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Abstract

Ruminant herbivores establish highly complex symbiotic relationships with
anaerobic bacteria that produce cellulosomes to efficiently degrade plant cell wall
polysaccharides. Cellulosomes are composed of modular enzymes containing catalytic
modules which are linked to non-catalytic modules involved in protein:carbohydrate
(Carbohydrate-Binding Modules or CBMs) or protein:protein (Cohesins:Dockerins or Coh-
Doc) interactions.

This project aims to aid in the quest of broadening the knowledge of the cellulosome
and its components. Exploring both the Cohesin-Dockerin complex and the CBMs.

Despite already well characterized, the production and crystallization process of
Bacteroides cellulosolvens’s Cohesin-Dockerin Complex, still needs some optimization. By
forcing the complex to adopt only one of the two possible conformations, through direct
mutagenesis, we intended to test and optimize protein purification.

The resulting positive mutants were tested in different growth conditions from
which the best Dockerin expression were obtain for BL21 induced at 25°C in LB.

Among Ruminococcus flavefaciens strain FD-1 uncharacterized CBMs, we selected
Rf2 and Rf4 to determine its substrate affinity to: HEC, B-Glucan, Galactomannan and
Xyloglucan, using affinity gel electrophoresis.

From which we concluded that RF2 presents higher affinities for Galactomannan
and Xyloglucan ranging from 56 % to 49% (w/v)?, respectively, and Rf4 only has affinity
for Xyloglucan with a significant Ka of 296% (w/v)™.

Lastly, this novel CBM-Rf2 structure was solved at the As edge by single

wavelength anomalous dispersion.

Keywords: Cellulosome, cohesin, dockerin, Bacteroides cellulosolvens,

Ruminococcus flavefaciens, Carbohydrate binding module (CBM), CAZymes
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Resumo

Os Ruminantes estabelecem relacbes simbiéticas, altamente complexas, com
bactérias anaerobias produtoras de celulossomas de forma a degradarem eficientemente os
polissacarideos da parede celular de vegetal. Os celulossomas s&o compostos por enzimas
modulares constituidas por modulos cataliticos ligados a mddulos ndo-cataliticos, envolvidos
em ligacdes proteina:carbohidratos (Carbohydrate-Binding Modules ou CBMS) e interagdes
proteina:proteina (Coesinas:Doquerinas ou Coh-Daoc).

Este projeto visa ampliar o conhecimento dos celulosomas e dos seus componentes,
explorando tanto o complexo Coesina-Doguerina como 0os CBMs.

Apesar de ja se encontrar bem caracterizado, o processo de producao e cristalizacédo
do complexo Coesina-Doquerina de Bacteroides cellulosolvens, ainda necessita de alguma
otimizacdo. Forcando o complexo a adotar apenas uma das suas duas conformagdes
possiveis, através de mutagénese direta, pretende-se testar e otimizar a sua purificacéo.

Os mutantes positivos foram testados em diferentes condi¢bes de crescimento,
sendo a melhor expressdo obtida em células BL21 induzidas a 25°C em meio LB.

Dos vérios CBMs ainda por caraterizar de Ruminococcus flavefaciens estirpe FD-1
seleciondmos o Rf2 e o0 Rf4 para, atraves de géis de afinidade, determinar a sua afinidade a
diversos substratos: HEC, B-Glucano, Galactomanano e xiloglucano.

Concluimos que a RF2 apresenta maior afinidade para Galactomanano e
xiloglucano variando entre 56 e 49 (w/v), respetivamente. A Rf4 apresenta apenas afinidade
para o xiloglucano com um Ka significativo de 296 (w/v)™.

Por ultimo, a estrutura deste novo CBM-Rf2 foi resolvida por difracdo de raios-X

por dispersao andmala de comprimento de onda unico.

Palavras-chave: Celulossoma, Coesina, Doquerina, Bacteroides cellulosolvens,

Ruminococcus flavefaciens, médulos de ligacéo a hidratos de carbono (CBMs), CAZymes
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Introduction

Since the beginning of civilization mankind struggles to improve the usage of
our planet resources efficiently, and yet we face ourselves with a serious question: how can
we overcome a pending energy crisis?

As usual the answer is rather complex. When most of our energy system is based on

fossil fuels it has been extremely difficult to find a universal and economically appealing
replacement (Aransiola, Ojumu, Oyekola, Madzimbamuto, & Ikhu-Omoregbe, 2014;
Bharathiraja et al., 2014; Khan et al., 2014; Ziolkowska, 2014). Despite alternatives, like
biodiesel or bioethanol, being actively studied since roughly 1970, the green fuel movement
only gained momentum with the crude oil crisis and increased environmental concerns in the
turn of this millennium. Even so, after more than a decade we’re still quite far from replacing
fossil fuels with biofuels. In order to make the later a viable possibility there are a few key
issues that must be addressed for its successful implementation:

)] Which feedstock to use?

i) How will it be produced?

i)  Compared with diesel is it profitable?

i) Which will be
the feedstock?

iii) If compared
with diesel is it
profitable?

ii) How will it
be produced?

Figure 1 - Key issues for improving energy resources

To clarify these premises it’s essential to understand the basics of biofuels. Biofuels
can be divided in two main categories: liquid and gaseous such as bioethanol or biodiesel and
methane or hydrogen respectively. Unlike the conventional fuels, besides a series of previous
treatments, biofuels derived from organic materials undergo a fermentation process in order
to generate the desired product.
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These alternative fuels can replace petroleum-based fuels, for instance gasoline and
diesel, without the need to implement significant changes on the technology already in use,
providing the foremost advantage of reducing the nefarious emissions of greenhouse gases
(Carere, Sparling, Cicek, & Levin, 2008).

Biodiesel has been identified as one of the notable options for at least
complementing conventional fuels. Its production from renewable biological sources such as
vegetable oils and fats has been reviewed extensively (Aransiola et al., 2014; Rincén,
Jaramillo, & Cardona, 2014).

Its advantages over petroleum diesel cannot be overemphasized: it is safe,
renewable, non-toxic, and biodegradable; it contains no sulphur; and it is a better lubricant.
In addition, its use engenders numerous societal benefits: rural revitalization, creation of new
jobs, and reduced global warming. Its physical properties have been reviewed widely as well,
some of which are dependent on the feedstock employed for its production (Aransiola et al.,
2014).

i) Biofuel - Which feedstock to use?

Thanks to the large range of organic matter available in your planet we are able to
select the most adequate substrate from a diverse array of origins. Nevertheless, plant
biomass is the most consensual source that meets our purposes (Lynd 2002).

There are several reports on biodiesel production from edible oils; thus, its
competition with food consumption has been a global concern. About 6.6 Tg (34%) of edible
oil was estimated for worldwide biodiesel production from 2004 to 2007, and biodiesel is
projected to account for more than a third of the expected growth in edible oil use from 2005
to 2017. Consequently, employing waste and non-edible oils in biodiesel production would
eliminate the competition with food consumption; it will also allow for compliance with
ecological and ethical requirements for biofuel (Aransiola et al., 2014; Bharathiraja et al.,
2014; Macias-Sanchez et al., 2015; Rincon et al., 2014; Ziolkowska, 2014).

Brazil, one of the largest worldwide bioethanol producers, uses sugarcane as the raw
material to convert sucrose to ethanol via yeast mediated fermentation. In the USA the biofuel
is produced through an enzymatic process that breaks-down grain starch to glucose, which
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can then be fermented to ethanol (Maheshwari, 2008). Nevertheless, the use of this type of
biomass was questioned, on the basis of promoting food and farmland use to feed our cars
instead of our people. Therefore a more appealing alternative emerged, i.e. discarded
cellulosic biomass (Carere et al., 2008).

The plant cell wall, in which the main component is cellulose, comprises the
majority of the vegetal biomass. The cellulose bio-polymer is synthesized at an approximate
rate of 7.5x10%° tons per year, occupying the first place in the abundance scale of existing

natural polymers on Earth (E. Bayer, Lamed, & Himmel, 2007).

ii) Biofuel - How to produce it?

Extracting the fermentable sugars from sugarcane or starch is a well-established
method, very similar to the ones used in food industries, and has become the preferable
technique for producing bioethanol (Aransiola et al., 2014; Bharathiraja et al., 2014).

Generally non-edible feedstocks including waste vegetable oils, animal fats and
non-food crops are produced by conventional transesterification reaction. However, owing
to the limitations of the conventional methods, new technologies are starting to be developed.
Biodiesel could be produced by different technological processes, mainly transesterification
using homogeneous catalysts as well as heterogeneous catalysts (Aransiola et al., 2014;
Bharathiraja et al., 2014; Rincén et al., 2014; Ziolkowska, 2014).

All these available methods are capable of producing biodiesel from refined oil
which is the most common source of raw material for its production. However, they have
their own advantages and disadvantages. The acid-catalyzed homogeneous
transesterification has not been widely investigated and employed, when compared to the
alkali-catalyzed process, due to its limitations such as slower reaction rates, the need for
tougher conditions (higher temperatures, methanol-to-oil molar ratios and quantities of
catalysts) and the formation of undesired secondary products such as dialkyl or glycerol
ethers. Therefore it is less attractive to industrial purposes (Bharathiraja et al., 2014).

On the other hand, the main problem associated with the heterogeneously catalyzed
transesterification is the deactivation due to the presence of water, which is normally

produced from the esterification reaction (Bharathiraja et al., 2014) .
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Enzymes are believed to be a good choice to produce biodiesel; they can easily treat
fatty acids as well as triglycerides to produce biodiesel from non-edible oils with higher
conversions. In contrast, degrading the recalcitrant plant cell wall, pursuing the enzymatic
accessibility of cellulose is extremely difficult and involves the combination of powerful
chemicals, high temperatures and various enzymes before it can be fermented. Therefore
their high production cost limits their employability (Bharathiraja et al., 2014).

This may be overcome by using molecular technologies to enable the production of
enzymes in higher quantities as well as in a virtually purified form. The most common and
simple non-catalyzed biodiesel production process is by using supercritical methanol.
Though the procedure is claimed to be effective, it is highly expensive. Hence, there has been
more research to explore new technologies for the production of biodiesel considering their

industrial economic viability (Bharathiraja et al., 2014).

iii) Biofuel - Compared with diesel, is it profitable?

Ultimately, when evaluating the current alternatives a profitable and ideal
alternative still does not exist (Aransiola et al., 2014; Bharathiraja et al., 2014; Choi, Song,
Cha, & Lee, 2014; khan et al., 2014; Macias-Sanchez et al., 2015; Rincon et al., 2014;
Ziolkowska, 2014).

On the one hand we could use an easier substrate but with substantial impacts on
the food supply and fare markets. However, there are concerns regarding whether a growing
population can be fed in a sustainable manner or not. The development of innovative
technologies resulted in both improved genetic traits and advanced crop management.
Despite these trends there is a decline of rice yields from 1985 onwards. In spite of these
variations in the yield of different crops, there is still a gap between the growth of production
and demand of supply. Additionally, there may be other factors but the demand of edible
feedstocks for biofuel cannot be ruled out (Bharathiraja et al., 2014).

As far as biofuels are concerned, it is argued that one must distinguish between
biofuels driven by market forces and biofuels driven by government policy. However, it is
accepted globally that biofuels produced from edible feedstocks cannot replace the petroleum
fuels without impacting on food supplies (Bharathiraja et al., 2014).
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However, on the other hand we can re-utilize a more available and low-cost
feedstock with a more complex production process, therefore increasing the overall
production fee (Aransiola et al., 2014).

Nonetheless most studies tend to believe that the answer is based on reducing the
costs of processing Plant Biomass either through plant cell wall engineering to make it easier
to break or by improving the methods to degrade it (Bharathiraja et al., 2014).

Some research suggests a possible solution by genetically engineering the plant cell
wall to make it easier to degrade. However such procedure would lead to, once more, the
withdrawal of valuable crops soil and also entailed some risks associated with the production
of Genetically Modified Organisms (GMO) (Boudet, Kajita, Grima-Pettenati, & Goffner,
2003).

In this project, it is considered that the solution to this dilemma lies in the
development of a viable method for simplifying the plant cell wall breaking process.
Moreover, in order to look for answers the search began with the most efficient system
existent, Mother Nature, more precisely the herbivores, and their capability of degrading
cellulosic matter very rapidly, in less than 24h. The process takes place in the amazing gastro-
intestinal compartments, namely the rumen or caecum, residence of a large consortium of
symbiotic anaerobic bacteria with a unique characteristic, meaning the capability to
synthesize an enzyme cocktail assembled as an extracellular mega-Dalton complex, named
cellulosome. The cellulosomes are composed of modular enzymes containing catalytic
modules which are linked to non-catalytic modules involved in protein:carbohydrate
(Carbohydrate-Binding Modules or CBMs) or protein:protein (Dockerins or Doc)
interactions. Within the cellulosome, the Carbohydrate-Active enZymes (CAZymes)
(Lombard, Golaconda Ramulu, Drula, Coutinho, & Henrissat, 2014) bind to Cohesin (Coh)
modules present in a molecular scaffold, the scaffoldin, via enzyme borne Doc domains
(Type-1 Coh-Doc interactions). Cellulosomes can also be anchored to the host microbial cell
surface through type-I1 interactions, between scaffoldin-borne type-I1 Doc with type-11 Coh
on the cell envelope. Dockerins characteristically present two duplicated segments, each
defining a Coh-binding interface displaying similar ligand specificities, thus leading to a
possible dual-binding mode (Carvalho et al., 2007; Fontes & Gilbert, 2010).
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Inspired by this natural cellulose degrading factory, a new strategy for processing
vegetal biomass arose, the so called Consolidated Bioprocessing (CBP). CBP comprises, in
aone step process, the substrate hydrolysis and the fermentation by using cellulolytic bacteria
(Carere et al., 2008). In order for this process to be applied it’s essential to fully understand
the mechanism used by these microorganisms and more specifically how the cellulosome
works and how can we improve it.

Assembly of CAZymes in cellulosomes potentiates protein stability and enzyme
synergistic interactions. Cellulosomes comprise diverse CAZymes (glycoside hydrolases -
GH, carbohydrate esterases - CE and polysaccharide lyases - PL) displaying a modular
architecture in which a catalytic domain can be connected, via linker sequences, to one or
more non-catalytic carbohydrate-binding modules (CBMs).

With that as the ultimate goal, this project aims to aid in the quest of broadening the
knowledge of the cellulosome and its components. We can separate the work plan in two
distinct paths centered on the different modules of the cellulosome: the Cohesin-Dockerin
complex and the CBMs.

1. Work Objectives:

a) Insights into the Bacteroides cellulosolvens’s Cohesin-Dockerin Complex

Bacteroides cellulosolvens’s cellulosome consists of two large scaffoldins: ScaA,
an enzyme-binding primary scaffoldin with 11 Coh modules and a C-terminal Doc, and ScaB,
an anchoring scaffoldin that bears 10 Coh (Xu et al., 2004). In contrast to other cellulosome
systems, the apparent roles of the B. cellulosolvens Coh are inverted, the type-11 Coh are
located on ScaA and mediate enzyme attachment, whereas type-1 Coh are located on ScaB
and are involved in cell surface attachment. Despite this cellulosome architecture being well
characterized there are still unknown details on these Coh-Doc complex interactions, their
production and crystallization processes, namely due to the dual binding mode capability of
the type-Il interactions, that hinders in vitro production of stable and homogeneous

complexes, and as such prevents their crystallization and structure solving.
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(

Figure 2 - C. thermocellum type-ll cohesin—dockerin interaction around the dockerin’s 22/22’
sequence positions. The blue Doc structure seen on the top has the glycine residue highlighted in
yellow and it is superposed with a salmon colored dockerin were the Gly is substituted by an Asn
(shown in a stick molecular representation). Emerging from the bottom are several residues from two
different cohesin molecules (superposed and also colored blue and salmon). Several sterical clashes
are apparent on the salmon colored Coh-Doc complex. By mutating the glycine for an asparagine the
objective is to force the dockerin into a single possible conformation on binding with its cognate
cohesin, thus allowing the needed stability for successful crystallization.

Consequently this project aims to force the complex to adopt only one of the
conformations by alternatively mutating the critical residues at the 22 and 22’ sequence
positions of the dockerin as shown in Table 1, substituting a Gly-for an Asp— The rationale
for this mutation is based on predicted sterical clashes between the novel asparagine residue
against cohesin residues, previously shown to occur on Clostridium thermocellum type-l1i

Coh-Doc complexes by the group’s research team (Figure 2).

Table 1 — Dockerin amino acid sequences. The dockerin has a duplicated sequence which
conventionally is numbered from a conserved Gly residue (position #1) whereas the corresponding
residues on the duplicated segment are numbered by adding a superscript prime symbol (#1°). The
residues marked in red represent the canonical pair with a decisive importance on the Coh-Doc
interaction at the 11 and 11°residues. The residues in positions 22 and 22’ are marked in blue for the
original amino acid and in green for the mutated one.

Protein Sequence (N —C)
Dockerin

GDLNGDGVINMADVMILAQSFGKAIGNPGVNEKADLNNDGVINMADAT
BC2Doc-wt [SaXe)auer:s

BC2Doc— GDLNGDGVINMADVMILAQSFNKAIGNPGVNEKADLNNDGVINMADAT
mutl ILAQYFGK
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={e7Ipl[e= Y GDLNGDGVINMADVMILAQSFGKAIGNPGVNEKADLNNDGVINMADAI
mut?2 ILAQYFNK
In order to test and optimize protein purification, an HisTag was added either to
the N-terminal Dockerin or to C-terminal Cohesin, thus originating 4 constructs (Figure 3).

Figure 3 - B. cellulosolvens Coh-Doc Constructs. The constructs will test the influence of positioning
the histidine tag either on the dockerin (nsDoc) or on the cohesin (Cohwg) side, on the protein
expression. To force the Doc to adopt a single complex conformation, the original sequences were
mutated on the residue position 22 (mutl) and 22° (mut2).

The Coh-Doc complex expression will be tested to determine the best growth

conditions for the complexe’s large scale production.
b) Biochemical Characterization of Rf2 and Rf4 CBM’s of Ruminococcus

flavefaciens

CBM’s are non-catalytic domains that usually are found associated with enzymes
capable of degrading plant cell wall polysaccharides. They act as an anchor that helps the
enzyme bind to the substrate. CBMs direct the appended catalytic modules to their target
substrates, thus potentiating catalysis. The genome of the ruminal cellulolytic bacterium,
Ruminococcus flavefaciens strain FD-1, contains over 200 modular proteins bearing the
cellulosomal-signature dockerin module. Among these we selected the, yet to be
characterized, Rf2 and Rf4 to determine its substrate affinity to:

« HEC
* pB-Glucan

» Galactomannan
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+ Xyloglucan

c¢) Insights into the Rf2 CBM structure of Ruminococcus flavefaciens

Lastly, we intend to further characterize this unclassified Rf2 CBM using in silico
analysis to probe other similar proteins, as well as promote its crystallization to determine its
structure through x-ray bio-crystallography.

SIGN
(1-26)

ECHGYLNRSNLTWYTESEPVVNKMMEVLGVSSSNPPTTTASTPSGNDTTTTTAEEEDTAILYPFT

ISGNDRNGNFTINFKGTPNSTNNGCIGYSYNGDWEKIEWEGSCDGNGNLVYVEVPMSKIPAGVT
SGEIQIWWHSGDLKMTDYKAGSGSSAOTNTTPOOTTNNNNTTVTT

Figure 4 — Rf2 organization and amino acid sequence. The Rf2 is a protein from Ruminococus
flavefaciens, and this specific location of the gene flanked by two GH is consistent with other CBM’s
therefore supporting the conjecture that this sequence is in fact a CBM.
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Chapter 1 - Scientific Background
1.1- Plants As The Main Source Of

Biomass

Appreciatively, our world is vastly populated by trees and other plants constituting
the most ample form of biomass with an estimated production of 10 metric tons per year
and energy content of about 2 425x10%8 KJ. The increased cost of fossil fuels heightened the
interest on alternative forms of energy production such as biomass derived energy (Hyeon,
Jeon, & Han, 2013; Singh et al., 2014).

Although vegetal biomass is not homogeneous, with a variable composition
according to its phylogeny, it shares some common main component carbohydrates, which

can be sorted on three key categories as showed in Table 2 (Mateos & Gonzélez, 2007).

Table 2 — Categories of biomass according to its carbohydrate nature source (Mateos & Gonzélez,
2007).

Category Carbohydrates Exemple |

Monosaccharides Glucose Fruit Pulp
Fructose
Sugary
Disaccharides Sucrose Sugar cane, sweet
sorghum and beet
_ Inulin Potato _tubercles,
Starch Polysaccharides chicory
Starch Cereal grains
Lignocellulosic Polysaccharides Hemicellulose and Woods
Cellulose

Since the two first categories are primarily used as food supplies we are going to
focus more on lignocellulosic biomass and some vegetal residues from starch production to

reuse as feedstock to other processes.

1.1.1 - Abundance
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According to data extracted from Food and Agricultural Organization of the United
Nations (FAO), biomass available above-ground has been increasing over the years, reaching
in Europe an amazing value of 2.2x10° million metric tons as indicated on Figure

Plant Biomass in Europe
(Million Metric Tons)

2010 .
- 2 .I
=
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= !
-
3
= 2000 @
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'
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e 2000 B
1990 |EE—
0,00£+00 5,00E+05 1,00E+06 1,50E+06 2 DOE+06 2,50€E+06
Forest Other wooded land
1990 2000 2005 2010 1990 2000 2005 2010
Dead wood 2,356+04 6,26E+04 6.89E+04 7.06E+04 7536402 7.03E+02 3.45E+03 3.55E+03
® Below-ground biomass  4,14E+05 5,206+05 2,02E405 5,47E+05 3,66E+03 5,30E+404 1,16E+05 1,18E+05
m Above-ground blomass 1.43F+06 1,81E+06 1876+06 191E+06 151E+D4 1,776+04 184F+04 291E+05

Figure 5 - Vegetal Biomass present in Europe from 1990 to 2010. Above-ground biomass: All living
biomass above the soil including stem, stump, branches, bark, seeds, and foliage. Below-ground
biomass: All biomass of live roots. Fine roots of less than 2 mm diameter are excluded because these
often cannot be distinguished empirically from soil organic matter or litter. Dead wood: All non-
living woody biomass not contained in the litter, either standing, lying on the ground, or in the soil.
Dead wood includes wood lying on the surface, dead roots, and stumps larger than or equal to 10
cm in diameter or any other diameter used by the country (FAQ, 2010).

According to both Figures 5 and 6 the majority of vegetal biomass available consists
of living biomass and is being used worldwide for feeding purposes. Besides that, by
consuming live biomass we are interfering with the carbon cycle so it’s advisable to focus
only on dead or waste biomass. Even with that in mind the numbers are surprisingly high

with a value of 7.42x10* million metric tons.
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Global land use for food production and renewable
resources 2008

Agricultural
Total land area area Cropland
world wide world wide world wide
13.4 bn. ha 5.0 bn. ha 1,450 mil. ha
cities, residgental area, 0.2
road and rall < 7 /
/ / 260 Food
2 land / /
ts, 4.3 / /
me / /
/ /
// 355 pastures /
/ /
/ /
forest 39 Vi / 1.030 Animal feed
/ /
/ /
/
agnculiural 50 cropland
100 Material use
_______ - A p—
In bn. ha In bn. ha in mil, ha

ol &-msl tute.eu | 201 Saurces: OECD 2007, navs 2007 & 2011, Schmishuber 2007, FAD 2007 & 2011

Figure 6 - Global usage of land for feed and food purposes in 2006/07. From a total of 13.4 bn. ha
only 5.0 bn. ha are used for agricultural purposes from which 1.45 are used to crop purpose such as
food, animal feed, material use and only 55 mil. ha to bioenergy (Raschka & Carus, n.d.).

1.1.2 - Applicability

Most of vegetable waste, like dead vegetation, scrap from paper or furniture
industries or even agricultural residues, is not used to its full potential ending its life cycle at
landfills in order to be burned. By leveraging this type of biomass as feedstock to other
processes it is possible to reevaluate raw material that otherwise would be considered as
garbage. Reusing these wastes would be cheaper for the different industries and therefore
more appealing than other materials. Yet the variable composition of plant biomass would

require some previous sorting in order to steer the correct substrate to the right application.
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Figure 7 — Representative diagram of the contrast between the conventional industry and the novel
biorefineries. Adapted from (Lucia, Argyropoulos, Adamopoulos, & Gaspar, 2006).

1.1.2.1 - Biorefineries

The new concept of biorefinery consists of reusing indigestible vegetal biomass to
produce biofuels and other petroleum derived chemicals. In contrast to petroleum, with its
limited resources and fixed composition, plant biomass is a self-renewable resource,
recyclable and environmentally friendly that, due to its heterogeneous composition, can be
broken into many usable components (Menon & Rao, 2012).The main goal in this industry
is to extract from each biomass’s component the largest benefit for producing both food and
non-edible fractions, thus merging agro-food industries with biochemistry synthesis
applications (Menon & Rao, 2012).

1.1.2.1.1 - Animal feeding

The usage of plant biomass as animal feeding is one of the options that requires
some specific expertise as it deals with living beings. Therefore for this kind of application
it would be advisable to use only agricultural residues or dead vegetation. As such, plant
biomass could be directly given to ruminants since they are able to digest it due to their

diverse and complex resident microbiome’s driven enzymatic capacity (Singh et al., 2014).
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On the other hand, monogastric animals are not able to use these residues since they lack the
endogenous enzymes capable of hydrolyzing the structural carbohydrates present in the plant
cell wall.

In order to fully utilize waste biomass as supplements to animal feeding formulation,
namely monogastric species, it is essential to hydrolyze the complex carbohydrate bonds.
Nowadays the approaches used to break these chemical connections resort to either very
harsh chemical and physical treatments while the alternative has proven difficult, due to the

limitations on current biological methods (Mateos & Gonzalez, 2007).

1.1.2.1.2 - Chemical Conversion

Plant derived biomass consist in various different carbohydrates linked together,
such as cellulose, hemicellulose and pectins. If we break these complex sugars into basic
monosaccharides it is possible to create several different compounds (Menon & Rao, 2012).
There are two alternative routes to transform carbohydrates into simpler products:
fermentation processes and chemical transformation (Corma, Iborra, & Velty, 2007);
(Demirbas, 2001).

For instance, through glucose fermentation, obtained from breaking down cellulose
into glucose, we have an array of starting components like lactic acid, succinic acid or
glutamic acid that can be modified afterwards to generate additional products (Figure 8).
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Figure 8 - Products obtained by the fermentation of glucose (Corma et al., 2007).

By transforming these four products through a series of chemical reactions it is
possible to obtain other, such as bioplastics that otherwise would be extremely difficult to
produce and depended on petrochemical based substrates (Lucia et al., 2006)

For centuries mankind has been using polymers from nature as food or to produce
furniture and clothing. Despite public perception that bioplastics are a recent concept
emerging after environmental global concerns arose, the first artificial plastic, celluloid, was
invented in 1860. In 1940 the first ethylene based compounds were developed, but many
other discoveries on these compounds were never commercialized due to the ascension of
synthetic polymers made from crude in 1950 (Shen, Worrell, & Patel, 2010).

Until recently the petro-based plastics industry experienced an exponential growth,
where almost everything that we use is made of or contains some type of plastic. Increasing
concerns about fossil fuels scarcity, associated with climate changes and the desire to reduce
human impact on earth, caused major changes in conventional industries and the rebirth of
bio-based plastics. From all bioplastics presented on the Table 3, the most relevant types are
Polylactide (PLA) and Polyethylene (PE) based (Shen et al., 2010).
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Table 3 — Main emerging biobased plastics for non-food applications (Shen et al., 2010).

No Biobased plastics {group)  Type of polymer Types/Structure/Production Method
, Partially fermented starch; Thermoplastic starch (TPSf; Chemically
1. Starch plagtics Potysacchandes modiad starch (6.9.. starch acetats)
Starch blands; Starch compasites
2. Calukes polymers Polysacchandes Organic colluloss eaters; Reganerated celluloes
3 Poyictide PLA Polvest Biobasad manomer flactioe) by famentation, followed by polym-
Biobasad 1,3-propanediol (1,3-PDO) by famentation plus petro-
4 Polytmeliylens lersonalata (71T} | olyeeter chamical tersphihalc acid (or M)
5 Polyamides (PA)
a PA11 Biobased manomer 11-aminaundecancie acid from castor oil
b, PAB10 Manomer sebacse aced from castor oll
¢. PRE ! Blobassd monomer capeolactam by fermentation of suger
d. PAGE Bichasad adipic acid by fermentation
9. PR Blobased monomar obialned from olak: ackd via azelalc (dack
6 Poyhydroxyalkanoates (PHAS) Polyester Ditect production of PHA by fementation
Biobasad manamer (ethylene} abtaned from ethancl which s
7. Polyeltysane PE) Polyolafin rockiond Ui femharaton o sup
Manamer vinyl chioride can be oblaned from bobased diylene
8 Poyvinychioride PVC) Polyvimt sl
9 Other thermoplastics
a. Other polyesters (PRT, PES,
PBSL, PBSA, PBST, PBAT, PET, ,
PEIT PAc, Polyacrylates, PTN, Py, " Osster Various ciebaxylc scids, varous sconas
thermaplastic elastomers}
S o [:mml s Exhylene by dehycraton of bio-ehanl, eacted with ot com-
EPDM rubber) prunds
¢. Mathanol-based compounds
{69, pharoll resins, ured formal- (L Syngas by gasification of biomass, and synthes/s of methanol,
dahyde resins, melamine formaide- reacted with other compounds
hyde resing)
Themnochamical propysne peoduction via bionaphtha plus steam-
;"”,;’;WM, Various cracking or via biometnanc, folowed by & methanol-1o-olefing
g, Fr " process and potymensation,
10, Poyurethanas (PUR) Polywrethanes :ﬁmmwmwwmwmum-
11, Thermosats Cross-inked polymars
Diglycidy! ether of Disphenoi A derived from bisphenal A and
 Epory e Epoy e apichlorohydin {ECH). ECH produced by giycanne-to-apichio:

rohydin (GTE) peocess; glycarine is 8 byproduct of bio-Sess!
production,

The first bio-based plastic to be produced on a large scale was PLA, which consists

of an aliphatic polyester originated through the fermentation of sugars, usually from sugar
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cane, potato starch or tapioca starch. The lactic fermentation can produce different
percentages of both lactic acid isomers, L or D, which can be adapted by using a specific
Lactobacillus strain. Currently PLA is commercialized as a mix of 95% L-lactide and 5% D-
lactide and is widely used in packaging, textiles, diapers, agricultural mulch films and cutlery
(Shen et al., 2010).

Bio-based polyethylene is alike the petro-based PE, where the only difference
between them is the origin of the ethanol used to produce it. Nowadays bio-based PE is only
produced from dehydrating ethanol derived from sugar-cane fermentation at temperatures
ranging from 300°C to 600°C. This type of PE as numerous applications as presented in table
4 (Shen et al., 2010).

Table 4 — Applicability of PE derivatives in Western Europe ( * Excluding injection molded HDPE
caps, closures and petro tanks) (Shen et al., 2010).

HDPE LDPE LLDPE
7 8

Films 18% 4% 2%

Market Segment

Blow molding small parts 19% 1% 5%
Blow molding large parts 12%

Pipes and extruded products 19% 4% 3%
Extruded coating 11% 1%
Caps and closures 4%

Petro Tanks 3%
Injection molded parts 14% * 4% 5%
Cable 4% 3%
Textiles 3%
Other 8% 2% 1%
Total: 12.7 (Mt) 5.2 (Mt) 4.3 (Mt) 3.1 (Mt)

1.1.2.1.3 - Bioenergy

The exploitation of plant biomass as a resource to produce energy is one of the most
common applications. Global efforts to lead nations into environmentally friendly lifestyles
and policies due to increasingly depletion of fossil fuels caused the proliferation of alternative

sources to sustain our energy needs.
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In the last 15-20 years the European Community has been developing policies and
studies in order to implement a global use of bioenergy. The last report from 2010 calculated

the energy potential of vegetable biomass as shown on Figure 9 (Bottcher, 2010).
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Figure 9 - EU energy potential from vegetable biomass. Predictions for all EU27 countries for the
different biomass types and sources, according to potential types. Values in PJ per year. For the
averages from forestry biomass sources, the conversion of tons DM wood to PJ were harmonized to
a value of 15.48 (Bottcher, 2010).

Using only the biomass as feedstock, several types of energy like heat, electricity
and fuels can be produced. In order to convert biomass into one of these options several
technologies can be applied. These methods can be divided in three main categories:
Thermochemical, Biochemical and Extraction as shown in Figure 10 (Faaij, 2006)
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Figure 10 — Principal options for biomass conversion to secondary energy carriers (Faaij, 2006)

The thermochemical conversion uses high temperatures in order to promote the
chemical reaction that generates energy (Faaij, 2006). Despite the benefits of this first
method, the requirement of high temperatures increases the cost associated with this type of
conversion and decreases its sustainability. Therefore its applicability would be more suitable
for domestic use, like in heat production through convectional fireplaces and pellet’s boilers.

Through digestion or fermentation of the biomass, new compounds can be produced
and used as fuels to produce electricity, in a process called biochemical conversion (Faalij,
2006). By improving the technology of biochemical conversion of biomass, this method is
envisioned as the most suitable alternative to fossil fuels.

Finally the extraction method consists of extracting oil from the biomass, which
undergoes esterification to produce the so called biodiesel. This process is probably the most
well established in Europe (Faaij, 2006). Nonetheless it requires crops usage, eventually
implying the dislodgment of lands from the food industry, which is one of the main hurdles

for the bio-diesel industries.
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In order for plant biomass to become a viable feedstock for meeting future demand
for liquid fuels, efficient and cost-effective processes must exist to breakdown cellulosic
materials into their primary components (Elkins, Raman, & Keller, 2010). Therefore it is

essential to understand specifically plant biomass composition, specifically its most
recalcitrant component; the plant cell wall.
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1.2 - The Plant Cell-Wall

The main difference between plants and other living organism lies, precisely, in their
cell wall. The plant cell wall is a rigid structure that is responsible for the cell form, its growth
and stability, osmotic balance as well as constituting a barrier against pathogenic agents such
as virus, bacteria and fungus (Maza, 2012).

Plant’s cell wall adapts itself according to the development state of the plant. During
the initial growing and division, the cell wall becomes more elastic enabling the elongation
and form definition of the cell. In contrast, fully differentiated cells have a more rigid and
thicker wall providing mechanical strength to prevent biochemical degradation or even
physical damage (Knudsen, 1997; Maza, 2012).

1.2.1 - Structure

Most cellular walls from differentiated vegetal cells are composed of four layers: an
external coat called middle lamella and three inner layers, the primary, secondary and,
sometimes, even a tertiary wall (Maza, 2012; Sticklen, 2008a).
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Figure 11 - Plant plasma membrane and cell-wall structure. Most plant’s cell wall is composed by a
plasma membrane, a primary and secondary wall and a middle lamella. Their main constituents
vary according to its function (Sticklen, 2008b).
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1.2.1.1 - Middle lamella

The middle lamella is basically a thinner cover of pectin’s and lipids that act as
binders between the other cells as well as protectors from various external aggressions (Maza,
2012).

1.2.1.2 - Primary wall

The primary wall consists of a two segment’s system, where microfibrils of cellulose
are embedded on protein and non-cellulosic polysaccharide matrix. The long cellulose chains
are organized side by side creating micelles. This almost crystalline structure is maintained
by hydrogen bonds between the numerous hydroxyl groups (-OH) available. The association
of various micelles originates the cellulose’s microfibrils, which can reach several
micrometers of length and between 3 and 10pum of diameter (Maza, 2012).

Regarding to the polymeric matrix there are several theories. Initially Keegstra et
al. (1973) suggested that the various polysaccharides and proteins, such as xylan, xyloglucan,
pectins and structural proteins, formed a macromolecular net through covalent bonds
amongst each other, while the cellulose microfibrils were connected by hydrogen-bonds. In
1989, Hayashi and Fry proposed the most popular model. In this model a single xyloglucan
chain occupied the gaps between cellulose microfibrils, tethering them together, while the
pectins and structural proteins filled the remaining space. Further models were later proposed
(Talbott & Ray, 1992) or (Ha, Apperley, & Jarvis, 1997), sharing in common the coating of
cellulosic fibrils with xyloglucan. In summary, the primary wall structure consists of a
complex network of cellulose microfibrils superficially attached by hemicelluloses through
non-covalent interactions, all embedded on a gel like phase comprising pectins (Cosgrove,
2005; Maza, 2012; Somerville et al., 2004). This dynamic network is responsible for the
majority of the physical properties displayed by plant cell walls.

1.2.1.3 - Secondary wall

In contrast with the primary wall, secondary walls differ depending on cell type or
development stage and are normally present to increase the mechanical support. The
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successive deposition and fouling of cellulose fibrils in addition to other compounds, like
lignin, is responsible for the establishment of a secondary wall (Knudsen, 1997; Maza, 2012).

1.2.2 - Main Constituents

The plant cell wall is mainly composed by polysaccharides (90%), glycoproteins (2-
10%), phenolic esters (< 2%) and ionic and covalently bound minerals (1-5%) (Rose, 2003).
In accordance to our project goals we are going to focus only in the polysaccharides which,
according to Wallace & Somerville (2014), can be divided in five distinctive groups:

cellulose, hemicelluloses, pectins, proteins and lignin.

Figure 12 - Main cell wall constituents. Cellulose, hemicellulose and lignin form structures called
microfibrils, which are organized into macrofibrils that mediate structural stability in the plant cell
wall. Cellulose is a P(1-4)-linked chain of glucose molecules. Hemicellulose, the second most
abundant component of lignocellulose, is composed of various 5- and 6-carbon sugars such as
arabinose, galactose, glucose, mannose and xylose. Lastly, lignin is composed of three major phenolic
components, namely p-coumaryl alcohol (H), coniferyl alcohol (G) and sinapyl alcohol (S). Lignin is
synthesized by polymerization of these components and their ratio within the polymer varies between

different plants, wood tissues and cell wall layers (Rubin, 2008).
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1.2.2.1 - Cellulose

Cellulose is a linear polymer with several thousand glucose residues linked together
through a glycosidic bound B-1,4-D-anhydroglucopyranose (CenHion+20sn+1, n= glucose’s
polymerization’s degree). This specific connection along with a 180° rotation of each glucose
unit, within the chain, relatively to the previous one is responsible for a flat assembly of this
polysaccharide. The structure stability is acquired due to hydrogen bonds between parallel
glucans creating a crystalline microfibril that provides the mechanical strength and
degradation resistance (Cosgrove, 2005; Maza, 2012; Thygesen, Oddershede, Lilholt,
Thomsen, & Stahl, 2005).

Cellulose, available commonly in global flora, normally has a polymerization’s
degree of roughly 15 000 glucopyranose in cellulose from native cotton and 10 000 in wood
cellulose. There are several polymorphic forms of cellulose that can be interconverted into
each other. Their nomenclature ranges from I to 1V, in which cellulose | is the native form
(Sullivan, 1997). The natural form of cellulose adopts a rather unstable crystalline structure
called cellulose I, which includes the forms Ia and I where both chains assemble in a parallel
mode (Jamal et al. 2004). The concept of cellulose Ia and I was reported by Simon et al
(1988) which described that the cellulose on the surface of the crystal differed from its
structure on the center. After various studies comparing both forms it was establish that they
had the same backbone structure, differing only in their hydrogen bonding patterns. The
meta-stability of cellulose Ia confers it a higher reactivity rate than I, therefore their relative
proportion in each sample may affect the overall reactivity (Sullivan, 1997). The proportion
of these two forms apparently alternate according to the type of plant or organism that
produces it. For instance, higher plants have predominantly If form, whereas cellulose
originated from primeval organisms has mostly Ia (Jamal, Nurizzo, Boraston, & Davies,
2004; Thygesen et al., 2005).

Besides this crystalline structure, natural occurring cellulose seems to comprehend
other less organized and loosely portions, named “amorphous” cellulose. Despite the overall
knowledge of the different levels of organization of the cellulose fibers present on the plant
cell wall, the proportions and definite structure is still unclear (Gourlay, 2014). As shown in

Figure 13, in general, cellulose is crystalline when molecules are tightly packed and is

Universidade Lusofona de Humanidades e Tecnologias — Faculdade de Engenharia

24



Ana José de Oliveira Nunes Pires - Breaking the wall! Deconstruction of the Cellulosome
- A journey from cohesin dockerin expression to novel carbohydrate binding module structures

amorphous when they are less densely packed. The crystalline areas are more insoluble and
inaccessible to enzymatic attack than the amorphous areas, making the hydrolysis of these
regions more complex and difficult (Warren, 1996). Most of the “amorphous phase” of
cellulose corresponds to chains that are located at the microfibril surface, whereas crystalline
components occupy the core (E. A. Bayer, Chanzy, Lamed, & Shoham, 1998). To sum up
it’s important to refer that despite its terminology amorphous cellulose still has some level
of organization (Sullivan, 1997), that its ratio and order in the main structure differ according

to the phylogeny and it is reported to be easier to degrade by enzymes (Gourlay, 2014).
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Figure 13 — Organization of Cellulose. Cellulose is crystalline when molecules are tightly packed

whereas it is amorphous when they are less densely packed (Chun et al., 2012).

1.2.2.2 - Hemicellulose

Following cellulose, hemicellulose is the second most abundant component in
lignocellulosic materials, comprehending a diverse group of highly ramified polysaccharides.
Unlike cellulose, hemicelluloses are not chemically consistent, establishing heterogeneous
polymers of pentoses such as xylose and arabinose, hexoses like mannose, glucose, galactose,
and also sugar acids. The type of polymers depends on the hemicellulose’s origin, since
normally hardwood hemicellulose contains more xylans and softwood hemicelluloses are

mainly formed by glucomannans (Saha, 2003; Rose, 2003).
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1.2.2.2.1 - Xyloglucan

In land plants, xyloglucan is the most predominant cross-linking hemicellulosic
polymer. This polysaccharide is composed of a semi rigid -1,4-glucan backbone commonly
decked with a-1-6-xylosyl residues on the side chains. The side chain residues are often
replaced at O6 by diverse alternative glycosyl residues according to the phylogeny and cell
type (Fry, 1989; Wallace & Somerville, 2014); rose, 2003).
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Figure 14 — Xyloglucan structure (Bhalekar, Sonawane, & Shimpi, 2013).

1.2.2.2.2 - B-Glucan

The B-glucans are included in the glucan category which consists in glucose
polymers linked by either an a or  bond. In B-glucans the D-glucose is linked by a -
glycosidic bond (El Khoury, Cuda, Luhovyy, & Anderson, 2012). The uniqueness of this
molecule resides on this linkage alternate conformation, causing twists in the main chain and
reducing intermolecular associations (Edney 1991).

This hemicellulosic polysaccharide is mostly present in cereals such as barley, oats,
rye and wheat. The overall structure of this polysaccharide varies according to the source.
One of the simplest structure of B-glucans is found on the plant cell wall of some cereal grains

such as barley and its composed by linear -1,3; 1,4-D-glucans (Figure 15). In contrast,
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glucans extracted from bacteria, yeast and fungi and some algae tend to present a branched
structure consisting of f-(1,3)- or p-(1,4)-glucan backbone with either (1,2)- or (1,6)-linked
B-glucopyranosyl side branches (EI Khoury et al., 2012). This polymer has raised further
interest when compared with other cellulosic polysaccharides due to its nutritional and

medical value (Brown & Gordon, 2001).

Figure 15 — B-Glucan Structure. National Center for Biotechnology Information. PubChem
Compound Database; CID=46173706, http://pubchem.nchi.nim.nih.gov/compound/46173706
(accessed Apr. 22, 2015).

1.2.2.2.3 - Mannose derivatives — Mannan,
glucomannans and galactomannan

The polysaccharides derived from mannose are a significant constituent of plant
biomass and also very useful as thickeners and stabilizers in the food and pharmaceutical
industries.

Mannan comprises a backbone of B-1,4-linked mannose residues, whereas the other
mannose-containing polymers have a heterogeneous linkage of mannose and other sugars.
For instance glucomannans are randomly distributed mannose and glucose -1,4 bonds,
whereas galactomannans have the mannan backbone decorated with an «-1,6-linked

galactosyl residue (Brett, Waldren, & Brown, 1996).
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1.2.2.3 - Pectin

Pectins are highly conserved polysaccharides amongst land plants, acting as the
foremost filler between cellulose and hemicelluloses. This cell wall component is composed
by a backbone structure of galacturonic acid a-D-GalA linked at mutually 1 and 4 positions.

Pectic substances can be divided in three main categories, as shown in Figure 16:
homogalacturonan (HG), rhamnogalacturonan | (RG-I) and rhamnogalacturonan Il (RG-I1).
HG consists in a-D-GalA single chain that can suffer some modifications like O-acetylation
at O-2 or O-3 and substitution of the O-3 with B-D-Xyl, depending on the type of plant of
origin. The difference between HG and the RG-II lies on the addition of alternative
polysaccharide side chains mainly with galacturonic acid and rhamnose. In contrast, RG-I
has a single chain backbone with repetitions of 4-a-D-GalA-1,2-a-L-Rha-1 in which the
GalA residues are extremely acetylated at O-2 or O-3 (Atmodjo, Hao, & Mohnen, 2013).
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Figure 16 - Structures of the main pectic polysaccharides and in pectin-containing cell wall
proteoglycans: (a) homogalacturonan (HG), (b) rhamnogalacturonan Il (RG-II), (c)
rhamnogalacturonan | (RG-1) backbone (Atmodjo et al., 2013).
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1.3 - Breaking the wall

One of the greatest hurdles of the widespread usage of plant biomass as feedstock
to produce bioenergy is related to the difficulties associated with the pre-treatments required
to degrade the plant cell wall. In order to be profitable, besides large scale availability and
having a low purchase price, the technology used to convert biomass to energy must be
effective, efficient and also low cost, all of which are not yet available.

1.3.1 - Conventional treatments

Pre-treatments consist in the preparation of the lignocellulosic biomass through
solubilization or separation of its main components. The proper pre-treatment must be
adjusted to the feedstock, enzymes and organism used in all stages of the process. Although
efforts have been made in the past decades to reduce the cost associated with lignocellulosic
pre-treatments, most methods implemented weren't fully satisfactory (Menon & Rao, 2012).

The effectiveness of these treatments reside on the balance of operational costs, the
range of lignocellulosic materials that can be used, the harnessing of most feedstock and the
accurate separation of each component (Agbor, Cicek, Sparling, Berlin, & Levin, 2011).

Although it is extremely difficult to evaluate and compare methods, the perfect
system would produce a disrupted carbohydrate substrate that could easily be hydrolyzed,
avoiding the production of other by-products that could compromise the fermentation, like
inhibitors, or that might degrade sugars. Based on these ideal standards, pretreatments are
rated according to the severity factor which is determined by the combined effect of three
main factors: the temperature, acidity and duration (Agbor et al., 2011).

Most of the pretreatments available nowadays involve either physical, chemical and

biologic treatments or a combination of these techniques (Menon & Rao, 2012).

1.3.1.1 - Physical Treatments
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Physical pretreatments encompass the mechanical process that literally breaks the
biomass into smaller sizes. This may be obtain through several methods such milling,
irradiation or extrusion (Agbor et al., 2011; Menon & Rao, 2012; Yang & Wyman, 2008).

Most of these methods require the use of more energy than the energetic potential
of the biomass being treated, therefore making this option highly inadequate to its industrial
implementation (Menon & Rao, 2012; Yang & Wyman, 2008). In order to make this method
profitable, it must be combined with chemical treatments thus increasing the efficacy of the

process by decreasing the associated costs (Agbor et al., 2011).

1.3.1.2 - Chemical Treatments

The effect of several chemicals on loosening the structure of lignocellulosic biomass
have been report in diverse studies, being one of the most applied methods and according to
some authors the most effective. The chemical treatments are normally divided according to
the used solvents and its pH (Agbor et al., 2011).

On the higher pH range we have the alkaline solvents such as NaOH, KOH and
Ca(OH)2. These reagents increase the surface area while decreasing the degree of
polymerization (dp) and crystallinity of the biomass therefore making the carbohydrates
more accessible (Agbor et al., 2011). This is generally achieved due to the alkali ability to
break the ester and glycosidic bonds in the side chains. The conditions required for the
alkaline treatment are usually less aggressive since it’s possible to reduce the operation
temperatures by increasing the process time. Unfortunately this method involves additional
steps of neutralization to remove lignin and inhibitors (Menon & Rao, 2012).

In order to use acids, such as sulfuric, hydrochloric and phosphoric acids, to
hydrolyze biomass it’s necessary to dilute them due to their corrosive proprieties (Agbor et
al., 2011). The acid hydrolysis of the sugars normally present high product yields in a short
amount of time but requires high temperatures which in association to its harshness decreases
the overall appeal of this method (Menon & Rao, 2012). This technique also requires
additional neutralization and in order to be profitable the solvent must be recovered and
reused (Agbor et al., 2011).
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The use of green solvents has been one of the most promising alternatives to the
regular solvents. The so called ionic liquids (IL) have been increasingly gaining interest in
various fields and the degradation of vegetable biomass it is not an exception (Yang &
Wyman, 2008). These remarkable new solvents can be adapted according to the requirements
of the process in consideration, but in general they consist entirely of ionic species. These
salts are composed mainly by one or more large ions and a low symmetry degree cation. The
ionic liquids may be allocated to two main categories, the simple salts and the binary ionic
liquids. By exposing cellulosic material to IL the samples become essentially amorphous and
porous increasing the efficacy of degradation by enzymes. The advantage of this technique
resides on the fact that the energy and skills requirements are less demanding as well as its
friendliness to environment. However, due to being a recent technology the costs associated
with the solvent itself and the all the optimization that still need to be done in order to make

it profitable, its commercial application is still limited (Menon & Rao, 2012).

1.3.2 - Biological Treatments

One of the most current strategies in science is to mimic nature and the plant cell
wall degradation is an excellent example of how useful environmental strategies can be used

to solve our problems.
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Figure 17- Classification of microbial taxons bearing putative CAZymes. (a) The pie chart shows
the abundance of phylum and (b) genus abundances ordered from the most abundant to least
abundant (Singh et al., 2014).

Several organisms, as shown in Figure 17, have been digesting lignocellulosic materials for
ages, ruminants such as sheep and cows obtain 70% of their energy from breaking the
cellulosic bonds and converting them to smaller carbohydrates (Dassa, Borovok, Ruimy-

Israeli, & Lamed, 2014). Another common example is the action of termites in degrading
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wood. Since we are not planning to use these animals directly in the industry, it is essential
to fully understand their remarkable ability.

Termites normally work in association with fungi in a symbiotic relationship where
the fungi digest the cellulose while termites then consume both of them. From previous
studies the usage of fungi has proven to be not as efficient as desirable, since growth
conditions and the necessary area must be carefully controlled and the overall process is slow,
therefore reducing its industrial appeal (Menon & Rao, 2012).

Nevertheless, low energy and mild environmental requirements associated with
environmentally friendliness make the biological approach a very promising technique,
prompting the research of bio-alternatives to fungi. This search brings us back to the
ruminants which have a fascinating crew of bacteria in their rumen helping them to degrade
lignocellulosic biomass. Despite being well known that cellulosic bacteria play a major role
in degrading plant fibers on the rumen, only a few species have been identified, namely
Ruminococcus and Fibrobacter, on which we are going to focus our attention (Dassa et al.,
2014). Besides these species, there are other microorganisms that have been classified as
plant degrading and that are resumed at Figure 18.These organisms’ ability to degrade the
plant cell wall comes from their extracellular consortium of enzymes such as cellulases and
hemicellulases. These enzymes normally display an extremely complex architecture,
merging catalytic modules to non-catalytic modules which can either be interactions between
two proteins like the dockerin-cohesin modules or protein-carbohydrate such as CBMs-
substrate interactions (Fontes & Gilbert, 2010).

Besides the common presence of an enzymatic complex, aerobic and anaerobic
microorganisms present very distinct ways of approaching and organizing their plant cell
wall degrading machinery. Aerobic microorganisms present a free enzyme system where
enzymes are either secreted into the extracellular milieu or are located on the outer
membrane. Although these enzymes do not physically associate, they do display extensive
biochemical synergy (H J Gilbert, Stalbrand, & Brumer, 2008). In contrast, anaerobes such
as Clostridia and rumen bacteria have a particularly interesting multienzyme assembly

system termed cellulosome (Fontes & Gilbert, 2010).

Universidade Lusofona de Humanidades e Tecnologias — Faculdade de Engenharia

34



Ana José de Oliveira Nunes Pires - Breaking the wall! Deconstruction of the Cellulosome
- A journey from cohesin dockerin expression to novel carbohydrate binding module structures

v cgﬁ)gncs'll\i p Genus Representative species” rc(i::: 5 Morphology ?:;;T R:t;t::g Motility Features of cellulase system

Acrobic Acidothermus A. celldlolyticus + Rod Thermo Noncomplexed, cell free
Bacillus B. pumilis + Rod Meso Endospore  Flagellar Noncomplexed, cell free
Caldibacillus C. cellovorans + Rod Thermo  Endospore Noncomplexed, cell free
Cellulomonas® C. flavigena, C. uda + Rod Thermo  None Flagellar Noncomplexed, cell free
Cellvibrio C. fulvus, C. gibvus - Curved rod Meso None Flagellar Noncomplexed, cell free
Cytophaga C. hutchinsonii - Rod Meso None Gliding Noncomplexed?, cell free?
Erwinia C. carotovora - Rod Meso None Flagellar Noncomplexed, cell free
Micromonospora M. chalcae + Filamentous rod ~ Meso Spore! Nonmotile  Noncomplexed, cell free
Pseudontonas P. fluorescens var., cellulosa = Rod Meso None Flagellar Noncomplexed, cell free
Sporocytophaga . myxococcoides = Rod Meso Spore? Gliding Noncomplexed, cell free
Rhodothernus R. marinus Rod Thermo
Streptomyces S. reticuli + Filamentous rod ~ Meso Spore! Nonmotile  Noncomplexed, cell free
Thermobifida T. fusca + Filamentous rod  Thermo  Spore’ Nonmotile  Noncomplexed, cell free

Anaerobic  Acetivibrio D. cellulolyticus - Curved rod Meso None Nonmotile  Complexed
Anaerocellum D. thermophilum + Rod Thermo  None Flagellar Noncomplexed, cell free
Butyrivibrio B. fibrisolvens + Curved rod Meso None Flagellar Noncomplexed
Caldicellulosiruptor  C. saccharolyticum - Rod Thermo  None Flagellar Noncomplexed, cell free
Clostridium C. thermocellum, C. o Rod Thermo,  Endospore  Flagellar Complexed, mostly cell

cellulolyticum meso bound®

Eubacterivm E. cellulosolvens ) Rod Meso None Nonmotile
Fervidobacterium F. istandicum - Rod Thermo  None Flagellar
Fibrobacter F. succinogenes - Rod Meso None Nonmotile  Complexed, cell bound
Halocella H. cellulolytica - Rod Meso None Flagellar Noncomplexed, cell free
Ruminococcus R. albus, R. flavefaciens + Coccus Meso None Nonmotile  Complexed, cell bound
Spirochaeta S. thermophila + Spiral Thermo  None Noncomplexed, cell free
Thermotoga T. neapolitana - Rod Thermo

“Not all strains of the indicated species are cellulolytic, and some less active or less studied cellulolytic species within these genera are not listed.
" Meso, mesophilic; Thermo, themophilic,
€ Most strains can also grow anaerobically.
4 Unlike true endospores, these spores have only moderate resistance to environmental stress.
“ Except for C. stercorarium (81, 83, 606),

Figure 18 - Principal cellulolytic bacteria and their major morphological features. Summary Table from (Lynd, Weimer, Zyl, & Pretorius, 2002).
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1.4 - The Cellulosome

The cellulosome was first described in 1983, more than thirty years ago, in the
Clostridium thermocellum, an anaerobic thermophilic bacteria known for its cellulolytic
abilities (Fontes & Gilbert, 2010; Smith & Bayer, 2013).

Table 5 — Cellulosome-producing microoganisms. Mes- Mesophilic (25°-40°C) Ther- Thermophilic
(> 40°C) (Doi & Kosugi, 2004).

Microorganism Growth Temperatures Source
Mes Sewage
Acetivibrio cellulolyticus
Mes Sewage
Bacteroides cellulosolvens
Mes Rumen
Butyvibrio fibrisolvens
Mes Soil
Clostridium acetobutylicum
Mes Rumen
Clostridium cellobioparum
Mes Compost
Clostridium cellulolyticum
Mes Wood
] Clostridium cellulovorans
= fermenter
3 Mes Compost
= Clostridium josui
S Clostridium papyrosolvens Mes Paper mill
(B}
;:cu Clostridium thermocellum Ther Sewage soil
Ruminococcus albus Mes Rumen
Ruminococcus flavefaciens Mes Rumen
Neocallimastix patriciarum Mes Rumen
(&)
g Orpinomyces joyonii Mes Rumen
(<5}
g Orpinomyces PC-2 Mes Rumen
Piromyces equi Mes Rumen
Piromyces E2 Mes Faeces
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Since then, several studies and reviews have been conducted in order to expand the
knowledge in this field and to enhance the viability of exploiting cellulosomes to degrade
plant biomass (Doi & Kosugi, 2004; Smith & Bayer, 2013). The efforts made enabled the
identification of several other microorganisms able to produce cellulosomes, as seen in table
5.

Generally the cellulosome is composed of two main components; the non-enzymatic
scaffolding proteins called scaffoldins and a variety of attached CAZymes. In a pivotal
protein-protein cellulosome assembly interface, termed type-I Coh-Doc interaction, the
cohesin domains present on the scaffoldins bind to the dockerin domains existent on the
enzymes (Figure. 19) (Doi & Kosugi, 2004; Fontes & Gilbert, 2010).

[ X J aVad %— Dockerin
S l . -
Enzymes ‘j“ §3—>—‘4. J+—CBMm

s i
4 ) -

w ! =—Enzyme
A

C-terminal +
divergent
dockerin

Scaffoldin

W WY

Figure 19-Cellulosome assembly mechanism. The catalytic modules (enzymes) are generally
appended to a dockerin module which is coupled to a non-catalytic module composed of CBMs. The
dockerins bind to the cohesins (red) of a non-catalytic scaffoldin, providing a mechanism for
cellulosome assembly. Additionally the scaffoldin also contains a cellulose-specific family 3 CBM
(CBM3a) and a C-terminal divergent dockerin that targets the cellulosome to the plant cell wall and
the bacterial cell envelope, respectively (Fontes & Gilbert, 2010).
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In more complex systems, such as those present in C. thermocellum, Acetivibrio
cellulolyticus and Bacteroides cellulosolvens, besides the primary scaffoldin there are
multiple anchoring scaffoldins, thus enabling the linkage of the cellulosome to the cell
surface. This anchoring is due to C-terminal S-layer homology (SLH) modules that mediate
the scaffoldin cell-wall attachment, while these anchoring scaffoldins also possess type-1I
cohesins involved in the so called type-11 Coh-Doc interactions with the primary scaffoldin-
borne C-terminal divergent type-l11 dockerin (Fontes & Gilbert, 2010).The simplest
cellulosome system consists of a single scaffold protein with a few cohesins and a
carbohydrate binding module (Doi, 2008). This assembly mechanism changes according to
the organism from which it is isolated. The simplest cellulosomes are characteristic from
Clostridia and present only type-I cohesins, lacking type-Il dockerins, and therefore are not
anchored to the cell surface (Doi & Kosugi, 2004; Fontes & Gilbert, 2010).

In B. cellulosolvens there are two scaffoldins, a primary scaffoldin termed ScaA that
includes 11 type-Il cohesins with a C-terminal type-1 dockerin, and an anchoring scaffoldin
named ScaB containing 10 type-1 cohesins. This overall structure can comprise a total of 110
dockerin-enzymes and reveals an apparent Coh-Doc role reversal, as type-Il interactions
mediate enzyme assembly while type-I interactions mediate cell surface binding (Xu et al.,
2004) (Figure 20).
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Figure 20 - B. cellulosolvens cellulosome system.

This cellulosome includes two known scaffoldins, ScaA (primary scaffoldin) and ScaB (anchoring
scaffoldin) with 11 and 10 cohesins, respectively. The types of cohesins carried by the primary and
anchoring scaffoldins are reversed relatively to their canonical role. (E. a. Bayer, Lamed, White, &

Flints, 2008)

One of the most complex cellulosomes is present in a significantly important rumen
bacterium, R. flavefaciens. Its cellulosome comprises the scaffoldins ScaA, ScaB, ScaC and

Scak as well as the CttA protein which carries two CBMs (S. Y. Ding et al., 2001) (Figure
21).
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Figure 21 - Schematic representation the cellulosome-related proteins in R. flavefaciens. Schematic
representation of scaffoldins, cohesin- and dockerin-containing proteins, which were identified in the
genomes of each strain. Numbers indicate the copy number of each type of protein architecture,

identified in the designated strain. Legend of pictograms is shown below (Dassa et al., 2014).

These different scaffoldins have specific functions according to their type. For
instance ScaA and ScaB are major subunits with several different repeats of cohesin modules.
The ScaA has a specific C-terminal dockerin whereas ScaB harbors a C-terminal X-dockerin,
a type-11 Doc associated with an auxiliary module named, X-module. The anchoring function
in these strains is attributed to ScaE thanks to its ability to bind either to ScaB or CttA. Lastly
ScaC acts as an adaptor to regulate the binding of the various scaffoldin or the enzymes
(Dassa et al., 2014).
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1.4.1 - Key Enzymes

When first described, cellulosomes were exclusively characterized as cellulose
degrading biologic machines, however further studies clarified that they assemble a wide
array of enzymes such as hemicellulases, pectinases and chitinases that can be divided in four
main categories: glycoside hydrolases, glycosyltransferases, polysaccharide lyases and
carbohydrate esterases (Doi, 2008) (Figure 22).
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Figure 22 — Main carbohydrate-active enzymes and their action mechanism (Davies, Gloster, &
Henrissat, 2005).

1.4.1.1 - Glycoside Hydrolases

Glycoside hydrolases (GHs) consist of a group of essential enzymes for plant cell
wall hydrolysis. These enzymes break -glycosidic and a-glycosidic bonds, and according to
the catabolic mechanism can be classified as retaining or inverting enzymes. The main
difference between these two denominations is that retaining enzymes maintain the
configuration at the anomeric carbon, whereas inverting enzymes do not perform
transglycosylations and only hydrolysis by inverting the configuration’s at the anomeric
center (Cantarel et al., 2009).
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The GH action mechanism also differs according to the substrate, thus affecting the
overall final product. For instance exo-acting enzymes remove units of one or more sugars
from the chain ends, whereas endo-acting enzymes cleave random bonds within the interior
of the chain (Warren, 1996). In substrates like cellulose where the structure differs along the
chain, the usage of both enables a better cleavage. The exo-B-1,4-glucanases release
cellobiose whereas endo-f-1,4-glucanases degrade the amorphic regions of cellulose.

The GHs are classified according to both the type of catalyzed reaction and their
substrate-specificity by the International Union of Biochemistry and Molecular Biology
(IUB-MB; 1984). Their nomenclature consists in EC 3.2.1.x where the first three numbers
correspond to enzymes hydrolyzing O-Glycoside bonds and the last two digits indicate either
substrate or molecular mechanism (Henrissat, 1991). The nomenclature was revised by
Henrissat in 1991, who tried to complement it by organizing the families according to
sequence similarities since these bear a direct relationship to the folding of an enzyme. This
classification system enables the organization in 14 clans which according to CAZymes
database includes 133 families as shown in table 6 (May 2015)(Lombard et al., 2014).
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Table 6 - GH clans of related families. Adapted from CAZy (Lombard et al., 2014).

Clans of Protein Fold GH Families

Related
Families

P osusssagmsa
B-jelly roll 716
B-jelly roll 1112
(Bla)e 273136
6-fold B-propeller 33348393
5-fold B-propeller 43 62
(ala)s 3763
(Blae 137077
o B 21550
5-fold B-propeller 3268
(Bla)e 182085
(ala)s 1565125
(wla 48
GH-N B-helix 28 49

1.4.1.2 - Glycosyl Transferases

The glycosyl transferases (GTs) are able to catalyze the transfer of sugar moieties
from an activated donor to a specific acceptor forming glycosidic bonds (Sinnott, 1990). This
type of mechanism can either generate an inversion or a retention of the anomeric
configuration (Campbell, Davies, Bulone, & Henrissat, 1997). Until now there are 97
different identified families according to CAZy database (Lombard et al., 2014).
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1.4.1.3 - Polysaccharide Lyases

Polysaccharide lyases (PLs) consist of a group of enzymes responsible for the
cleavage of glycosidic bonds of specific carbohydrates that contain uronic acid through B-
elimination, generating an unsaturated hexenuronic acid residue and a new reducing end.
They present various fold types suggesting that they may evolved from totally different
scaffolds (Lombard et al., 2010). Currently they are divided in 22 families in the CAZy

database.

1.4.1.4 - Carbohydrate Esterases

Carbohydrate esterases are a class of enzymes that catalyze the removal of O-(ester)
and N-(acetyl) through De-O or De-N-acylation of substituted saccharides respectively as
shown in Figure 23 (Davies et al., 2005; Lombard et al., 2014). As the previous enzymes
they are organized in 16 different families in CAZy (May 2015) (Lombard et al., 2014).
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g s TReox
OH

0
)—R De-O-acetylation—-sugar as alcohol
0

Figure 23 - Action mechanism of carbohydrate esterase. Carbohydrate esterases perform the O or N
deacetylation of acetylated sugars (Correia, 2009).

1.4.2 - Cohesin-Dockerin Interactions

The interactions between cohesins and dockerins have a fundamental role on the
overall assembly of the cellulosome (Doi & Kosugi, 2004). These Coh-Doc pairs exhibit one
of the strongest protein-protein binding affinities known in nature, approximately 10°M- (E.
A. Bayer, Belaich, Shoham, & Lamed, 2004; Carvalho et al., 2003; Fontes & Gilbert, 2010).
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Dockerins (Doc) consists of 70 amino acids containing two duplicated segments
with 22 residues each. These protein modules serve a noncatalytic role in several cellulosome
enzymes and are usually present in a single copy module at the C terminus. In contrast,
cohesins (Coh) are composed of 150 residues and these modules tend to occur in tandem
repeats in scaffoldins. Both Coh and Doc modules have a high homology rate within the same
species, with highly conserved residues that are directly involved in this protein:protein
interaction (Fontes & Gilbert, 2010).

1.4.2.1 - Type-I Cohesin-Dockerin
Interactions

The first reports of cellulosomal structures were type-I cohesins from the scaffoldins
of C. thermocellum and C. cellulolyticum. These type-I cohesins consisted in 147 residues
forming a nine-stranded B-sandwich in an elongated shape, with a B-barrel and jelly-roll
topology. The B-strands 8, 3, 6 and 5 compose the first B-sandwich sheet whereas strands 9,
1, 2, 7 and 4 compose the second one with the B-strand 9 (C-terminus) and B-strand 1 (N
terminus) running parallel while the rest are all anti-parallel. All nine B-strands are assembled
around an extensive aromatic hydrophobic core (Ana Luisa Carvalho et al., 2003; Shimon et
al., 1997). For example in B. cellulosolvens, the type-I cohesins are located on the ScaB cell-
surface anchoring scaffoldin, showing similarities with other cohesins from C. thermocellum
and A. cellulolyticus (Xu et al., 2003).

In contrast the dockerin module is composed by three a-helices where the key
conserved residues are located in helices 1 and 3. These three o-helices present a
conformation consisting in a loop-helix motif followed by a helix-loop-helix motif,
connected by a six-residue segment (Lytle, Volkman, Westler, Heckman, & Wu, 2001). The
crystal structure of the type-1 Coh-Doc complex revealed that Coh interacts with its Doc
partner mainly along one face of its flattened p-barrel. Despite the Doc remarkable internal
symmetry, when in complex with the Coh initial reports revealed a preferable binding to the
cohesin through its second duplicated segment (helix 3) while only the C-terminal region of
helix 1 also contributed to ligand recognition (Ana Luisa Carvalho et al., 2003, 2007).
Although the Coh-Doc interface mainly displays hydrophobic interactions, there is also a
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network of hydrogen bonds between both proteins, were an highly conserved Ser-Thr pair in
helix 3 of the Doc plays a central role in these polar interactions (Ana Luisa Carvalho et al.,
2003; Harry J. Gilbert, 2007) (Figure 24).

Figure 24- Structure of a type-1 cohesin-dockerin interaction from Clostridium thermocellum. The
complex is formed between a cohesin module (red) and the Ca?*(orange spheres) bound dockerin
(green). The residues involved in domain contacts are shown as stick models (Carvalho et al.,
2003).

Nevertheless in 2007 Carvalho et al. revealed an alternative binding mechanism
that allowed type-I Doc to bind to its Coh partner through two distinct surfaces, based
alternatively on one of its two duplicated segments (Figure 24), thus uncovering a dual
binding mode to Type-1 Coh-Doc in C. thermocellum. This was achieved by mutating key
residues in one of the Doc helices forcing the binding to occur through the other helix, not
affecting the affinity constants between the two protein modules (Ana Luisa Carvalho et al.,
2007). Further experiments proved that a single binding mode could be obtained by
substituting the Ser-Thr pair of helix 3 with two alanine amino acids, therefore inducing the
mutated dockerin to rotate by 180°, with helix 1 now assuming the position of helix 3 and
the Ser-Thr pair in the first duplicated segment dominating the hydrogen bond network. In

summary the equivalent residues in helix 1 of mutant and helix 3 in the wild-type dockerin
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interact with the cohesin module causing an almost perfect overlapping (Ana Luisa
Carvalho et al., 2007).

Apparently the dual binding mode is responsible for the introduction of quaternary
flexibility into the multi-enzyme complex and for the enhancement of the substrate targeting
and synergistic interactions between some enzymes such as exo- and endo-cellulases.
Although its dual binding mode capability, the Coh-Doc binding stoichiometry is
consistently 1:1 suggesting that the two binding sites are not able to recognize their ligands
simultaneously. This dual binding mode may also be responsible for reducing the steric
constrains that are likely to be imposed by assembling a large number of different catalytic
and non-catalytic domains into a single cellulosome. The proline-threonine rich linker
sequences that join cohesins within scaffoldins are also responsible for the quaternary
flexibility. The inter-module linkers in free enzymes are extended and flexible, further
supported by work showing the structure of adjacent cellulosomal cohesins of A.
cellulolyticus where it is possible that cellulosomal synergy would be facilitated by the
tethered motility of scaffoldins, as a result of the flexibility of the intermodular linker
segment (Noach et al., 2009). Additionally the linker sequences joining the cohesin domains
within the C. thermocellum scaffoldin are quite long with more than 35 residues, therefore
displaying a conformational freedom that may contribute to the synergy showed by the
enzymes within the cellulosomes (Hammel et al., 2005; Hammel, Fierobe, Czjzek, Finet, &
Receveur-Bréchot, 2004). Furthermore, synergy optimization between specific enzymes
and a better efficiency of cellulosome function may require the temporary switch of
enzymatic subunits from one cellulosome position to another, but due to the tight
interactions of the Coh-Doc this may be achieved by the existence of a second ligand
binding surface (Fontes & Gilbert, 2010).
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Figure 25 The dual binding mode of the Xynl10B dockerin. a) Ribbon representation of the
superposition of the type-l1 Coh-Doc WT complex (orange) with its S45A-T46A mutant complex
(blue). In the mutant complex, helix-1 (containing Ser-11 and Thr-12) dominates binding whereas, in
the WT complex, helix-3 (containing Ser-45 and Thr-46) plays a key role in ligand recognition. Ser-
11, Thr-12, Ser-45, and Thr-46, which interact with the cohesin module, are depicted as stick models
and colored accordingly. A second molecule of the mutant complex present in the crystal asymmetric
unit is represented in light-grey ribbon. The Ca2+ ions are depicted as spheres and colored orange, in
the case of the WT complex, and light blue, in the case of the mutant. The N- and C-terminal ends
are labeled and colored accordingly

b) The structure based sequence alignment of the WT (in red) and S45A-T46A mutant (in blue) type-
| dockerins. Mutated residues, Ala-45 and Ala-46, are shown in green. Due to the internal 2-fold
symmetry of each dockerin module, the two structures overlap almost perfectly in their al/a3 regions
(Carvalho et al. 2007).

Recent complimentary studies revealed that type-1 coh modules are not exclusively
present in C. thermocellum cellulosome scaffoldins as well as the dual binding module not
being a ubiquitous feature of the type-1 Doc (Smith & Bayer, 2013).
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1.4.2.2 - Type-l1 Cohesin-Dockerin
Interaction

One of the most important mechanism for the optimal uptake of nutrients and
consequently for the viability of the microbe is the proper cellulosomes’s attachment to the
bacterial cell surface. In C. thermocellum the type-Il1 Doc connects the cellulosome to the
peptidoglycan layer through high-affinity interactions with type-11 cohesins located in these
cell-surface proteins: SdbA, OlpB, Orf2p and EXt (Béguin & Alzari, 1998; Fontes & Gilbert,
2010). The first structure obtained for type-Il interactions was the type-Il cohesin of B.
cellulosolvens of ScaA, followed by the type-11 cohesin from C. thermocellum anchoring
protein SdbA. Although they were obtained from different locations they both present the
same jelly-roll topology observed in type-1 cohesins with the exception of the presence of
an a-helix, between B-strand 6 and 7 and of two B-flaps (Carvalho et al., 2005; Noach et al.,
2005). Despite presenting a similar fold to the type-I Doc, the type-11 Doc also interacts with
a neighboring module of unknown function, named the X-module, which adopts an
immunoglobulin-like fold. Also both helices of type-11 Doc contact with the cohesin surface
over their entire length, contrasting with type-1 Doc where ligand recognition is mainly
associated with one of the Doc helices.

Due to the reduced charge in the interaction surface, binding in type-Il interactions
is predominantly hydrophobic. Still, between both dockerin helices, p-strands 8-3-6-5 of the
interacting interface of the cohesin module and the X module, there is a significant hydrogen
bond arrangement. Additionally, the type-l1l complex displays an intimate hydrophobic
interface between the type-I1 dockerin and the 1g-like X-module fold, enabling the C-terminal
region on the CipA scaffoldin to assume a rigid and elongated conformation (Adams, Pal,
Jia, & Smith, 2006).
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X module '

Dockerin

Figure 26 - Structure of the type-Il cohesin-Xdockerin complex (SdbAcoh-CipAXdoc)

Ribbon representation of the type-I1 cohesin-dockerin complex with the cohesin module in blue, the
dockerin in green and the X module in magenta. The B-strands of the X-module and the type-II
cohesin are numbered in yellow. The N and C termini are labelled accordingly and the Ca2+ ions are
depicted as orange spheres (Adams et al., 2006).

The binding affinity between type-Il cohesin, the X module and the dockerin was
assessed by isothermal titration calorimetry (ITC) revealing a 1:1 stoichiometry and due to
the fact that the high affinity of these interaction exceeds the limits of this technique the
affinity constant was impossible to determine (Adams et al., 2006).

The increased affinity of the type-Il interaction was proposed to be associated to the
X-module-mediated stabilization of the type-11 dockerin combined with the hydrogen-bond
contacts that exist directly between the X module and the type-1I cohesin.

The discovery of the structural and biochemical data leading to the dual binding
mode altered dramatically the way that cohesin-dockerin interactions were perceived.
Mutational studies sustain the ability of most type-I dockerins to interact with cohesins upon
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a 180° degree rotation about the interface plane, reflecting a two-fold symmetry of the
dockerin structure. Through studies based on the dockerin primary sequence it was possible
to identify the critical residues for cohesin interaction and enabled the deduction of a possible
dual binding mode (Noach et al., 2010). Therefore dockerins displaying a dual binding mode
are composed of a near perfect 22-residue repeat, contrasting with single binding mode
dockerins. Based on the existence of a near identical segment repeat in A. cellulolyticus,
contrary to the situation on the type-1l dockerin of C. thermocellum, Noach et al. (2010)
hypothesized a dual binding mode interaction in the type-11 dockerin of A. cellulolyticus
(Figure 27).

Ct type II dockerin Ac type II dockerin
(Asymmetric) {Symmetric)

Seq 1 | DIVKDNSINLLDVAEVIRCEFNA | GGTQDGAINLEDILEICKAENT
Seq 2 | DINRNGAINMODIMIVHKHFGA | DLNRDGAISLEDVMIVAKHFNK

R Sl e R Tl (PTT Dodobetod Sotiabed S B oMb

Figure 27- Symmetric and Asymmetric dockerin sequences — Sequence alignment showing the 22
segment repeats of the asymmetric type-11 dockerin (CipA) from C. thermocellum and the symmetric
type-11 ScaA dockerin from A. cellulolyticus. *-identical residues (Noach et al., 2010).

Despite Noach et al (2010) attempted to crystallize the type-Il cohesin-dockerin
complex they were unable to do so, justifying their unsuccessful results with the apparent
symmetry of the type-11 dockerin which could lead to a dual binding mode, thus causing the
formation of heterogeneous complexes and hinder the crystallization process.

To sum up, although cohesin and dockerin modules were being classified in
different types, it’s becoming more evident that this classification is only important to the
phylogenetic similarities. The understanding of the cellulosomes and their composition may
reveal unique dockerin sequences and their association with cellulosomal organization in

order to potentially uncover novel CAZYme activities (Smith & Bayer, 2013).

1.4.2.3 - Cohesin-Dockerin specificity

Despite the structural similarity there is no cross-specificity between type-I and

type-1l cohesin-dockerin partners, thus enabling the efficient assembly and cell-surface
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attachment of bacterial cellulosomes, respectively (Miras, Schaeffer, Béguin, & Alzari, 2002;
Schaeffer et al., 2002). Concerning type-I cohesin-dockerin interactions, it is known that the
sequence duplication displayed by type-1 dockerins from a variety of organisms, besides C.
thermocellum, shows that the dual binding mode may be replicated in the majority of other

microbial cellulosomes (Figure 28).

Duplicated segment 1 Duplicated segment 2
Organism Protein(s) Positions Positions
1 1218 19 23 1 127 18 19 23
C.thermocellum  eoumes* S T K R KRG S T KHSRK KR
CipA L LI R A M Q H K A
A cellufoiyticus  Col98 S I R K G S L R Q@ G
ScaA L EC K T L E A K K
ScaB 1 N R D G | N R D G
Ricaiosolians || Suiian M AA Q K M A A Q K
ScaA S DR Q G S D R Q G
feveinorens m;::er L AM Q N GNAE D Q KREL RKHG
CesA S FR K N v A Q s G
XynE § LR R K v A K R G
ScaA vV AN R D D K D P K
ScaC L AM Q N G D Q K T
C. celluloigticum  Enzymes* A LIK K G A LK K S$G
C. josul Enzymes” A LIK K NT A [ K KV AN
C cellufovorans  Enzymes* AS LI K K DNSG A [ K K SGA
C. acolobutyicum Enzymes* G R RT KQ G G R IR KQ GNS

Figure 28 - Putative recognition residues of different dockerin domains derived from cellulosomal
components of different species. Scaffoldin-borne dockerins are highlighted in grey. Consensus
residues represent the dominant amino acids that appear in the designated position from the
indicated group of cellulosomal enzymes (Bayer et al., 2004).

By comparing dockerin sequences a correlation is apparent between the essential
Ser-Thr pair (positions 11 and 12) present in both duplicated segments, suggesting a
determinant role in the interaction in C. thermocellum. The comparison of both C.
thermocellum and C. cellulolyticum showed an invariant positioning of these pairs within the
same species but a divergence between them (Pagés et al., 1997). The same interspecies
correlation is also maintained in the cohesin-dockerin interaction of C. thermocellum and C.
josui due to its sequence similarity with C. cellulolyticum (Jindou et al., 2004). Consequently
it is evident that there is a high variability in the type-1 cohesin-dockerin interactions within
species (Mechaly et al., 2001).

Through mutagenesis essays Pageés et al (1997) revealed that the type-1 dockerin
found in C. cellulolyticum cellulosomal enzymes was unable to interact with the cohesins
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found in C. thermocellum scaffoldins and vice-versa. Generally, the residues at positions 11
and 12 of C. cellulolyticum dockerin were switched to the equivalent amino acids in C.
thermocellum dockerins resulting in variants that recognized cohesins from both Clostridia
(Pages et al., 1997). More recent studies suggest that residues at positions 18, 19 and 23 are
also involved in species-specific ligand recognition. Therefore, there is a species specificity
within the tight Coh-Doc interaction, contrasting with the apparent sequence similarity
between different species (E. A. Bayer et al., 2004).

Distinctly from the type-l interaction, the type-1l Coh-Doc complex shows a
relatively extensive cross-species plasticity. As such, the type-1I cohesin from the C.
thermocellum anchoring scaffoldin SdbA binds, not only to the C. thermocellum CipA type-
Il dockerin but also to both B. cellulosolvens and A. cellulolyticus type-1I cohesins.
Additionally, type-11 Doc from A. cellulolyticus binds within the same species and also with
C. thermocellum type-I1 cohesins (Haimovitz et al., 2008). The biological importance of the
flexibility of type-11 cohesin-dockerin interaction is yet to be discovered.

1.4.3 - Carbohydrate Binding Modules

Essentially CBMs are non-catalytic domains most commonly found as domains of
modular glycoside hydrolases or other modifying enzymes that recognize different
carbohydrates (Blake et al., 2006; Guillén & Sanchez, 2010; Hervé et al., 2010; Shoseyov,
Shani, & Levy, 2006).

The first mention of a non-hydrolytic component involved in the enzymatic
degradation of crystalline cellulose was in the late 1940s and it was termed C1. Though
initially CBM's were classified as cellulose binding domains (CBDs) with further studies and
the increasing number of carbohydrate-active enzymes discovered that bind to carbohydrates
other than cellulose, a more comprehensive terminology emerged, the CBMs (Shoseyov et
al., 2006).

CBMs can be found in any domain of life, usually associated with catalytic proteins
that are able to recognize polysaccharides such as cellulose, chitin, B-glucans, starch,
glycogen or even lipopolysaccharide and blood group A/B antigens. Occasionally these
peptides are found isolated as a single protein like in the small olive pollen protein, Ole e 10,
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the non-catalytic chitin-binding protein CBP21 from Serratia marcesens and the E7 and E8
from Thermobifida fusca (Guillén & Sanchez, 2010).

A CBM is thus defined as a contiguous amino acid sequence within a carbohydrate
enzyme with a discrete fold having carbohydrate binding activity. This protein normally
contains from 30 to 200 amino acids and exists as a single, double or triple domain. Their
location within the parental protein can be both C- or N-terminal, being occasionally centrally

positioned within the polypeptide chain (Guillen & Sanchez, 2010; Shoseyov et al., 2006)
(Figure 29).
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Figure 29 - CBM distribution in different proteins. They can be present in different numbers
and diverse locations in the polypeptide chain. CD symbolizes the position of the catalytic domains
in various glycoside hydrolases. The codes in parenthesis correspond to UniProt entries (Guillén &
Sanchez, 2010).
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1.4.3.1 - CBM’s Classification and

Nomenclature

CBMs have also been grouped into CAZy sequence-based families; currently,
around half of the 59 CBM families contain members that bind to cell wall polymers. CBMs
are suggested to enhance the efficiency of enzymes by mediating prolonged and intimate
contact between the respective catalytic module and its target substrate.

Similar to the catalytic modules of glycoside hydrolases, CBMs are divided into
families on the CAZy database (Hervé et al., 2010; Lombard et al., 2014; Shoseyov et al.,
2006) reaching a total of 71 CBM Families (January 2015). In its simplest form terminology,
a CBM is named by its family, e.g. family 6 CBM from Clostridium thermocellum XynZ
would be called CBM®6, but one may also include the organism and even the enzyme from
which it is derived to improve clarity. Thus this CBM6 may be defined as CtCBM®6 or
CtXynZCBMB@. If glycoside hydrolases contain tandem CBMs belonging to the same family,
a number corresponding to the position of the CBM in the enzyme relative to the N-terminus
is included (Boraston, Bolam, Gilbert, & Davies, 2004). For example, Clostridium
thermocellum enzyme Cthe_2137 contains two CBMs from family 35 and thus the first CBM
is referred to as CtCBM35-1 and the second as CtCBM35-2.

In order to improve the identification process of novel CBMs, the family
classification of CBMs was created. In some cases, the family classification may allow
predicting of the binding specificity while aiding in identifying functional residues and
revealing evolutionary relationships (Gilbert H.J., 1999). In 2004 Boraston et al. proposed a
classification of CBM families based on their structural fold, alike what was described for
the GHs superfamily classification. Therefore CBM families were categorized into seven
structural family folds (B-sandwich, B-trefoil, cysteine knot, unique, OB fold, hevein fold and
hevein-like fold). However, the dominant fold among CBMs is the B-sandwich fold, family
fold 1 (Figure 29), and it comprises two -sheets, each consisting of three to six antiparallel
[-strands (Boraston et al., 2004).
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Fold family Fold CBM families
B-jelly 2,3,4,6,11,15,17,22,27,28,29,30,32,35,36,44
immunoglobulin  9,20,25,26,31,33,34

1 B-Sandwich

2 B-Trefoil 13,42
3 Cysteine knot 1

4 Unique 5,12
5 OB fold 10

6 Hevein fold 18

Unique; conteins

hevein-like fold 14

Figure 30 - CBMs classification based on fold (Correia, 2009).

Besides their different fold characteristics CBMs have shown three main
specificities, enabling a ligand binding property based assemblage (Guillén & Sanchez,
2010). CBM:s are also grouped into three types: type A CBMs which interact with crystalline
polysaccharides, primarily cellulose, type B modules which bind to internal regions of single
glycan chains, and type C CBMs that recognize small saccharides in the context of a complex
carbohydrate (Fontes and Gilbert, 2010).

1.4.3.1.1 - Type A CBMs — surface-binding

Type A CBMs include members of CBM families 1, 2a, 3, 5 and 10 that bind to
insoluble, highly crystalline polysaccharides, such as cellulose, chitin or mannan. Therefore,
showing little or no affinity for soluble carbohydrates provides a distinctive property when
compared with the other CBM types. These CBMs have a flat or platform-like hydrophobic
surface composed of aromatic residues that recognize the carbohydrate ligand, as shown in
Figure 32. Thus, the planar conformation of the type A binding site reflects the architecture
of the crystalline polysaccharides to which they bind and that also displays a flat surface.
Hydrogen bonds have little effect in ligand recognition which is dominated by stacking
interactions. Additionally, the interaction of type A CBMs is associated with positive
entropy, demonstrating that the thermodynamic forces that drive the binding of CBMs to
crystalline ligands are relatively unique among carbohydrate binding proteins (Boraston et
al., 2004; Guillén & Sanchez, 2010).
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Figure 31 — CBM from type A. Type A CBM1 (PDB:1cbh) from Hypocrea jecorina L27 (Kraulis,
1989).

1.4.3.1.2 - Type B CBMs — glycan-chain-binding

Type B CBMs bind to amorphous cellulose or soluble complex carbohydrates such
as xylan or xyloglucan, for example. These CBMs allocate the carbohydrate chain in a
distinctive cleft in which aromatic residues interact with the single polysaccharide chain
(Figure 32). Aromatic side chains form twisted or sandwich platforms. The orientation of
these amino acids was shown to be a key determinant of ligand specificity. Biochemical
studies revealed that the binding capacity of these CBMs is determined by the degree of
polymerization of the carbohydrate ligand. Therefore, the affinity was shown to be higher for
hexasaccharides and much lower for oligosaccharides with a degree of polymerization of
three or less. Consequently, type B CBMs are usually described as “chain binders”, where
the depth of these binding sites varies from very shallow to being able to accommodate the
entire width of a pyranose ring. Additionally, type B CBMs comprise several sub-sites that
are able to accommodate the individual sugar units of the polymeric ligand. Among others,
CBMs from families 2b, 4, 6, 15, 17, 20, 22, 27, 28, 29, 34 and 36 are included in this type
B group and in general, these proteins have evolved binding site topographies that are able
to interact with individual glycan chains rather than crystalline surfaces. In contrast with what
was observed in type A CBMs, direct hydrogen bonds play a key role in defining the affinity
and ligand specificity in type B CBMs (Boraston et al., 2004; Guillén & Sanchez, 2010;
Hashimoto, 2006).
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Figure 32- CBM from type B. Type B CBM4-2 (PDB:1GU3) from Cellulomonas fimi ATCC 484
(Boraston et al., 2002).

1.4.3.1.3 - Type C CBMs — small-sugar-binding

Lastly, this unique class of CBMs have the lectin-like property of binding optimally
to mono-, di- or tri-saccharides, thus lacking the extended binding-site grooves of type B
CBMs (Boraston et al., 2004) (Figure 33). It should be emphasized, however, that the
distinction between type B and type C CBMs can be subtle. For example, the type B CBM6
module of the Clostridium stercorarium xylanase has a very similar fold to the type C lectin-
like CBM32 family, but apparently binds longer oligosaccharide ligands (Boraston et al.,
2004). Nevertheless, it is apparent that the hydrogen-bonding network between protein and
ligand is more extensive in type C than in type B CBMs, consistent with their lectin-like
properties (Boraston et al., 2004). The type C CBMs currently include examples from
families 9, 13, 14, 18, 32, 40, 42, 43 and 50 (Table 30). Members of families 13 (e.g. ricin
toxin B-chain), 14 (e.g. tachycitin) and 18 (e.g. WGA) were first discovered as lectins with
small-sugar-binding activity and have only subsequently been included as CBMs due to their
discovery in a number of glycoside hydrolases that degrade plant structural carbohydrates
(Boraston et al., 2004).

Identification and characterization of type C CBMs is lagging behind type A and B
CBMs, probably due to their limited presence in plant cell wall active glycoside hydrolases.
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Rather, type C CBMs, particularly CBMs from families 13 and 32, appear to be more
prevalent in bacterial toxins or enzymes (glycoside hydrolases and glycosyl transferases) that

attack eukaryotic cell surfaces or matrix glucans (Boraston et al., 2004).

Figure 33 - CBM from type C. Type C CBM13 (PDB:1MC9) from Streptomyces lividans (Notenboom,
2002).

1.4.3.2 - CBM’s Functions

CBMs primarily function is to recognize and bind specifically to carbohydrates. The
biological consequence of this event is a closer proximity between the catalytic domain and
the substrate, resulting in enhanced hydrolysis of insoluble substrates, polysaccharide
structure disruption and cell surface protein anchoring (Boraston et al., 2004; Guillén &

Sanchez, 2010). However, there are a few specific tasks worth referring.

1.4.3.2.1 - Enzyme targeting

The association of CBMs to CAZymes is responsible for the increased enzyme
concentration on the polysaccharide surface as well as enhancing enzymatic activity.
Therefore, the removal of the CBM causes a reduction, and in some cases abolition of binding
to insoluble substrates, resulting in a partial or complete loss in catalytic activity.
Nonetheless, the activity on soluble substrates is not frequently affected (Guillén & Sanchez,
2010).

According to their type, CBMs also show a tendency to escort specific enzymes. For
instance, CBMs that bind to the surfaces of crystalline polysaccharides (referred to as type A
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modules) can be appended to a variety of glycoside hydrolases. Whereas, CBMs that interact
with single polysaccharide chains (type B or C) bind to polysaccharides that are the substrates
for the cognate catalytic module of enzymes such as, cellulases, xylanases and mannanases
that contain type B CBMs which bind to cellulose, xylan and mannan, respectively.
Consequently, the CBM maintains proximity of the appended catalytic domain with its target
substrate within complex macromolecular structures, such as the plant cell wall. It is apparent
that this targeting function is even more subtle than the somewhat crude partitioning of
enzymes to the different polysaccharides of plant cell walls. Although the interaction of
CBMs with cellulose is occasionally irreversible, their contact with the cellulose surface is a
dynamic process (Shoseyov et al., 2006).

Through fluorescence recovery techniques, CBMs were labeled with fluorescent
tags by Jervis et al. which confirmed that CBMs from Cellulomonas fimi are mobile on the
surface of crystalline cellulose (Jervis, Haynes, & Kilburn, 1997). This dynamic binding
behavior of CBMs has a functional importance as often they are part of cellulases acting
processively (Lehtio et al., 2003). Although CBMs have a high affinity for carbohydrates, it
is obvious that an irreversible binding would be fatal for the catalytic efficiency of the

appended hydrolytic domains.

1.4.3.2.2 - Ligand binding and specificity: the
role of aromatic residues.

For CBM's carbohydrate recognition it is essential the interaction of aromatic amino
acid side chains with ligands, in which the location of the aromatic amino acid side chain and
loop structures that shape the binding sites to mirror the conformation of the ligand are the
two main key factors to determine the binding specificity (Boraston et al., 2004).

Again, the CBM type effects the binding residues and how the connection is made.
For instance, type A CBMs bind to crystalline cellulose through a flat platform containing
aromatic residues such as tyrosines and tryptophans, separated by a distance corresponding
to the length of the repeating unit, 10.3 A in cellulose (Figure 34A). In this case, the flat

aromatic ring interacts with the pyranose rings of the polysaccharides. This driven interaction
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may be supplemented by a few hydrogen bonds mediated by polar residues located at the
binding interface (Tomme, Warren, & Gilkes, 1995).

In contrast, type B CBM’s binding sites interact with individual glycan chains rather
than crystalline surfaces (Boraston et al., 2004). In the binding sites of families 2b, 15, 17,
27, 29, 34 and 36, the apolar platform can be twisted due to the rotation of the planes of two
to three aromatic amino acid side chains relative to one another (Figure 34 B) (Boraston et
al., 2004). In type B, the binding cleft can also present a sandwich form, where the aromatic
amino acid side chains sandwich a sugar unit in the ligand by stacking against the face of the
pyranose ring (Figure 34 C). This latest case is common to CBM families 4, 6, 9 and 22. The
sandwich and twisted platforms may be used concurrently in the same CBM and can both
accommodate the conformations of soluble oligosaccharide ligands (Boraston et al., 2004).
CBMs appear to have performed carbohydrate-recognition sites which mirror the solution
conformations of their target ligands, thereby minimizing the energy required for binding
(Boraston et al., 2004).

A

Figure 34 - The three types of CBMs - (A) - Planar Type A CBM CjCBM10 (B) - Twisted Type B
CBM PeCBM29-2 (C) - Sandwich Type B CBM CfCBM4-2 (Boraston et al., 2004).
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When comparing both types A and B it is clear that the aromatic residues play a
crucial role in ligand recognition, where a significant importance depends on the orientation
of these amino acids in relation to CBMs binding specificity. For example, CBM family 2
contains type A and type B members, named CBM2a and CBM2b, which bind crystalline
cellulose or xylan, respectively. The explanation to this contrasting ligand specificity results
from the rotation by 90° of the side-chain of one of the surface tryptophan (Trp259) involved
in the protein-carbohydrate interaction in CBM2b compared with its position in CBM2a
(Simpson, Xie, Bolam, Gilbert, & Williamson, 2000). To prove this possibility, Simpson et
al. (2000) showed that the ligand specificity of CBM2 is determined largely by a single amino
acid, which controls the orientation of one of the tryptophan residues that interacts with the
saccharide ligand. When the tryptophans are coplanar, the CBM recognizes the planar chains
of cellulose, whereas when they are twisted into a near perpendicular arrangement, the
protein recognizes the helical structure of xylan. Thus, in this CBM family, ligand specificity
is determined largely by recognition of the three-dimensional shape of the polysaccharide
ligand, rather than by specific hydrogen bonding patterns, as is typically seen in proteins that
recognize monosaccharides (Simpson et al., 2000).

Contrasting to type A CBMs, the direct hydrogen bonds in type B CBMs suggests
the existence of an important influence between affinity and ligand specificity, usually
described as chain binders. However there is no actual evidence indicating that water
mediated hydrogen bonds are essential in CBM's ligand targeting.

Although the orientation and positioning of the aromatic residues in the binding sites
of CBMs is the primary driver of specificity and affinity in these proteins, other interactions,
including direct hydrogen bonds and calcium-mediated co-ordination also play a significant

role in CBM ligand recognition (Boraston et al., 2004).

1.4.3.2.3 - Substrate disruption

Although controversial, there has been some evidence implying the ability of CBMs
for substrate disruption (Shoseyov et al., 2006). The binding of CBMs to a crystalline
substrate leads to polysaccharide chains disorganization therefore enhancing the substrate

availability.
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Further studies showed an evident substrate disruption in independent and non-
catalytic chitin-binding protein CBP21, which belongs to CBM family 33 and is produced
by S. marcescens. CBP21 promotes efficient crystalline chitin degradation by chitinases
through polar interactions that modify the substrate arrangement (Guillén & Sanchez, 2010).
Besides these substrates, CBMs also show non-hydrolytic disruption activity on other
substrates such as starch (Southall, Simpson, Gilbert, Williamson, & Williamson, 1999) and
cellulose fibers (Din et al., 1991).

Additionally, enzymes located near CBMs which possess disruption functions, may
facilitate the hydrolysis of recalcitrant substrates giving them an advantage over other
enzymes. This idea is supported by experimental evidence that CBMs have disruption
functions, although this property does not seem to be shared by many CBMs (Guillén &
Sanchez, 2010).

Another interesting attribute of CBMs is their prospect role in development and
modulation of plant cell walls. For example, the olive pollen protein Ole e 10, which has
been recently classified as a CBM family 43 member, is an independent CBM that binds to
callose (1,3-B-glucan, major component of the pollen tube wall), suggesting a role in
regulation of the enzymatic activity of proteins implicated into cell wall synthesis and
degradation during pollen germination (Barral et al., 2005).

Finally, it has also been demonstrated that CBMs prevent the flocculation of
crystalline cellulose (Shoseyov et al., 2006), while Lee et al. (2000) provided the first
physical evidence that a CBM from Trichoderma reesei caused peeling and smoothed surface
on cotton fibers. This non-disruptive ability provides CBMs with the potential for usage in

numerous biotechnological applications, such as in the textile and paper industries.

1.4.3.2.4 - CBMs in pathogenic bacteria

Besides binding to plant cell wall polysaccharides, CBMs are also able to recognize
glycans in animal cells such as glycoproteins, glycolipids or other glyco-conjugates.
Recently, several studies have reported the existence of CBMs in virulence factors or in

proteins related to metabolism in pathogens. In association with toxins and hydrolases these
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proteins could promote tissue destruction and enhance both bacterial spread and pathogenesis
(Guillén & Sanchez, 2010).

For example, studies with virulence factors from Streptococcus pneumoniae and
Streptococcus pyogenes provide evidence of host tissue recognition by multivalent binding
of pullulanases with tandem CBM41 to alveolar type-11 cells from mouse lung. The suggested
biological function of these CBMs is to bind the bacteria to the reserves of intracellular
glycogen in alveolar cells, allowing polysaccharide degradation by the pathogen (van
Bueren, Higgins, Wang, Burke, & Boraston, 2007). A similar enhanced affinity to host lung
tissue was shown with a virulence factor containing three family 47 CBMs from S.
pneumoniae with specificity for fucosylated carbohydrates. The virulence factor was capable
of binding ABH blood group antigens and more efficiently binding to LewisY antigen
(Boraston et al., 2006). Similarly to CBM 47, other CBMs have showed either pathogenic or

virulent associated properties as seen in Figure 34.

Microorganism Protein Family CBM arrangement

S. pneuwmoniae Fucolectin-related protein CBM47 Three tandem in C-terminus
Pullulanase CBM41 Two tandem in N-terminus
Neuraminidase B CBM40 Single N-terminus

S. pyogenes Pullulanase CBM41 Two tandem in N-terminus

V. cholerae Sialidase CBM40 Single N-terminus

C. perfringens p-toxin CBM32 Four tandem in the middle
Sialidase CBM32,CBM40 N-terminal tandem with one

of each family

Figure 35 - CBMs present in toxins, virulence factors or pathogenesis associated proteins (Guillén &
Sanchez, 2010)

The importance of these findings on the mechanism and specificity of ligand
recognition in CBMs situated in virulence factors is related to the possibility of designing
new compounds that target the biological function of CBM-ligand binding as a way to

control pathogenesis or dissemination of pathogenic bacteria (Guillén & Sanchez, 2010).
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1.4.3.3 - CBM’s Multivalence

The weak interaction between a carbohydrate-binding protein and its ligand are
often compensated in nature by multivalent interactions. In these cases, multiple clustered
carbohydrate-binding sites interact simultaneously with carbohydrate ligands, which present
multiple recognition elements, resulting in increased association constants relative to any one
of the isolated protein—carbohydrate interactions (Boraston et al., 2004). These weak
relations can result from a single protein having multiple binding sites or from the association
of two or more univalent carbohydrate-binding proteins into multivalent quaternary
structures (in random or in tandem). To date, no CBM has been found to form quaternary
structures in its natural state. However, multiple CBMs, often arranged in tandem, are found
frequently in glycoside hydrolases, which effectively become multivalent carbohydrate-
binding proteins. Interestingly, the appearance of multiple CBMs seems to occur more often
in thermo- or hyperthermophiles enzymes. This may allow overcoming the loss of binding
affinity that accompanies most molecular interactions at elevated temperatures (Boraston et
al., 2004).

The first CBMs in tandem to be investigated were the family 2b CBMs of
Cellulomonas fimi xylanase 11A (Bolam et al., 2001). While the individual association
constants for xylan were of approximately 10* M~!, CBMs linked in tandem displayed an
association constant of approximately 106 M~'. A similar result was observed for the three
family 6 CBMs of the Clostridium stercorarium putative xylanase (Boraston et al., 2002), as
well as for the tandem CBM17 and CBM28 modules from Bacillus sp. 1139 Cel5 (Boraston,
Kwan, Chiu, Warren, & Kilburn, 2003), showing that individual CBM modules containing

multiple carbohydrate-binding sites occur in a variety of CBM families.
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1.5- Process Improvements

When faced with the challenge of enhancing the applicability of plant derived
biomass several opinions emerge. However most of them fit in either of these two main

trends: the improvement of the source or the improvement of the degradation techniques.

1.5.1 - Plant Engineering

One of the compelling reasons for the evaluation of plants as raw materials for the
bio industries is the composition and structure of the lignified walls. Therefore several efforts
are being made in order to improve the composition of plant cell walls for value-added
agroindustrial uses (Boudet et al., 2003).

Based on the chemical flexibility of the secondary cell wall it is possible to develop
new strategies to enhance its composition through genetic engineering (Boudet et al., 2003).
By this engineering the potential of plant biomass dramatically improves. This can be
achieved through standard genetically modified (GM) procedures and through non-GM
methods such as random mutagenesis and screening of natural variation (Burton & Fincher,
2014). The evolution of functional genomics enable the targeting of new plant genes that
rapidly become available for this purpose and their use will open new avenues for producing
tailor-made plant products with improved properties (Boudet et al., 2003).

Mutants with reduced levels of cellulose or with its crystallinity altered, termed
Brittle mutants, promise to require less energy for milling and to enable enzymes to better
hydrolyze and access the various cell wall components. In fact cellulose crystallinity has been
associated as a sign of the susceptibility of cellulose to enzymatic depolymerisation (Burton
& Fincher, 2014).

However the manipulation of cellulose levels has demonstrated to be challenging.
For instance the overexpression of a CesA gene in transgenic aspen, Populus tremuloides,
resulted in silencing of the both the transgene and endogenous CesA genes, and greatly

reduced cellulose levels (Burton & Fincher, 2014).
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In addition to approaches involving CesA genes, the expansion of knowledge about
transcription factors that regulate the expression of cellulose synthases could provide new
opportunities to manipulate cellulose levels in crop plants (Burton & Fincher, 2014).

Nonetheless, current studies suggests that plants will only tolerate relatively small
changes in cellulose content, and as such there might be more scope for manipulating levels
of the non-cellulosic polysaccharides of the wall (Burton & Fincher, 2014).

Besides the undoubtedly importance of the advances in the cell wall biology and its
implications in the commercial and industrial applicability, most of these approaches involve
genetic modifications. The controversy associated with the usage of Genetic Modified
Organisms is well known, not only in applications related to human food, but also for
engineering forage crops, turf grass and bioenergy crops. Therefore this resistance tends to
discourage new approaches that target genetic improvement of plants (Burton & Fincher,
2014).

1.5.2 - Engineered microbial systems

In order for plant biomass to become a viable feedstock for meeting future
biorefineries, efficient and cost-effective processes must exist to breakdown cellulosic
materials into their primary components. A one-pot conversion strategy or, consolidated
bioprocessing, of biomass into other by-products such as ethanol would provide the most
cost-effective route to renewable fuels. The implementation of this strategy is being actively
pursued by both multi-disciplinary research centers and industrialists working at the very
cutting edge of the field (Elkins et al., 2010).

Even though a diverse range of bacteria and fungi possess the enzymatic machinery
capable of hydrolyzing plant-derived polymers, till now none discovered are completely
suitable for an industrial strength biocatalyst for the direct conversion of biomass to
combustible fuels. Through combining synthetic biology with a better enlightenment of
enzymatic cellulose hydrolysis at the molecular level it’s possible to envision the rational
engineering of microorganisms for utilizing cellulosic materials with simultaneous

conversion to fuel (Elkins et al., 2010; Hyeon et al., 2013).
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The development of a hydrolysis enzyme complex is a useful strategy for the
construction of CBP-enabling microorganisms, like shown in Figures 36 and 37. This
pathway involves the combined engineering of non-cellulolytic organisms with the ability to
produce a valuable and high-yield product (Hyeon et al., 2013). The synergistic interaction
of multiple enzymes and their substrates overcomes the rate-limiting step of converting
crystalline forms of cellulose to cellobiose, leading to the efficient degradation of crystalline
polysaccharides in plants (Doi & Kosugi, 2004; Fontes & Gilbert, 2010).

A [ Scaffolding Protein ]
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Figure 36 - Artificial multi-functional enzyme complex. This complex is composed of a recombinant
scaffolding protein and dockerin-fused chimeric enzymes. (A) The recombinant scaffolding protein for complex
formation includes two cohesin domains and a CBM. The cohesin domain serves as a binding moiety for the
assembly of a multi-subunit enzyme complex. (B) Two types of dockerin-fused enzymes derived from a non-
cellulovorans and a non-cellulosomal enzyme, respectively, are constructed using the overlapping PCR method.
Each chimeric enzyme is created by the fusion of a dockerin domain to endoglucanase EngB from C.
cellulovorans (Hyeon et al., 2013).

The use of the minicellulosome as a multi-functional enzyme complex leads to the
co-localization of synergistic combinations of hydrolytic enzymes (Hyeon et al., 2013). This
concept consists of a recombinant scaffoldin protein and cellulosomal enzymes merged as an
efficient multi-functional enzyme complex for use in industrial bioprocesses. This would be
achieved by the mix-and-match configuration of parts from different cellulosomes in a
suitable industrial host cell system. Therefore, the construction of these engineered
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complexes plays a major role in the industrial prospects. For instance, enzyme complexes
containing the cellulosomal cellulase gene and the recombinant scaffoldin protein miniCbpA
gene from C. cellulovorans were successfully co-expressed and formed in vivo in B. subtilis,
S. cerevisiae and Corynebacterium glutamicum by harnessing the interaction between the
cohesin and dockerin domains. Similarly, cellulosomes derived from other Clostridium
strains such as C. thermocellum and C. cellulolyticum have been used to design mini-

cellulosomes (Hyeon et al., 2013) (Figures 36 and 37).
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Figure 37 - Multi-functional enzyme complex for biomass utilization. The multi-functional enzyme
complex assembly with a recombinant scaffolding protein and a chimeric dockerin-fused enzyme has
a high level of hydrolysis activity and can convert the various biomasses to valuable biomaterials
(Hyeon et al., 2013).

The whole-cell biocatalysts present several advantages including the reduced carbon
catabolite restriction effect, the smaller sterilization costs and the usage of a single reactor
because the cells immediately utilize the sugar. Nonetheless, for a viable and cost-effective
strategy to produce biomaterial using metabolically engineered strains, microorganisms with
the ability to hydrolyze biomass, including lignocellulosic and marine biomass, are required
(Hyeon et al., 2013).

In conclusion, the applicability of a multi-functional protein complex that is suitable
for expression in various industrial host cell systems has drawn considerable attention as an

attractive and powerful strategy for achieving viable and cost-effective biomaterial
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production and whole-cell biocatalysts with various functions (Hyeon et al., 2013; Singh et
al., 2014).
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Chapter 2 - Materials and Methods
2.1- General

All materials, both plastics and glass as well as solutions and growth culture
mediums of regular use in the lab, were sterilized under pressure and temperature by
autoclave (Amaro 2000; 5510 Model) at 121°C for 20 minutes with 1 kg/cm? pressure. For
the procedures that required centrifugation, Eppendorf 5415E or Eppendorf 5414D
(Eppendorf™, CITY) microcentrifuges were used for volumes equal or less than 2 mL. For
volumes higher than 15 mL a Beckman Coulter™ Avanti J-251 centrifuge was used. The
specific times, temperatures and speeds vary according to the procedure and are listed for
each method.

Absorbance readings were taken with a spectrophotometer Ultrospec 3100,
Amersham Biosciences, CITY.

A Sartorius Analytic A210P scale was used for weights below 5 g, whereas for
higher weights the scale used was an Acculab Atilon ATL-623 (Sartorius Group). For
incubations either a Memmert Modell 500 incubator or a Gallenkamp orbital incubator with

agitation were used.

2.1.1 - Microbial strains and plasmids

All the microbial strains and plasmids were obtain from different certified suppliers

according to table 7 and stored at -80°C.
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Table 7 — Microbial Strains and Plasmids Characteristics.

Microbial Strains and Genotype Reference

plasmids

E.coli
F- ®80lacZAM15
A(lacZY A-argF) U169
recAl endAl hsdR17(rk-, Novagen®
mk+) phoA supE44 thi-1
gyrA96 relAl A-
F ompT hsdSg (rs” mg’) gal
dcm met (DE3)
F ompT hsdSg (rs” mg’) gal
dcm lacY1 (DE3)
Plasmids
pUC 15 AmpR lacZ Bla *
DET-28a KanR lacl f1oir T7 His Tag
N-terminal

BL21 (DE3) Novagen®

Tuner(DE3) Novagen®

Gibco BRL

Novagen®

2.1.2 - Antibiotics

All antibiotics solutions were dissolved in Milli-Q water and prepared and used
according to the information in Table 8.

Table 8 - Stock and work antibiotic solutions.
Stock Solutions Working

Antibiotic Concentration

Ampicillin 4°C

(Amp®) 100-200 mg/mL. (maximum storage time: 2 weeks) 100 hg/mL-
H (0]

Kanamycin 50 mg/mL 4°C 50 pg/mL

(KanR)

(maximum storage time: 2 weeks)
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2.2 - Insights into the Cohesin-Dockerin
Complex of Bacteroides cellulosolvens

2.2.1- Mutants Construction

The recombinant Coh-Doc complexes were coexpressed through an innovative
strategy (Bras, 2012) already performed in B. cellulosolvens type-l Coh-Doc complexes
(Cameron, 2014). The recombinant genes were carefully designed, such that both Coh and
Doc encoding genes were under the control of separate T7 promoters and T7 terminators,
allowing a restriction driven positioning of either Coh-linked or Doc-linked His6-tag used
for complex purification. The constructs were cloned into the two positions (Ncol-Xhol or
Nhel-Sall) to generate either the Coh or Doc tagged complexes, as showed in Figure 38 and
39. A mutation of residues at positions 22 and 22’ on the dockerin (respectively from the first
and second repeat Doc sequences), as shown in Table 9, was performed to substitute a
Glycine for an Asparagine. These Doc mutants were then synthesized in vitro (NZYTech

Ltd, Portugal) and cloned in a pUCgs vector.

Table 9 — Dockerin Amino acid sequences.

Dockerin Protein Sequence (N —C)

GDLNGDGVINMADVMILAQSEFGKAIGNPGVNEKADLNNDGVINMADAT
ILAQYFGK

BC2Doc-wt
GDLNGDGVINMADVMILAQSFNKAIGNPGVNEKADLNNDGVINMADAT

ILAQYFGK
BC2Doc-m1

GDLNGDGVINMADVMILAQSFGKAIGNPGVNEKADLNNDGVINMADAT

ILAQYFNK
BC2Doc—m2 B
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Table 10 - Final Constructs.

Coh-mutl Doc-mutl
Coh-mut2 Doc-mut2

The mutant’s construction strategy consisted of using Doc and Coh recombinant
vectors and two mutants inserts transformed in specialized E. coli DH5a cells in order to
extract the DNA to verify its quality and create a secure stock to use in the lab. The samples
were digested with Nhel and BamHI. The success of the restriction was confirmed by
Agarose gel Electrophoresis (AE).

DNA fragments were isolated from the AE using a commercial kit GelPure
(Nzytech). The target fragments were reconnected with speedy ligase enzyme in order to
obtain the results showing on table 10. DHS5a cells transformed with these mutants were
cultured in solid LB medium with kanamycin to confirm the success of the transformation
To ensure that the mutation was present on the recombinant vectors Doc and Coh, several

colonies were selected for DNA extraction and sequencing.
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Molecular architecture of gene construct
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Figure 38 - BC2-Coh molecular construction strategy.
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Molecular architecture of gene ccastruct
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Figure 39 - BC2-Doc molecular construction strategy.
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Figure 40 - Overall procedure for the Doc-Coh mutant’s construction.
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2.2.1.1 - Stock production

In order to have always a fresh batch of transformed recombinant vectors and mutant
inserts the samples were transformed using thermal shock methodology according to the
following procedure.

DHS5a competent cells were used for the first step, since these are more suitable for
DNA extraction compared with BL21 and Tunner cells, which are more used for protein
expression. 5 pl of DNA sample was added for each recombinant vector and mutant insert
(Coh, Doc, mutl and mut2) and to 100 ul of DH5a, previously placed on ice. After a gentle
mix the cells were incubated for 30 min at room temperature without agitation. In order to
force the external DNA to enter the competent cells they were placed at 42 °C for 40 sec and
rapidly shifted to ice for 2 min. After adding 1000 pL of Soc, which has been pre-heated at
37 °C, the cells were incubated during 1 h at 37 °C with agitation at 200 rpm. In order to
concentrate the cells and remove the culture medium, the samples were centrifuged 1 min at
500 rpm and 900 pL of the supernatant was removed. The pellet was then resuspended and
100 uL were cultivated in solid culture medium. The plates were incubated overnight at 37

°C. The standard procedure is outlined in Appendix C.

Table 11 - Recombinant vector and mutant insert characteristics

pET 28 LB+Kanamicyn

pUC 18 LB+Ampicilin
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2.2.1.2 - Vector and insert DNA extraction

All the DNA extractions were performed with a commercial Miniprep kit from
NZYTech Ltd, Portugal, according to the following procedure, which is based on three
essential steps: bacteria lysis by alkaline hydrolysis, the plasmid adsorption to a column
membrane and a final plasmid DNA wash and elution step.

The alkaline hydrolysis occurs with the addition of a solution containing NaOH and
SDS, where the SDS is responsible for the solubilization of the phospholipids present in the
bacteria cell membrane. The cellular contents is then ressupended by adding Tris-HCI pH
8.0, EDTA and RNAse to denaturate chromosomal and plasmidic DNA. Through the
addition of acetate and other caotropic salts, the lysis leads to the precipitation of
chromosomal DNA, proteins and bacterial components. While the plasmid stays in solution,
the other components precipitate by a centrifuging step.

Plasmid DNA dehydration, caused by the caotropic salts, determines an interaction
with the column matrix through the phosphate residues. This matrix is composed of silica or
fiber glass resin and successive washes with Tris-EDTA and ethanol with different
percentages removes salts and eventual contaminant residues.

The plasmidic DNA is then recovered through its rehydration with 30 pl of elution
buffer and after centrifuging for 1 minute at 11.000x g.

After DNA extraction an AE run was performed to confirm the successful cloning
results. For these experiments a 1 % (w/v) agarose gel was used. The agarose was dissolved
in Tris-borate-EDTA buffer (TBE), and heated near ebullition. After cooling, the staining
agent Green Safe Premium was added. The agarose solution was poured on an
electrophoresis apparatus. After gel solidification 5 ul of the DNA plus 2 pl of xylanocyanol
were added to the gel lanes. The gel was submersed in TBE buffer.

The run was performed at 60 V, 300 Amp during 40 min. HyperLadder 111 (Bioline)
was used as a molecular weight marker.

The AE is based on the principle that the migration speed of DNA molecules varies
according to its size, which by comparing to a commercial molecular weight marker enables
the evaluation of the sample’s molecular weight. This gel consists of a complex net where

the DNA migrates from the negative pole to the positive by the action of electrical current.
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Under a constant current the smallest molecules migrate more rapidly, whereas the largest

move slowly and stay closer to the well.

2.2.1.3 - Vectors Restriction maps

After confirming in the AE that the cloning was successful, both recombinant Doc
and Coh vectors and the mutated inserts were subjected to endonuclease digestion
according to Figure 41 below.

30
6
5..G*CTAGC...3 3
3. CGATC*G...5
5 ..G*GATCC..3 3
3. CCTAGYG...5Y
18
60

Figure 41 - DNA Restriction Procedure

2.2.1.4 - DNA Purification by AE Gel

AE purification to isolate DNA fragments was performed with the GelPure Kit from
NZYtech. This procedure consists in excising the desired band from the AE. The eppendorf
microtube is weighted with and without the band in order to calculate the band weight. 300pL
of Binding Buffer was added for each 100 mg of AE band and incubated at 60 °C for 10 min.
Since the gel matrix is dissolved through heat, it’s possible to separate the different
components in the mix. Isopropanol was then added with the same volume as the band weight
and placed into the column. After centrifuging for 1 min at 1300 rpm, the liquid was
discarded. 500 uL of wash buffer was added and the centrifuging was repeated. To complete
the washing stage, an additional 600 pL of wash buffer was added followed by two
centrifugations. To finish the overall extraction, the column is placed on a new tube and 30

puL of elution buffer is added. After waiting 1 min at room temperature the sample is
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centrifuged for 1 min at 1300 rpm in order to release the DNA from the column. The standard
procedure is outlined in Appendix C.

2.2.1.5 - Vector-Insert

Each vector was linked with each insert with speedy ligase from NZYtech according

to the proportions presented in the Table below.

Fill until the max vol
20

Figure 42 - Vector-Insert assembly procedure

The amount of DNA used was determined according to the equation below

Equation 1 — Vector Insert Proportion for Speedy Ligase reaction
Vector weight (ng) X Insert Molecular Weigh (kb)  Insert volume

=1 t ight
VectorMolecular Weigh (kb) Vector volume nsert weight (ng)

A negative control was also performed following the previous description but
without DNA that was replaced by an equal volume of water. The negative control should
display much less colonies than the reaction (Mutated Clones). The DNA from the mutant

clones was sent for Sanger sequencing (LIGHTrun™ from GATC Biotech, Germany).
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2.2.2 - Protein Expression Optimization

The resulting positive clones were transformed into different E. coli strains, BL21
and Tunner, both specialized in high expression for recombinant proteins (Transformation
Procedure 2.2.1.1). Two culture mediums (Luria Bertani-LB and LBE) in different
conditions were tested according to Table 12.

The vectors containing the recombinant proteins grew in LB medium with
kanamycin at 37 °C till an OD between 0.4 and 0.6. Then the cell culture flasks were placed
on ice for 30 min. To induce protein expression, isopropyl B-D-thiogalactopyranoside (IPTG,
1 mM final concentration) was added and this mimics the allolactose, a lactose metabolite
that induces transcription by activating the pBAD promoter of the T7 RNA polymerase. This
mechanism is based in the Lac operon that is responsible for the lactose digestion in E. coli.
Originally the Lac operon acts as switch to the production of 3-galactosidase and if there is
no lactose in the medium, there is no need to produce this enzyme therefore the gene is
repressed. In this example lacY mutant hosts are used and that induction is performed with
the non-hydrolysable lactose analog isopropyl-B-D-1- thiogalactopyranoside (IPTG)
(Baneyx, 1999). The erlenmeyer flasks were then incubated for 16 hours at different
temperatures (25 °C, 19 °C and 16 °C) at 150 rpm. The same conditions, with minor changes,
were applied for growth in LBE. For growth control the absorbance was evaluated with a
1/10 v/v dilute culture medium sample, until an OD of 1 was reached. Since this is an
autoinduction medium there is no need to pause the growth on ice and to add IPTG because

the medium itself already contains lactose.
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Table 12 - Protein Expression Conditions

BL21 Tunner Temperature

LBE BL21 25 LBE Tunner 25

LBE BL21 16 LBE Tunner 16

In order to evaluate the expression level of the recombinant proteins in different
conditions, a sample of the recombinant protein cells was taken immediately before adding

IPTG and after 16 hours of protein expression.
2.2.2.1-Protein extraction

In order to isolate the recombinant protein from the cells and separate them from the
culture medium, the samples were centrifuged for 15 min at 5000 rpm. The supernatant was
discard and the pellets were frozen to help the resuspension with 10 ml of 10 M imidazol. To
disintegrate the cells and extract the protein, the samples were ultra-sonicated (Bandelin
Sonopuls HD 2070) for 10 min at 70 % . Then to separate the soluble proteins, the samples
were centrifuged for 30 min at 13.000 rpm. Both phases were stored for SDS PAGE and
Native Gels analyzes.
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2.2.2.1 - Protein Purification

The protein extract was then filtered with a 0.45 um membrane (Life Sciences, city)
coupled to a 10 cm? syringe. To continue the process, the filtered extract was purified by
immobilized metal ion affinity chromatography (IMAC) using Sepharose columns charged
with nickel (HisTrap™, GE Healthcare, Sweden) following conventional protocols (Venditto
et al., 2015). This protein purification method consists in running the protein extract through
a nickel containing column, since the recombinant protein has a His-tag that binds it to the
nickel present in the column, thus retaining it. Through several washes with increased
concentrations of imidazole, which competes with the nickel for the histidines in the resin,
almost all of the impurities present on the extract are removed. The final washing buffer has
a higher concentration of imidazole (300 mM) promoting the target protein elution in aliquots
of 1 mL.

The collected samples were evaluated for the presence of protein through a quick
qualitative Bradford test. The purity and expression were evaluated by polyacrylamide gel
electrophoresis (PAGE). This procedure sorts the protein by passing it through a
polyacrylamide matrix. The proteins (14 pl) were denatured by adding 6 pul SDS (Sodium
Dodecilsufate) that promotes leveling of all the electrical charges, and by boiling the protein
samples. Therefore the proteins were able to migrate through a constant electric field
according only to their molecular weight (MW).

For this procedure a 14% SDS PAGE (Appendix B) with Low Molecular Weight
(LMW) Protein Marker (#MB0820, NZY Tech, Portugal) as a molecular weight marker, were
used. Some samples were also tested through 10% Native PAGE that uses the same principles
as an SDS PAGE but without reducing and denaturing the samples, thus maintaining the
protein’s secondary structure and native charge density. For these gels Bovine Serum
Albumin (BSA) was used as a marker.

After each run the gels were stained for 15 min with Coomassie Blue Staining
Solution (Sigma) and then revealed with a bleaching solution containing methanol and acetic
acid (Appendix B). The gel pictures were acquired with an Image Master VDS (Pharmacia-
Biotech).
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2.2.2.2 - Optimal growth conditions
selection

All SDS PAGE were analyzed to verify the appropriate growth conditions, host

cells, culture medium and temperature, in order to proceed to a larger scale production.
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2.3 - Biochemical Characterization of
Ruminococcus flavefaciens putative CBMs

Rf2 and Rf4

Previous work regarding the Ruminococcus flavefaciens genome, allowed to scan and

identify CBM sequences. These CBMs were cloned and expressed by high throughput

methodologies (Venditto, Centeno, Ferreira, Fontes, & Najmudin, 2014). Two CBMs were
chosen for detailed work; Rf2 and Rf4 as described in 2.3.1. These CBMs were then

expressed and purified in order to evaluate the affinity of these proteins. The different

substrates (Table 12) were dissolved in water to a final concentration of 0.3% (w/v) and

incorporated in 10 % native gels. The affinity was qualitatively measured as “no affinity, -

and affinity, (+)”

Table 13 — Substrates tested for the initial essay

Substrates

Celluloses HEC
Lichenan
Curdlan
Xylans Xylan
Wheat Arabinoxylan
Glucurono Xylan
Birchwood Xylan

sl PIEESS Xyloglucan

Mannan

Galactomannan (Megazyme)
Arabinogalactan

Galactan Lupin

Arabinan

Glucomannan

Pectins Pectic Galactan
Polygalacturonic Acid
Potato Rhamnogalacturonan

Pectin from Apples
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Transformation (same Substrate affinity Gels
procedure as 2.2.1.1) «HEC

*DHS5a for Stock *3-Glucan
*Galactmanan

*Xyloglucan

N

DNA Extration (same Protein Expression (same
procedure as 2.2.1.2) procedure as 2.2.2)

*Rf2 *Growth conditions

*Rf4 LB 19°C

Transformation (same
procedure as 2.2.1.1)

*BL21
Sequence Confirmation

Figure 43 - Overall procedure for the biochemical characterization of Rf2 and Rf4.

2.3.1 - Macromolecule production

The gene encoding the putative CBM-Rf2 (residues 495-621 of RfCel5) and CBM-
Rf4 were synthesized (NZYTech Ltd, Portugal) with codon usage optimized for expression
in Ecoli. The synthesized gene, containing engineered Ncol and Xhol restriction sites at the
5’ and 3’ ends, respectively, was subsequently subcloned into the pET-28a expression vector,
generating the pRf2 and pRf4 constructs. Recombinant CBM-Rf2 and CBM-Rf4 contained a
C-terminal Hise-tag (HHHHHH) (Table 13).
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Table 14 — Rf2 and Rf4 macromolecule production information.

Source Ruminococcus flavefaciens FD-1
organism:

CACACACCATGGGAGACGGTTACACAATCAAG
Forward primer

CACACACTCGAGCTTGAGAACTACAGAGTC
Cloning vector: pET?28a
PET28a

E.coli BL21
S| ECHGYLNRSNLTWYTESEPVVNKMMEVLGVSSSNPPTTTASTPSGN

acid sequence of DTTTTTAEEEDTAILYPFTISGNDRNGNFTINFKGTPNSTNNGCIGYS
the construct YNGDWEKIEWEGSCDGNGNLVVEVPMSKIPAGVTSGEIQIWWHSG
produced CBM- DLKMTDYKAGSGSSQTNTTPQQTTNNNNTTVTTAKNDOQPQHHHH
RF2 HH

S FLEGPYELDASKEKTYQNTTPGGDGEVEWSQLEGKEVAIKFTGSTPV
il e | LCFSDASYGGWTEMKPYDIDKENGIAYYNMAKVPDLWGDDPTTIA
the construct HMQAKTPKLTTVESVNILAAPEGEIKEPEATSKIKKINLKDAKNEDTL
el o= e YWNLEGAPSTKTNGALGFMKGDEWTQIEWSGSTDADGKLTVEIPLA
RF4 DAVVGGTVEFQIWAGFKDLDVKDYSIVHHHHHH

The cloning artefacts are underlined.

2.3.2 - Substrate Affinity Gels

The first application of affinity gel electrophoresis (AGE) on CBMs was in 2000
(Tomme et al., 2000). Nowadays this technique is widely used to study CBM interactions
with a variety of polysaccharides such as a-glucan, -glucan, mannan, xylan, and various
pectins. This method is based on the embedding of soluble polysaccharides into a
polyacrylamide matrix, were the electrophoretic mobility of a CBM in the polysaccharide-
infused gel is compared with its mobility in a native polyacrylamide gel. The interaction of
the CBM with the polysaccharide results in a complex of larger size and thus reduced
mobility in the polysaccharide containing gel, providing a rapid and convenient readout for
binding (Figure. 49). Bovine serum albumin is often used as a negative control due to its lack
of affinity for carbohydrates (Abbott & Boraston, 2012).
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Figure 44 — Typical AGE. The polyacrylamide matrix gel is embedded with soluble polysaccharides,
and the electrophoretic mobility of a CBM in the polysaccharide-infused gel is compared with its
mobility in a native polyacrylamide gel. The closer the sample is to the well, the higher the affinity
to the substrate is. Lane 1 — BSA as marker, Lane 2 — Substrate sample (Abbott & Boraston, 2012).

Since these CBMs had affinity mainly for cellulose hydroxyethyl (HEC) and
xyloglucan substrates, an intense study for these substrates was performed in order to

quantify the binding affinity.
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Table 15 - Substrates concentrations.

0.300 0.300 0.300 0.300
0.200 0.200 0.200 0.200
0.150 0.150 0.100 0.100
0.100 0.100 0.075 0.050
0.075 0.075 0.050 0.030
0.050 0.050 0.040 0.025
0.030 0.030 0.030 0.010
0.025 0.025 0.025 0.005
0.020 0.020 0.003
0.010 0.010 0.010

0.005 0.005 0.001

In order to test all substrates concentrations, a stock solution of 1% (w/v) for each
polysaccharide was used. The necessary substrate volume to achieve the target concentration
(Table 14) was replaced in the amount of water available in the native gel recipe (Appendix

B). The Native Protein Gels were then stained with Coomassie blue for band detection.
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2.4 - Insights into the Rf2 CBM
structure of Ruminococcus flavefaciens

2.4.1 - Overall procedure

In order to determine the structure of a protein it’s necessary to promote its
crystallization, which requires the exposure of the target protein to multiple suitable
crystallization conditions. To reach that stage it is necessary to produce large quantities of

good quality and highly pure proteins. The overall procedure is schematized in Figure 45.
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Figure 45 - Schematic representation of the overall Rf2 crystallization procedure.
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2.4.1.1 - Protein production

For the crystallization studies, the recombinant CBM-Rf2 was cultured in Luria—
Bertani broth (12 flasks of 400 mL of LB) at 37 °C to mid-exponential phase (ODsoo nm=0.6)
and recombinant protein overproduction was induced by adding IPTG (1 mM final
concentration) with incubation for a further 16 h at 19 °C. The Hiss-tagged recombinant
protein was purified from cell-free extracts by immobilized metal-ion affinity
chromatography as described previously (Najmudin et al., 2010). Purified CBM-Rf2 was
buffer-exchanged into 50 mM Na-HEPES buffer, pH 7.5, containing 200 mM NaCl and 5
mM CaCl,, and subjected to gel filtration using a Hi-Load 16/60 Superdex 75 column (GE
Healthcare) at a flow rate of 1 ml/min. Purified CBM-Rf2 was concentrated using an Amicon
10 kDa molecular-mass centrifugal concentrator and washed with a 0.5 mM CacCl; solution.
Recombinant CBM-Rf2, including the C-terminal Hiss-tag (LEHHHHHH), has an
approximate molecular mass of 15 kDa. The protein concentration was estimated using molar
extinction coefficient () 30.940 M-tcm™ at 280 nm with a Thermo Scientific NanoDrop
2000c and verified by SDS-PAGE (Appendix B).

2.4.1.2 - Crystallization

Crystallization conditions were screened by the sitting-drop vapor-phase-diffusion
method using the commercial kits Crystal Screen, Crystal Screen 2, PEG/lon and PEG/lon
2, and JCSG screen from Hampton Research (California, USA) and an in-house 80 factorial
screen using the Oryx8 robotic nanodrop dispensing system (Douglas Instruments) (Table
16). Two drops per well containing 50 uL of reservoir solution were prepared: one consisting
of 0.7 uL 20 mg ml* of CBM-Rf2 and 0.7 uL of reservoir solution, and one consisting of 1
uL 20 mg mL™ and 1 pL of reservoir solution. All crystals grew to maximum size within a
week. The crystals were cryo-cooled in liquid nitrogen after soaking in cryo-protectant (30%

(v/v) glycerol added to the crystallization buffer or just Paratone-N) for a few seconds.
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Table 16 - Crystallization procedure.
CBM-Rf2

Sitting-drop vapour-diffusion
Method:

Plate type: MRC 96-well 2-drop sitting drop crystallization plate
(Molecular Dimensions, UK)

Temperature: 19°C
Protein concentration: 20 mg ml?

IV Rl ol iilel N malgel =TT Deionized water (Sigma), 0.5 mM CaCl;
solution:
Volume and ratio of drop: 0.7 pL of protein and 0.7 pL reservoir solution.

Volume of reservoir: 50 uL of reservoir

Since it was impossible to crystallize the above construct, after checking the initial
results, the sequence was cleaned and part of it was removed, as showed in the following
table 16. The rationale for the optimization of this sequence took into account that several
threonines in a row are characteristic of linkers, therefore the actual gene of the Rf2 should
have started with the indicated alanine. This second construct was called Rf2-mut.

Table 17 - Rf2 protein sequences. The sequences highlighted were removed in order to improve the
crystal production and the added His tags are underlined.

ECHGYLNRSNLTWYTESEPVVNKMMEVLGVSSSNPPTTTASTPSGNDTTTTTA
EEEDTAILYPFTISGNDRNGNFTINFKGTPNSTNNGCIGYSYNGDWEKIEWEGSC
DGNGNLVVEVPMSKIPAGVTSGEIQIWWHSGDLKMTDYKAGSGSSQTNTTPQ
QTTNNNNTTVTTAKNDOQPQLEHHHHHH

MGAEEEDTAILYPFTISGNDRNGNFTINFKGTPNSTNNGCIGYSYNGDWEKIEW
EGSCDGNGNLVVEVPMSKIPAGVTSGEIQIWWHSGDLKMTDYKALEHHHHHH
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2.4.1.3 - Data collection and processing

X-ray diffraction data from suitable protein crystals was collected on beamline
PROXIMA-1 at SOLEIL, Orsay, France, with the CBM-Rf2 crystals cooled to -173.15 °C
using a Cryostream (Oxford Cryosystems) and a PILATUS 6M detector (Dectris). Precisely
180° of data were collected with a A of 0.1° and an exposure of 0.1 sec and a further 360°
using an inverse beam strategy (two equivalent complete interleaved data collections starting
at phi = 0 degrees and phi = 180 degrees) at the As-peak edge (at an energy of 11.875 keV,
f> =-8.08 and f” = 8.03) for a single-wavelength anomalous diffraction experiment for the
first crystal (x6) as described previously (Venditto et al., 2015). In addition, 100° of a second
higher resolution dataset (to 1.02 A) was collected for crystal x5. All data sets were processed
using XDS (Kabsch, 2010) via the command Iline interface xdsme
(https://code.google.com/p/xdsme/) and AIMLESS (Evans, 2006) from the CCP4 suite
(Collaborative Computational Project, Number 4, 1994 (Winn et al., 2011). Data collection
statistics (as reported by AIMLESS) are given in Table 18. All the diffracting CBM-Rf2
crystals belong to the orthorhombic space group, with a single molecule in the asymmetric
unit, a solvent content of ~34 % and a Matthews coefficient of ~1.85 A% Da™* (Matthews,
1968).
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Table 18 - Data collection and processing. Values for the outer shell are given in parentheses.

Dataset As-edge (x6) High Res (x5)
Beamline PROXIMA-1, SOLEIL PROXIMA-1, SOLEIL
Space Group P 212124 P 21212,

Wavelength (A) 1.04408 0.82656

Unit-cell parameters

a b, c(A) 43.39, 45.21, 49.56 43.27, 45.02, 49.45
Resolution limits (A) 33.40—1.29 (1.31 - 1.29) 45.02 —1.08 (1.10 — 1.08)
No. of observations 88114 (3486) 270624 (12738)

No. of unique observations 25060 (1178) 42191 (2063)
Multiplicity 3.5(3.0) 6.4 (6.2)

Completeness (%) 99.7 (97.3) 100 (100)

<Uo(1)> 16.1 (6.5) 12.2 (1.3)

CCupf 0.993 (0.969) 0.999 (0.759)

Rimerge 0.053 (0.123) 0.062 (0.9122

Roim 8 0.032 (0.083) 0.027 (0.396)

# Matthews coefficient (Matthews, 1968).
1 CCy2 =the correlation between intensities from random half - dataset (Diederichs & Karplus, 2013)

T Rmerge = 2w Zi [li(hKI) - <I(hkl)>|/ Zwa Zi li(hkl), where li(hkl) is the ith intensity measurement of
reflection hkl, including symmetry-related reflections and <I(hkl)> is its average.

8 Rp.im. = Zhia {L/[N(hkI) — 1]}1/2 2i |li(hKI) - <I(hkl)>|/ Zwa Zi li(hKI), where <I(hkl)> is the average of
symmetry-related observations of a unique reflection.
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Chapter 3 - Results and Discussion

3.1 - Insights into the Cohesin-Dockerin
Complex of Bacteroides cellulosolvens

3.1.1 - Mutants Construction

Figure 46 — 1% AE of samples (lane 1 - marker, HyperLadder I11I; lane 2 - mutl; lane 3 - mut2; lane
4 - DocCohys (Coh); lane 5 - ysDocCoh (Doc)). The bands marked in brown represent the mutated
dockerin and the bands marked in green the cohesins.

Upon AE separation, mutants purification was performed by excision of the lower
molecular weight bands for the mutated doc and the high molecular weight bands for the
wildtype Doc-Coh complex, marked in brown and green, respectively, on figure 46. To
simplify when referring to the Doc-Coh complex with the histidine tag on the cohesin we
will say Coh and when the histidine tag is on the Dockerin we will use Doc. For the
purification protocol the bands were cut and weighted, resulting on the following values:
Mut1-155 mg, Mut2-153 mg, Coh-80 mg and Doc-124 mg.

After purification, the samples were evaluated and quantified by spectrophotometry
using NanoDrop™ in order to determine its concentration and evaluate its purity. As shown
in Table 19

Universidade Lusofona de Humanidades e Tecnologias — Faculdade de Engenharia

97



Ana Joseé de Oliveira Nunes Pires - Breaking the wall! Deconstruction of the Cellulosome.

- A journey from cohesin dockerin expression to novel carbohydrate binding module structures.

Table 19 — Concentration and purity evaluation.
Mutl Mut2 Coh Doc

[DNA]ng/ml 119 128 232 405
260/280 207 199 189 1.90

Regarding its purity, the samples were within the normal ranges and despite the

lower DNA concentration, sequence analysis confirmed the successful construction of all

four mutants.

3.1.2 - Protein Expression

After analyzing all conditions through AE and taking into account the difficulties in

expressing the dockerin mutants it was concluded that for the mutants with the His-tag in the

cohesin there weren’t significant changes in the protein expression according to cells,

temperature or growth medium.
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BL21
Docmutl Docmut2 Cohmutl Cohmut2

Cohmut2

Docmutl Cohmut2

Figure 47 - Growth Condition at 16°C- Coomassie Brilliant Blue-stained 14% SDS-PAGE gel and
10%Native gel for evaluation of protein expression. Lane 1- molecular-mass markers, Lane 2-
Soluble Protein; Lane 3- Insoluble Protein; Lane 4- Soluble Extract; Lane 5-Wash 1; Lane 6- Wash
2; Lane 7 and 8- Fractions 2 and 4.

Universidade Lusofona de Humanidades e Tecnologias — Faculdade de Engenharia

99



Ana José de Oliveira Nunes Pires - Breaking the wall! Deconstruction of the Cellulosome.
- A journey from cohesin dockerin expression to novel carbohydrate binding module structures.

0

BL21
Docmutl Docmut2 Cohmutl

[ & w

Tunner
Coh_mutl

Cohmut2
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Docmut2

;'fw
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Cohmutl Cohmut2

Tunner
Docmut2 Cohmutl

-

Figure 48 - Growth Condition at 19°C- Coomassie Brilliant Blue-stained 14 % SDS-PAGE gel and
10 % native gel for evaluation of protein expression. Lane 1- molecular mass marker, Lane 2 - Soluble
Protein; Lane 3 - Insoluble Protein; Lane 4 - Soluble Extract; Lane 5 - Wash 1; Lane 6 - Wash 2, Lane
7 and 8 - Fractions 2 and 4.
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Docmutl Docmut2 Cohmut2

Tunner

Docmut2 Cohmutl Cohmut2

Tunner

Docmut2 Cohmutl Cohmut2

Figure 49 - Growth condition at 25°C- Coomassie Brilliant Blue-stained 14 % SDS-PAGE gel and 10 % native
gel for evaluation of protein expression. Lane 1- molecular mass marker, Lane 2 - Soluble Protein; Lane 3 -
Insoluble Protein; Lane 4 - Soluble Extract; Lane 5 - Wash 1; Lane 6 - Wash 2, Lane 7 and 8 - Fractions 2 and
4.

Unfortunately the dockerin was only expressed in one LB condition with induction
at 25°C with BL21, and slightly on LBE 19° C with Tunner as showed in Figures 48 and 49
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Figure 50 — A Coomassie Brilliant Blue-stained 14 % SDS-PAGE gel and 10 % native gel for evaluation of
protein expression. Lane 1 - Soluble Protein; Lane 2 - Insoluble Protein; Lane 3 - Soluble Extract; Lane 4 -
Wash 1; Lane 5 - Wash 2; Lane 6 - molecular-mass markers (NZY Tech Ltd, Portugal) — SDS and BSA — Native
; Lane 7 - Fraction 2; Lane 8 - Fraction 4; Lane 9 - Fraction 6.

It is well known that independent dockerin expression per se is quite problematic as
this protein is highly unstable in such conditions. As such, in vitro formation of the Coh-Doc
pair allows the production and purification of the complex, thus stabilizing the Doc module.
The dual binding mode capability of type-Il1 Cohesin-Dockerin also causes its instability,
hindering the necessary crystallization step and the pursuit of more information about these
proteins function and structure.

A future line of work to continue this project aiming protein crystallization would
thus entail growing our protein samples in LBE 19°C or LB 25 °C with BL21 which gave the
best results for both Doc and Coh. We could also try growing them at 37 °C which is a

normally good growth condition.
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3.2 - Biochemical Characterization of
Ruminococcus flavefaciens putative CBMs
Rf2 and Rf4

3.2.1 - Substrate affinity Gels

Previous work regarding the whole Ruminococcus flavefaciens genome, allowed
scanning and identifying all the CBM sequences. These CBMs were cloned and expressed
by high throughput methods (Venditto et al., 2014). These clones were then tested for general
substrate affinity and table 20 has the summary results.

According to these results the Rf2 and Rf4 were chosen for further work due to their
range of substrate affinity. By analyzing these partial results we can affirm that both Rf2 and
Rf4 have affinity for cellulose and hemicellulose. Results showed affinity to HEC, lichenan
xyloglucan, glucomannan and galactomannan, this last one only for Rf2. In order to
determine the extent of this affinity we selected those substrates, replacing the lichenan with
B-glucan due to the difficulty to dissolve the former substrate and not testing the

glucomannans at all.
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Table 20 - Substrate Affinity for several CBMs. All subtrates were concentrated at 0,3 % wi/v in native
gels of 10 %. The affinity was qualitatively measured as “no affinity(- )”” and affinity ( +)”. For those
where this distinction was not so obvious * is used.

Rf2 Rf4 Rf6 RfI0 Rfl3  Rfl8  Rf19
Substrates (P2) (P4  (P6)  (P10) (P12) (P16) (P17)

HEC

Lichenan

Curdlan

-+
I+
I+
1
1

Xylan - -

Wheat Atabinoxylan - - - - - - -

Xylans

Glucurono Xylan - - - - s - -
Birchwood Xylan
Xyloglucan

Mannan

Galactomannan
megazyme

Arabinogalactan

0
D
172]

=

=

)

£
s
(5]

I

Galactan Lupin
Arabinan

Glucomannan

Pectic Galactan

Polygalacturonic Acid - - - - - - -

Rhamnogalacturonan
Potato

Pectin from Apples - - - - - - -

Others
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Rf 2
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Figure 51-AGE for RF2. First band in each gel corresponds to BSA, used as control and the second
band corresponds to Rf2.

% Galactomannan (w/v)
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Rf 4
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Figure 52 - AGE for Rf4. First band in each gel corresponds to BSA, used as control and the second
band corresponds to Rf4.
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Just by analyzing the AGE we already observe some significant differences between
the different substrates for these CBMs.

For Rf2 it is clear that all substrates start to show some affinity around 0.05 % (w/v)
however for xyloglucan and galactomannan that affinity is evident already at 0.005 % (w/v)
and 0.01 % (wi/v) respectively. Based on these results, we would conclude that substrate
affinity from highest to lowest would be xyloglucan, galactomannan, HEC and -glucan.

For Rf4 the results are not as similar between each other as for Rf2. Rf4 almost
doesn’t have any affinity to galactomannan and HEC binding is only evident at 0.2 % (w/v).
Xyloglucan shows better results with the affinity showing from 0.05 % (w/v). However -
glucan results surpass the Rf4 affinity to any substrate, starting to show evidence of affinity
at 0.02 %(w/v).

Nevertheless, in order to quantify the affinity to the substrate, the 1/R method was
used, where R correspond to the normalized distance between the band migration of the
sample compared to the control, where there is no substrate added to the gel. The dissociation
constant (Kg) is the substrate percentage (w/v) to which the 1/R is zero, therefore the affinity
constant can be obtained by the inverse of Kq. In Appendix D there are detailed tables from

which we obtained the following graphs.
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Figure 53 — Rf2 Substrate Affinity analysis. From these results we observe that Rf2 displays very low
affinity levels with better results for galactomanan and xyloglucan.
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Figure 54 - Rf4 substrate affinity analysis. From these results we observe that Rf4 presented very
low affinity levels with significantly higher results for xyloglucan.
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Figure 55 - Rf2 and Rf4 substrate affinity comparison. From these results we observe that Rf4 presented very low affinity levels with significantly
higher results for xyloglucan, whereas Rf2 shows a low affinity for HEC and a higher affinity for galactomannan.
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By analyzing both CBM results we have very similar affinities in the lower ranges
for HEC and B-glucan for both Rf2 and Rf4. However for the remaining substrates we have
clearly two distinct affinity results, whereas Rf2 shows a low affinity for HEC and a higher
affinity for galactomannan, Rf4 presents a really low, almost null, affinity for galactomannan.
Xyloglucan has the second best affinity for Rf2 and displays an extremely high affinity for
Rf4.

From this we can determine that Rf2 presents higher affinities for galactomannan
and xyloglucan ranging from 56 % to 49 % (w/v), respectively, and Rf4 only has affinity
for xyloglucan with a significant Ka of 296 % (w/v)™.

Comparing the preliminary results we had from AGE and the actual quantification,
we can conclude that there are no significant differences between both methods. However it
is important to refer that without the calculus for the affinity value we would wrongly
attribute the highest affinity of Rf2 to xyloglucan instead of galactomannan and we would
never expect such a significant affinity for xyloglucan from Rf4.
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3.3- |Insights iIinto the Rf2 CBM
structure of Ruminococcus flavefaciens

3.3.1 - Sequence Analysis

ECHGYLNRSNETWYTESEPVVNKMMEVLGVSSSNPPTTTASTPSGNDTTTTTAEEEDTAILYPFT

ISGNDRNGNFTINFKGTPNSTNNGCIGYSYNGDWEKIEWEGSCDGNGNLVVEVPMSKIPAGVT
SGEIQIWWHSGDLKMTDYKAGSGSSQTNTTPQOTTNNNNTTVTT

Figure 56 — Rf2 sequence organization.

By analyzing this sequence, and since tandem threonine repeats are characteristic of
linkers, therefore the construct should be corrected and the Rf2 gene should start with the

alanine residue following the Thr repeat (Figure 56).

ECHGYLNRSNLTWYTESEPVVNKMMEVLGVSSSNPPTTTASTPSGNDTTITT

Conserved domain for a metal binding protein TroA b. These proteins are predicted to
function as mitial receptors i ABC transport of metal 1ons. They belong to the TroA
superfamily of helical backbone metal receptor proteins that share a distinct fold and
ligand binding mechanism.

Figure 57 — Linker sequence analysis. From a Blast analysis of these linker sequences, previously
considered as part of the Rf2 sequence we obtained a conserved domain characteristic of metal
binding proteins which may explain the difficulties associated with the crystallization process while
using the original published Rf2 sequence.
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With the correct amino acid sequence, a comparison with other known proteins

could provide clues to predict its putative function and classification.

Table 21 — NCBI Blast for Rf2mut (Altschul et al., 1997).
Max  Total
score

Description

Endoglucanase
Ruminococcus

flavefaciens Endoglucanase
Endoglucanase
Endoglucanase

Endoglucanase
Family Protein
Endoglucanase A

Glycoside
Hydrolase
Glycoside
Hydrolase
Glycoside
Hydrolase
Glycoside
Hydrolase
Glycoside
Hydrolase
Glycoside
Hydrolase

Score

Endoglucanase A 851 851 74%
Ruminococcus
flavefaciens 17

85.1

76.6

76.3

5.8

65.1

58.5

57.8

54.7

53.5

53.1

48.1

47.0

85.1

76.6

76.3

75.5

65.1

58.5

57.8

54.7

53.5

53.1

48.1

47.0

Query
cover

64%

60%

67%

74%

82%

78%

50%

50%

50%

51%

32%

48%

E value

2.00E-16

2.00E-16

2.00E-13

3.00E-13

4.00E-13

1.00E-09

2.00E-07

4.00E-07

4.00E-06

9.00E-06

1.00E-05

5.00E-04

0.001

Identity

44%

51%
51%
43%
37%
34%
29%
39%
36%
38%
37%
44%

36%

Accession
GenBank
CABO0588
1.1

WP_0285
14028.1
WP_0248
61360.1
WP_0285
17111.1
WP_0372
99526.1
WP_0099
86298.1
WP_0285
19772.1
WP_0248
61738.1
WP_0373
01064.1
WP_0285
16165.1
WP_0285
17065.1
WP_0285
20794.1
WP_0315
59475.1

According to this Blast analysis (Altschul et al., 1990) Rf2mut shares an amino acid

sequence identity of more than 25% with at least 15 other proteins like endoglucanases and

glycoside hydrolases. However the highest score shows more similarities with endoglucanase

A from R. flavefaciens 17.
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3.3.2 - Crystallization

J
')
g. Pl ¥l
C i
y | Y l‘m
Cristal Screen B11 20x Cristal Screen F12 20x Cristal Screen G9 20x

Cristal Screen H7 20x 80! A3 40x 80! A6 10x

80! A3 20x 80! G9 40x 80! H6 40x
Figure 58 — Rf2 crystals and respective conditions.

From all crystals obtained (Figure 58), we selected four crystals in total, two from
Crystal Screen B11 (0.2 M magnesium chloride hexahydrate, 0.1 M HEPES sodium pH 7.5
and 30 % (v/v) Polyethylene glycol 400) and another two from 80! A6 (0.2 M MgClz, 0.1 M
Act 4.5 and 30 % PEG 4K). The crystals were cryo-cooled in liquid nitrogen after soaking in
cryoprotectant 30 % (v/v) glycerol added to the crystallization buffer.

Data were collected on beamline PROXIMA-1 at SOLEIL, Orsay, France, with the
CBM-Rf2 crystals (Figure 2, Table 2) cooled to 100 K using a Cryostream (Oxford
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Cryosystems) using a PILATUS 6M detector (Dectris). Diffraction experimental results,
however showed that the 4 samples were salt.

Cristal Screen C4 20x Cristal Screen H2 20x Cristal Screen G9 20x

Cristal Screen H7 20x Peg Ion H4 20x 80! A6 20x

80! E7 4x 80! E7 20x 80! E7 20x
Figure 59 — Rf2 mut crystals and respective conditions.

Using the corrected Rf2 sequence, numerous hits were obtained as shown in Figure
59. 12 crystals were then selected and cryo-cooled in liquid nitrogen after soaking in
cryoprotectant [30% (v/v) glycerol added to the crystallization buffer or just Paratone-N] for

a few seconds, as showed in Table 22.
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Table 22 — Crystallization conditions selected. G - Glycerol, P — Paratone.

Crystallization Condition . Ctryt?[
Screen/Condition rotector

0.2M S.A.
0.1M Cac 6.5 G
|
0137 30 % PEG 8K
0.2M S.A.
0.1M Cac 6.5 G
|
e 30 % PEG 8K
0.2M S.A.
0.1M Cac 6.5 G
|
RIS 30 % PEG 8K
0.2 M MgCl>
0.1 M Act4.5 G
|
et 30 % PEG 4K

0.03 M Citric acid

0.07 M BIS-TRIS propane / pH 7.6 P
20% wi/v Polyethylene glycol 3,350

0.03 M Citric acid

0.07 M BIS-TRIS propane / pH 7.6 P
20% wi/v Polyethylene glycol 3,350

0.03 M Citric acid

0.07 M BIS-TRIS propane / pH 7.6 P
20% w/v Polyethylene glycol 3,350

_ 0.1 M Na/K phosphate pH 6.2 G
JCSG C9 25 % viv 1,2-propanediol
_ 0.1 M Na HEPES pH 7.5 G
JCSG C5 0.8 M sodium dihydrogen phosphate
_ 0.1 M Na HEPES pH 7.5 G
JCSG C5 0.8 M sodium dihydrogen phosphate

0.2 M Sodium acetate trihydrate

0.1 M Sodium cacodylate trihydrate pH

Peg lon H4

Peg lon H4

Peg lon H4

Cristal Screen C4 6.5 ?
30% wi/v Polyethylene glycol 8,000
0.2 M Sodium acetate trihydrate
0.1 M Sodium cacodylate trihydrate pH P

Cristal Screen C4 6.5
30% wi/v Polyethylene glycol 8,000

The Rf2mut structure was determined for the 80! E7 condition using a cacodylated
derivative by single wavelength anomalous dispersion experiment using the SHELX suite
via the HKL2MAP graphical interface (Pape & Schneider, 2004). Inverse beam data at the

peak wavelength corresponding to the As absorption edge was used to determine heavy atom
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sites using SHELXD. A single strong As site and five other minor sites were located. These
sites were then used to calculate initial phases using PHASER in SAD mode (McCoy, 2004,
2007) in the CCP4 suite (Winn et al., 2011) followed by density improvement using
PARROT (Zhang, Cowtan, & Main, 1997). The quality of the electron density maps was
excellent. Automatic model building using ARP/WARP (Langer, Cohen, Lamzin, & Perrakis,
2008) interspersed with REFMACS cycles (Murshudov et al., 2011) placed 96 residues out
of 107 with a R value of 20.5%. A second dataset was collected to a higher resolution (1.02
A) and data was processed to 1.08 A.

Figure 60 - The three-dimensional structure of Rf2, color ramped from N (blue) to C (red) terminus
— Rf2 has a B-sandwich fold comprised of two B-sheets, each consisting of antiparallel B-strands
(Image edit on UCSF Chimera).

The structure of Rf2 CBM belongs to the dominant fold among CBMs, which is the
-sandwich fold as previously described (Boraston et al., 2004). It is comprised of two -
sheets, each consisting of four antiparallel B-strands (Figure 60). Unlike other CBMs
included in this fold family, Rf2 structure does not present a bound metal atom, which usually
serves a structural role. The ligand-recognition site in the CBM fold family members is
commonly located on one of the 3-sandwich surfaces.

Based upon the visual examination of the molecular surface of Rf2, this CBM might
be included in the "glycan-chain-binding” or Type B CBMs, described earlier in the
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Introduction and characterized by an extended groove or cleft where aromatic residues

mediate ligand binding and specificity.

Figure 61- Molecular surface of Rf2 and the putative ligand-binding cleft. The transparent molecular
surface emphasizes the putative ligand-binding site, where crystallographic bound polyethylene
glycol and glicerol molecules (ball-and-stick representation) were found. The side chains of the
aromatic residues referred in the text are salmon colored and shown in stick representation (Image
prepared on UCSF Chimera).

In Rf2, the location of several surface aromatic residues in one of the 3-sandwiches,

together with the crystallographic presence of several polyethylene glycol and glycerol
molecules (cryoprotectant) on all three molecules of the crystal asymmetric unit, all bound
on that same PB-sandwich plane, suggests a putative ligand-binding site. The mentioned
aromatic residues of Rf2 include Tyr507, Tyr563, Trp564, Tyr597, Trp606 and Trp607
(based on the PDB file). The presence of protruding loops on both sides of the groove and
flanking the B-sheet, confers to this putative Type B binding site a "twisted" cleft-like
conformation, akin to that of family 29 CBMs (Figure 61). Speculation on this possible
elongated binding cleft might account for the fitting of multiple substrates, with variable
subdued interactions. Although further characterization of Rf2 is necessary, preliminary

analysis suggests Rf2 will be the founder of a novel CBM family.
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Chapter 4 - Conclusions

Since the first description of cellulosomes in the early 1980°s by Raffi Lamed and
Ed Bayer the knowledge about their structure and functioning have greatly evolved. The
discrete multi-enzymatic enzyme complex is now defined as ‘multi-enzyme complex
produced by anaerobic bacteria for the efficient deconstruction of plant cell wall
polysaccharides’ (Smith & Bayer, 2013). The compilation of biochemical characterization of
cellulosomal components with the aid of genomic and metagenomic information has
confirmed the sophistication of cellulosomes, supporting a diversity of catalytic activities
such as cellulase, hemicellulase, pectate lyase and carbohydrate esterase (E. A. Bayer et al.,
1998; Shi You Ding et al., 2008; Smith & Bayer, 2013). The collaborative data derived from
molecular biology, bioinformatics, biochemistry and structural biology has provided a deeper
understanding of the molecular basis for cellulosome assembly and function (E. A. Bayer et
al., 1998).

However, several questions concerning cellulosome structure and function are still
to be answered in order to practically apply its amazing abilities to our advantage, assisting
in the development of a new biotechnological approach to face the challenges of a new era
of Bio derived products. Despite the modest advances brought by our work, when compared
to the amount of knowledge yet to be explored, we were able to enlighten some more aspects
about this promising field. The possibility to stabilize the Coh-Doc complex enables an easier
production of these two main components of the cellulosome. Although with this project we
did not achieve that, we were able to optimize the mutant’s construction to minimize the
necessary cloning procedures and site-directed mutagenesis methods.

From our protein expression essays we were able to determine a viable path to
further explore the large scale production of the studied Ruminococcus flavefaciens Coh-Doc
complex, which includes the use of BL21 as host cells in LBE medium, grown at 25°C.

These growth conditions are very promising due to its characteristics as LBE is an
autoinduction medium which does not require the addition of IPTG, lowering the costs
associated with the process, and the determined optimal temperature is very close to room

temperature, thus reducing the necessary energy expenditure.
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CBMs potentiate the enzymatic catalysis by directing the appended catalytic
modules to their target substrates. The genome of the ruminal cellulolytic bacterium,
Ruminococcus flavefaciens strain FD-1, contains over 200 modular proteins containing the
cellulosomal-signature dockerin module. Therefore by determining the substrate affinity of
two of these CBM’s we will expand the possible applications for these peculiar molecules.

Rf4 showed a significant higher affinity to xyloglucan of 298.65 % (w/v)* which
could indicate a good potential for testing enzymatic activity in association with the enzyme.
However such high affinity suggested that more tests are needed, like discovering the 3D
structure of the Rf4. By uncovering the structure we could determine the type of connections
and ensure that such high affinity doesn’t affect the dissociation and degradation of the
substrate.

In contrast Rf2 shows less specificity and lower affinity values than Rf4, with higher
affinity to galactomannan with 56% (w/v)™and xyloglucan with 49% (w/v)™. Despite lower,
this result may be used to our advantage to initially sort the cellulosic biomass using CBMs
like Rf2 which don’t have much affinity to a specific subtract but that can be applicable to
two substrates.

With these two CBMs we can have contrasting approaches, by choosing from
specificity and higher affinity to versatility and higher range of action. Either way, both are
very promising tools in helping the task of converting cellulosic biomass into fuel.

However we should take into account the limitations of this method. The AGE is a
very good low cost method to determine and scan the affinity to several substrates. The
approach with this method initially is only to assess qualitatively the existence or absence of
affinity to a certain substrate. Resorting to mathematical approximations we can assign a
quantitative value to this affinity.

Nonetheless in order to fully determine the affinity we should consider further
experiments like Isothermal Titration Calorimetry that can simultaneously determine all
binding parameters in a single experiment. This technique works by directly measuring the
heat that is either released or absorbed during a biomolecular binding event. By measuring
the heat transfer during binding it can determine binding constants (Kp), reaction
stoichiometry (n), enthalpy (AH) and entropy (AS), providing a complete thermodynamic
profile of the molecular interaction.
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One of this project’s greatest achievements was the ability to purify, crystallize and
determine the structure of the putative CBM Rf2. The tridimensional structure of Rf2 shows
a putative binding cleft to which the substrates can interact, with further studies needed to
relate its relatively large extension with the affinity to more than one compound and explain
its low values.

The importance of these findings isn’t only about justifying what we previous
assessed but also as a stepping stone to expand our knowledge about CBMs. This
tridimensional structure will enable further testing and molecular modeling without resorting
to wet-lab procedures which saves money and time. We will be able to predict the interactions
to other substrates and enzymes bioinformatically and direct our research accordingly.

In conclusion these humble contributions brings us closer to successfully developing
a synthetic cellulosome (E. Bayer et al., 2007; Smith & Bayer, 2013; Vazana et al., 2013)
that combines the stability of the type-11 Coh-Doc attachment to a reusable matrix with the
flexibility of the type-I interaction, enabling the attachment of several CBMs and enzymes,
consequently improving the efficiency and range of substrates decomposition. The ultimate
goal will be to create stable and easy to produce nanomachine complexes that can be applied

to a wide range of process and originate a variety of products.

l‘n-u-:)nm l
cellulosomes . A \ B' l \
l )|
N |‘ 5 w q:] U"‘
8

|uw-qn—n2

[/ ; m#- 3
H g@ ‘ — “) @ " v

n vitro Bacitus Aspevpiius Clostricium Clostricium Saccharomyces
assembly subtls mper acetobutylown thevmoceium corevisiae

~ 4
Sugars ;::::::_ Ethanol

Figure 62 — Ultimate Goal for Cellulosomes Application - Engineering potent cellulolytic microbes
for the production of desired end products. Genes encoding for cellulases and/or designer cellulosome
components (i.e. chimeric scaffoldin and desired dockerin-containing hybrid enzymes) can be cloned
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into a desired bacterial or fungal host cell, and the secreted proteins can be overexpressed for the
degradation of cellulosic biomass in an industrial reactor (in vitro assembly). Alternatively, the genes
can be cloned into a suitable bacterial, fungal or yeast host, and the transformed cell with either de
novo or improved cellulose-degrading capacity can be grown directly on cellulosic biomass to
produce a desired end product (E. Bayer et al., 2007).
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Appendixes
Appendix A - Reagents and Solutions

1) Water
All the water used was certified for laboratory purposes. Distilled water was obtain

from Elix®-5 Water Purification System (Millipore Corporation), showing a resistivity
greater than 5 MQ cm and a conductivity higher than 0.2 g Scm at 25°C. The bi-distilled
water was obtained from Milli-Q ® Water Purification System (Millipore Corporation),
showing a resistivity higher than 18.2 MQ cm and a conductivity higher than 0.05 p Scm.
2) Reagents

All reagents used are listed below in alphabetical order according to each supplier:

AppliChem
Cobalt chloride
Iron chloride
Nickel chloride

Biokar Diagnostics

Agar

Yeast extract

Sodium sulfite

Tryptone

Fluka

Hydroxyethylcellulose (HEC)

GE Healthcare
TEMED

Megazyme

Beta-Glucan (Barley)
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Merk
Zinc sulphate heptahydrate

NZYTech
Acrylamide

Panreak Quimica
Chloridric Acid

Sigma-Aldrich

Bovine serum albumin (BSA)
Ampicillin

Coomassie Bright blue
Glycerol

Sodium hydroxide

Imidazole

SDS

USB
Hepes

VWR International

Acetic acid

Citric acid

Ammonium chloride
Magnesium chloride
Manganese chloride tetrahydrate
Potassium chloride

Phenol

Potassium phosphate monobasic
Glucose

Methanol
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Magnesium sulfate
Nickel sulfate
Sodium sulfate

3) Growth Medium

Growth Medium Composition

Tryptone 10 g/l
*LB (Luria Bertani) Yeast extract 59/
NaCl 10 g/l
2 % (w/v) of agar added to LB medium
Tryptone 59/
Yeast extract 20 g/l
NaCl 10 mmol/I
E e KCl 2,5 mmol/l
MgCl» 10 mmol/I
MgSO4 10 mmol/Il

Sterilized SOB 11
0 .
2 % (w/v) Glucose solution 1 mol/l
SOC
sterilized by membrane filtration 0,20 um Gelman

* pH corrected to 7,5 with NaOH solution 1 mol/I
** pH corrected to 7,0 with NaOH solution 1 mol/I
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4) Autoinduction Growth Medium (LBE)

for1l
Tryptone 10¢g
Yeast extract 5¢
Glycerol 5ml
Glucose 0,59
Lactose 24
Na2SO4 0,79
NH.CI 250

Add distilled water to reach 900 ml final volume, mix and sterilize.

Later add 1 ml of sterilized solution of 2 M MgSOs, 1 ml of metal mix 1000x (see
below) and 100 ml of a mix solution of potassium phosphate sterilized and filtered (10 ml 1
M KH2PQOg4, 40 ml, 1 M K2HPO4 and 50 ml distilled water).

Metal Mix 1000x

0,1 M FeCl3z-6H-0 dissolved in 0,1 M HCI 50 ml
1 M MnCl2-4H.0 1mil
1 M ZnS04-7H20 1mil
0,2 M CoCl,-6H20 1mil
0,2 M NiCl2-6H.0 1ml
Distilled water 46 ml
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5) Buffers
Buffers Composition

10 mM Imidazol 0.68 g/l

50 mM NaHepes 11.916 g/l

1G] Lesrze 1 M NaCl 58.44 g/l
5mM CaCl; 1 ml/l

60 mM Imidazol 4.085 g/l

50 mM NaHepes 11.916 g/l

sl sl 1 M NaCl 58.44 gl
5 mM CaCl; 1 ml/l

300 mM Imidazol 20.424 g/l

50 mM NaHepes 11.916 g/l

PSS 1 M NaCl 58.44 g/l
5mM CacCl; 1 ml/l

NaCl 5.84 g/l

Cleaning *%* NaPO4 24 g/I

1 M EDTA (pH8) 100 ml/l

50 mM NaHepes 11.916 g/l

Gel Filtration* 1 M NaCl 58.44 g/l
5 mM CaCl; 1 ml/l

*Correct pH to 7.5 and filter with 0.2 uM filter.
** Correct pH to 7.4 and filter with 0.2 uM filter.

Filter and degas all solutions used for FPLC/Gel Filtration/ lon exchange.
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Appendix B - Gel Support Materials

1) SDS PAGE

Water

40 %
Acrilamide/bisacrilamide

50 % Glycerol

Resolution Buffer (pH
8.8)

10 % APSQO4
TEMED

2) Native

40 % Acrilamide/bisacri.

0.60 ml
1.75ml
0.50 ml
0.50 ml
50 pl
5ul

Water

Glycerol

Buffer

CaCl;

10 % APSO4

Temed

Water

40 %
Acrilamide/bisacrilamide

Stacking Buffer (pH 6.8)

10 % APSQO4
TEMED

1.545 ml
1.25 ml
0.50 ml
1.65 ml
25 pl
50 pl

5ul

1.5ml

0.25 ml

0.50 ml
25 pl
5ul
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3) AG buffers

Sample Denaturing
SDS buffer (for 20
ml)

Sample Native (for
20 ml)

10x SDS

Electrophoresis
@an
10x Native
Electrophoresis

€4

4) Bleaching Solution

SDS
125 mM Tris (pH 6.8)
Glycerol 100 %
-mercaptoethanol
Bromophenol Blue
125 mM Tris (pH 6.8)
1.25 M Glycine
Glycerol 100%
-mercaptoethanol
Bromophenol Blue
125 mM Tris (pH 6.8)
1.25 M Glycine
SDS

125 mM Tris (pH 6.8)

1.25 M Glycine

20% Metanol and 5% Acetic Acid
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10 ml
4ml

6 mi

2/3 grains
2.5 ml
1874

4 ml

6 ml

2/3 grains
30.27 ml
14413 g
109

30.26 ml

187.66 g
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Appendix C - Protocols Schematics

) Mutants Construction

[EEN

LB + Antibiotic v over-night

entriruge S ax

2x for better results

|¢

vortex

|¢

Invert 7x

\ﬁ

4min T°amb

|¢

Invert 7x

|¢

10min 13000rpm
A4

Max 750uL

|‘|

1min 13000rpm Discard the Liquid

1lmin 13000rpm Discard the Liquid

1lmin 13000rpm Discard the Liquid 2X

eppendorf 1,5ml
W
- Add 30-50ul. AE
30uL emprove efficiency
W
. Incubate
1min T°amb
W
. centrifuge
1min 13000rpm

Figure 63- DNA Extraction Procedure
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AE GelPure

Weight the eppendorfs
1,5ml Id each eppendorf

|¢

Slice each band

place on the correct eppendorf

|¢

Weight the eppendorfs

Determine the band weight

Add 300uL of Binding Buffer for each 100mg of Band
+ 400mg Band split into 2 tubes

¢|¢

Incubate

10uL Sodium Acetate
pH=5

55-60*C

o
|‘ f
=)

Add Isopropanol
vl=band weight

|¢

Add mix to the colum

max 700uL

Figure 64 - AE Gel Purification Procedure 1 of 2
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Centrifuge

1min Descard liquid

A 4

Add 500uL Wash Buffer

Centrifuge

1min 13000rpm Descard liquid

A 4

Add 600uL Wash Buffer

Centrifuge (2X)

1min 13000rpm Descard liquid on a new

' eppendorf
Add 30uL Eluition Buffer

Incubate 1min T°amb

1min 13000rpm

-20°C

Figure 65- AE Gel Purification Procedure 2 of 2
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2) Protein Expression

15min 5000rpm Descard liquid Freeze the pellet

Resuspend with 10ml 10M Imidazol

Deintegration through ultrasonication (Bandelin Sonopuls HD 2070)

4

Centrifuge

Store the supernadant

20°C ave a samp

Figure 66- Protein extraction procedure

Incubate Incubate at induction temperature
Docmutl;Docmut2 « 37°C + 160, 19°, 25° or 37°
Cohmutl; Cohmut2 * 170rpm  170rpm
« till reach an « till reach an ODg,=1
OD600=0'400-
0.600

Incubate 30min
at 4°c
1M for BL21
D_

Remove 1 line i -
of colonies thl(())sgizlafg_)rpé/ran adding 0.2 mM

200m| Growth for Tunner
Medium Cells

Autolnduction
LBE+Kan Medium no need
to add IPTG

Figure 67- Protein Expression Procedure
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Filter each Protein Extract
0,45um filter

A 4

Balance the colunm with 10ml 10M Imidazol

Load the Sample
save 1,5ml on a eppendorf Soluble Protein - SP

Wash with 10ml 20mM Imidazol
save 1,5ml on a eppendorf Wash 1- W1

|¢

Wash with 10ml 60mM Imidazol
save 1,5ml on a eppendorf Wash 2- W2

|¢

Elute with 6ml 300mM Imidazol
save 1ml for 6eppendorfs Fractions 1-6

I‘ |‘

Test the precence of protein in each fraction - Brandford test

100ul Bradford + 20ul

sample gently mix if turn blue - positive

Run an SDS PAGE 14%

Figure 68 - Protein Purification Procedure
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Substrate Affinity Support Data

1) Rf2
Table 23 - HEC AGE results

0.16

9.5 0.9 0.09 0.18 5.66
Excluded samples

-0.05816
17.19454
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Table 24 - Xyloglucan AGE results

0.0000 10.3 5.7 0.55 1.00 1.00
0.0010 9 4.8 0.53 0.96 1.04
0.0025 8.8 1 0.11 0.21 4.87
0.0050 8.5 2 0.24 0.43 2.35
0.0100 8.9 15 0.17 0.30 3.28
0.0250 10.2 1.1 0.11 0.19 5.13
0.0300 8.5 0.4 0.05 0.09 11.76
0.0500 8.3 0.3 0.04 0.07 15.31
0.1000 8.8 0.3 0.03 0.06 16.23
0.2000 11.8 0.3 0.03 0.05 21.77
0.3000 11.9 0.2 0.02 0.03 32.93
Excluded samples
Ky -0.02025
Ka 49.37611

Table 25 - B-Glucan AGE results

0.000 8.20 4.50 0.55 1.00 1.00
0.005 8.00 4.30 0.54 0.98 1.02
0.020 8.50 3.20 0.38 0.69 1.46
0.030 9.50 3.60 0.38 0.69 1.45
0.050 8.80 2.00 0.23 0.41 241
0.100 11.60 3.50 0.30 0.55 1.82
0.150 9.10 3.00 0.33 0.60 1.66
0.200 9.20 1.50 0.16 0.30 3.37
0.300 9.60 1.00 0.10 0.19 5.27
Excluded samples
Ky -0.08941
Ka 11.18439
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Table 26 -Galactomann AGE results

0.010 9.60
0.025 10.00
0.040 9.50
0.050 8.90
0.075 8.60
0.100 8.30
0.200 9.50
0.300 6.70

Kd
Ka

Universidade Lus6fona de Humanidades e Tecnologias — Faculdade de Engenharia

1.90
1.20
0.90
0.50
0.40
0.30
0.20
0.10

0.55
0.20
0.12
0.09
0.06
0.05
0.04
0.02
0.01

0.36
0.22
0.17
0.10
0.08
0.07
0.04
0.03

XV

2.77

4.57

5.79

9.77

11.80
15.18
26.07
36.77

-0.01774
56.36702
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2) Rf4

Table 27 - HEC AGE results

0.802
0.701

0.47

9.4 3.4 0.36 0.449 2.23
10.1 2.3 0.23 0.283 3.53
9.6 1.9 0.20 0.246 4.07

Excluded samples

-0.09992
10.00801
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Table 28 - Xyloglucan AGE results

0.000 8.2 7.1 0.866 1.076 0.930
0.0010 9 7.6 0.84 0.98 1.03
0.0025 8.7 6.1 0.70 0.81 1.23
0.0050 8.5 6 0.71 0.82 1.23
0.0100 8.8 6.1 0.69 0.80 1.25
0.0250 10.2 0.6 0.06 0.07 14.72
0.0300 8.5 2.9 0.34 0.39 2.54
0.0500 8.3 1.5 0.18 0.21 4.79
0.1000 8.7 0.4 0.05 0.05 18.83
0.1000 9.3 55 0.59 0.68 1.46
0.2000 11.7 0.3 0.03 0.03 33.77
0.3000 11.9 0.2 0.02 0.02 51.52

Excluded samples
Ky 0.003496
Ka 286.0412

Table 29- B-Glucan AGE results

0.000 8.20 6.60 0.80 1.00 1.00
0.005 8.00 6.20 0.78 0.96 1.04
0.010 7.50 0.90 0.12 0.15 6.71
0.020 8.10 0.90 0.11 0.14 7.24
0.030 7.80 0.60 0.08 0.10 10.46
0.050 8.80 2.00 0.23 0.28 3.54
0.100 8.80 0.50 0.06 0.07 14.17
0.150 9.70 0.30 0.03 0.04 26.02
0.200 9.80 0.30 0.03 0.04 26.29
0.300 8.80 0.20 0.02 0.03 35.41
Excluded samples
Kq -0.03671
Ka 27.24053
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Table 30-Galactomann AGE results

0.000 8.20 6.60 0.80 1.00 1.00
0.010 9.60 7.00 0.73 0.91 1.10
0.025 10.00 7.50 0.75 0.93 1.07
0.040 9.50 6.60 0.69 0.86 1.16
0.050 8.70 6.00 0.69 0.86 1.17
0.075 8.60 5.70 0.66 0.82 1.21
0.100 8.70 5.60 0.64 0.80 1.25
0.200 8.50 4.90 0.58 0.72 1.40
0.300 7.30 4.00 0.55 0.68 1.47
Excluded samples
Ky -0.7192
Ka 1.390434
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Annexes

Annex | - Crystallization Solutions
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Crystal Screen | & 11

HR2-110 Reagent Formulation
Frecipitant

3% W (or -2 Methyt T 4 pertarecol

0 4 N POtatanss aodiom W ve Wt esate
DAMA o
1O M Ammorasm sutute

3N o (o -2 Mettyt-2_ 4 pertarecal
30N, wy Pogetyers gycol 4 000

T 4N Sotum acetats iyoxe

3% W 2-Propecel

2" wy Paigstiylers gyool € 000
307w Pulethyere gycet 4 000
1OMA »
0% W 2 Proganst

X wy Polywitylene gyl 400

AW W (012 N 2 b partar el
A%, wy Porgerayene ghyodd 4000
W0 v Polyutyens gy 400

20N wv 2 Prgaccl
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30 wv (o) Aty 14 cormareansd
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A wv Poraespene ghyoot § 000
02 M Potaiesss Maclm Ve WY
% wv Polyertylere grycol 8000
30wy Fonattylere gycot 4 000
20N Armmonu wlete

4 0N Sodum wrmase

2 0N Sotum ormans

Crystal Screen contans My unique reagents. 10 defermng e Drmultion of each reagant, simply read acrass he page.
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Screen 2" HR2-112 Reagent Formutation
Tube Sait Tube Bufter o Tube Precipitant
" L] '
1. 26 Sodum chiornds 1. None 1. 10% wy Poywbylens giyool 6,000
2. 05 W Sodum chionde 2 Now 2 0;mMt ¥ z Dromidk
Q.01 ¥ Magnesum chionds hexalydrale
3 Nene 3 Now 3. 25% W Enylere gyool
4 MNooe 4 Noow 4, 35% wv | 4 Diceane
5 20M Ammorium sufinle 5§ Neoe 5. 5% wv2-Progancl
6 Nooe 4 Nooe 8 10M imdazcle pH 70
7. Meoe 7. Nene 7. 30% wy Polyethyione giycol 1,000
10% wy Palyettyiane giyeol 8,000
& 1.5MSodum chionde 8 Now 8 0% wN Erancl
2 None 9 0.9 M Sodum acatate irityarate pH 4.6 9. 2.0 M Scdium chionde
10, 2.2 M Sodkum chicride 10 0.9 M Sodum acotats tiitycrate pHt 4 6 100 30% W (o) 2-Mathyd 2.4-poctanadicl
11, 001 M Cobaill) chionss hexahydrine 11 0.9 M Soclum acetate Irinyarate gH 48 11 1.0 M1 S Haanedol
12 0.f MCadmnium chiodide hydrate 12 0.1 M Sodum ncetaie hitydrale o 46 12, 30% wiv Pulysthylene ghyool 400
13 0.2 M Ammonium sullsle 12 0.1 M Sodum ncolate tritycale pH 4 & 13, 30% wiv Polyeftyiane giycol monomathy| athee 2.000
14, 0.2 M Potassium sodium tartate letmbydis 14 0. M Socum olmie iribasc ditydrale pH 68 314 20 M Ammonium sultrle
15. 0.5 M Ammonium sultite 15, 0.1 M Sodhum ditrate Inbasic dibycdrate pH 56 15 1 0M Lihum sutate monohycrate
16, 0.8 M Sodum chionde 16 0.1 M Sodum otrate tribasic ditycrato pH 58 16 2% vy Eftylens imine polymer
17, Nene 17, 0.4 M Sodum citms idasc dbycrate pH 58 17 38% wv tertButano!
18 Q.01 M lranjllf) chionde hexahydate 18 0 M Sodum dire tridasic dbycrate pH 58 18 10% wv Jeftamina ® M2000
19, Nona 19 0.9 M Sodum ctrie inbasc diwcmlo pH 56 10 2.5M | SHaanedol
20. None 2. 0.1 MMES monohwerale pH 6.5 20 16 M Mignesum sules heptatwanate
25, 0.1 M Sodkum phosps hydiste 21, 0.1 MMES monorycate oH 6.5 21 20M Sodkm chionde
oM prosohate
2. Nooe 22 0.9 MMES monotydrate gH 85 2. 12% wiv Polyettyians giycol 20.000
3. 16N Ammonium sulble 2% 0.1 MMES menohwdrale pH 85 23 0% wiv 1 4 Dimate
24, 0.05 M Cesium chioride 24 0.9 MMES menatyerate ph 6.8 24, 20% wv Jeftamine ® M£00®
25, 001 M Cobaljil) chionde hexahydrate 25 0.1 MMES monotwdrale ph 65 25 1.8 M Ammonium suliale
26. 02 M Ammorium witale 26 0.1 MMES menotyarate pH 6 4 26 30% w Polyethyiane giycol mooomatty! ather 8,000
27, 001 M Zinc sutate heptirydratn 27, 09 MMES monotydrata g 6.5 27, 25% wiv Polyathylena glycol monometht athar 550
3. Nene 25 Norw 28 1.6 M Sodium cirate Ybasc dhydite pH 8.5
29. 0.5 M Ammonium willile 23 0IMHEPESpH TS5 29 30% wiv (+p)2-Nathyh2 &-pentaneaicl
30 Nooe 0. 0IMHEPESpHT.S 30, 10% wy PoywByiens giveol 6,000
5% W (o} 2-Melinl-2 4-pertanedol
31, Neoe 31, 0AMMEPESpH 7S 31 20% wiv Jeftamire ® MS20®
3. 01 M Sodum chionde 32 QIMHEPESpH 75 R 1.6M Ammonium sulinle
X Nene 33 0TMMEPESpM 75 3 2.0M Ammonim rmalo
34, 0.05 M Cadmum suffate hydrato 34 OYMHEPESpHTS 34, 1,0 M Scdiem acetate rhydnte
B Nene 3% O0IMHEPESpHTS 35 TO% wiv (o 2Mattyl-2, &-pertanadicl
3. None 3% 0IMHEPESPHTS 36 4,3 M Scdwm chioride
37 Nooe 37 0IMHEPESpHTS 37, 0% w Folyniyiens givoo! 8,000
5% vV Ettylens gieot
38 Nooe 38 0IMHEPESpHTS 38 20% w Poiywlylene giycol 10.000
39. 0.2 M Magnesium chionde haxatycrale 3% 01MTHepHAS 30 34M15Haunosol
40. None @ 01MTHepHAS 4D 25% wv tort-Butanat
41, 0.01 W Nickel(ll) chicrde dexatysale 4, 0'MThspH &5 41, L0 M Lthium suftsle monotydrate
42. 1.5 M Ammornium wllato € 0IMThspHas 42, A2% wiv Glyosrol
43 02MA prosst & 0IMTispH &S 43 50% wiv (o) 2-Mathy) Z,2-poctanedicl
4. Nene & 0YMThspHas 4. 20% wv Eranel
45, 0.01 M Nickslll) chicexds axatyorate & 0IMThspHES 45 20% wv Folysthyiene gheol menomsthy| ether 2,000
45 01 M Sodkum chieride & 0IMBICRE pH 00 48 20% wv Polpsthylene ghyool monomeiyl sthat 550
47 Noow &7 DIMBICRE pH D0 47 2.0 M Magnesum chioride hexahydrie
48. None & 0IMBICHREHBO 48 2% v ) ¢-Dicanne
10% wy Poiyetytene giycol 20.000

O Bt pH Itz of 8 1.0 M (0.5 M kr MES seonciytiule)
#00k prioe 1 dikation wih othee magent components
ol with MO or NaOH.

Crystal Screen 2 cantains forly-eipht unique reagents. To delarming the formudation of each reagent, simply read across the page.
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9 -

Peg/lon &I

PEG/lon Screen™ HR2-126 Reagent Formulation
Tube Sait Tube Polymer Tube pHo
" ' "
1. 0.2 M Sodium fiuoride ; 20% wiv Polyethylene glyeot 8350 1. 7.3 oo
2 0.2 M Potassium Muoride 20% wv Polyothylono pheol 3350 2 74
3 0.2 M Ammonium fuoride 3 20%wyFolethylene Qheot 3350 3 62 R Ciie aie
4 0.2 MUsum chioride A 20% wy Polyotiylono gheol 3350 4 68 o
5 0.2 M Magnesium chiorde hexahydrate 5 Q0% wiv Polettylene ghyeot 3350 & &9
& 0.2 M Sodum hiride 8 20%wvFoytynegheoi 330 6 69 |
7. 0.2M Caldum chicrds diydrste 7 20% wv Polethylens ghyeol 3350 7. 51 Nt— O MNirste
B 0.2 M Potassium chioride B 20% wi Fobsthylne phyeol 3350 & 7.0 I
B 0.2 M Ammonium chioride D 200wy Polyotiyleno glyeol 3350 8 63 0
10. 0.2 M Sodim kodida 10, 20% wiv Polyetiylena ghyeol 3350 10 7.0
1. 0.2 M Potassium lodide 11, 20% wiv Polyothylene phyeol 3350 11 70
12. 0,2 M Ammonium locide 12, 20% wiv Polyethylene 12 62 s—C=N
13 0.2 M Sodium thiocyanate 13 20% wiv Polyethylene glycol 3350 13 69 Thiocysnste
14. 0.2 M Potassium hiocyanate 14, 20% wv Polyethydene gheol 3350 14 70
15, 0.2 M Lehum nizate 15, 20% wiv Polyetilons plyeol 3350 15, 7,1
16. 0.2 M Magneslum nirafe hexatycrate 16 20% wy Polyelhyleno el 3350 16, 5.9 0
17, 0.2 M Sodkum nilrate 17, 20% w Polyethylene gheot 3350 17. B8 Il Il
18 0.2 M Potassum nitrate 16 20% wiv Polyettylane plycol 23% 18 68 /C\ /C\
19, 0.2 M Ammonium nitrate 19, 20°% wv Polyethylens ghyeol 3350 18 62 0 0 H
20. 0.2 M Magresiom formate cibydrate 20 20% wi Polystnylens glyeol 3350 200 7.0
21, 0.2 M Sodum brmale 21 20% wy Polyeltylene gyl 3350 21, 72 Acstate Formte
22. 0.2 M Polasaium formate 22, 20% wiv Polyethylona plyeol 3350 22 73
23 0.2 M Ammenium frmate 23 20% wiv Polyethydane gheol 3350 23 66 0
24, 0.2 M Lihium acetate ditydeate 24 20% wv Polyetrylene pheol 3350 24, 79 Il Il
26 0.2 M Magnesiam acetats tstrabydrate 25, 20% wiv Polyettylene plycot 3350 25 78 O=P=0 “O0=—S—0"
26, 0.2 M Zinc acetale dihydrale 25 20% w Polysthylene glyeol 3350 26 B4 | T
27. 0.2 M Sodkm acotate iyt 27. 20% w Folyettylene glycol 3350 27, B0 o 0
28 0.2 M Cakium acetats hydate 28 20% w Polyothylone glyeol 3,30 28 75
29 0.2 M Potassium acetule 29. 20% wi Polyetiylene pheot 3350 20 6.1 Phosphats Sl
30 0.2 M Ammonium acetate 30. 20% wiv Folyothylano ghyeol 3350 300 71
91 0.2 M Lttwum aultale monohydale 31 20% wiv Polyethylens glycol 3350 31, 60 o OH H <
32. 0.2 M Magnesium suttste haplahydrats 3R 0% wy Folyetiylens gheot 3350 32 60 N I 1P
33 0.2 M Sodkm sullile decatycealn 33, 20% wi Polyethylene gheot 3350 33 67 C—C—C—0C
34 0.2 M Potassum sutute 34 20% wy Polyethidens phyol 3350 34 68 A7 1 1N
35 1.2 M Ammonlum sultate 3. 20% wi Folyothyleno glyeol 3350 35 60 0 H OH O
36 0.2 M Soclum tartrate diasic diyueate 3. 0% wy Polyethylne ghyeol 3350 36 7
37, 0.2 M Potassium sodium tartrate fetrabycrate 37. 20% wiv Folystiylene glyeo! 3350 87, T4 Tartrate
38 0.2 M Ammonium tartrale dbasic 38 20% wy Polystileno plyeol 3350 38 B8
39, 0.2 M Sodium phosphate moncbesic monchydrata 38 20% wiv Folysthylene gheol 3350 38 47 0 o
40, 0.2 M Sodiam phosphate dbasic ditydrate 40, 200 wv Polyothylane gheot 3350 40 8.1 \. %
41, 0.2 M Potassim phosphiate moncbesic 41, 20% wiv Polyethylens plyeol 3350 41, 48 o W%y )
42. 0,2 M Potassium phosphate dbasic A2 2% wiv Folysthyleno gheot 8350 42 92 N | Pt
43 0.2 M Ammonium phasphuts monohase 43 20% wv Polyetiydens glyeol 3350 43 46 C=C=C=C~0C
A4, 0.2 M Ammonium phosphate dibasic 44 20% wi Polysthylone plycol 3350 44 BO 2T N
45, 0.2 M Livum clirate tribasio Selrahydrate 45 0% wiv Polyelilens plyeol 3350 45, B4 0 H OH H 0
46. 0.2 M Sodum ctrate frbasic 46. 20% wiv Polyettylens gheol 3350 46, B3
47. 0.2 M Potasshum clrale Irbasic monohyorae 47, 20% w Polysthyleno gheol 3350 47, B3 Citrate
48 0,2 M Ammontum cimte dbasic 48 207 wiv Polyetrylene phyeol 3350 48, 51

[

0 MeasurodpHat 15°C |

PEG/lon Screen contains forty-eigh! unique reagents, To delermine the ormwahion of each reagent. simply read across the page.
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PEG/lon 2 Screen™ HR2-008 Reagent Formulation
Tube Salt Twoe Buffer Tube Polymer
' L) L
1 0.1 M Sodum makonate pH 4 0 1. None 1. 12% wiv Polyettiylene giyool 3,350
2 02 M Sodum makeule pH 4.0 2 None 2 20% wi Polystiylene gycal 3,350
2 0.1 M Sodum malonate ph 6.0 3. None 3. 12% wiv Polywttrdens glyoo! 3350
4 0.2 M Sodum maknate pi 5.0 4 None 4, 20% wv Polyetnylens gycol 3,350
5 0.1 M Socum malnute pH 6.0 5 Nove 8, 12% wh Polysthylene gycol 3,350
6 02 M Sodum malonate pH 8.0 5 None 0 20% wiv Polyeinyiene giyoo! 3350
7. 0.1 M Sodum malonate pH 7.0 7. None 7. 12% wv Polysttylens gyoo! 3,350
B 0.2 M Socum makonude pH 7.0 8 Nove 0 20% wv Polyeiylene gyool 3,350
0 4% wiv Tacumae™ pH 4 0 9. Nooe 0 1% wiv Polystnylene giyool 3,950
10, 8% viv Tacwmate™ pH 4.0 10. None 10, 20% wiv Polysitylene gyool 3,350
11, &% vy Tacamae™ pH 5.0 11, None 11 12% wiv Polyetylene gyool 3,350
12 8% vy Tacamate™ pH 5.0 12. None 12 20% wiv Polywtiylene giyoo! 3,350
15 4% vy Taceimate™ pH 6.0 13 None 12 12% wiv Polystiyene giyoat 3350
14, 8% v Tacemate™ pH 6.0 14 None 14, 20% wiv Potyetiylens gyool 3,350
15, 4% viv Tcemae™ pH 7.0 15, None 15, 12% wv Polystidene giyoo! 3,350
16 8% viv Tacwmate™ pH 70 19, None 16, 20% wiv Polyatrylone ghyoo! 3350
17, % wiv Tacumute™ pH 8.0 17 None 17, 12% wiv Polyetylene gyool 3,350
18 0% viv Tacomate™ pH 8.0 18, None 1 20% wv Polystrylane giycol 3,350
19 0.1 M Succeve acid pH 70 . None 10 12% wv Polyettrylene giyool 3350
20. 0.2 M Succinic ackd pH 7.0 20 None 20, 20% wiv Polyathylene giyoo! 3,350
21 0,1 MAmmankim claule trasc pH 7.0 21, None 21, 12% whv Polyetrylene giyool 3,350
22 02 M Ammonim clests tribase pH 7.0 2. Nooe 2. 20% wv Polywilens giyool 3350
23 0.1 MODLMsc sod pH 7.0 2. None 23 12% wiv Polyeiiylene giyool 3,350
24 02MDL-Muc sod pM 70 #4. None 24, 20% wi Polyetrylene gycol 3350
25 0.1 M Sodlum acetale tribydeste pH 70 3. None 25 12% wv Polystens giyoo! 3.350
26, 0.2 M Sodum acetuis triwarate pH 70 2. None 20, 20% wiv Polyoltylene giyool 3,350
27, 0.9 M Sodum rmane pH 7.0 27. None 2T 12% wiv Folyeindene gyco! 3350
20, 0.2 M Sodum kmate pH 70 2. None M 20% wv Polyetinfene giyoo! 3350
29. 0.1 M Ammonium tartrate dihasc pH 7.0 20. None 20. 12% wv Polysttylens gyoo! 3.350
30. 02 M Amenonium lartrate ditwse pH 7 0 0. None 30 20% whv Polywinydene gycol 3350
3 2% vy Tacaimate™ pH 40 3 0.1 M Sodum aoetais Irhydre pH 4 6 3 10% wiy Polyetndene giycal 3,350
22 2% viv Tacomate™ pH § 0 32. 0.1 M Sodum citrate rbaskc dhydrate pH 5.6 32 10% wiy Polysttyfene gycol 2,350
33 25 wv Tacemane™ pH 8.0 3 0IMBSTRISpHBS 31 20% w Polyettylene gyoal 3,350
M 2% vy Tacamae™ pH 7.0 M OIMMEPESpH 75 3. 20% wiv Polyetylene giyool 3,350
35, 2% vv Tacemate™ pH 8.0 3. 0 1MTpHES 35, 10% wv Polywiniene giyos! 3,350
3. Nore B8 0.07 M Ctric acid, 0.0 M BIS-TRIS propane /pH 34 36, 10% wiv Polyeitylene giyool 3 350
3. Moow 37. 0,08 M Ciric acid, 0.04 M BIS-TRSS propane /pH 4.1 37, 10% wv Polywiiylene giyoo! 3350
38 Norw 38, 0,08 M Ciric ncid, 0.05 M BIS-TRS propans / pH S0 38 10% wiv Polyettyylene giyool 3350
0. Nore 30 Q.04 M Ciric acid, 0.00 M BIS-TRS propans /pH 64 30 20% wiv Polyettiene gyoal 3,350
40. Noew 40 0,03 M Cirio acka, 0.07 M BIS-TRS propane / pH 76 40, 20% w Polyetylane gyool 3,350
4t Norw 41, 0,08 M Ciric acid, 0.08 M DIS-TRIS propane /pH 88 41 10% wiv Polyetiylone giyoo! 3,250
&2, 0,02 M Cakium chionoe diyonste, &2 None 42 20% wv Potyetiylene gyoot 3,350
0.02 M Cadmium chionde hyorate
002 M Cobalt(V) chioride hecahydmie
43 0,01 M Magnesium chicride 41 0.1 MHEPES sodum pH 7.0 43 15% wiv Polyethylene giyool 3350
0,006 M Nickekll) chionds hexshydrate
44, 0,02 M Zinc chioride 44 Nooe 44, 20% wv Potyetylene giycol 3,950
45 0.15 M Cosim chionde 45 None 45 15% wv Polyeityiene giyoot 3,350
48 0.2 M Sodum bromide 40 None 4. 20% wv Polyatyene gycol 3350
47, 1% wh Tryptone, 47, 0.06 M HEPES sodum pH 7.0 47 12% wv Polystidens giyoo! 3.350
0.001 M Sodum ande
48, 1% W Tryptons, AL 005 M HEPES sodum pH 7.0 A, 20% wh Polyeitylene gycol 1350
0001 M Sodium wroe

M Jommey
Abws Viejo, CA S056- 0017 1S A,

Pl i dlihemmait oy
Werbrsier: wu s hamgiismiresesn boonm

& Bullor pht ot of m 1.0 M s oo 10 dilaion
WIB (Pt gt components: pht with HO! o NaOH
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PEG/lon 2 Screen containg farty-eight unigue reagents. To determine the armudation of each magent, simply read across the page.
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80!

Al 0! | A2 ol | A3 0 | AA 801 | AS 80l | A6 o | A7 ! | A8 ! | A9 sot | A10 g0l | A1l 0! | A12 not
1-02McCacly, | 2 3 0AMFA. s 5 0.2M CitrNay | 6-02MMgCl | 7- 1.2M Crday | £02M Citrita, | 9 10- 1- 12
OAMACtAS | 1M Tart K/Na OIMTRISES | DAMMEPES 7.5 | DIMACtAS | OAMHEPES 7.5 | 2 M (NMJSO, | 02 MACINK, | OAM ActdS 0.IM SA, 0.2 M Citha,
30 % MPD 0.1M MES 6.5 IMSA. 30 % MPD 30 % PEG 4K 0IMCRSS 15MFA O.AMMEPES 7.5 | 0.1 M TRIS B3
30 % PEG 400 LM IGHPO, | 20% PEG 400
/ 1.5 M NaMPO,
81 8ol | B2 sot | B3 sol | B4 w0 | 85 801 | B6 8o | B7 s | B8 sot | B9 #0! | B10 a0l | B11 sol | B12 80!
13-02MCaC | 1400 MMgClh | 15-02M 1,50, | 16- 1MLESO | 17.02MFA | 18- 15 20 21-0.2 M MgCl; | 22 23 24- 0.2 M CaCly
OIMMEPES 7.5 | CIMMESES | OIMORSS | OIMActaS |OIMTRIS?S | O2MACNH, | 0AMSA, OIMMES 65 | OIMMEPES 75 | 0.2 M ActNa OIMTRISZS | 0.1MTRISES
25 % PEG 4K 30 % PEG 8K 30 % PEG 4K 30 % MPD 0AMTRIS?S | OAMCRSS | 30%MPD JONPEGAK | OAMTRISES | 1M Tart K/Na
1L5MKGHPO, | 30 % PEG 8K 30 % PEG 4K
: 1.5 M Nah,#0,
(= § sol | €2 | C3 sol | CA o | C5 a0l | C6 #ol | C7 #ol | C8 sol | C9 ! | 10 8o | C11 sol | C12 80!
25 26 2MAcNe | 27- TS 20.02MSA. | 3001MSA | 31-2MSA 2202 M NaC! | 3302 M MgCl; | 34- 25-0.2 M Cacl, | 36
OSMACNM, | OIMMESGES | GIMTartK/Na | IMTartk/Na | O1MACta5 | O.IMMEPES 75 | DAMMESGS | QIMMESES | OIMMEPES 75 | 0.2 M ActNM. | 0.AMAct4S | 0.2 M ActNa
0AMCitSS 01 MMESGS | DAMMEPES 7.5 | 30 %P 400 20% P 4K 30 % Etanal 30 % Eranol 0.1 M TRIS 8.5 | 30 % Etanol 0.IMKEPES 7.5
30 % MPD 30 % P 8K 30 % Etanol 30 % Etanal
D1 sol | D2 sol | D3 sor | D4 ! | DS 8ol | D6 g0l | D7 sol | D8 g0l | D9 o | D10 sot | D11 sol | D12 (S]]
3702 MMycl; | 36 39 w0 4 42 A302MLU50, | 44-02MSA, | 45 46 a7 a8
OAMMEPES 7.5 | 0AMCac6S | OIMActas | 02MCirMay | OIMMEPES 75 | OIMMEPES 75 | OAMTRISES | 0.1MCac65 | OAMAc4S | DAMCitrNay, | 4 M FormNa 0.IMMEPES 7.5
30 % sopp 20 % MPD 2 M Formia 0AMCac6S | 20%PEGA00 | 1M LSO, 30 % PEG 4K 30 % PEG 6K 1.5 M Acthe 1 M NH MO, 1.2 M CitNay
40 % lsopp 10 % tsopp
E1 0! | E2 sot | E3 #0! | E4 0! | ES 80! | E6 80! | E7801 E8 8ol | E9 soi | E10 8ol | E11 80! | E12 801
a0 50.02 M MgCl, | 51 52 53 54-02MCaCly | S502MSA. | 56 57. 58-02MSA. | 59-02M ActMg | 60-0.2 M Cacl,
OAMTart®X/Na | CIMTRISES | OIMCac65 | OIMACNK, | OIMActNM, | OAMMEPES 7.5 | 0.IM Cac65 | 0.2M AcMg 02MAcNH, | DAMAt4S | 01MCac6S | OIMAcAs
30 % PEG 4K 14 M Acta 0AMCRSS | OIMA4AS | 28%PEGA00 | 30 % PEG 8K 0IMCuc65 | OIMTRISES | 25 %PEG aK 30 % MPO 20% Wopp
30 % PEG 4K 30 % PEG 4K 20 % PEG 8K 30% 1sopp
F1 so1 | F2 8ot | F3 801 | F4 ol | F5 801 | F6 sol | F? sl | F8 w0l | F9 sof | F10 ol | F11 g0t | F12 80!
61 62- 63 G4-02M5A | 6502MSA | 66 67 [ 6 70- n. 72
0AMImId7* | 02MCiraNa, | 0.2 M Acta JONPEGOAK | JOMPEGAK | OAMMEPES 75 | OAMTRISBS | 0.1M Actds OAMMEPES 75 | OAMCRSS 0.05M KHPO, | 30 % PEG 1X
1M ActNa 01MCac 65 | 0.1MCac 65 1L6MKGHPO, | 8% PEG 8K 8% PEG 4K 2% PEG 400 20 % ksopp 20 % PEG 8K
20 % opp 30 % PEG 8K 1.6 M NaH,#0, LAMFA 20 % PEG 4
Gl 80l | G2 ! | G3 80t | G4 8 | G5 #ol | G6 8o | G7 B0l | GB po) | G9  Salfal | GI0  SeftRal | GI1  SaltRxl | GI2 SaltRud
73 74-02M ActZn | 75-0.2M ActCa | 76 - TEIMUSO. | 79 80- 1-01MBTP7 | & 01IMBTP? | 6 9
02MFormMg | 01MCac 65 | DAMCac 65 | OIMAAS | DIMTRISES | 2% PEGEK 0.5 M Li;50, 0.2MActNH, | 18MAcetNa | 1.5 M NKCI O1MAtaS | DIMACtAS
18 % PEG 8 18 % PEG 8K 2M(NMDSO: | 2M (NHL)SO, 15 % PEG BX 01MCISS L 1IMNC
20 % Isopp
20 % PEG &K
W1 Saltfod | M2 Saltfxd | M3 SaltRxd | HA&  Saltxl | M5 SaltRxi | M6  SeltRxl | M7  Saltxl | MB  SaRRxi | M9  SaRfx] | H10  SeitRxl | M1l SeltRxl | W12 SaltRxd
18- 1 19- 26 3. 3 34 3% a3 a“ s 47
OIMTRISES | 0aMETP? 01MBTP7 0AMBTP7 0IMETE? 01METP7 01MBIP7 0.1METET 0IMAAS | 0AMBTP7 01MAcAS | oameTe?
3.2 M NaCl LMORINMY, | O7MCitNay, | O.7M FormMg | 35MFormNe | LIMMalicAc. | 22M MalicAc. | 1AM MaltNa | 1.5M NadO, 1.5 M NaNO, &M NahaNO, | 4 M NaNO,
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JCSG

AL a2 A3 Az At A7 &z AS ALD Al} mag
1.5 P 200 2NN P3x 320 P 2350 4300 MFOD . 0% P 3V 20N P 1000 720N P AC | Die S 3 9N #1350 GNP IS0 | 11-50% MNP0 12-20 P 3350
CIMATaS OIMRSS 0.2M Catfdimi, ). DIMAIAS 02 Formtds OiMfolasl | CIMOHEsES 0.2 Formim, C.2M N8O 0.2 Formk oiMmsEs OLIMTRSAS
DM USD, .0 GO, 0.2M 1,50, Q2T OIM END,
el 153 1) £ s 86 (3] (] 89 810 a1 8i2
13-0IMCn s 13205 P35O0 | IS-2ONPEGER | 1S 0N PG | 17-40% WPO IBS0N Eanol | 158N PR 30-10% P =X WP 2500 200 2 242087 3350
OBMSA 02M st 010 Sc0e 5 BN ftencgicol | WIMAMESAS 0IM ot al | DM Acras O1MaTS 7 QIMCas QIMMIS 65 1.6M CaNay 0.2 Cax
CIMHEPES 7S | SNPEGM % PEG 1K Q.20 8450, 0208 a0y,

a Q a o s () a G o <10 (@3] o
X re NP 220503380 | 28205 P 6K 9L 0, | VAN PI0 I 0% P33R 12-20M Ezeot 3310% Gleerol | 34105 P 20K IS 2A5A WIS PIx
DIMFeaCadY | QIMCas 0.2M NHNO, O1M MEPES TS | O.8M XM PO, OIMFosCad? | OIMActaS QIMTRSES MNPopenedel | 2NDioxano OAM A4S 105 PSK
0.3 NaC1 i OAM HEPES 2.5 020 actln 0.1 Fosf 62 Q1AM Bcima 9
131 02 D3 (=) os Dé o e ) D0 [155) o2
ErDr 4 5 R ) 35-30% P A0 35.50% P 200 SHINP 4175 MPD Q05P K 43805 P a0 44-40% NPD SlINP e S5-80N P 300 47-13% bopp 416N P
207% Gicovol OIMHIPES TS | QIMFo 62 QIMAt4S DIMHEPES TS | 0.AMTRSAS OIMTRSAS CIMTRSES 15% Glicarol oMM ES 0OTM Act4S Q040 0420,

0.2M M0, 020 el O.2M 1,50, .2\ Mg, 02 LSO, C17MSA 02\ AaCa 30% Glcerol 20% Glicerol

Sram Gy,

£l | 2] (5] is 139 % €& s £ £0 £ £12
43 IM Cada, SD2MSA $3-10% hopp S2126MSA £3.40% WD S4.20% P 3¢ 55-10% kopp 6 ST LEMMSO, | BIOKP X EEREE LN % 60-10% P &
CIMANSGS QIMMISES QIMHEPIS 7S5 | D.IMTRISBS QIMCAPS 10S | 01MImd 8 QIMMES 65 IM(SHOHPO, | OIMMESES 0.IM B § 20 Ghcerol OIMimd 3

020 01 .20 Nall 0.2 LSO, OIM Aaln 0.1 ActZn CIMATES O08M MES 65

016 Al
31 ” 3] M [ 3 ¥ ) s F10 1L m
BI-OUSMCS | &2-3ISMSA 63-20% MPD [*S SaM G0 &6-10% MPD &7 (13 o TOoSNNED. | TL-DheM D 72-
AN NG00 | OIMOeS CIMTRSE 20% Jelt M-600 | 0= Exfevngical QiM Bcn2 9 02 Sucoine 7 | IIMMIc g | 26 MNsoamo 7 | 20T N N el S0
DM MES 65 OIMMEPES 75 | OIMTES S CIMHEPES 7S | OIMNEPES TS | QIMMEPES TS
LM MNseats T | IM Sucomic 7

Gl G2 G3 Gs G5 &7 Ga (<) Glo on c12
TR RN | 7% 5 Texuriamez | THHI25PI350 | TH-20M P30 7S 1SN M3 80 20% P3350 - murzone | 2 amraowee | E32MSA BA-3IM N0
=01 ISP S308 | 200 PolywvpilS | DIMTRISES OIMMEPES 7S | 23V Msicosto 7 | O IM Succing 7 | DiSManc e 7 0.1 ASON 0. 15M KBy OIS TRESS | QM EsTRSESS
oampEres 7S | OIMNEFES TS | o1 TRS &S S04 Tiimetin®s. | Senbt Call Smid

078 MgO. 0.3M CoO Caxe CaLt S Mg,

_J Santt 61

Wl w2 " e “e CH HE " W10 mil HI2
RS- 85-1% P35O0 £7-25% P3350 £5.45% MPD 3455 PO SO P I0x FL-25N 73350 F2-25% P3390 93.29% P33%0 94.25% P10 25255 P15 S545% WFD
03MFormig | CIMBeTANSS | QIMSHIRSSS | QIMBETESSS | OiMESTEASS | DIMBeTESSS | QIMReTRSSS | QIMEGIESSS | CIMBaTASSS | QIMESIRSSS | QIMESTRSSS | QIMREMS TS
CIMBeTAnsS | IMSA 02M 0, .20 Actha, CLAN ActN, DIMSA 020 NaCH 0.294 Li;SO O2M Acti, T2M Mg O2M ACINH,
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