilihis carbon source
more efficiently (Ryu et al., 2005). FA2194 and BRR3 were identified as a 4-deoxy-
L-threo-5-hexosulose-uronate ketol-isomerase (Kdamd 2-dehydro-3-deoxy-D-
gluconate 5-dehydrogenase (KduD), respectivelys Emzyme cluster converts 5-
dehydro-4-deoxy-D-glucuronate (DKI) via 3-deoxy-Braero-2,5-hexodiulosonate
(DKII) to 2-dehydro-3-deoxy-D-gluconate (KDG). FA28 and FA2224 were
identified as a 6-phosphogluconolactonase and ddoreductase, respectively;
however, their roles in the system are unknown.i#iathlly, 6 hypothetical proteins
were also recognized, among them FA2199 showed &7#o acid identity with a
heparinase Il/lll-like protein fronBacteroides doreisuggesting that this enzyme

might be part of a novel family of ulvan lyases.
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Putative pathways for the utilization of the moreatwrides released from ulvan were
reconstructed using comparative genomics (FiguB. fathways obtained from
MetaCyc (Caspi et al., 2014) and KEGG (Kanehisd.eP016) were used as reference
for the reconstruction. Rhamnose is transportedsacthe inner membrane by
FA2161, a rhamnose permease (RhaT). Once in thaplagin rhamnose is-f3
interconverted by the rhamnose mutarotose FA22t0sabsequently converted to
lactaldehyde and dihydroxyacetone phosphate (DHBY)a “classic” rhamnose
utilization pathway, composed of a rhamnose isosee(BA2162), rhamnulose kinase
(FA3058), and a rhamnulosddolase (FA3060). Lactaldehyde is then oxidized to
pyruvate by an aldehyde dehydrogenase (FA3393)aand-lactate dehydrogenase
(FA2185), while DHAP is interconverted to D-glyclel@hyde 3-phosphate (GAP) by
a triose-phosphate isomerase (FA2719). GAP entexsEntner—Doudoroff (ED)
pathway. Xylose is translocated into the cytopldgma xylose permease (FA18),
where is sequentially converted by a xylose isose(&A17) and a xylulose kinase
(FA16) to xylulose 5-phosphate, which enters tortbe-oxidative part of the pentose
phosphate (PP) pathway. The unsaturated uronic ae@range spontaneously to
DKI, which is converted by the Kdul FA2194 to DKdhd subsequently transformed
to KDG by the KduD FA2195. KdgT and KdgX have beeported as DKI permeases
(Rodionov et al., 2004). However, no homologueth&se proteins were found
agariphila, suggesting that other permeases might facilitatediffusion of DKI in
this microorganism. Glucuronic acid is transportetb the cytoplasm by the
glucuronic acid permease (FA2278). In the cytoplaglncuronic acid is also
converted to KDG by a three-step pathway composed blucuronate isomerase
(FA9430), an altronate oxidoreductase (FA2082), amd altronate hydrolase
(FA2083). KDG is metabolized to pyruvate and GAP hy 2-dehydro-3-
deoxygluconate kinase (FA980) and a 2-dehydro-3ag@msphogluconate aldolase
(FA982). The pathway for iduronic acid was not restoucted due to lack of

information associated with the utilization of tisaigar.

85



98

v

I

xylulose

xylulose-5P

o) AP FA2719

(Kdul) 1 i
O<—>DK|—- > DKI < » DKII
FA2195

(Kdub) glycerate-1,3P,
DHAP FA3060 FA3058 FA2162
FA982 (RhaD) (RhaB) (RhaA) e
— glycerate-3P rhamnulose-1P4————prhamnulose4—— Rha <— el - Rha
KDG ¢—— KDG-6P
1 lactaldehyde alf
" glycerate-2P A
FA9430 FA2082 (UxuA) / e =
FA2278 (UxaC) (UxuB) (ALDH)
GlcA= —p GlcA¢—— fructurunate g——— mannonate Llactate
(Eail) PEP
1 / FA2185
(LDH)

pyruvate

Figure 4-9 Reconstructed pathways for monosacchate utilization in F. agariphila. Reference pathways were obtained from MetaCyc (Gasp.,
2014) and KEGG (Kanehisa et al., 2016). Identifeedymes are indicated in boxes and the names iofhtbmologues given in brackets. No DKI
permease was identified. Rha: rhamnose, Xyl: xyl@deA: glucuronic acid, and rhombus: unsaturateshic acid.



Finally, a tentative model for the ulvan utilizatipathway was built based on the
predicted activities and localization of the enzgnoé the PUL (Figure 4-10). As a
first step, the extracellular ulvan lyase degradean via g3-elimination reaction into
unsaturated oligosaccharides. Subsequently, the 87Bdlthe GH78 rhamnosidases
bound to these oligosaccharides helping to theihéu depolymerization by the outer
membrane enzymes of the system, including glycdsydeolases and sulfatases. The
resulting carbohydrates are delivered by the Sulgbgroteins to a TBDR that is
energized by the TonB-ExbBD complex to transpoenthinto the periplasm. In the
periplasm the HTCSs recognize the unsaturated tsignglycans activating the ulvan
depolymerization PUL. In addition, the unsaturateohic acids at the non-reducing
end of the oligosaccharides are cleaved by a GHritbthe resulting oligosaccharide
depolymerized to monomeric sugars by the periplasghycoside hydrolases and
sulfatases. The simple sugars and some small akgbarides are then transported
across the inner membrane to the cytoplasm by spganeases from the major
facilitator superfamily (MSF). In the cytoplasm at&-like transcription regulator is
bound by rhamnose, allowing the expression of @itbyay to convert rhamnose to
L-lactaldehyde. Rhamnose is degraded via L-lackslde to pyruvate, while xylose is
converted via the non-oxidative part of the PP wathto a-D-glucose-6-phosphate,
which enters the Embden—Meyerhof—-Parnas (EMP) mathWwhe unsaturated uronic
acids spontaneously rearrange to DKI that is cdedeto DKII by a Kdul. DKII is
converted by a KduD to KDG, which enters the EDhpaty. The remaining
glucuronic acid dimers are cleaved by glucuronidased the released products
converted to KDG by a three-step pathway compogddxdaC, UxuB, and UxuA.
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Figure 4-10 Tentative model of the ulvan utilizatio pathways ofF. agariphila. Prediction

of protein localization was carried out in silicocarding to Romine (2011). Ulvan is first
degraded into unsaturated oligosaccharides by @moedular ulvan lyase. The generated
oligosaccharides are further depolymerized by omembrane enzymes, including glycoside
hydrolases and sulfatases, and bound by a Suspditein that facilitates its delivery to a
TonB-dependent receptor (TBDR). The oligosaccharate transported into the periplasm by
the TBDR that is energized by a TonB-ExbBD compldrsaturated signature glycans are
recognized by the periplasmic sensor domain of laithytwo-component system protein
(HTCS) activating the ulvan depolymerization PULheT oligosaccharides are further
processed by periplasmic glycoside hydrolases alfatases, releasing monomeric sugars. In
particular, the unsaturated uronic acids at thenadncing end of the oligosaccharides are
cleaved by a GH105. Monomers and small oligosaabsmare transported into the cytoplasm
by sugar permeases. In the cytoplasm rhamnose tiedSntR-like transcription regulator
allowing the rhamnose utilization pathway to beregped. Rhamnose is likely to be degraded
via L-lactaldehyde to pyruvate, while xylose is eerted via the nonoxidative part of the PP
pathway ta-D-glucose-6-phosphate, which enters the EMP path@hlucuronic acid dimers
are cleaved by GH2 enzymes. Unsaturated uronis apiointaneously rearrange to 5-dehydro-
4-deoxy-D-glucuronate (DKI) which is converted ta@oxy-D-glycero-2,5-hexodiulosonate
(DKII) by a Kdul. DKl is converted by a KduD to @hydro-3-deoxy-D-gluconate (KDG),
which enters the ED pathway. Glucuronic acid i® aenverted to KDG via a three-step
pathway by UxaC, UxuB, and UxuA. Glycoside hydrelfamilies are indicated by numbers.
S: sulfatase; OM: Outer membrane; IM: Inner meméran
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4.2.2 F.agariphila growth on U. lactuca

A growth assay was performed in order to determihetherF. agariphilais able to
grow on green macroalgal biomass as the sole catameeF. agariphilacells were
used to inoculate a solution containing 35 g/lex salts supplemented with 1 g/l yeast
extract and 10 g/U. lactucabiomass. The sea salts are an artificial mix dssa
resembling the composition of ocean water. As atipescontrol the algal biomass
was replaced with 4 g/l of glucose. As a negatmetiol the sea salts, supplemented
with only yeast extract, was used as the growthimmedThe cultures were incubated
at 21°C with shaking for 6 days, and growth was meoed every day using OD 600nm
readings. The results are shown in Figure 4-11y @@ cultures containing. lactuca
biomass or glucose as the carbon source showedrosith. No clear growth was
detected for the negative control. These resultsotstrate thafe. agariphilais able

to utilize U. lactucabiomass as the main source of carbon to grow.
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Figure 4-11 Growth of F. agariphila on U. lactuca biomass.A 35 g/l sea salts preparation
supplemented with 1 g/l yeast extract and eithgft glucose or 10 gll. lactucawas used as
the medium. Medium containing only sea salts arabiyextract was used as the negative
control (NC). The cultures were incubated at 21RICexperiments included three biological
replicates. Error bars indicate one standard efrtte mean.
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4.2.3 Activity screening for F. agariphila

The influence ol. lactucabiomass on the expressionFofagariphilas enzymes with
ulvanolytic activity was studied=. agariphila cells were used to inoculate marine
broth (MB) medium with and without 10 gl. lactucabiomass. AdditionallyF.
agariphilawas grown on 35 g/l of sea salts supplemented Ivgh yeast extract and
10 g/l U. lactucabiomass. The cultures were incubated at 21°C witkisag for 3
days, and growth was monitored every day meas@iDd@g00nm. Good growth was
observed under the three conditions (Figure 4-¥9). (The highest levels oF.
agariphila growth were obtained when MB supplemented Withlactucabiomass
was used as the medium. At the same time ulvare IgaBvity was measured using
extracellular samples from the cultures. Samplesfthe different cultures were
obtained every day, the cells removed by centrifogaand the supernatant used for
the assay. A PBS-agarose plate containing solekiilizlvan was loaded with the
extracellular samples and incubated at 37°C ovbtniglvan was solubilized by
autoclaving a sample containing 10 d/llactuca For details about the pre-treatment
see supplementary results 8.2.3. A 10% (w/v) satubf cetyl pyridinium chloride
was used to stain the plate. The results are showigure 4-12 (B). Halo formation
indicates areas were ulvan has been degraded ti@gnsamples coming from cultures
grown on media containingd. lactucabiomass showed activity. These results suggest
that the presence &f. lactucain the culture medium induce the production of an
extracellular ulvan lyase. The samples from the MB. lactucabiomass cultures
produced more defined halos. This can be explayethe higher levels of growth

reached by those cultures.
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Figure 4-12F. agariphila ulvan lyase induction byU. lactuca biomass.(A) F. agariphila
growth on different media. A 35 g/l sea salts prapian supplemented with 1 g/l yeast extract
and 10 g/lU. lactucabiomass, Marine Broth (MB), and MB supplementechviid g/l ofU.
lactuca biomass were used as the medium. The cultures wmetdbated at 21°C. All
experiments included three biological replicatesoEbars indicate one standard error of the
mean. (B) Ulvan lyase activity assay. Extracellidamples from the different cultures were
deposited on a 10 g/l solubilized ulvan-PBS-agatepand incubated at 37°C overnight. The
plate was stained with 10% (w/v) cetyl pyridiniuliaride. Unstained halos correspond to the
areas where the ulvan has been degraded.

In order to screen for other activities, cells frahe fourth day of growth were

fractionated and the obtained enzyme extracts aedlpgainst different substrates.
Samples coming from an overnight culturesofcoli were also fractionated and used
as a control. A general ulvanase activity assapgusilvan as the substrate was
performed. The samples were mixed with the sulestrat incubated at 37°C for 16
h. The reducing sugars released were quantifiedjube DNS method. Clear activity

was only detected in the extracellular samples ngnfiiom the cultures grown on
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media containindJ. lactucabiomass (Figure 4-13 (A)). As in the plate assiag,MB

+ U. lactucasamples showed approximately double the activitthose withU.
lactucaalone. It is important to note that other extradal enzymes might also be
generating reducing sugars in this assay. The pcesgf rhamnosidases was analyzed
using the model substrate pNPR. The samples wexednwith the substrate and
incubated at 37°C for 1 h. Activity was detectetyon the samples obtained froim
agariphila cells grown on media containing. lactucabiomass (Figure 4-13 (B)).
Most of the activity was observed in the extradalispace. Interestingly, the samples
grown on MB + U. lactuca showed considerably higher levels of activity in
comparison with the ones grown only on the algahfaiss. Xylosidase activity was
studied using the substrate MUX. The reaction vessed out at 37°C for 1 h. In this
case the activity was observed in both intra- attdheellular samples, and as in the
case of the other substrates the activity levelseve®nsiderably higher whed.
lactucabiomass was present in the culture media (Figtk8 @C)). This time the cell
lysate sample from the culture grownUnlactucashowed significantly higher levels
of activity than the other sub-cellular fractioms.the case of the samples obtained
from the cultures grown on MB W. lactucasimilar levels of activity were obtained
for the cell lysate and extracellular samples. Gitanidase activity was assayed using
MUGICA as the substrate. The samples were incubaitidthe substrate at 37°C for
1 h. Surprisingly, no glucuronidase activity wassetved in any of the samples
obtained fromF. agariphila cultures (Figure 4-13 (D)). In contrast, the dgfate
sample obtained fronk. coli cultures showed clear activity against this suaibstr
These results confirm that not only an ulvan lyssiduced by the presence 0Of
lactuca biomass in the culture medium, but also rhamnaesslaand xylosidases.
However, contrary to what was expected no glucual@se activity was observed,
suggesting the lack of this kind of enzymes in ghistem. Conversel. coli cells
only showed activity against MUGICA.
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Figure 4-13 Activity screening of different sub-cdular fractions of F. agariphila. (A)
DNS activity assay using. lactucabiomass as the substrate. (B) Rhamnosidase gcssay
using pNPR as the substrate. (C) Xylosidase agtagsay using MUX as the substrate. (D)
Glucuronidase activity assay using MUGICA as thessnate. Activity assays were carried out
using samples from different fractions of the c@lhe samples were incubated with the
substrate at 37°C. Ke¥. a U:F. agariphila grown usingU. lactucabiomass as the sole
carbon source; F. a. MB+LE.agariphila grown on MB medium supplemented with
lactucabiomass; F. a. MBE. agariphilagrown on MB medium; and E.c LEE. coli grown

on LB medium. Experiments were done in triplicaAetivities are expressed in units of
activity per litre of culture volume. Error barglinate one standard error of the mean.

4.3 Heterologous expression of F. agariphila’s CAZY enzymes

4.3.1 Ulvan lyase from F. agariphila

In order to experimentally validate the activity thie ulvan lyase from the ulvan
utilization PUL, four constructs containing the gemere designed (Figure 4-14). The
first two, pSB1C3-Rc-lacZ’-FA2219 and pSB1C3iR-lacZ’-tFA2219, contain the
wild-type enzyme (FA2219) and a truncated versibthis one only containing the
catalytic domain (tFA2219). Additionally, two othesnstructs containing versions of
these enzymes without the signal peptide were ddedmpSB1C3-R-lacZ’-
FA221ASP and pSB1C3tR-lacZ’-tFA221NSP. All the assemblies were done using
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the PaperClip assembly method. All parts were dmegliby PCR using their
respective UF and DR primers and clips preparembtmect the different parts. Parts
included the backbone (pSB1C3), a promotef)(Pand a coding DNA sequence.
Specific RBSs designed using the RBS calculatoewadded as intervening sequences
in the middle of the clips connecting the promotsith the coding sequences. After
the assembly reaction, the constructs were us@dnsformk. coli JM109 cells and

the sequences validated by sequencing.

pSB1C3-P,-lacZ-FA2219

Cl N DT

Piacz FA2219 FA2219 His Operon

pSB1C3-P,-lacZ-tFA2219

Pl N D T

Piacz FA2219 tFA2219 His Operon

pSB1C3-P,-lacZ-FA2219ASP

|_) A — T

Piacz FA2219ASP FA2219ASP His Operon

pSB1C3-P,-lacZ-tFA2219ASP

[ @) N [
|
Placz FA2219ASP tFA2219ASP | His Operon

| Promoter D RBS ISignaI peptide
I Terminator DCDS

Figure 4-14 Constructs for the expression of the fferent versions of FA2219.All
constructs were assembled using the PaperClip ass€mrubitsyna et al., 2014). RBSs of
similar strength were designed using the RBS caloul(Salis et al., 2009). FA2219: ulvan
lyase fromF. agariphila,tFA2219: truncated FA2219, FA22A8P: FA2219 without signal
peptide, tFA2218SP: tFA2219 without signal peptidead?: Pac-lacZ’. The constructs are
described according to the Synthetic Biology Opanduage (SBOL). RBS: ribosome binding
site, CDS: coding DNA sequence.
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An ulvan lyase activity assay was performed usield lgsates.E. coli IM109 cells
carrying the four different constructs were eachuced in LB medium at 37°C and
induced for 20 h with IPTG. The construct pSB1G23-RcZ’ was used as the negative
control. Cells were harvested by centrifugationsuspended in PBS and lysed by
sonication. Ulvan-PBS-agarose plates were loadddthe cell lysates and incubated
overnight at 37°C. Cetyl pyridinium chloride wasedsto stain the plate after the
incubation period. The results are shown in Fig&w®4 (A). Only the construct
containing the enzymes with no signal peptide slibwlear halos of activity. In
addition, an activity assay using live cells wasi@do check for enzyme secretion.
OvernightE. coli IM109 liquid cultures carrying the same construeése used to
inoculate ulvan-LB-agar plates containing CML aR@G. The plates were incubated
at 37°C overnight and then stained with cetyl pyiigm chloride. None of the cultures
showed halos of activity (Figure 4-15 (B)). The 0§pSB1C3-Rc-lacZ’-FA2219 and
pSB1C3-R-lacZ’-tFA2219 in both assays produced no observableviggti
suggesting that the signal peptide has a deleterdiect on the expression of the
enzyme. However, FA2210EP and tFA2218SP were actively expressed, confirming

the enzyme as an ulvan lyase.

Cell lysate

Live cells

NC FA2219 tFA2219 FA2219ASP tFA2219ASP

Figure 4-15 Ulvan lyase activity assay for differenversions of FA2219 expressed bl.

coli. Cell lysate (A) and live cells (B) were used foe tassays. Cell lysate samples were
deposited on a 10 g/l solubilized ulvan-PBS-agapdate.E. coli cells carrying the different
constructs were used to inoculate an LB-agaroge ptmtaining 109/l solubilized ulvan and
90 ug/ml IPTG. Both plates were incubated at 37°C ogtrinand stained with 10% (w/v)
cetyl pyridinium chloride. Unstained halos correspdo the areas where the ulvan has been
degraded. NC: pSB1C3aRlacZ'.
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4.3.2 Characterization of the glycoside hydrolases

New constructs for the expression of the 13 ideatifjlycoside hydrolases from the
ulvan utilization PUL were assembled using PaperChigure 4-16). The vector
pSB1C3 was used as the backbone dad promoter added upstream of all the genes.
Specific PaperClip oligonucleotides were used tldynthe different parts and
prepare the clips. RBSs were added as interverqgesces between the promoter
and the glycoside hydrolase genes. Consideringotbeious results, all identified
putative signal peptides were removed by PCR. Abfem were validated by

sequencing and used to transfdgncoli JIM109 cells.

pSB1C3-P,-lacZ-[GH]

Clo | — | T
|
Picz [GH] [GH] His Operon

I Promoter DRBS DCDS ITerminator

Figure 4-16 Constructs for the expression df. agariphila glycoside hydrolases itk. coli.

All constructs were assembled using the PaperGkgrably (Trubitsyna et al., 2014). RBSs
of similar strength were designed using the RBSutator (Salis et al., 2009). GH: Glycoside
hydrolase fronf. agariphila, Racz: Pac-lacZ’. The constructs are described according to the
Synthetic Biology Open Language (SBOL). RBS: ribbedbinding site, CDS: coding DNA
sequence.

In order to validate the activity of the predictausaturate@-glucuronyl hydrolases,

a mixture of unsaturated oligosaccharides to be asethe substrate was generated
from ulvan using the ulvan lyase FA2219. Cell Igsatvere obtained fror&. coli
JM109 cells carrying the constructs pSB1G3-RcZ’-FA2190 and pSB1C3wR-
lacZ’-FA2222 in an analogous way to the ones from tkarulyase. The construct
pSB1C3-RclacZ’ was used as the negative control. Cell lysates wixed with the
unsaturated oligosaccharides and the reactionedaotit 37°C. Loss of C=C double
bonds was monitored by decrease in absorbanc&ab2@-igure 4-17). Only FA2222
glycoside hydrolase from the family 105 showed\isti
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Figure 4-17 Unsaturatedp-glucuronyl hydrolase activity assay A mixture of unsaturated
oligosaccharides obtained by degradation of ulwaRA2219 fromF. agariphilawas used as
the substrate. Cell lysate samples were mixed théhsubstrate and incubated at 37°C. Loss
of C=C double bonds was monitored by the decreaabsorbance at 235nMC: pSB1C3-
Pac-lacZ’. Experiments were carried out in triplicate. Errardindicate one standard error of
the mean.

All the other glycoside hydrolases were assayednagghe substrates MUX and
PNPR, to check for xylosidase and rhamnosidaseviesi, respectivelyE. coli
JM109 cells carrying the different constructs weuéured in LB and induced with
IPTG for 20 h. Cell lysates were obtained by saimocaof the cells. The substrates
were mixed with the different cell lysates and inated at 37°C. The results of the
xylosidase and rhamnosidase activity assays amrsho Figure 4-18 (A) and (B),
respectively. FA2213, a predicted xylosidase fromM3Gwas the only enzyme that
showed activity against MUX. FA2204 and FA2209, diceed rhamnosidases
belonging to GH106 and GH78, presented higher iagtagainst pNPR, the activity
of FA2209 being approximately three times highantthat of FA2204. The activities

obtained for these three enzymes coincide withrtrsglico prediction.
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Figure 4-18 Activity screening for F. agariphila glycoside hydrolases(A) Xylosidase
activity assay using MUX as the substrate. (B) Riasidase activity assay using pNPR as
the substrate. Cell extracts were incubated wighstibstrates for 1h at 37°C. NC: pSB1C3-
Pac-lacZ’. Experiments were done in triplicate. Activities asg@ressed in units of activity per
litre of culture volume. Error bars indicate onanstard error of the mean.

4.3.3 F. agariphila enzymes for ulvan degradation and utilization

A construct containing the genes coding for theyeres FA2194 and FA2195, which
are responsible for the utilization of the unsatotauronic acid released by the UGL,
was assembled using the PaperClip assembly mekhgdré 4-19). The genes were
cloned into pSB1C3 and a singlgc promoter was added. Parts and clips were

prepared using specific PaperClip oligonucleotitR3Ss were added upstream of the
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pSB1C3-P,-lacZ-FA2194-FA2195

cells and the sequence validated by sequencing.

genes as intervening sequences. Assemblies wedetadeansforme. coli IM109

-

)

T

P/acZ !

FA2194

[ \
| E—

FA2194

FA2195

[ \
| I—

FA2195

His Operon

| Promoter ORBS DCDS I Terminator

Figure 4-19 Constructs for the expression of FA2194nd FA2195 fromF. agariphila in

E. cali. The construct was assembled using the PaperClgmimg (Trubitsyna et al., 2014).
RBSs of similar strength were designed using th& B&culator (Salis et al., 2009). FA2194:
4-deoxy-L-threo-5-hexosulose-uronate ketol-isomei@lul) fromF. agariphilay FA2295:
2-dehydro-3-deoxy-D-gluconate 5-dehydrogenase (Rd#az: Pac-lacZ’. The constructs
are described according to the Synthetic Biologgm®panguage (SBOL). RBS: ribosome
binding site, CDS: coding DNA sequence.

In order to enzymatically pretreat ulvan the use ddferent combinations of
heterologous expressed CAZymes was studied. MOunmesdlupplemented with ulvan
was prepared and used as the substrate for theoreaCell lysates were obtained
using the construct for the production of the rhasitase FA2209, the xylosidase
FA2213, the ulvan lyase FA2219, and the UGL FA2Z2i¥erent combinations of
the cell lysates were mixed with the ulvan-contagnimedium and the samples
incubated at 37°C for 16 h. A cell lysate frdin coli cells carrying the construct
pSB1C3-RclacZ’ was used as a negative control. The DNS methodused to
quantify the reducing sugars released by the entzgme-treatments. The results are
shown in Figure 4-20 (A). The pre-treatment contegnonly FA2219 showed
considerably higher activity than the other singheyme pre-treatments. This can be
explained by the fact that FA2219 is the only eneyhaving endolytic activity,
highlighting its importance in the ulvan degradatgystem. No clear synergies were
observed between the different enzymes; this mightattributed to the lack of
sulfatases in the pre-treatment reactions.

A growth assay using. coliJM109 cells and the enzymatically pre-treated anedis

performed. Cells were grown for 18 h at 37°C aredrésults are shown in Figure 4-20
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(B). Surprisingly, an improvement in growth was etved when FA2219 was used
alone for the pre-treatment, but no major chande=mwihe other enzymes were added.
In addition, the use of construct pSB1Gg&facZ’-FA2194-FA2195, containing the
enzymes for the utilization of the unsaturated ic@cid released by the UGL was
studied. E. coli JM109 cells carrying the construct were grown gsihe same
conditions as described for the previous experim8imilar levels of growth were
achieved for all the pre-treatments; however, withrall slower growth rates (Figure
4-20 (C)). These results suggest that the conshasta negative effect da coli

growth and no apparent benefit.
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Figure 4-20 Growth of E. coli JM109 on enzymatically pre-treated ulvan.(A) DNS
activity assay using ulvan in M9 medium suppleméntgéth 0.2 g/l yeast extract as the
substrate. Different combinations of enzyme extragere mixed with the substrate and
incubated at 37°C for 16 h. (B) Growth Bf coli IM019 on enzymatically pretreated ulvan.
(C) Growth ofE. coli JM019 carrying the construct pSB1Ca-facZ’-FA2194-FA2195 on
enzymatically pretreated ulvan. All cultures werewgn at 37°C and IPTG used for induction.
M: not pre-treated medium. NC: Enzyme extract otgdifrom cell carrying the construct
pSB1C3-Rc-lacZ’. Experiments were done in triplicate. Error baicate one standard error
of the mean.
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To verify whether pSB1C3+R-lacZ’-FA2194-FA2195 has a negative effectrcoli
growth, a new analysis was done this time usinghf8lemented with glucose as the
medium.E. coliJM109 cells with and without the construct wertwred at 37°C for
18 h. The results confirmed a decrease in the dgroate when the construct was used
(Figure 4-21).

25

—8—NC

OD 600nm

—8—FA2194-FA2195

0 2 4 6 8 10 12 14 16 18
Time [h]

Figure 4-21 Growth of E. coli JM019 expressing FA2194 and FA2195 on M9-glucose
medium. M9 supplemented with 0.2 g/l yeast extract andl4lgcose. FA2194-FA2195:
cells carrying the construct pSB1CR3-PacZ’-FA2194-FA2195. NC: cells carrying the
construct pSB1C3:R-lacZ’. All cultures were grown at 37°C and IPTG usedifaiuction.
Experiments were carried out in triplicate. Errardindicate one standard error of the mean.

4.4 Discussion

A potential PUL for ulvan utilization was detectadthe genome of the seaweed-
associated bacterta agariphila A total of 13 PULs were identified i agariphila’s
genome (Mann et al., 2013). The PUL for ulvan zdiion is the longest one, which
can be explained by the high complexity and valitglof the substrate. The activity
and cell localization of the proteins encoded ey BtUL were predicted in-silico and
used to build a tentative model for ulvan utilipati The PUL includes an extracellular
ulvan lyase and a UGL, enzymes that have beendginegported to be involved in
ulvan depolymerization (Collen et al., 2014; Collenal., 2011). However, other
enzymes such as rhamnosidases, xylanfisgiscuronidases and sulfatases were also
identified as part of the saccharolytic machin@itye PUL also contains the enzymes
Kdul and KduD, which participate in the utilizatiarh the unsaturated uronic acids
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released by the UGL. Additionally, two HTCSs an@mtR-like protein were found.
HTCSs are specific regulatory systems from Bactietes involved in the
transcriptional regulation of the genes containedhie PULs, while the GntR-like

proteins control specific monosaccharide utilizagp@athways (Ravcheev et al., 2013).

The activities of the CAZymes from the PUL werediceed based on the CAZY
families they belong to and phylogenetic studiethefcharacterized members of the
family when this possessed more than one actiVig enzymes belonging to GH3
were clustered with enzymes possessing differantitaes, and the structure of ulvan
was considered as an additional criterion for tkeigmation of the activity. In
particular, FA2220, a member of GH39, did not shogh levels of homology with
any of the enzymes of the family; however, the @nes of iduronic acid in ulvan
might suggest that FA2220 is a noudduronidase. So far no bacterialduronidase
has been reported and all of the eukaryotic enzymitbshat activity belong to GH39.
Overall one ulvan lyase (EC 4.2.2.-), two UGL (E@.3.-), foura-L-rhamnosidases
(EC 3.2.1.40), threef-xylosidases (EC 3.2.1.37), thregglucuronidases (EC
3.2.1.31), and onex-iduronidase (EC 3.2.1.76) were predicted. Nevégtse
experimental validation of the activities is re@air Additionally, CBMs were found
to be associated with four of the enzymes, progdixtra insights about the activities
of their cognate catalytic domains. Members of CBIM& family of CBM identified

in one of the predicted cytoplasnfleglucuronidases, have shown ligand specificity
for glucuronic acid (Montanier et al., 2009). Likee, the two predicted outer
membrane rhamnosidases contain a CBM67. This yamhiCBMs has been shown
to enhance the catalytic efficiency of the enzyrbgsbinding terminal rhamnose
residues from oligosaccharides and polysaccha(klgsnoto et al., 2013). Finally, a
CBM13 was found in the ulvan lyase. CBM13s havenbesported to improve
catalytic efficiency of both glycoside hydrolaseslalginate lyases (Fujimoto, 2013;
Li et al., 2015). Moreover, a predicted outer meamnlerhypothetical protein showed a
low level of sequence identity (27% amino acid idghwith a heparinase Il/llI-like
protein, suggesting that it might be part of a hadean lyase family.

Ulvan is a highly sulfated polysaccharide (LahayeR&bic, 2007). Sulfate groups

confer resistance to saccharification by bactayiwtoside hydrolases (Ulmer et al.,
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2014). Considering that, desulfation of the oligm$erides by sulfatases is crucial for
the release of monosaccharides units by the diffeglcoside hydrolases. Several
sulfatases involved in the degradation of GAGs haeen characterized according
their substrate specificity (Hanson et al., 200¢49wever, no sulfatase involved in
ulvan utilization has been reported and thus faramino acid sequence associated
with a bacterial 3-O-sulfatase is available. Ndwelgss, the characterized GAG
degrading sulfatases were used for a phylogenedilysis of the 8 sulfatases found in
the PUL. Although it was not possible to determihe substrate specificity of the
enzymes, the results showed high levels of sequdivagsity. Moreover, all the
sulfatases of the PUL were categorized as Cys-&fe the identification of their
conserved signature sequence. This facilitates hi@erologous expression in a host
like E. coli, not requiring the presence of an anaerobic adétnaturating enzyme
(anSME) as in the case of Ser-type sulfatases (ttred., 2014). The characterization
of these enzymes is of great importance to fulldarstand the biodegradation of

ulvan.

Three types of specific regulatory systems haven weported for the regulation of
PULSs from Bacteroidetes: SusR-like regulators, H3@&d extracytoplasmic function
(ECF) sigma/anti sigma factors (Ravcheev et all320In the case of the PUL for
ulvan utilization fromF. agariphilatwo HTCS were identified. Both HTCSs possess
a COG3292 sensor domain, thus are predicted tatbated by oligosaccharides. A
phylogenetic analysis showed that both proteins dosely related to HTCSs
associated with the utilization of chondroitin st and heparin/heparan sulfatéin
thetaiotaomicron suggesting that the sulfate groups might be inaporfor the
recognition of the signature oligosaccharides. Hmxghe signature oligosaccharides
that activate the PUL still remain unknown andHartcharacterization of the proteins
is required. Isothermal titration calorimetry (IT8as been used to study the binding
of different oligosaccharides to the sensor dorésmHTCS (Lowe et al., 2012), and
it might be useful to determine the signature dagrharide which induces this

system.

Moreover, FA2230, a TR that belongs to the GntR-fikmily, was identified as part
of the PUL. Interestingly, FA2230 showed high hoogyl with a conserved domain
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of the sub-family FucR, which regulates the utili@a of fucose. However, no fucose
is found in the structure of ulvan. Consideringttiizcose is closely related to
rhamnose and no TRs homologous to known rhamngseiated TRs were identified
in F. agariphila, FA2230 is likely to be the first member of a nlosgbfamily of GntR-
like TRs. Additionally, the ulvan utilization PUk the only PUL ir-. agariphilathat

Is associated with the degradation of rhamnoseehasigsaccharides and the presence
of a TR associated with the utilization of its mémal product is logical. FA2230 is
likely to function in an analogous way to FucR mdtead of having fucose binding
to the FucR repressor to induce the expressiorhefficose utilization pathway
(Hooper et al., 1999), rhamnose binds FA2230 tacedhe expression of enzymes

for the utilization of rhamnose.

The pathways for the utilization of the releasechosaccharides iR. agariphilawere
also reconstructed by comparative genomics. Thenstaucted pathways considered
all the enzymes involved in the transformationha sugar to an intermediate of the
central metabolism, including cytoplasmic catab@imzymes and inner membrane
sugar transporters. The pathways for the utilizatmf rhamnose, xylose and
glucuronic acid were fully reconstructed. Additiipathe pathway for the utilization
of the unsaturated uronic acid released by the Wels partially reconstructed
including two of the enzymes from the PUL (FA219#H&A2195). However, no
proteins homologous to reported permeases wergifiddn No utilization pathway
for iduronic acid was found in the literature. Thezonstructed pathways serve as
bridges between the ulvan degradation machinerytla@atentral metabolism .

agariphila; however, they need to be expanded and refinddexperimental data.

F. agariphila was able to grow otJ. lactucabiomass as the sole carbon source,
suggesting that it possess all the pathway to degaad utilize the algal biomass.
Considering thaf. agariphilais not able to grow on cellulose (Mann et al.,201he
growth might be associated with the expressioh@&nzymes of the ulvan utilization
PUL. In support of this theory, it was shown thagzynes with ulvanase activities
were induced when the algal biomass was in theurmultnedium. Ulvan lyase,
rhamnosidase and xylosidase activities were deteateen media containingy.

lactucabiomass were utilized. These results are consistigimthe predicted enzymes
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observed in the PUL. The ulvan lyase activity wasesved mainly in the culture
medium, confirming that is an extracellular enzynmeerestingly, differences were
observed in rhamnosidase and xylosidase activassociated with the different
subcellular fractions whel. agariphilawas grown otJ. lactucaor MB +U. lactuca
This might suggest that the peptone in the mediumghimaffect somehow the
regulation of the PUL. Surprisingly, no activity svabserved when the model
substrate fo3-glucuronidases MUGICA was used. A transcriptomalysis of the
PUL might be useful to elucidate how the expressibtinese enzymes is affected by

the presence of the algal biomass in the culturdiume

To validate the activity of the CAZymes identifigdthe PUL, these were cloned into
E. coli and heterologously expressed. FA2219 was confirase@n ulvan lyase.
Additionally, a truncated version of FA2219 contagonly the catalytic domain was
also functionally expressed. However, the ulvaséyactivity was observed only when
the enzymes were expressed without their putatigeak peptides. These results
suggest that, as in the case of CHU2268, the spgratides have a deleterious effect
on the expression of the enzyme. Considering thlisthe other enzymes were
expressed without their signal peptides. From thedipted UGL, only FA2222
showed activity when unsaturated oligosaccharidedyzed by the ulvan lyase were
utilized as the substrate. The remaining glycosigyelrolases were tested for
xylosidase and rhamnosidase activity. FA2204 an@208 showed rhamnosidase
activity, while FA2213 showed xylosidase activitfhese results confirm their
predicted activities obtained in-silico. MUGICA wast tested as a substrate due to
background activity generated bypaglucuronidase fronk. coli. Considering this,
purification of the enzymes might be required. Mwer, different growth conditions
and additional substrates have to be tested tpdblracterize the CAZymes from the
PUL.

In order to study possible synergies between therdlegous expressed CAZymes,
different combination of these enzymes were usedegrade ulvan. However, no
synergies were detected and most of the degradatisrgenerated by the ulvan lyase.
These results might be explained by the presencailédte groups preventing the

action of the glycoside hydrolase, implying thag¢ gulfatases are essential for the
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complete depolymerization of ulvan. Additionallgetenzymatically pre-treated ulvan
was used as the culture medium for coli. Surprisingly, a considerable growth
increase was observed when ulvan was pretreatgavithithe ulvan lyase, suggesting
thatE. coliis able to utilize the unsaturated oligosaccharginerated by this enzyme.
A GH105 found irE. coli’'sgenome (locus tag WP_001767851) showed 34% amino
acid identity with the UGL fromF. agariphila and might explain these results.
However, this enzyme has not been characterized i@nd@ctivity against the
unsaturated oligosaccharides has to be experilhentalidated. Furthermore,
homologues to Kdul (locus tag WP_000383256) and [Kd@locus tag
WP_000345753) showing 55% and 56% amino acid iyewtith the ones fronf.
agariphilawere also found i&. coli. MoreoverE. coligrowing in the same pretreated
media expressing Kdul and KduD frof agariphilawas also analyzed; however,
only a decrease in the growth rate was observeesd hesults suggest that the use of
E. colis native enzymes is sufficient to allow growthrfrahe unsaturated residues
generated by the ulvan lyase. Nevertheless, treddef growth achieved were very

poor and the system has to be optimized.

Overall, it was possible to confirfa. agariphilds capability to utilize green algal
biomass by three lines of evidence: (1) analysissdPUL found in its genome
containing all the potential genes required foranlwtilization, (2) growth oruJ.
lactucaas the sole carbon source with clear inductioolednase enzymes, and (3)
the heterologous expression of the CAZymes fronPtbe validating their predicted
activities. Moreover, it was possible to recondtriac the first time a pathway for
ulvan utilization based on the enzymes from the PBlrthermore, ulvan lyase,
rhamnosidase, and xylosidase activities were fdark induced by the presence of
U. lactucabiomass in the culture medium. The heterologoysession irk. coli of
an ulvan lyase, 2 rhamnosidases and a xylanase thenulvan utilization PUL,
confirmed the importance of these enzymes for #motymerization of ulvan. This is
the first time that rhramnosidases and xylosidasssaated with the depolymerization
of ulvan have been identified. Nevertheless, thigust a first step to completely
understand the machinery required for the util@atof ulvan and further work

regarding the identification of the enzymes andil&iipn of the pathway is necessary.
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5 Secretion of the ulvan lyase from F. agariphilain E.

coli

5.1 Introduction

Consolidated bioprocessing (CBP) has been propasexcost effective alternative
for biofuel production (Lynd et al., 2005), comlrigienzyme generation, biomass
saccharification and biofuel/bio-product productiora single bioreactor. This can be
achieved using genetic engineering, introducindy lxdmass-degrading and biofuel-
producing pathways into a single microorganismjding the costs associated with a

dedicated enzyme generation step (Bokinsky e2@l.l).

This approach has been already successfully usetidgroduction of ethanol from
brown macroalgal biomass usikgcolias the host (Wargacki et al., 2012). However,
no CBPs have been reported for the bioconversigredn macroalgal biomass into
biofuels or other valuable products.

E. colis unparalleled genetic tractability and its natucapability to assimilate
rhamnose, xylose and glucuronic acid, the maindmgl blocks of ulvan, make it an
ideal host for the design of a CBP for the utiliaatof green macroalgal biomass.
Nevertheless, a heterologous ulvan degradatioremsystill has to be designed and
incorporated intcE. coli. In particular, the secretion of an endolytic ulgase is
crucial in order to generate smaller oligosaccleiftom ulvan that can be uptaken
by the cells.

E. coliis known as a poor secretor of proteins (Ni & CH2009). Several strategies
have been studied to promote the extracellularesgion of recombinant enzymes,
including the use of outer membrane leaky stra@mgjineered secretion apparatus
from E. coli and secretion partners with unknown translocatir@mchanisms (Ni &

Chen, 2009). Successful secretion of specific emsyusing these systems is difficult

to predict and usually involves much trial and erro

In chapter 4 it was shown that FA2219 frémagariphilaexpressed bk. coliJM109

was active against ulvan, making it an interestagdidate for a heterologous ulvan
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degradation system. However, this strain was niettalsecrete the enzyme, probably
due to the lack of the type IX secretion systemS$Pwhich is usually only found in
Bacteroidetes (Abby et al., 2016). In order to secthis enzyme, and use it as the first
step of an ulvan degradation pathway, the usereéttlifferent system were analyzed:
(1) the secretion partner OsmY frdm coli (Qian et al., 2008), (2) an antigen 43
(Ag43) autotransporter based system (Wargacki et 2012), and (3) the
endoglucanase CenA frodh fimiused as secretion partner.

5.2 Secretion of the ulvan lyase using different system S

5.2.1 Secretion using the fusion partner OsmY

OsmyY, a small (18.2 kDa) osmotically-inducible pésmic protein fronf. coli, has
been reported as one of the most efficient fusiarntngrs for the secretion of
heterologous proteins of different sizes and osgisingE. coli (Qian et al., 2008).
This secretion system has been already utilizedttier design of CBPs for the
production of bio-products from different typespulysaccharides (Bokinsky et al.,
2011; Zheng et al., 2012). Therefore, it is anregtng alternative for the secretion of
the ulvan lyase frorf. agariphila

Three fusion proteins were designed in order tdysthe secretion of the ulvan lyase
FA2219 using OsmY as a secretion partner (FigutA)). Considering that a smaller
protein requires less energy and carbon flux degetoward its synthesis and that it
has been reported that larger proteins are maofieuifto pass though the membrane
(Ni & Chen, 2009), only the catalytic domain of FEA® without the signal peptide
(tFA2219) will be secreted. Linkers with differeptoperties were used between
OsmY and tFA2219, including standard flexible aigitrlinkers (FlexL and RigidL,
respectively) (Chen et al., 2013), and a prolimedhine linker from the exoglucanase
Cex fromC. fimi (CexL) (Poon et al., 2007) (see Table 2-6 fordbguences).
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A

Enzyme Length (amino acids) Mw (kDa)
0 200 400 600
osmY_FlexL_tFA2219 ISR 54.1
OsmY_RigidL_tFA2219 [ [IEELAN | 53.8
osmY_CexL_tFA2219  [JIEEN2D 55.4
I Signal peptide I Flex linker | Rigid linker Cex linker
B

pSB1C3-P,-lacZ-0osmY_[L]_tFA2219

|_> N —\ T
L

Placz osmY osmY_[L]_ His Operon
tFA2219

| Promoter QRBS DCDS ITerminator

Figure 5-1 OsmY secretion system foF. agariphila’s ulvan lyase.(A) Design of the
OsmY-tFA2219 fusion proteins. Three different lirkkavere used to connect the enzymes.
The signal peptide from OsmY is also indicated. @®nstructs for the secretion of the ulvan
lyase using the fusion partner OsmY. All construstre assembled using the PaperClip
assembly (Trubitsyna et al., 2014). OsmY: osmdiicaiducible protein fromE. coli,
tFA2219: truncated ulvan lyase without signal pgptiromF. agariphila Pacz: Pac-lacZ’,

[L]: linker. The constructs are described accordimghe Synthetic Biology Open Language
(SBOL). RBS: ribosome binding site, CDS: coding DEéquence.

The different constructs were assembled using Rdipeassembly (Figure 5-1 (B)).
All parts were amplified by PCR using their respectUF and DR primers. In
particular,osmYwithout its stop codon was obtained uskgcoli IM109 cells as the
template. A specific RBS for OsmY with a targensfation initiation rate of 10,000
on the RBS calculator proportional scale, desigrs#ag the RBS calculator (see Table
2-5 for the sequence), and the linker sequences added as intervening sequences
in the middle of the clips connectingad2-osmYand osm¥tFA2219, respectively.
Four part assembly reactions were performed ubie@arts pSB1C3,4&, osmYand
tFA2219 and the respective clips to connect théspdihe results of the assembly
reactions were used to transfoin coli JIM109 cells and constructs validated by

sequencing.
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An ulvan lyase activity assay using live cells wasformed to check whethgr coli

Is able to secrete the OsmY-tFA2219 fusion protdirtsas been reported that coli
BL21 (DE3) cells exhibit considerably higher levelssecretion compared with.
coli K12 strains using this system (Qian et al., 2008)s it was selected to be used
for the assayE. coliBL21 (DE3) cells were transformed with the differeonstructs
and overnight cultures used to inoculate an ulvBrabgarose plate. Cells carrying the
construct pSB1C3+R-lacZ’ were used as a negative control. The plate wabated

at 37°C overnight and then stained with cetyl pwpiidn chloride. Halos indicating
degradation of ulvan were observed only when this eesre carrying the constructs
containing the flexible linkers, pSB1C3dlacZ’-osmY FlexL tFA2219 and
pSB1C3-R-lacZ’-osmY CexL_tFA2219 were used (Figure 5-2). These results
suggest that the linkers between the two domaimgsher great importance, affecting

the secretion and/or activity of the ulvan lyase.

J

NC OsmY OsmY OsmY
FlexL RigidL CexL
tFA2219 tFA2219 tFA2219

Figure 5-2 Ulvan lyase activity assay for the diffieent OsmY secretion constructs
expressed byE. coli. E. coliBL21 (DE3) cells carrying the different construatsre used to
inoculate an LB-agarose plate containing 10g/Ilsibked ulvan and 9Qg/mlIPTG. The plate
was incubated at 37°C overnight and stained witto XQ/v) cetyl pyridinium chloride.
Unstained halos correspond to the areas whereltha has been degraded. NC: pSB1C3-
Pac-lacz’.

5.2.2 Secretion using CenA as a fusion partner

Considering that the endoglucanase CenA fanfimiis secreted bft. coli (Guo et
al., 1988), the possibility of using this enzymeaasecretion partner and at the same
time generating a fusion enzyme able to degrade bleein and cellulose was also
explored. An enzyme containing these two activitigeuld be highly useful
considering that ulvan and cellulose are the maiysaccharides from green algal

biomass. The use of an endoglucanase fBamillus subtilisas a fusion partner for
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secretion of heterologous proteinsHn coli has been recently reported (Gao et al.,

2015), supporting the idea of using CenA as a fiearpartner too.

The constructs containing the CenA-tFA2219 fusioatgins were designed and
assembled in an analogous way to the ones wher&f @&s used, utilizing the same
three different linkers between the two enzymegufé 5-3). The results of the three

assemblies were used to transform E. dbMil09 and the constructs validated by

sequencing.
A
Enzyme Length (amino acids) Mw (kDa)
0 200 400 600 800

CenA_FlexL_tFA2219 [ EE 79.7
cenA_RigidL_tFA2219 || I | 79.4
Cenh_Cext_tFA2210 [} N 81

. Signal peptide I Flex linker | Rigid linker Cex linker
B

pSB1C3-P,,.-lacZ-cenA_[L]_tFA2219

|_) N —\ T

|
Placz cenA cenA_[L]_ His Operon
tFA2219

| Promoter DRBS DCDS |Terminator

Figure 5-3 CenA secretion system foF. agariphila’s ulvan lyase (A) Design of the CenA-
tFA2219 fusion proteins. Three different linkersrevased to connect the enzymes. The signal
peptide from CenA is also indicated. (B) Constridiotshe secretion of the ulvan lyase using
CenA as a fusion partner. All constructs were ab$siinusing the PaperClip assembly
(Trubitsyna et al., 2014). CenA: endoglucanase f@rfimi, tFA2219: truncated ulvan lyase
without signal peptide fronk. agariphila Racz: Pac-lacZ’, [L]: linker. The constructs are
described according to the Synthetic Biology Opanduage (SBOL). RBS: ribosome binding
site, CDS: coding DNA sequence.

In order to check whethér. coliis able to secrete the different CenA-tFA2219dasi
proteins, activity assays for endoglucanase andnulyase activity using live cells

were performed. To do sd&. coli BL21 (DE3) cells were transformed with the
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different constructs and overnight cultures usethéaulate plates containing CMC-
LB-agar and ulvan-LB-agarose. Cells carrying thestaicts pSB1C3:R-lacZ’ and
pSB1C3- Rc-lacZ’-cenAwere used as a negative control and positive gbfar the
endoglucanase activity assay, respectively. Theéeplavere incubated at 37°C
overnight. The plate containing CMC was stainedgi€ongo Red and washed with
NaCl. The results are shown in Figure 5-4 (A), vehttie unstained halos correspond
to the areas where the CMC has been degraded ella@xpressing CenA alone were
the ones that generated the biggest halo, followlryg the ones expressing
CenA_FlexL_tFA2219, CenA CexL_tFA2219 and CenA_RIigitFA2219. No clear
activity was observed for the negative control. Pnesence of ulvan lyase activity
was studied after staining the plate containingmlwith cetyl pyridinium chloride.
None of the samples showed halos of activity (Fedasd (B)). This indicates that no
enzyme with ulvan lyase activity was secreted.

NC CenA CenA CenA CenA
FlexL RigidL CexL
tFA2219 tFA2219 tFA2219

Figure 5-4 Live cell activity assays for the CenAexretion constructs expressed bi. coli.

(A) CMC activity assay for endoglucanase activity. LB-agar plate containing 2 g/l CMC
and 90ug/ml IPTG was used for the ass&y.coliBL21 (DE3) cells carrying the constructs
were used to inoculate an LB-agar plate contai@ligd CMC and 9Qug/ml IPTG. The plate
was incubated at 37°C overnight, stained with CdrRgd and washed with NaCl. Unstained
halos correspond to areas where CMC has been kgdbl(B) Ulvan lyase activity assdg.
coli BL21 (DE3) cells carrying the constructs were us®dhoculate an LB-agarose plate
containing 10g/l solubilized ulvan and $@/ml IPTG. The plate was incubated at 37°C
overnight and stained with 10% (w/v) cetyl pyridimi chloride. Unstained halos correspond
to the areas where the ulvan has been degradehSBLC3-R-lacZ’.
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An additional endoglucanase activity assay wasoperéd using enzyme extracts from
different sub-cellular localization i&. coli BL21 (DE3) cell carrying the CenA-
tFA2219 constructs. The cells were obtained from d&Btures grown at 37°C
overnight. The samples were deposited on a CMC-&@g8-plate and incubated at
37°C overnight. The plate was stained with Congd Bed washed with NaCl. The
results are shown in Figure 5-5. The samples cont@iCenA were the ones that
showed the biggest halos in all the different faxd. A similar activity profile to the
one obtained using the live cells was observed wherextracellular samples were
assayed. Interestingly, a different activity prefivas observed for the periplasmic
samples, where similar levels of activity were atsed from the construct containing
the flexible and rigid linkers. None of the fract®associated with the negative control

showed activity.

Extracellular

Debris

Periplasm

Cytoplasm

NC CenA CenA CenA CenA

FlexL RigidL CexL
tFA2219 tFA2219 tFA2219

Figure 5-5 CMC activity assay of the different subeellular fractions of E. coli cells
carrying the CenA secretion constructsE. coli BL21 (DE3) cells carrying the different
constructs were grown in LB medium with @/ml IPTG at 37°C overnight. Enzyme extracts
belonging to the different sub cellular fractiorganed and deposited on a 2 g/l CMC-PBS-
agar plate and incubated at 37°C overnight. Thie plas stained with Congo Red and washed
with NaCl. Unstained halos correspond to areas avi@&C has been hydrolysed. NC:
pSB1C3-RclacZ'.
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5.2.3 Secretion using the autotransporter protein A g43

Antigen 43 (Ag43), is an autotransporter proteianid in mostE. coli strains that
contains within itself all the components requifedtransport to the outer membrane
and extracellular secretion (Kjaergaard et al.,2208g43 consists of an N-terminal
signal peptide that directs the protein to thegdasimic space, anpassenger domain,
and a C-terminal outer membrane translocatof-oarrier domain (Henderson &
Owen, 1999). Ther-passenger domain is transported outside the gethé outer
membrang-domain. Once translocated, the passenger domeleaged, presumably
by an autoproteolytic mechanism, and anchored ¢octil surface by noncovalent

interaction with thg-domain (Henderson & Owen, 1999).

This system has been mainly used as a tool toajiggitopes and protein domains on
bacteria cell surfaces (Kjaergaard et al., 2002weéler, Wargacki et al. (2012) re-
engineered the system implementing two design noadiibns in order to secrete an
alginate lyase. First, a substantial portion frov@cdt-domain was removed to prevent
surface attachment (from A52 to N455) and repldmgthe catalytic domain of the

alginate lyase. Second, an aspartyl protease aitev&om the removed portion of the

a-domain was re-inserted between the alginate lglasgin and the remaining Ag43.

An Ag43-tFA2219 secretion system was designed basebe specification given by
Wargacki et al. (2012) (Figure 5-6 (A)). A constregontaining the Ag43-tFA2219
secretion system was assembled using PaperClimbbsé-igure 5-6 (B)). A 5 part
assembly was performed using pSB1Gg&zfAg43 signal peptide, tFA2219 and the
Ag43N455 as the parts. Ag43 signal peptide and AigES were amplified by PCR
using DNA obtained fronk. coliJM109 cells as the template. Additionally, a speci
RBS with a target translation initiation rate of,A@0 on the RBS calculator
proportional scale, designed using the RBS calou(akee Table 2-5 for the sequence),
and the aspartyl protease active site were addedesngening sequences in the middle
of the clips used to connectad2-Ag43 signal peptide and tFA2219-Ag43N455,
respectivelyE. coliJM109 cells were transformed with the result eféssembly and

the sequence confirmed by sequencing.
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Figure 5-6 Ag43 secretion system fdf. agariphila’s ulvan lyase.(A) Design of the Ag43-
tFA2219 secretion systenfihe truncated ulvan lyase tFA2219 was introduceal passenger
between the signal peptide from Ag43 and the Ag4&ENdomain Additionally, an aspartyl
protease active site from the original passage donfaAg43 was added as a linker between
the two domains. The Ag43N455 domain is composethbg-carrier domain and a small
portion of thea-passenger domai¢). (B) Construct for the secretion of the ulvansiga
using the Ag43 system. The construct was assembsalg the PaperClip assembly
(Trubitsyna et al., 2014). Ag43: antigen 43 fr@n coli, tFA2219: truncated ulvan lyase
without signal peptide fronf. agariphila Racz: Pac-lacZ’. The constructs are described
according to the Synthetic Biology Open Language(B). RBS: ribosome binding site,
CDS: coding DNA sequence.

In order to check whether the Ag43-based secredymtem was working an ulvan
lyase activity assay using live cells was perform&a ulvan-LB-agarose plate was
inoculated withE. coli BL21 (DES3) cells carrying the construct pSB1G3-RcZ'-
ag43 tFA2219 and incubated at 37°C overnight. The ¢canstpSB1C3-Rc-lacZ’
was used as a negative control. The plate wasestauith cetyl pyridinium chloride
to visualize ulvan degradation. A clear halo of\aigt was observed when the Ag43-
based secretion system was used (Figure 5-7),atmic that the ulvan lyase is
secreted. However, the cell growth seems to beraelyeaffected by the expression
of the secretion system. This might be explainedhaydestabilization of the outer
membrane due to the high level of insertions offwarrier domain (Narayanan &
Chou, 2008).
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NC Ag43_tFA2219

Figure 5-7 Ulvan lyase activity assay for the Ag48ecretion construct expressed bi.
coli. E. coliBL21 (DE3) cells carrying the construct were usedhoculate an LB-agar plate
containing 10g/l solubilized ulvan and 9@/ml IPTG. The plate was incubated at 37°C
overnight and stained with 10% (w/v) cetyl pyridim chloride. Unstained halos correspond
to the areas where the ulvan has been degradecpHBLC3-Rc-lacZ’.

5.2.4 Comparison of the different secretion systems

A total of three different constructs showed clabranase activity: pSB1C3:>
lacZ’-osmY FlexL tFA2219, pSB1C3iR-lacZ’-osmY CexL_tFA2219, and
pSB1C3-R-lacZ’-ag43 tFA2219. In order to compare the different congland
determine the sub-cellular localization of the engg a quantitative activity assay
using ulvan as the substrate was perfornkedcoli BL21 (DE3) cells carrying the
different constructs were used to inoculate 50 Bihhedium and the flasks incubated
at 37°C with shaking until Ofg ~0.6 was reached. Protein expression was induced
with 90 pg/ml IPTG under the same conditions for 20 h. Celse harvested by
centrifugation and the different sub-cellular frans obtained. The protein extracts
were mixed with solubilized ulvan in PBS and thacten incubated at 37°C for 4 h.
The DNS method was used to quantify the reducedrsigdleased. The results are
shown in Figure 5-8. The samples from the extratalfraction showed considerably
higher activity than the ones from the other suhit@ fractions when the three
construct were used. These results indicate tleatthjor fraction of the enzyme is
efficiently secreted into the medium. Additionaltiie levels of activity exhibited by
the Ag43-based secretion system were markedly hibhe the ones from the OsmY-
based systems, confirming the results obtained thenplate activity assay. Moreover,
the activity obtained from the extracellular samplethe culture expressing the
construct pSB1C3+R-lacZ’-osmY CexL_tFA2219 was significantly higher than the
sample expressing pSB1C3HacZ’-osmY FlexL tFA2219.
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Figure 5-8 Ulvan lyase activity sub-cellular distrbution profiles of the different secretion
system.E. coliBL21 (DE3) cells carrying the different construatsre grown in LB at 37°C
and used to obtain the sub-cellular fractions. diteyme extracts were mixed with solubilized
ulvan and the reactions carried out at 37°C. Th&Di¢thod was used to quantify the reducing
sugars generated. Experiments were done in tripliéaror bars indicate one standard error
of the mean. ***p < 0.001.

In addition, 48 h time-course profiles of the grovand extracellular ulvan lyase
activity were obtained using cultures carrying tenstructs pSB1C3rR-lacZ’-
osmY CexL_tFA2219 and pSB1C3aRlacZ’-ag43 tFA2219.E. coli BL21 (DES3)
overnight cultures were used to inoculate 50 ml mBdium, the cultures were
incubated at 37°C with shaking and @§@'ml IPTG used for induction after 3 h. The
cultures were maintained under the same condifimnadditional 45 h and samples
collected after 6, 12, 24 and 48 h from the sfdré growth curves are shown in Figure
5-10 (A). The cells carrying the OsmY-based searesiystem showed a dramatically
higher level of growth after 6 h of incubation, hewer, similar levels of growth were
observed from the 12 h time point onward. To measiie ulvan lyase activity, the
extracellular samples were mixed with solubilizéebn and incubated at 37°C for 4
h. The DNS method was used to quantify the acti@gngruently with the scarce
growth observed at the start of the culture, thd#based secretion system showed
less ulvan lyase activity than the OsmY-based aystdter 6 h of growth.
Nevertheless, considerably higher levels of agtiwere reached using the Ag43-
based secretion system in all the other time poiatehing a maximum difference of
over 5-fold after 24 h of growth. These resultsgagj that even considering the
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diminished growth obtained by the cells carrying &g43-based secretion system at
the start of the culture, these can adapt, reachomgal levels of growth and
considerably higher levels of ulvan lyase actititgn when the OsmY-based system

is used.
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Figure 5-9 Comparison of Ag43 and OsmY ulvan lyassecretion systems irk. coli. (A)
Growth curve over 48 h. (B) Time-course profile eftracellular ulvan lyase activity
monitored over 48 h. Activity assays were carrigtad for 4h at 37°C using extracellular and
solubilized ulvan in PBS. DNS method was used ntjty the reducing sugars generated.
coli BL21 (DE3) cells carrying the constructs were @t in LB at 37°C. Experiments were
done in triplicate. Error bars indicate one staddaror of the mean.

5.3 Optimization of the secretion systems

5.3.1 Cleavage of the fusion proteins using a prote  ase cleavage site

The utilization of different linkers is shown toveaa great influence in the activity of
the secreted fusion proteins, suggesting that palsiteraction between the domains
might be affecting their activity. In order to oeeme this problem a system where the
fusion proteins are cleaved in-vivo after the semnewithout reliance on further
treatment is required. The use of proteases nhtwedreted b¥. coliseems to be an
interesting strategy to explore. A similar approd@s been already reported by
Fleetwood et al. (2014), where an autotranspomsetd expression system was
engineered for the secretion of Affibody moleculetg a cleavage site for the outer

membrane protease OmpT.
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New secretion systems were designed using linlk@raming an OmpT cleavage site
between the tFA2219 and the secretion partners CandYCenA (Figure 5-10). The
design of the linker containing the OmpT recogmitsite (OmpTL) was based on the
peptide GGRRSRRVGT, identified by McCarter et 20d4), which was shown to be
readily cleaved by OmpT. An additional linker wasined using the same cleavage
site but this time flanked by GGGGS flexible re@gd®mpTfL). The constructs for
the expression of these secretion systems weraettasing the PaperClip assembly.
One part assemblies containing either the part BHAz20SB1C3-R-lacZ’-cenAor
the part tFA2219-pSB1C3:RlacZ’-cenAand a clip containing one of the OmpT-
cleavable linkers as an intervening sequence wertonmed. The results of the
assemblies were transformed iftocoli IM109 cells and the constructs validated by

sequencing.
Enzyme Length (amino acids) Mw (kDa)
0 200 400 600 800
CenA_OmpTL_tFA2219 | Cen ] 79.6
CenA_OmpTflL_tFA2219 [ | CenA | 80.2
OsmY_OmpTL_tFA2219 ([ osmy | 53.9
OsmY_OmpTfL_tFA2219 ([ osmy || 54.5
I Signal peptide | OmpT linker I OmpTf linker

Figure 5-10 Design of fusion proteins for secretionf tFA2219 with linkers containing a
protease cleavage site.inkers were added as intervening regions betwleedomains using
the PaperClip assembly (Trubitsyna et al., 2014)p0 linker: linker containing an OmpT
cleavage site, OmpTf linker: OmpT linker flankedflaxible regions, CenA: endoglucanase
from C. fimi, OsmY: osmotically induced protein frdf coli, and tFA2219: truncated ulvan
lyase without signal peptide frof agariphila

An ulvan lyase activity assay using live cells ywasformed in order to check whether
the ulvan lyase is secreted by the new OsmY-bagst#ras containing the OmpT
recognition sequence. Considering tBatoliBL21 (DE3) is an OmpTstrain,E. coli
TOP10 andE. coli JIM109 were also used for the assay. The threenstraere
transformed with the constructs pSB1G&RcZ-osmY OmpTL_tFA2219 and
pSB1C3-Rc-lacZ’-osmY OmpTfL_tFA2219 and overnight cultures used to ilate
an ulvan-LB-agarose plate. The construct pSB1Gg3ltZ’-osmY FlexL_tFA2219
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was used as a positive control. The plate was mtewbat 37°C overnight and then
stained with cetyl pyridinium chloride to revealtisity. The results are shown in
Figure 5-11. Only two samples show halos of agtiuite E. coli BL21 (DE3) cells
expressing the positive control and when the samagnswas used to express the
OsmY_OmpTL_tFA2219 fusion protein. None of tBecoli OmpT" strains showed
clear degradation of ulvan. These results conflrat . coli BL21 (DES3) is a better
chassis for the expression of the OsmY-based secrgystem than the K12 strains.
However, the apparent lack of secretion using thgU strains prevented the study
of the functionality of the OmpT-based cleavagdeys

BL21

TOP10

JM109

OsmY OsmY OsmY
FlexL OmpTL OmpTfL
tFA2219 tFA2219 tFA2219

Figure 5-11 Ulvan lyase activity assay for the difrent OsmY secretion constructs
containing the OmpT cleavage sitek. coliBL21 (DE3), TOP10 and JM109 cells carrying
the different constructs were used to inoculatéBsagar plate containing 10g/l solubilized
ulvan and 9Qug/ml IPTG. The plate was incubated at 37°C overtnégid stained with 10%
(w/v) cetyl pyridinium chloride. The construct pSB3-Rac-lacZ’-osmY FlexL tFA2219 was
used as a positive control. Unstained halos cooregpo the areas where the ulvan has been
degraded.

The CenA-based secretion systems containing the TOogmavage site were also
studied. Ulvan lyase and endoglucanase activitpysssvere performed. The same
threeE. coli strains were used for the expression of the cocistr The construct
pSB1C3-R-lacZ’-cenA FlexL_tFA2219 was used as a positive control foe t
endoglucanase activity assay. Overnight culturegadoing the different constructs
were used to inoculate a CMC-LB-agar plate angthate was then incubated at 37°C
overnight. The plate was stained with Congo Redwashed with NaCl to reveal
degradation of the CMC. The results are shown gui@ 5-12 (A). Clear halos of

120



degradation were observed associated with allahmptes. Considerably higher levels
of activity were obtained whel. coli BL21 (DE3) ancE. coli TOP10 strains were
used, suggesting that the secretion of CenA usiaget two strains is more efficient
than withE. coliJM109. Additionally, the size of the halos obtaimédten the secretion
system containing the OmpT linkers were expresse@mmpT strains seem to be
slightly bigger than the positive control, whileetbnes expressed B coli BL21
(DE3) appear smaller than the control. Howeverse¢heesults have to be validated
with quantitative methods. The same procedure vesfoned for the ulvan lyase
activity assay but this time using an ulvan-LB-agar plate and cetyl pyridinium
chloride to reveal the results. None of the cuKigleowed ulvan lyase activity (Figure
5-12 (B)), suggesting that the ulvan lyase domaisdmehow affected when it is

expressed as a fusion enzyme with endoglucanasi. Cen

BL21

TOP10

JM109

BL21

TOP10

JM109

CenA CenA CenA
FlexL OmpTL OmpTfL
tFA2219 tFA2219 tFA2219

Figure 5-12 Activity assays for the different CenAsecretion constructs containing the
OmpT cleavage site(A) CMC activity assay for endoglucanase actividycoliBL21 (DE3),
TOP10 and JM109 cells carrying the constructs wesed to inoculate an LB-agar plate
containing 2 g/l CMC and 99g/ml IPTG. The plate was incubated at 37°C overnightnsd
with Congo Red and washed with NaCl. Unstainedshetorespond to areas where CMC has
been hydrolysed. (B) Ulvan lyase activity as€aycoliBL21 (DE3), TOP10 and JM109 cells
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carrying the constructs were used to inoculate Bragjar plate containing 10g/l solubilized
ulvan and 9Qug/ml IPTG. The plate was incubated at 37°C overnggid stained with 10%
(w/v) cetyl pyridinium chloride. Unstained halosriespond to the areas where the ulvan has
been degraded.

5.3.2 RBSs of different strengths to improve Ag43 s  ecretion system

In order to reduce the destabilization of the outembrane caused by the over
expression of the Ag43-based secretion systenusdef RBSs for lower transcription
initiation rates was explored. Two additional RB&sre designed using the RBS
calculator to be approximately 2 (Ag43 5k RBS) d0dimes (Ag43 1k RBS) weaker
than the original one designed for the system {sd®e 2-5 for the sequences). The
new constructs are shown in Figure 5-13. The oalgRBS was replaced by the
weaker ones using MABLE mutagenesis. The new veatare used to transforin
coli IM109 cells and the construct validated by seqgugnc

pSB1C3-P,,-lacZ-ag43(1k)_tFA2219

|_) ) —\ T

Placz ag43 1k ag43_ His Operon
tFA2219

pSB1C3-P,,.-lacZ*-ag43(5k)_tFA2219

I a —\ T

—/
Pacz ag43 5k ag43_ His Operon
tFA2219

I Promoter DRBS DCDS |Tem1inator

Figure 5-13 Ag43 constructs containing RBSs of défent strengths for expression irkE.
coli. RBSs approximately 10 times (ag43 1k) and 2 tirag48) weaker than the original RBS
for the expression of Ag43_FA2219 were designedgushe RBS calculator (Salis et al.,
2009). The new constructs were generated replathegoriginal RBS using MABEL
mutagenesis.Rz: Pac-lacZ’. The constructs are described according to théh8tin Biology
Open Language (SBOL). RBS: ribosome binding sil2SCcoding DNA sequence.

An ulvan lyase activity assay using live cells weed to compare the constructs
containing the RBSs of different strengih.coli BL21 (DE3) cells were transformed
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with the constructs for the three Ag43-based sexresystems. The construct
pSB1C3-RclacZ’ was used as a negative control. An ulvan-LB-agapbate was
inoculated with overnight cultures containing thedent systems and incubated at
37°C overnight. The plate was stained with cetylgigium chloride to observe ulvan
degradation. Activity halos were observed assodiatgh the cells expressing the
three Ag43-based secretion systems (Figure 5-14)edgative correlation was found
between growth levels and RBS'’s strength, withiHigiest level of growth observed
in the cells containing the constructs with the kesh RBS. Interestingly, the activity
levels did not show the same pattern. The stroraystity was observed in the cells
expressing the construct containing the weakest,Rid%&reas the cells with the
medium RBS showed the lowest activity. Taking tbgetthere seems to be a trade-
off between growth and activity depending on thergjth of the RBS. With the

current data the weakest RBS is likely to be that bendidate for the secretion of the

NC Ag43(10k) Ag43(5k) Ag43(1k)
tFA2219 tFA2219 tFA2219

ulvan lyase.

Figure 5-14 Ulvan lyase activity assay for the Ag48ecretion constructs using RBSs of
different strength expressed byE. coli. E. coli BL21 (DE3) cells carrying the different
constructs were used to inoculate an LB-agar glat¢aining 10g/l solubilized ulvan and 90
ug/ml IPTG. The plate was incubated at 37°C overngyid stained with 10% (w/v) cetyl
pyridinium chloride. Unstained halos correspondtiie areas where the ulvan has been
degraded. Ag43 (10k) tFA2219: original Ag43-basedrstion system, Ag43 (5k) tFA2219:
construct containing an RBS two times weaker thatdriginal one, Ag43 (1K) tFA2219:
construct containing an RBS ten times weaker tiebtiginal one, NC: pSB1C3aPlacZ’.

5.4 Discussion

Consolidated bioprocessing of green macroalgal bgsnwequire the secretion of an
ulvan lyase to start the saccharification of thieaoellular substrate. In this study three
different strategies were analysed for the searaifdhe ulvan lyase FA2219 from

agariphila usingE. coli. Two of them successfully secreted an active ulyase, the
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OsmyY secretion partner and an engineered Ag43-tses@dtion system, whereas no
extracellular ulvan lyase activity was achieved whtee ulvan lyase was fused to the
endoglucanase CenA fro@ fimi.

The use of linker regions with different propertieas explored for the design of the
fusion partner secretion systems. In the caseecoDdmY-based secretion systems, the
two flexible linkers lead to higher levels of extedlular ulvan lyase activity than the
construct containing the rigid linker, which showeal extracellular activity. These
results could suggest that the flexible linkerslitate the translocation of the fusion
protein. Another possible explanation for the highetivity is that the ulvan lyase
domain might require the degree of movement giverthie presence of a flexible
linker to maintain its activity. In the case of tlkenA-based secretion systems,
regardless of the linker used no extracellular mlWase activity was detected.
However, extracellular endoglucanase activity wlaseoved when the systems were
expressed, suggesting that the fusion proteinsaeelly secreted into the culture
medium. Strong interaction between the two domeamposing the fusion proteins
preventing the proper folding and display of théalgic domain of the ulvan lyase
might be the cause of the lack of activity. Ashie tase of the OsmY-based systems,
higher levels of endoglucanase activity were ob=gmwhen the flexible linkers were
utilized. When the subcellular fractions of thelselere analyzed similar levels of
periplasmic activity were observed for the sampglastaining the flexible and rigid
linkers. However, the extracellular activity wasehuigher when the flexible linker
was used. These results support the idea thatsthefia flexible linker might facilitate

the extracellular translocation of the fusion enggm

The activity of the functional domain of a fusiorofein can be diminished by steric
hindrance or interference between the domainsithatcomposed of (Chen et al.,
2013). In order to overcome the possible interastibetween the domains of the
secretion partner systems, linkers containing avelge site for the outer membrane
protease OmpT were designed. No extracellular ulyagse activity was observed
when the OmpTstrainskE. coliJM109 ancE. coliTOP10 were used for the secretion
of OsmY-tFA2219, thus it was not possible to seetivbr the cleavage system was

working. Low secretion of the OsmY fusion partnsingE. coliK12 strains has been
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already reported by Qian et al. (2008). No ulvaaséyactivity was detected when the
CenA-tFA2219 fusion proteins containing the cleavdmkers were expressed.
However, similar levels of extracellular endogluas@ activity were obtained when
CenA-based secretion system were expresseH. lgoli BL21 (DE3) andE. coli
TOP10, suggesting that the secretion mechanismhys€enA is different to the one
used by OsmY. In spite of the negative resultsinbthusing the endoglucanase CenA
for the secretion of FA2219, the use of this enzy@sea secretion partner for other

enzymes still has to be studied.

As a third strategy an engineered Ag43-based secrgystem was successfully used
for the secretion of the ulvan lyase FA2219. Newaldss, low levels of growth were
observed wheik. coliBL21 (DE3) cells expressing this system were grawsolid
medium. This was confirmed using liquid culturestamning considerably lower
growth rates at the start of the culture comparét thhe ones observed from cells
expressing the OsmY-based systems. However, silevals of growth were achieved
later in the growth culture and extracellular ulyzse activity was more than 5 times
higher than with any other of the analysed seanetigstems. Additionally, the sub-
cellular localization of the ulvan lyase was stadighowing that the major fraction of
the enzyme was efficiently secreted into the meditimally, the utilization of weaker
RBSs in order to reduce a possible destabilizatioiime outer membrane due to the
high levels of insertions of th@-carrier domain was also analyzed. A RBS
approximately 10 times weaker than the one oritynaded for the secretion system
showed both better growth and higher levels of mlix@ase secretion. Overall, the
Ag43-based secretion system appeared to be thestoatstgy for the secretion bf
agariphila’s ulvan lyase FA2219 usirg. coli.

Consideringke. colis apparent capability to utilize unsaturated ucantids shown in
chapter 4, the utilization of this ulvan lyase s#ion system might be enough to allow
E. colicells to grow using ulvan as the sole carbon souMevertheless, this still has

to be demonstrated.

The heterologous secretion of an ulvan lyase isthesfirst step for the design of an
ulvan utilization module. Other enzymes such asnri@sidases, xylosidases and
sulfatases still have to be added to the systemarUk the main polysaccharide from
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green macroalgal biomass (Lahaye & Robic, 20074),isncomplete saccharification
Is crucial to enable consolidated bioprocessingpfoduction of biofuels or other high
value bioproducts.
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6 Conclusions and future prospects

6.1 Conclusions

The current study investigated the enzymatic depehzation of green macroalgal
biomass. To start with, a novel module for the bad€ication of cellulose using.

coli was designed. The module includes only two enzyries cellodextrinase
CHU2268 from C. hutchinsonii without its putative signal peptide, and the
endoglucanase CenA frof@. fimi. This module was able to degrade pure cellulose
paper and could be potentially used for the dediadaf the cellulose contained in

green macroalgae or other cellulosic materials.

The Bacteroidete§. agariphila was identified as an effective degrader of green
macroalgal biomass. The induction of enzymes witlaru lyase, rhamnosidase and
xylosidase activities was demonstrated when gresgrealgal biomass was present in
the culture medium. An ulvan utilization PUL wasifml inF. agariphilds genome;
this allowed the identification of enzymes potditiaiseful for the degradation of
ulvan. Moreover, a first model for the utilizatiaf ulvan was built based on the

enzymes comprising the ulvan utilization PUL frémagariphila

The identification of the ulvan utilization PUL &f agariphilaallowed the design of
novel DNA parts for the depolymerisation of ulvdihese enzymes were expressed in
E. coliand their activity characterized. An ulvan lyaB&2219) and an unsaturated
B-glucuronyl hydrolase (FA2222), enzymes alreadyortul to be involved in the
saccharification of ulvan, were found to be parttioé PUL and their activities
confirmed. Additionally, the activity of two rhamsidases (FA2204 and FA2209) and
a xylosidase (FA2213) was validated. This way iswassible to confirm, for the first
time, the involvement of enzymes with rhamnosidase xylosidase activities in the
depolymerisation of ulvan. Possible synergies betwihe expressed enzymes were
also studied; however, no synergies were observesh\the enzymes were combined
for the degradation of ulvan, suggesting that thiéatases are crucial to achieve

complete depolymerisation of this polysaccharide.
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An engineered secretion system based on the ke alitotransporter Ag43 was used
to successfully secrete the ulvan lyase FA2219 ffoagariphilain E. coli. Secretion
was also achieved using the fusion partner Osmeler, the levels of extracellular
ulvan lyase activity were considerably lower thiaose obtained when the Ag43-based
system was utilized. Moreover, it was possiblemipriove the Ag43-based system

obtaining higher levels of growth and activity ugiRBSs of different strengths.

In conclusion, the results of this study increase understanding of the processes
involved in the biodegradation of green macroahlyainass. This is an important step
forward to be able to design a consolidated biogssimg system for the bioconversion

of this kind of biomass into valuable products likefuels or other bioproducts.

6.2 Future prospects

The use of a two-enzyme cellulose degradation sydtsigned in this study allowed
E. colito successfully utilize pure cellulose paper asale carbon source. However,
it would be interesting to see if this system caalkb be used for the degradation of
cellulosic materials with the potential to be agd at an industrial scale. In particular,
algal cellulose contains weaker hydrogen bondiag filant cellulose providing easier
access for endoglucanases (Daroch et al., 201Xngd an attractive feedstock to
be tested. In order to test this type of biomass gmssible substrate, cellulose
purification fromU. lactucabiomass would be required. Cellulases exhibitgreafces
toward different forms of cellulases (Daroch et @D13), thus the activity of the
endoglucanase CenA against this form of cellulodiédhave to be checked. The levels
of solubilization and the final products generaaétér incubation with CenA could be
compared with those obtained after the hydrolysmuoe cellulose paper. In the event
that CenA can effectively hydrolase the celluloserfU. lactuca, a growth analysis
usingE. coli expressing the degradation system and green nigatcallulose as the

sole carbon source could be performed.

Cellodextrin permeases are crucial for effectivibut®se utilization in fungi and co-
expression with §-glucosidase can promote rapid growth of the y8asterevisiae
on cellodextrins (Galazka et al., 2010). In thisdstit was shown thdE. coliis able

to uptake cellodextrins at least as large as cedabse; however, the mechanism used
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to do so remain unknown. It was proposed thatdbmse permease LacY, responsible
for cellobiose uptake iR. coli(Sekar et al., 2012), might also be involved mubtake

of longer cellodextrins. LacY capability to uptatedlodextrins could be checked using
E. colistrains where thiacY gene has been knocked out. Considering the impmeta
that cellodextrin permeases might have for the giesif an efficient cellulose
degradation system usitkg coli, other permeases could also be assayed to cheick th
cellodextrin uptake capability. Other potentiallgdéxtrin permeases that could be
studied are the ones from the cryptic cellobioseation operonhb andascfrom

E. coli.

In order to fully understand the enzymatic degriadabf ulvan, characterization of
several enzymes of the PUL is still required. Thaskide all the glycoside hydrolases
that did not show activity against the model swdiss pNPR and MUX. Different
conditions for their expression and other subsiraseve to be tested. Purification of
the enzymes might be required to avoid backgrogtidisy coming from the host used
for the expression (e.g-glucuronidase activity fror&. coli). In particular, desulfation
of ulvan seems to be crucial for its complete sad@ibation. A total of 8 sulfatases
were identified in the PUL, confirming the importanof this class of enzyme. These
enzymes showed a high level of sequence divetsdyever, it was not possible to
infer their substrate specificities, and heterolegexpression will be required for their
full characterization. Moreover, activity assaysctoeck whether the hypothetical

protein FA2199 is part of a novel family of ulvayases have to be conducted.

The bioconversion of green macroalgal biomass watioable bioproducts requires
depolymerization of ulvan, its main polysaccharitte.order to do so, an ulvan
depolymerisation module has to be desigiedcoli was proposed to be used as the
host due to its ability to utilize all the monoshaaddes that comprise ulvan. In this
study, the secretion of an ulvan lyase udingoli was demonstrated. This is the first
step toward the design of an ulvan degradation meodidditionally, it was shown
thatE. coliis able to utilize the unsaturatpaylucuronyl residues generated from the
cleavage of ulvan by the ulvan lyase, presumabtyuh the action of a UGL (locus
tag WP_001767851) classified as a GH105. Clonirdyexpression of this enzyme

would be required to experimentally validate itdivaty against unsaturate@-
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glucuronyl residues. Moreover, unsaturgtegiucuronyl hydrolase induction whén

coli is grown in presence of ulvan or unsaturgieglucuronyl could also be tested.
Taking into accounE. colis capability to utilize unsaturatgiiglucuronyl residues,
the possibility of usindt. coli expressing the ulvan lyase secretion system tww gro
ulvan as the sole carbon source has to be exploreddition, based on the studies of
the degradation of ulvan, enzymes such as rhamesessgl xylosidases and sulfatases
have to be added to the ulvan degradation modulerder to achieve complete

depolymerization of this polysaccharide.

Finally, in order to complete the design of a CRIP the bioconversion of green
macroalgal biomass, a pathway for the productiom efluable product has to be
added to the system. Pathways for the productitwoddiels like ethanol and n-butanol
have already been incorporated iitocoli (Atsumi et al., 2008; Ingram et al., 1987,
Inui et al., 2008), and can prove to be interestaigrnatives for the system.
Additionally, rhamnose, the main sugar present lvany is a precursor for the
chemical commodity 1,2-propanediol (Altaras & Caomgr1999). Currently, 1,2-

propanediol is produced using hazardous chemioaits propylene, a non-renewable
resource (Saxena et al., 2010; Siebert & Wendi8oh5). However, this process is
not commercially feasible due to the price of rhasen(Altaras & Cameron, 1999).
Production of this diol by direct fermentation dfamnose usinge. coli has been

already reported (Boronat & Aguilar, 1981). Considg this, the possibility of

producing 1,2-propanediol from green macroalgalmaes may be an attractive
alternative. The use of this kind of biomass fa pinoduction of 1,2-propanediol has

been already proposed by van der Wal et al. (2013).
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8 Appendix

8.1 Additional methodology

8.1.1 List of primers and oligonucleotides

Table 8-1 List of primers and oligonucleotides usetbr PaperClip

Name Target* Sequence (5-3)

Used to get the parts
GCCACTAGTAAATTTATCTGCAGTCTAT

PC_pSB1C3mdl_UF pSB1C3

PC_pSB1C3mdl_UR pSB1C3 TTTTTTGATAGACTGCAGATAAATTTAC
TAGT

PC_pSB1C3md1l_DF pSB1C3 TTAGCTTTCGCTAAGGATGATTTCTGGA
ATTC

PC_pSB1C3md1_DR pSB1C3 GCCGAATTCCAGAAATCATCCTTAGCGA

AACC

GCCTCTAGATTCGGAGT GAGCGCAACGC

PCtacz UF Reand LacZ AATTAATGTGAGTTAGCTCAC

PC_lacZ_UR Reand LacZ ACCTANCT CACAT TAATTGCGTTCCECT
PC_lacZb_DF R.and LacZ' %@A&% G?gCCGG’*AAGCT GGCTG
PC_lacZb_DR R.and LacZ' (TXIGGAT%?TC@GC@GCT T
PC_FA-2190_UF FA-2190 m&g?C%AACTAAACAGMTA
PC_FA-2190_UR FA-2190 g\g%l\}' TTTATTCTGTTTAGTTTCA
PC_FA-2190_DF FA-2190 ﬁﬁmwmwmﬂ AA
PC_FA-2190 DR FA-2190 GETTATTTTAMAATTAGATTTTGTTTT
PC_FA-2194_UF FA-2194 S A CACAMGTATGAGAGTCGTT
PC_FA-2194 UR FA2194 TGACGCATAACIACTCTCATACTTTGTG
PC_FA-2194_DF FA-2194 TANCGATAT GOATGTTECAAMAATAACA
PC_FA-2194 DR FA-2194 GGCTTATCTTAATTCTGTTATTTTTGCA
PC_FA-2195_UF EA2105 GCCATGAGTGTAGATTTATTTGATGTAA

AAGGTAAAATAGCC

150



Name Target* Sequence (5-3’)

PC_FA-2195_UR FA2105 TATTTTACCTTTTAGATCARATARATCT
PC_FA-2195_DF FA-2195 T TACCAACCATAGGT AAGCCTTCAAACG
PC_FA-2195 DR FA-2195 %ﬁgCTTCGTTTGAACECTTACCT
PC_FA-2197_UF FA-2197 mmgmgwwm@ A
PC_FA-2197 UR FA2197 TTATAATATTGITTACTATCTTTCATAG
PC_FA-2197 DF FA2197 ARTCAMRATTTTAAAGGTACCTATTTAA
PC_FA-2197_DR FA-2197 COOCTATTCTATGGTTAAATAGGTACCT
PC_FA-2204_UF FA-2204 T TAGTACCAGAAGTAA
PC_FA-2204_UR FA-2204 AT CT AN TCAGTTACTTCTCETACTAA
PC_FA-2204_DF FA-2204 mm AAATGTGITAGTAG
PC_FA-2204 DR FA-2204 (TXTX:TTAﬁﬁﬁAC%gTTTCT ACTAACACA
PC_FA-2205_UF FA-2205 COCATCCAACCT ATAGAMACCAATTTCA
PC_FA-2205_UR FA2205 ﬁgﬁlTGTTGAAATTGGTTTCTATACG
PC_FA-2205_DF FA-2205 %ﬁgﬁ? Gﬁg TTTATTGATGAACT
PC_FA-2205 DR EA.2205 ﬁTAATCTC/%/TAAATAGTTCATCAATA
PC_FA-2206_UF FA-2206 GOCATGAOCATTTTATGTTCTTGTGCAC
PC_FA-2206_UR FA.2206 CTGCTGCTGTGCACAAGAACATARAATG
PC_FA-2206_DF FA-2206 m@m&gﬂm TATGGTCAA
PC_FA-2206_DR FA-2206 %@;ﬁéﬁﬁyw TGACCATAACG
PC_FA-2209 UF FA.2209 meelCTTGCGA/éAATTCTTCTGTTT
PC_FA-2209 UR FA.2209 TTGOCTCTTGTAMMACAGAAGAATTTTC
PC_FA-2209_DF FA-2209 %m@%TAﬁTGAATTTCAAGCAA
PC_FA-2209 DR FA-2209 ﬁ;% AQA&ATTTTGCT TGAAAT
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Name Target* Sequence (53

PC_FA-2213b_UF FA-2213 %¥%&A§£@G@M@Mﬂ
PC_FA-2213b_UR FA-2913 %¥$¢$¥TAGATTTTGTTTG:GCATT
PC_FA-2213b_DF FA-2213 ﬁ?gmixwmg GTCGTTA
PC_FA-2213b_DR FA-2213 ??%;ﬁl&%ﬁ’*GTTAACG’*CACT GTT
PC_FA-2216_UF FA-2216 %WW@GA
PC_FA-2216_UR FA-2216 TTTCT T TCAACGTGTCGCTTGTTTTTT
PC_FA-2216_DF FA-2216 TACCTAT GAT TATGACGEBOCAAGACC
PC_FA-2216_DR FA-2216 gxlg'ggAGC@GCCTTTGGCCCG
PC_FA-2217b_UF FA-2217 ?gceﬁl%mGTTACAAACATCAT
PC_FA-2217b_UR EA-2217 ?TGT%$CT AATGATGTTTGTAACTTT
PC_FA-2217b_DF FA-2217 &fﬂ;ﬂgﬁgﬂmﬁﬂ ATA
PC_FA-2217b_DR FA-2217 %OCTCT $ﬁ£‘&;€TTGTATAGAATTTTA
PC_FA2219SP_UF FA-2219 ﬁlﬁﬁmﬂ ACTCTTAAAA
PC_FA2219SP_UR FA9919 1$2TA2AG'CI'£$TATTTTTAAGAGTAGTTTT
PC_FA2219woSP_UF FA220GP m;g’*’*@mcmﬂ GCTA
PC_FA2219w0SP_UR EA222GP CATCTTGTAATAGCAGATGTATCTTCAT
PC_FA2219w0SPSC_UF  FA2248P::SC COATCOOGOOCATGAAGATACATCTG
PC_FA2219woSPSC_UR  FA2248P::SC CT [CTAATACCAGATGTATCTTCATCEG
PC_FA-2219b_DF FA-2219 (T;'TAAAA%%GT ATCATAAGAAATTGATA
PC_FA-2219b_DR FA2219 %1§$(T;TACTATCAATTTCTTATGA
PC_FA-2219c_DF tFA-2219 ZgAOXﬁHACMGTTAGT GCTTCAGC
PC_FA-2219c_DR tFA-2219 GGCTTA?g I;ACTGCT GAAGCACTAACT
PC_FA-2219bSS_DF EA222GC TAACAACAAGTATCATAAGAAATTGATA

GTAAAA
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Name Target* Sequence (553’

PC_FA-2219bSS_DR EA222GC GACTTTTACTATGAATTTCTTATGATAC
PC_FA-2219cSS_DF tFA-2208C TATCAGATTCCGGAGT TAGT GCTTCACC
PC_FA-2219cSS_DR tFA-2228C COCAAT TACTCCTGAAGCACTAACTOCC
PC_FA-2220_UF FA-2220 m%é% TCTGCAAACCGACT
PC_FA-2220_UR FA-2220 AGANT CTGTAAAGT COGTTTGCAGAACT
PC_FA-2220_DF FA-2220 ZéTC‘T:SETGGTquXZTTTAAAATATGA
PC_FA-2220_DR FA-2220 mmmggﬂ TCATATTTT
PC_FA-2222_UF FA-2222 mwmwmﬁ%w
PC_FA-2222 UR FA2222 TTTAGCTTCAATTTCTGAATGITTTAG
PC_FA-2222_DF FA-2222 o SACTACTOMGTTTIAMACTG
PC_FA-2222 DR FA2222 GECTTACTCTTOCAGTTTTAARACTTCA
PC_FA-2223_UF FA-2223 OO CACCT ATACCCAGTCAARAGATT
PC_FA-2223 UR FA-2223 'Eg EETATAATCT TTTGACTGGGT
PC_FA-2223 DF FA2923 GTAGATTATAAAAAAAGTTGATTTCAAT
PC_FA-2223 DR FA.2223 GACTTATTT TTTTARTTGAAATGAAGTT
PC_FA-2225b_UF FA-2225 ?&%@?ﬂ%AAAAAAAGAGA
PC_FA-2225b_UR FA-2225 T LG TTCTCTTTTTTTACA
PC_FA-2225b_DF FA-2225 mwdxﬁﬁiﬁl TATTGAATTAAAAA
PC_FA-2225b_DR FA-2225 mlmiﬁgTAATTTTTAATTCA
PC_Ag43SP_UF Ag43SP %A?AGECTG’*@@TCE_‘I}%TCTG’*ATACCT GCT
PC_Ag43SP_UR Ag43SP ACCACCCTCTACCACGTATT CAGATGT
PC_Ag43N455_UF Ag43N455 mA: TA&C%ATACTTACCCT T
PC_Ag43N455_UR AGA3NASS CGTCTTCOCGGAAAGGGT AAGTATGGCG

CCGITATT
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Name Target* Sequence (5>3)
PC_Ag43N455_DF Ag43N455 gﬁg%ﬁmm@ﬂ GAAT
PC_Ag43N455 DR Ag43N455 %Tcgéﬁﬁ%@c”m“@ cllccoe
PC_OsmY_UF OsmY OO CACT AT ACANGACTGAGATTT
PC_OsmY_UR osmy %%TGTCETCGAAATCTTCAGTCTTGT
PC_OsmY_DF OsmY gmgAngAAWTAAAAATGAT
PC_OsmY DR OsmY ﬁ'&g‘&gOAGATOATTTTTAACG
PC_CenA_UF CenA %EWGAAWG
PC_CenA_UR CenA g%caccmecoecosﬁcmcocm
PC_CenAwoSC_DF Cen¥SC %@?&%G@A@Tm
PC_CenAwoSC_DR Cen¥SC m@U%GTTmTCT cc
PC_CenA DF CenA &mﬁ@TmmG
PC_CenA DR CenA %g&mwmmcececc
PC_CHU2268_UF CHU2268 %&%@A@@ ATTGATTT
PC_CHU2268_UR CHU2268 iﬁmT%AAATCAATAC%TTAT
PC_CHU2268woSP_UF CHU2268P %TA?CCG?WACA@AGCGG
PC_CHU2268woSP_UR  CHU2268P ?gg&? CCCCGCTTCTGITTTTTTC
PC_CHU2268_DF CHU2268 %¥ﬁ$mgzmm@%m
PC_CHU2268_DR CHU2268 %&ﬂ%&’*@é’*TATATTTCT GTC
PC_CHU2268HT_UF CHU2268HT OO AT CACCACCACCATCACTGTG
PC_CHU2268HT_UR CHU2268HT ggigFCTCACAGTG’*TGGT GGTG
Used to get the RBSs

RBS_FA-2190_UF FA-2190 RBS GOCGCOCTTCAACGGCTACACG
RBS_FA-2190_UR FA-2190 RBS ATATTCGTGTAGCOGTTGAAGGC
RBS_FA-2190_DF FA-2190 RBS AAT AT AATCACACCCGGTACGA
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Name Target* Sequence (5-3)
RBS_FA-2190 DR FA-2190 RBS GGCTCGTACCGEGTGTGATT
RBS_FA-2194 UF FA-2194 RBS GCCCCGTCAGTTACTACTTT
RBS_FA-2194 UR FA-2194 RBS CCTTAAAAGTAGTAACTGACGC
RBS_FA-2194 DF FA-2194 RBS TAAGGACAAGAAGGAGT TTAACA
RBS_FA-2194 DR FA-2194 RBS GCCTGTTAAACTCCTTCTTGT
RBS_FA-2195 UF FA-2195 RBS GCCTCATAGAAGGAACGAGAC
RBS_FA-2195 UR FA-2195 RBS GICTCGTCTCGITCCTTCTATGA
RBS_FA-2195 DF FA-2195 RBS GAGACAAACGT CGGCCGAGGAA
RBS_FA-2195 DR FA-2195 RBS GGCTTCCTCGECCGACGTTT
RBS_FA-2197_UF FA-2197 RBS GCCAAAAACCACCATCAGGG
RBS_FA-2197_UR FA-2197 RBS CGAAACCCTGATGGTGGTITTTT
RBS_FA-2197 DF FA-2197 RBS TTTCGATACCAAGGGECCGTTACT
RBS_FA-2197 DR FA-2197 RBS GGCAGTAACGCCCCTTGGTAT
RBS_FA-2204_UF FA-2204 RBS GCCCGACGAACAACGAGTTC
RBS_FA-2204 UR FA-2204 RBS TCTGTGAACTCGITGTTCGTCG
RBS_FA-2204_DF FA-2204 RBS ACAGAATCTTAGGGGGACAGCTC
RBS_FA-2204_DR FA-2204 RBS GGCGAGCTGT CCCCCTAAGAT
RBS_FA-2205 UF FA-2205 RBS GCCGTCGTAAGAGGGECCACCG
RBS_FA-2205_UR FA-2205 RBS CTTCCCGGTGGCCCTCTTACGAC
RBS_FA-2205_DF FA-2205 RBS GGAAGGTAATAGGAACAGGAAA
RBS_FA-2205 DR FA-2205 RBS GCCTTTCCTGITCCTATTAC
RBS_FA-2206_UF FA-2206 RBS GCCTGGEGTCACCCGGCCAACG
RBS_FA-2206_UR FA-2206 RBS TTTACCGT TGGCCGGEGT GACCCA
RBS_FA-2206_DF FA-2206 RBS GTAAATATCACGGATTAAAAGA
RBS_FA-2206_DR FA-2206 RBS GCCTCTTTTAATCCGTGATA
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Name Target* Sequence (5-3’)
RBS_FA-2209_UF FA-2209 RBS GCCGCCATGGCTGEGTTAGACC
RBS_FA-2209_UR FA-2209 RBS GATGGGGTCTAACCCAGCCATGC
RBS_FA-2209 DF FA-2209 RBS CCATCCTTACATAGGTTACTGT
RBS_FA-2209 DR FA-2209 RBS GGCACAGTAACCTATGTAAG
RBS_FA-2213b_UF FA-2213 RBS GCCATAACAACGAGGTATCTC
RBS_FA-2213b_UR FA-2213 RBS ACTATGAGATACCTCGTITGITAT
RBS_FA-2213b_DF FA-2213 RBS ATAGT TAATCGGAGGGCCACGA
RBS_FA-2213b_DR FA-2213 RBS GGCTCGTGECCCTCCGATTA
RBS_FA-2216_UF FA-2216 RBS GCCTTTAGGCAAGCAAATTTA
RBS_FA-2216_UR FA-2216 RBS CGATATAAATTTGCTTGCCTAAA
RBS_FA-2216_DF FA-2216 RBS TATCGAAGAGAGACAGGCAGIT
RBS_FA-2216 DR FA-2216 RBS GGCAACTGCCTGICTCTCTT
RBS_FA-2217b_UF FA-2217 RBS GCCAGGECCCACCAAGGAACAAG
RBS_FA-2217b_UR FA-2217 RBS TTGAGCTTGI TCCTTGGT GGGECCT
RBS_FA-2217b_DF FA-2217 RBS CTCAAGGAACACCCTAGTAAA
RBS_FA-2217b_DR FA-2217 RBS GGCTTTACTAGGSGTGITCC
RBS_FA2219SP_UF FA2219 RBS GCCCAATTCTCTAACACTACG
RBS_FA2219SP_UR FA2219 RBS TTGGACGTAGTGTTAGAGAATTG
RBS_FA2219SP_DF FA2219 RBS TCCAACGCAGGAAGCGAGGAGC
RBS_FA2219SP_DR FA2219 RBS GGCGCTCCTCECTTCCTGCG
RBS_FA2219woSPSC_UF FA2248P::SC RBS GCCGGAGGCTATCCCAGGAC
RBS_FA2219woSPSC_UR  FA2248P::SC RBS GCTTCGICCTGGGATAGCCTCC
RBS_FA2219woSPSC_DF FA22A8P::SC RBS GAAGCCGTAAGTACGAGGAGGCA
RBS_FA2219woSPSC_DR FA2248P::SC RBS GGCTGCCTCCTCGTACTTACG
RBS_FA-2220_UF FA-2220 RBS GCCTGTCTCGCAGCTATTAGG
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Name Target* Sequence (5-3’)
RBS_FA-2220_UR FA-2220 RBS AGTGTCCTAATAGCTGCGAGACA
RBS_FA-2220_DF FA-2220 RBS ACACTCAAAGCAGGAGCATAAT
RBS_FA-2220 DR FA-2220 RBS GGCATTATCGCTCCTCCTTTG
RBS_FA-2222_UF FA-2222 RBS GCCCGGTAAAAACGT TTCCAC
RBS_FA-2222_UR FA-2222 RBS TGCGTGTGGAAACGT TTTTACCG
RBS_FA-2222 DF FA-2222 RBS ACGCATTATAAGGACGGAGAGG
RBS_FA-2222 DR FA-2222 RBS GGCCCTCTCCGTCCTTATAA
RBS_FA-2223 UF FA-2223 RBS GCCCCAACGACCGT CGCACG
RBS_FA-2223 UR FA-2223 RBS ATGTACGTGCGACGGTCGTTGG
RBS_FA-2223 DF FA-2223 RBS TACATTCAGCAAGAGGTCTAGAA
RBS_FA-2223 DR FA-2223 RBS GGCTTCTAGACCTCTTGCTGA
RBS_FA-2225 UF FA-2225 RBS GCCGTTTCCAAAAAACTCAAG
RBS_FA-2225 UR FA-2225 RBS TATGICTTGAGTTTTTTGGAAAC
RBS_FA-2225 DF FA-2225 RBS ACATAACAAGGAGCAAACGCCT
RBS_FA-2225 DR FA-2225 RBS GGCAGCECGITTGCTCCTTGT
RBS_Ag43b_UF Ag43 RBS GCCCGGACACCTCGCTAAATC
RBS_Ag43b_UR Ag43 RBS TGATCGATTTAGCGAGGTGTCCG
RBS_Ag43b_DF Ag43 RBS GATCACAACCCAAGAGAATTTC
RBS_Ag43b_DR Ag43 RBS GGCGAAATTCTCTTGGGTTG
RBS_OsmYb_UF OsmY RBS GCCACATAGCAAGAATTAAGG
RBS_OsmYb_UR OsmY RBS TTTCGCCTTAATTCTTGCTATGT
RBS_OsmYb_DF OsmY RBS CGAAACGGCAATAAGAGGATCG
RBS_OsmYb_DR OsmY RBS GGCCGATCCTCTTATTGCCG
RBS_cenA_UF CenA RBS GCCTGGTCTAACGTCGCCGCC
RBS_cenA_UR CenA RBS CCTCGGEECGECGACGT TAGACCA
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Name Target* Sequence (5-3’)
RBS_cenA_DF CenA RBS CGAGGAGATAAAAACATAGGTA
RBS_cenA_DR CenA RBS GCCTACCTATGITTTTATCT
RBS_CHU2268_UF CHU2268 RBS GCCGGCAAGTAGTAGTCGCAA
RBS_CHU2268_UR CHU2268 RBS GTCGTTTGCGACTACTACTTGCC
RBS_CHU2268_DF CHU2268 RBS ACGACAGGGECGCGGEGEGET CCCCC
RBS_CHU2268 DR CHU2268 RBS GGCGEEEEGACCCCECECCCT
RBS_CHU2268woSP_UF CHU2268P RBS GCCCTCCTTTCAGAGCAAAG
RBS_CHU2268woSP_UR CHU2268P RBS GCTGACTTTGCTCTGAAAGGAG
RBS_CHU2268woSP_DF CHU2268P RBS TCAGCTACAGGCTCGGAGGATCG
RBS_CHU2268woSP_DR CHU2268P RBS GGCCGATCCTCCGAGCCTGTA
RBS_CHU2268HT_UF CHU2268HT RBS  GCCCGCTCGTTAACGAACCCG
RBS_CHU2268HT_UR CHU2268HT RBS AATTTCGCGITCGT TAACGAGCG
RBS_CHU2268HT_DF CHU2268HT RBS AAATTCTAGGCCGGAGITCTCG
RBS_CHU2268HT_DR CHU2268HT RBS  GGCCGAGAACTCCGGCCTAG
Used to get the linkers
link_Ag43 UF Ag43 linker GCCGECGGTGTACTGCTGGCCGA
link_Ag43_UR Ag43 linker CGGAATCGGCCAGCAGTACACCGCC
link_Ag43 DF Ag43 linker TTCCGEGTGCCGCTGTCAGTGGTACC
link_Ag43 DR Ag43 linker GGCGGTACCACTGACAGCGGCAC
L_cex UF Cex linker m&m&;@ CEOCGACGLCCA
L_cex_UR Cex linker CELET OCCEET OCCLET CETGEEETCE
— = GCCGTCEEECTCECECC
L_cex_DF Cex linker ACCOCCACCACGCCCACELCEACCCCEA
- = CGTCCGGTCCGGECCEEG
L _cex DR Cex linker mcg@wmc
L _flex UF Flex linker &CCCXBACECGGAGGAAGC@CC—:GT%TG
L _flex UR Flex linker CCAGAGCCACCACCELOGCTTCCTCOGC

CrcC
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Name Target* Sequence (5-3’)

L_flex DF Flex linker '(I;TC$£TGGAGGTGGCTCGGGTGGCGGCG
L_flex_DR Flex linker R CANCOCOCEECACEACRCACET
L_rigid UF Rigid linker GCCGAAGCAGCCGCAA

L_rigid_UR Rigid linker CTCCTTTGCGECTGCTTC

L_rigid DF Rigid linker AGGAGGCTGCAGCAAAG

L_rigid DR Rigid linker GGCCTTTGCTGCAGC

L_OmpT_UF OmpT linker GCCEETaErearear

L_OmpT_UR OmpT linker CGAGAACGACGACCACC

L_OmpT_DF OmpT linker TCTCGTCGTGTTGGTACC
L_OmpT_DR OmpT linker GGCGGTACCAACACGA

L_OmpTflex_UF

OmpTflex linker

GCCGGTCGTGGTGGI TCTEETGGTCGTC
GT

L_OmpTflex_UR

OmpTflex linker

CGAGAACGACGACCACCAGAACCACCAC
CACC

L_OmpTflex_DF

OmpTflex linker

TCTCGTCGTGITGGTACTGGTGGTGGTG
GITCT

L_OmpTflex_DR

OmpTflex linker

GGCAGAACCACCACCACCAGTACCAACA
CGA

* ASP: without signal peptid&SC: without stop codon; ::SC: start codon added.

Table 8-2 List of primers for MABEL PCR and sequending

Name

Target

Sequence (5>3)

Used for MABEL PCR

TGGCCATCTCTAAGTAATCCATGAAACGACATCTGAAT

Ag43RBSSK_UF  Ag43RBS5k  , o ce
Ag43RBS1k UF  Ag43 RBS 1k ~AGCAAAAACCTCTCCATAAATGAAACGACATCTGAATA
ccTae

Ag43RBSs DR Ag43 RBSs  GGATCCAGGCTCATCCAGCCAGC

CHU2268HiSF1 ~ CHU2268HT  TGTGAGAAAAAAACAGAAGOGGG

. eta GTGATGGT GGT GGTGGTGATGCATAGGTACCTCCTTGA
stag IS-tag GCTCTAGTAT

FA2190_F FA2190 ATGAAGTCTGAAACTAAACAGAATAAAAAAGAAG
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Name Target Sequence (5>3)

FA2190 R FA2190 TCGTACCGGGTGTGATTATATTCG
FA2197_F FA2197 ATGGGTTTTTGTATGAAAGATAGTAAAC
FA2197_R FA2197 AGTAACGCCCCTTGGTATC

FA2204_F FA2204 ATGCAAAACTTAGTACCAGAAGTAACTG
FA2204_R FA2204 GAGCTGICCCCCTAAGATTC

FA2206_F FA2206 ATGACCATTTTATGITCTTGTGCAC
FA2206_R FA2206 TCTTTTAATCCGTGATATTTACCGTTGG
FA2209 F FA2209 ATGTCTTGCGAAAATTCTTCTGTTTTACAAG
FA2209 R FA2209 ACAGTAACCTATGTAAGGATGGG
FA2213 F FA2213 ATGCAAAATAATGCGCAAACAAAATC
FA2213 R FA2213 TCGTGGCCCTCCGATTAACTATG
FA2216_F FA2216 ATGGAGCCCGAAAAAAAACAAGC
FA2216_R FA2216 AACTGCCTGTCTCTCTTCGATATAAATTTG
FA2217 F FA2217 ATGGAACAAAAGT TACAAACATCATTAG
FA2217 R FA2217 TTTACTAGGGTGTTCCTTGAGC
FA2219 F FA2219 ATGTTTTTAGCTGTAGTAACAGCTCAAAC
FA2219 R FA2219 GGTCCTCCCCCTTACTTTGTTAG
FA2220_F FA2220 ATGCAAATAGT TCTGCAAACCGACTTTAC
FA2220 R FA2220 ATTATGCTCCTGCTTTGAGIGICC
FA2222 F FA2222 ATGAAAGGGCTAAACCATTCAGAAATTG
FA2222 R FA2222 CCTCTCCGTCCTTATAATGCG

FA2223 F FA2223 ATGACCTATACCCAGT CAAAAGATTATAAAAAC
FA2223 R FA2223 TTCTAGACCTCTTGCTGAATGTACG
FA2225 F FA2225 ATGTCTCAAACT GTAAAAAAAGAGAAACC
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Name Target Sequence (5>3’)

FA2225_R FA2225 AGCCGITTCCTCCTTGITATG
CHU2268_F CHU2268 ,_?_\'I(;GAAAAAAATAACCGI ATTGATTTCCATCTGGCTCAG
CHU2268_R CHU2268 GGGEGGACCCCGECGCCCTGTC

CHU2268woSP_F  CHU228EP  ATGIGTGAGAAAAAAACAGAAGCGG

CHU2268woSP_R  CHU228&P  CGATCCTCCGAGCCTGTAG

CHU2268HT_F CHU2268HT  ATGCATCACCACCACCATC

CHU2268HT_R CHU2268HT  CGAGAACTCCGGCCTAGAATTTC

Used for sequencing

VF2 pSB1C3 TGCCACCTGACGT CTAAGAA

VR pSB1C3 ATTACCGCCTTTGAGTGAGC

S_FA2219linker_ R FA2219 linker TTAGAATCAAACGTITATGITATAGACACCC

* Primer designed by Steven Kane.

8.1.2 Culture media and reagents

All media were prepared with distilled water andréized by autoclaving at 121°C

for 15 minutes or filtering.

= LB
10 g/l tryptone, 5 g/l yeast extract, 10 g/l NaCl.
= LB-agar
10 g/l tryptone, 5 g/l yeast extract, 10 g/l Nat3,g/l agar.
= CMC-LB-agar
10 g/l tryptone, 5 g/l yeast extract, 10 g/l Na3,g/l agar, 2 g/l CMC.
= MB9-agar

6 g/l Na2HPO4, 3g/l KH2PO4, 0.5 g/l NaCl, 1 g/l NEl415 g/l agar.

161



= MB

5 g/l peptone, 1 g/l yeast extract, 35 g/l seasalt
= MB-agar

5 g/l peptone, 1 g/l yeast extract, 35 g/l seasah g/l agar.
= PBS

0.21 g/l KHPQy, 9 g/l NaCl, 0.726 g N&IPQ.

8.1.3 Standard curves

Figure 8-1 shows the protein assay standard cuewg BSA as the standard.
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Figure 8-1 BSA standard curve
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Figure 8-2 shows the cellular protein assay stahdarve, with protein assay result

plotted against optical density at 600 nm.
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Figure 8-2 Total protein assay standard curve

Figure 8-3 shows a standard curve for the Azo-Calltlbse activity assay

constructed using different concentrations of RBB.
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Figure 8-3 RBB standard curve
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Figure 8-4 shows the MU standard curve.
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Figure 8-4 MU standard curve
Figure 8-5 shows the pNP standard curve.
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Figure 8-5 pNP standard curve
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Figure 8-6 shows a standard curve for the DNS iggtassay constructed using

different concentrations of rhamnose. Other sugare also used resulting in similar

results.
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Figure 8-6 Rhamnose standard curve
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8.2 Supplementary results

8.2.1 List of manually curated protein sequences

Designated names and locus tag are indicated. Aagits that were not considered

in the original annotation are highlighted.

>FA2196| BN863_21960

MKHVI MLYFI AAATLFSSCAKQDSEHRLI TVKNSLDLPRAFETI El SKSDI QLHTGERFEDF
SI QDVATKAI L TSQFVDEDQDGTADVL L FQPEL NPNSEKQFEL VKVDGGVEVDSTVYCYSRF
VPERTDDYTWENNKVAFRTYGPVAQKMVEDSL PGGTL SSG DAW.KKVEYS! | DNVWAKNDK
DPGYYHI DHGEGL DNFHVGSSRGVGGSAVKVDTSYY! SKNFTDYKTI TTGPI RTSFI LKYAD
WDANEKT| SEEKHI SLDYGNNFSRFEI HVDGTDEL SVGL TLHDNKGEI TONVDQGA AYVES
EYFDSELGTAI VAPKGVMIASEYYVTSMKDRSNL YAQL NVDNNKVVYYAGFAVKESKQYPTK
ASVEKY! QEFSEKLNTPLEVSI Q

>FA2203| BN863_22030

MKTRYFLLLG CM_SCRTDEKKQVQKEVDKPNVLFI AVDDLNNM SPI ANFSNI QTPNFDRL
AAMGVTFTDAHCPAPL CGPSRSAI MTGLRPSTTG YGMTPDNKI RRDDNEATKDI | FLPEYF
KKNGYHSMG GKL FHNYAPDGVFDEGGGRVKGFGPFPEKRFVDGF GT SKSRKGQYGRTNTD
WGAFPESDTL MPDHQAVNVW/L ERFNKNYKQPFFL AL GFQRPHVPL YVPQKWEDL YPLES! QT
PPYQSDDLNDI PPVGLKI NDLPMVPSTEWAI NSGEVKKI | QAYLACVSFVDYEL GRVLDALK
NSPYAKNTI | VLWBDHGYRL GEKGTFAKHAL WESATKAPL FFAGPNL PKGKKI DAPVEM_SI

YPTLLEL SGLQAYARNEAKSL VRMVKNEGLKDTYAI TTYGKNNHAVKVDGYRY! QYEDGTE
EFYDNASDPNEW NEANNFKFKSKI EALKAL L PKTNATWDAESNY TFQPYFVEQKTRGNVNA
AKAVKVI GAER

>FA2205| BN863_22050

VHQKI VECI PLWSRNLNSNVKGVRGEG ACLLI VLCSI | YRTEAQRI ETNFNNNWHFI LKDS
PDFSKENL DDSSVEL L NVPHDWEFEKGVRKGEDQGQRGEGYHDGE GWYRKTFSFSKASL SKT
TYI NFDGVYMNSEVW NGNRLGKRPYGY! SFRYDI SKYLKVGKNTI AVRVDNGLEPSARWYH
SCA YAPVKLVEVNPTHFKPNTI FI KTPSI EKQQGVVSI DAEI KGAFKGLKYNVELL TANGK
VI ATHSEKLASAQPSVQL EVKPPKLWSPESPNL YKAKTQ LDGKKVI DEKTTTFGFRTVAVK
TETGFW.NGENVKL KGVCEHVWEGEPVGGAW KPMLRWKL QSLKDMGE NAI RPSHNSTPPMFY
DI CDElI GLLVMDEI FDGAHKKAPEDYGKQAFDEVWNQADVKEW TRDRNHPSI FVWSLGNETH
SDVAPEMVAFGKNLDPTRL FTSGAGNPEDVDI QGVNGGSETKSFI ENNKLTKPFI STEAPHT
WOTRGYYRTQIWARDNEL SGTYELPNLTEKEVFFYEGQ NPKNVWKNRKQRFNSSYDNATVRVS
ARKYVWEVVRDTPVWHSGHFRWI GFDYY GEAGL VHGGEL PFNL FMGGAL DVAGFKKDL YYFYQSQ
W'EKPM HVL PHWI HPRVKKGT VI PVWWYANADEVEL FLNG SL GKDKPGTVWNEMQCEW.V
PYEEGTLEAVGYI NCKVVNRTSFSTAQQPSKLKTSI LKLDAEGSFTDSFI VTSESLDTAGHL
YPYGENKVYYH QGDVKKI SMENGNPI DPTSRTKSDFRAL FFGKTRTFLRAL PEPKEAAWWT
AAl LGDKALYTSNLI T1 DAQHI QLLGKSKTSDLEI RYTTNGENPETHGKL YKDAFMVEDDT T
VKAl VKONGKTVL SMEETFGKNEGL FWEDEHSADMA GRGVDI SAEEGVL TGAAKPSREAHR
FKGSGFVDFKGGEGSI TWYQENDGEPGEDYSI RFRYMHANNHGKLHPMKL YVNDEYVRTI EFEP
TGGNEKEVWKFVPTI | VLQSGANNI KLET

TGESGPFI DELFI D
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>FA2207| BN863_22070
MINMVNLKHKI FI MCLLVFCSSKI | AQQSQPNVLVFYVDDL RAEL GCYGSKTAI TPNI DKLAT
EGVQFNKAYVQQAI CAPSRVSTLTGLRPETLG YSI FTPLRSVHKDVWSVPQLFKENGYKTV
SI GKVYHHGT DDKNQWINYFTKEPNTYNKPENI AL L EQFKKEGKKANGPAFENADVADEAYK
DGRAAKYAVETL KKL KNDKFI MFVGFSKPHL PENAPKKYWDL YDKNNFEI PERKKPENMYRL
ALTNWGELKGYHG PNDVEYLDDNLTRDLI HGYHASI SYVDAQVGKVMEAL EAL GLRKNTTV
| FMSDHGYKI GEYGAWCKHSNEE] DVRVPLI VSRETSYKGRVAGKTSDALVENVDI FPTLVE
LCGLEGPKTDGKS! LQVI DRPNTPVDQVATAVYARGKNI MGCTATDGEVRY TEWRDAKTQDI
L GAEL YEHKNSL L SFKNL SGNTKYKKEEARMKGL L ETQFPRNQGPFL QHDTPRN

>FA2209| BN863_22090

M LHKSVFKSY! YVLTYFVFFSVVMSCENSSVL QEAKHLTI SEGFKNPLGFYDAKPTFSWVEL P
VWWEGVI SQSAYQ VWASSPDL L PNNPDLWDSNKQSSSQSVW NYEGKPLVSRKVRFWQVKYW
NQDDKASNWEPVONFEL GLL NNSDWKAKW GLPTKEEGVLGSQDNI | HRPQYLRKVFELSND
VANARLYI TAKGVFDVAI NGEDVSDDVMPPGYTPYKKRI ET1 TYDVTDLI ESGONTI GVEVA
AGNHSGRL GWKSYWSEDTESPKI LCQLEVTIMKDGSKASI | SDDTWKATTQGPI RI SEI YDGE
TYDAHL EMPHWI TNSFDDKNWKAVQAFPVTSTI KLEPKRHTTVKSKI VLESKEI | LKADAAI
FDL QONWGVPLLKVPMKMGEDTLKI RFAEM.SPDGTFYTDNYRSAQSTDYY! AAKEGT I EVWM
PKFTFHG-RYVEL SGFDASKTPSKNW/KGVVQYSNFNENGSFTSSHEKL NQL QSNI VWGLRG
NFFDI PTDCPQRDERMGW GCDAQVFGPTSMFNADVYKFWASWMQSVRESQYDNGGE PFVWPD
VLHNGKVSSGAGDVCTI | PVKI YYRTCGDVG LEENYDMVKKW/AHHQATSKDFI SHVNSFAD
WL QPYPENGNNKGDTSHSLI GTAFFAHSAKL TAKTAEVL GKKEEQAT YEAL YKSVAKAFENA
FFKNGKVKDVTATQT SYLLALAFDL L SEENKENAKQQLLEKI SEADNHLRTGFLGTPLLSEV
LDETGEI DLMYKLLFNETYPSWFYSI NQGATTI WVERWNSY SKAEGFNPMKIMNSL NHYAYGAI
GEVWWYERI TG APLQAGYKI | SI APl PKAPLTSASATLNTPYGEVASSWVEI KNETLFLEVW
PPNTTAEI El PTDNSESLKVDNENFTNGKNLKLI KNEKRKI KI LAQPGT YEFQAKYSL

>FA2218| BN863_22180

MKRRNFI QLSSLATI GVELPSAG VNACSSFPEQSL EFKNLTSEL LKEWCDGVLKVQ NNPS
NL EEHGAL RCPSCSHI HGRCMDAVYPFL YMADVSGDEKY! EAAKLVM WAENNVSQENGAWD
VI PNPKSWKG Tl FGAI ALAESLHYHSHI L DDKTL KAWINRLARAGQY! YDTFTI DFTNI NY
GGTAI YGLDI | GCDVL GNGNFKEKSKKMVAEEVQAFFTKNDYL L YGECKPEADKL SAKGLHGVD
LGYNVEETLNSLVMYALKNDDQALLQ VTKSLNSHL EFM- PDGGADNSWENRMY KW YWGSR
TCDGSQPAFAMVAHI NPAFGTAAVKNT EL LKQCTANGLLHGGPHY! SAG PPCVHHTFTHAK
PLAALLDHWKHL PEI NKTTALPRVTANG KHFKDL DVLLFSRCDWRGTVSAYDAEYHYKKDY
RQATGGSLA LYHNKVGLLCAASVAVYNWEPYNQQPQPGKDI ALTPRI ETFKEDQAYTNLY
DLTANLEAI DTKEVI NLASVVKLKNESRKMWSGTASEFHLTYSCAKEGLTI KVSTQQDI LEP
TAFVLPI ASPEKEKVEFVNEHEI KI SKPGGWTI KANVPLKLKEYSGTRTFNWPGLEALPI
ELFFETHI KELVLI VSW

>FA2219| BN863_22190
MLEKTTLKNI | LI HFLMFLAVWTAQTAPDEDTSAI TRCTAEGTNPVRETDI PNPVNVGTI DD
RSCYANYKESTVYGKTWGVYN TFDSNDFDTSLQPRI ERSLSRSSETG GSYARLTGVFRI L
EVGDTSGTSQDGT YL AQAKGKHT GGGGSPDPAI CLYLAKPVYGTGEDADKQVSFDI YAER! L
YRGGEGDGRE! VFL KNVKKDEETNFEL EVGFKEDPNDVSKKI QYCNAVI GGDTFNWNI PEPE

167



RGTESG RYGAYRVKGGERAQ RWANTTYQKVENVEVTNPGPI GDVYKLKNVATGQYLSDSGY
SASAVI MSDSGEANNYWFVESGSLFNI DNETFG LRAPGAGGEPGCGAYVWSTTKEGPSSD
GDKVWI'T HYNESNDT YRFESGSSGRFMYQEI NGNVTHI SAMNTDDRSVWKAI AVESL SVDEN
Al LASDVRVFPNPASDSFTI SLKTI NHVTVNI YDVLGNTI FKSEFNCGDTI Q RNKGOFKAGY
YLI QL TDKNNNKYHKKLI VK

>FA2225| BN863_22250

M KYKAI | NLVFI AVFFNNAVSQTVKKEKPNI | FI L TDDQORFDAI GYAGNKFVNTPENDKLA
QQGTYFDHAI VTTPI CAASRASLWI GL HERSHNFNFQTGNVREEYMNNAYPKLLKNNGYYTG
FYGKYGVRYDNL ESQFDEFESYDRNNRYKDKRGYYYKTI NNDTVHLTRYTGQQAI DFI DKNA
TNTQPFML SL SFSAPHAHDGAPEQYFWOTTTDAL L QDT TL PGPDL ADEKYFL AQPQAVRDGF
NRL RAWMRYDDPEKYQHSLKGYYRM SG DLEI KKI RDKLKEKGVDKNTVI | VMGDNGYFLG
ERQLAGKW.MYDNSI RVPLI VFDPRVNKHQDI SEMVLNI DVTQTI ADLAGVKAPESWQGKSL
LPLVKQETSTI SRDTI LI EHLWDFENI PPSEGVRTEEVWKYFRYVNDKTI EELYNI KKDPKEI
NNLI GKKKYQNVAKAL REKL DEL| AKNSDEFRAGPSDLTVEL| RQPESEVKI FDLKPEFGWT
VPLSSKYQSAYQLLVASSETI | NANNGDVWDSGQVRSSQSTNVDFGGKPLKI GETYYWKVRI
WDEENRL VDYSKAQKFTI GESDNY! | STENKFVTDKI KPSKFENRDGVYFI DFGKAAFATNE
FNYQAKTPHTLTI RVGEM DENGNVNRTPPAKSNI RYQEL KVEVKPGQTRYRI PI QTDERNT
RPNKAI PLPKGFPPLLPFRYAEI EGAQSSI NANDVEQLAYHTFVWDEKASSFKSDNNI LNQUW
DLSKYSI KATTFNGL YVDGDRER! PYEADAYLNQL SHYTTDREYAMARRT! EYFMKNPTWPT
EWQQHVAL LL YADYMYTGNTEL VERYYEAL KHKSL YEL SNEDGL| TSTKVDAEFMKKL GFPE
GYKKPLTDI VDWPGANFNGSKTPGERDGFVFQPYNTVI NSFFYENVKI MAQFAKI LGKTDEV
L DFEL RAAKAKKAVNEQVFDKKRG YVDG GTDHASL HANMVPL AFGL VPQEHVDTWEFVK
SRGVACSVYGAQFL L DGL YNVGEADYAL DLLASTSERSWYNM RI GSTI TLEAVWDNKYKNNL
DWNHAWGAVPANAI PRGLWG KPKTAGFG ASI KPQVGKLKSSQ TVPTVRGAI HATFTHNG
PRSQTYEI El PGNMVAEFSL DDl DGKDLI HNGQKVPAAFGAVQL SPGKHI | ELKI NSF

>FA2226| BN863_22260

MKTYNI NKRI NTLLLLVI TM_SFSGCDL EPQEKFRFDPEVDPQFTFGSMI TWEW. QT NPNDE
FGFM EAI KQTGLQDMYNSKTETYTFFLMKDPNWINNGPGFFSREFNLKNTADRDPKEVFED
PAVDLDI VRNYLLYLTLPI YVDQGPDHLKTLDLPYTFETLSEDVNNQ MTT ARDWNYVMQ N
DSPDLPTGNLGKI NVPVGYHNY! FSNGNSVAHI FGLNNNGKMARRYKFGEPKIVDF

168



69T

8.2.2 Localization prediction of proteins from the ulvan utilization PUL

Table 8-3 Localization prediction of proteins of tlke ulvan utilization PUL

Protein Localization? Phobius TM TMHMM Phobius SP SignalP BOMP TatP  Lipd® LipoP clas®
FA2190 OM 0 0 Y 0 1 0 0 Spll
FA2191 oM 0 0 Y 0 0 0 OM Spll
FA2192 oM 0 0 Y Y 5 0 0 Spl
FA2193 IM 1 1 Y 0 0 0 0 Spl
FA2194 CP 0 0 0 0 0 0 0 CP
FA2195 CP 0 0 0 0 0 0 0 CP
FA2196 OM 0 0 Y 0 0 0 0 Spll
FA2197 CP 1 1 0 0 0 0 0 CP
FA2198 CP 0 0 0 0 0 0 0 CP
FA2199 OM 0 0 Y Y 2 0 0 Spl
FA2200 OM 0 0 Y 0 0 0 OM Spll
FA2201 OM 0 0 Y 0 0 0 0 Spll
FA2202 PP 0 0 Y Y 0 0 0 Spl
FA2203 PP 0 0 Y 0 0 0 0 Spl
FA2204 PP 0 0 Y Y 0 0 0 Spl
FA2205 CP 0 0 0 0 0 0 0 CP
FA2206 CP 0 0 0 0 0 0 0 CP
FA2207 OM 0 0 Y Y 0 0 0 Spll
FA2208 OM 0 0 Y 0 0 0 0 Spll
FA2209 OM 1 0 0 0 1 0 0 Spll
FA2210 CP 0 0 0 0 0 0 0 CP
FA2211 PP 0 0 0 Y 0 0 0 CP




0.7

Protein Localization® Phobius TM TMHMM Phobius SP SignalP BOMP TatP  Lipd® LipoP clas$

FA2212 PP 0 1 Y Y 0 0 0 Spl
FA2213 PP 0 0 Y Y 0 0 0 Spl
FA2214 OM 0 0 Y 0 0 0 OM CP
FA2215 oM 0 0 0 0 5 0 0 CP
FA2216 oM 0 0 Y Y 1 0 OM Spll
FA2217 OoM 0 0 Y Y 0 0 0 Spll
FA2218 PP 0 0 0 Y 0 Y OoM CP
FA2219 EC 0 0 Y Y 0 0 0 Spl
FA2220 PP 1 1 Y 0 0 0 Spl
FA2221 OM 0 0 Y 0 0 0 Spll
FA2222 PP 0 0 Y Y 0 0 Spl
FA2223 OoM 0 0 Y 0 0 0 OM Spll
FA2224 CP 0 0 0 0 0 0 CP
FA2225 PP 0 1 Y Y 0 0 0 Spl
FA2226 PP 0 0 0 Y 0 0 IM CP
FA2227 OoM 0 0 Y Y 0 0 OoM Spll
FA2228 oM 0 1 Y Y 0 0 Spl
FA2229 IM 1 2 Y 0 0 0 Spl
FA2230 CP 0 0 0 0 0 0 0 CP

LipoP (Juncker et al., 2003) and Lipo v1.0 (Bere¢ral., 2006) were used to predict lipoprotein algreptides. TatP (Bendtsen et al., 2005) was tesededict Tat

signal peptides. TMHMM v2.0 (Sonnhammer et al.,8)98as used to predict transmembrane helices. Bagkall et al., 2004) was used to predict botharaembrane
spans and signal peptides. SignalP v4.1 (Petetsdn 2011)was used to predict Sec signal pepti@3MP (Berven et al., 2004) was used to predita tbarrel spans.
3 CP: cytoplasm; IM: inner membrane; PP: peripla®l; outer membrane; EC: extracellulaSPI: signal peptide (signal peptidase 1); SPplofirotein signal peptide
(signal peptidase I).



8.2.3 Ulvan solubilisation

Different pre-treatments were studied in order atulsilise ulvan fromU. lactuca

biomass. The solubilisation of more than 50% ofdhgars present id. lactucawas

achieved by incubating the samples for 4 h at 8@ about 70% when 150°C for
10 min were used (van der Wal et al., 2013). Irnstiiae study, the addition of sodium
hydroxide or sulfuric acid was also analysed; hasvethis did not improve the levels
of solubilisation achieved. In this study a preatreent consisting in autoclaving the
biomass at 121°C for 15 minutes was also analy$kd. new pre-treatment was
compared with the one at 85°C and a sample thatneagreated. As references
samples ofJ. lactucg U. lactucaalcohol insoluble residue (AIR), and purified uiva

using ammonium oxalate were used. All samples wepared using distilled water.

Key
Rha 1%
MMS= Master mix standard
. GlcA= Glucuronic acid
Xyl G e
Ulva= U. lactuca
Ara AIR= U. lactuca AIR
Man
Gle Puri= Purified ulvan
Gal Auto= Autoclaved U. lactuca
85°C= U. lactuca incubated at 85°C
A'.'
NP= No pre-treatment
- W - = " s

MMS GIcA Ulva AIR  Puri Auto 85°C NP

Figure 8-7 TLC analysis of the solubilized ulvan saples. All samples were hydrolysed
using TFA. Samples were dried, resuspended in abltanol and loaded on a TLC silica
plate. EPPAW (ethyl acetate, pyridine, propanoétiacacid and water) was used as mobile
phase and the plate stained with a thymol solufiwrnvisualization. Rha: rhamnose; Xyl:
xylose; Ara: Arabinose; Man: mannose; Glc: gluc@sal: galactose.
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All solutions were hydrolysed using TFA and theutBsg samples analysed by TLC
(Figure 8-7). A master mix standard containing rtie@in monosaccharides found in
cell wall polysaccharides was used. Clear bandwisigothe presence of rhamnose,
xylose and glucose were observed in all samplesak\®ands can be observed
showing the presence of glucuronic acid. Additibnal clear band of the same colour
of rhamnose appeared between galactose and glicwaoid in all samples. It has
been reported that the linkage between glucurandtcand rhamnose is recalcitrant to
acid hydrolysis (Lahaye & Robic, 2007). Considerthgs, the extra band probably
corresponds to the dimer glucuronic acid — rhamnéstear enrichment in rhamnose
and this band is observed in the lane containingigd sample. Similar results were
observed for the samples that were pre-treatedewahmost no sugars were observed
when the biomass was not pre-treated. These radeit®nstrate that the two pre-
treatments are effective in solubilizing the uleamtained in macroalgal biomass. The
autoclaving pre-treatment was selected to be usethis study considering its
practicality regarding the preparation of culturedia.
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