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Resumo

A degradacdo da parede celular vegetal por parte de microrganismos é um dos processos
mais importantes para a renovagdo do didxido de carbono atmosférico. O trabalho apresentado
nesta tese aborda os celulossomas de Clostridium thermocellum e Bacteroides cellulosolvens,
essenciais para o processo de degradacdo da celulose, e visa o estudo de alguns dos
componentes envolvidos na sua arquitetura (coesinas e doguerinas) e eficiéncia (Carbohydrate-
Binding Modules - CBMs). Para isso utilizei uma combinacdo de técnicas de Ressonancia
Magnética Nuclear (RMN), cristalografia de raios-X e modelagdo computacional. O meu
objetivo era contribuir para a racionalizacdo dos determinantes moleculares de especificidade de
CBMs, nomeadamente os CtCBM das familias 11, 30 e 44, e dos mecanismos de
reconhecimento molecular entre coesinas e doquerinas. No capitulo | fago uma introducéo geral
ao tema da degradagdo da parede celular vegetal com especial atencdo ao celulossoma e aos
seus componentes. No capitulo 11 discuto as caracteristicas estruturais do CtCBM11 tendo como
base estruturas obtidas por RMN a 25 e a 50 °C e a estrutura obtida por cristalografia. Os
resultados mostram que as estruturas apesar de semelhantes, apresentam algumas diferencas,
nomeadamente no que respeita a area do sitio de ligagdo, o que explica os resultados negativos
obtidos por co-cristalizagdo. Nos capitulos 111 e IV descrevo o estudo acerca dos determinantes
moleculares de especificidade dos médulos CtCBM11, 30 e 44, com base em estudos de RMN e
de modelagdo computacional. Observei que os atomos de celo-oligossacarideos mais
importantes para a ligacdo a estes médulos estdo nas posi¢des 6 e 2 das unidades centrais dos
ligandos. Caracterizei também o0s mecanismos responsaveis pela selecdo e ligacdo destes
maédulos aos varios substratos. Verifiquei que a ligagdo ocorre por um mecanismo de selecdo
conformacional onde a disposi¢do dos residuos da proteina, a conformagdo do ligando e o
nimero de unidades de glucose, desempenham um papel fundamental. Os capitulos V e VI
dizem respeito a determinacéo da estrutura 3D dos complexos coesina-mddulo X-doquerina de
C. thermocellum e coesina-doquerina de B. cellulosolvens, respetivamente. Ambos o0s
complexos pertencem ao tipo Il e a sua analise permitiu extrair informacgdes importantes acerca
das caracteristicas estruturais que definem a interacdo coesina-doquerina. A estrutura de C.
thermocellum revelou que o médulo X é fundamental para a estabilidade do complexo. Por
outro lado, foi a primeira vez que foi determinada a estrutura 3D de um complexo coesina-
doquerina de B. cellulosolvens. Neste complexo a doquerina aparece rodada 180° gquando
comparada com outros complexos. Esta caracteristica confere plasticidade ao celulossoma. Nos
capitulos finais apresento as técnicas de RMN e cristalografia de raios-X que utilizei ao longo

do trabalho. Por fim apresento algumas conclusdes gerais sobre todo o trabalho realizado.

Palavras Chave: Celulossoma, coesina, doquerina, CtCBM11, CtCBM30, CtCBM44






Abstract

The microbial plant cell wall degradation is one of the most important processes in the global
turnover of atmospheric carbon dioxide. The work presented in this thesis addressed the
cellulosomes of Clostridium thermocellum and Bacteroides cellulosolvens, essential to the
process of cellulose degradation, and aimed to study some of the components involved in their
architecture (cohesins and dockerins) and efficiency (Carbohydrate-Binding Modules - CBMs).
For this | used a combination of Nuclear Magnetic Resonance (NMR), X-ray crystallography
and computer modeling techniques. My objective was to help rationalize the molecular
determinants of specificity of CBMs, including the CtCBMs of families 11, 30 and 44, and the
mechanisms of molecular recognition between cohesins and dockerins. In Chapter I, | present a
general introduction to the theme of degradation of plant cell walls, with special attention to the
cellulosome and its components. In Chapter Il, I discuss the structural characteristics of the
CtCBM11 based on the structures obtained by NMR at 25 and 50 °C and the structure obtained
by crystallography. | found that although similar, the structures show some differences,
particularly regarding the binding cleft area, which explains the negative results obtained by co-
crystallization. In Chapter Il and IV | study the molecular determinants of specificity in
modules CtCBM11, 30 and 44, based on NMR and computer modeling data. | found that the
atoms of the cellooligosaccharides most important for binding are the ones at positions 2 and 6
of the central units of the ligands. Moreover, | characterized the mechanisms responsible for
selection and binding of these modules to various substrates. | established that binding occurs
by a mechanism for conformational selection, where the topology of the residues of the protein,
the conformation of the ligand and the number of glucose units, play a fundamental role.
Chapters V and VI reveal the determination of the 3D structure of the cohesin-module X-
dockerin complex of C. thermocellum and the cohesin-dockerin complex of B. cellulosolvens,
respectively. Both complexes belong to the type Il and their analysis allowed obtaining
important information about the structural features that define the cohesin-dockerin interaction.
The structure belonging to C. thermocellum revealed that the module X is essential for the
stability of the complex. Moreover, for the first time the 3D structure of a cohesin-dockerin
complex from B. cellulosolvens was determined. In this complex the dockerin is rotated 180°
when compared to other complexes. This gives the cellulosome plasticity. In the final chapters, |
present the NMR and X-ray crystallography techniques | used throughout the study. Finally, |

draw some general conclusions about all the work done.

Keywords: Cellulosome, cohesin, dockerin, CtCBM11, CtCBM30, CtCBM44
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Chapter I: Introduction - The

Importance of the Research

In this chapter | give an introduction to the plant cell wall degradation theme, explaining how
some microorganisms master this task. | will provide an overview on the cellulosome and on the
modules responsible for its assembly and architecture (cohesin and dockerin) and efficiency
(carbohydrate-binding modules). In the end I will show some biotechnological applications that

can result from understanding how this nanomachines work at the molecular level.
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Summary

In this introductory chapter 1 will give an introduction on the plant cell wall degradation
theme, explaining how some microorganisms master this task (Sections 1.2 and 1.3). A special
attention will be given to the cellulosome of the bacterium Clostridium thermocellum (C.
thermocellum, Ct — Section 1.4) and its constituents, namely on the modules responsible for
cellulosome assembly and architecture (cohesin and dockerin — Section 1.5) and efficiency
(carbohydrate-binding modules — CBMs - Section 1.6). In the end I will show some
biotechnological applications that can result from understanding how this nanomachines work at
the molecular level. Finally I will explain the objectives of the work and make a small outline of

the thesis.

[.1 Introduction

The plant cell wall is composed mainly of cellulose and hemicellulose (15-40% and 30-40%,
respectively)' and its degradation is one of the most important steps in the global turnover
process of atmospheric CO,, therefore, of considerable biological and biotechnological
importance.” Regardless of its abundance in nature, cellulose is a particularly difficult polymer
to degrade, as it is insoluble and is present as hydrogen-bonded crystalline fibers, coated with
hemicellulose chains and pectin all “glued” into an intricate 3D network (see Section 1.2).° At
the present time, biomass accounts for about 10% of the world’s primary energy consumption.
The other 90% is made up of nonrenewable fossil fuels (80%), hydroelectricity (2%), nuclear
energy (6%), and renewable solar energies (2%)."

Both the cellulose and hemicellulose fractions are polymers of sugars, and thereby a
potential source of fermentable sugars that can be used for ethanol production (Figure 1.1) and
other products of economic interest like acetone, alcohols and volatile fatty acids.'” Economic
production of ethanol from cellulosic biomass on commercial scales will help reduce our
dependence on fossil fuels. Ethanol produced from biological sources can efficiently be used as
a gasoline replacement or additive and, when compared to fossil fuels, presents many

advantages, namely’:

o Unblended ethanol burns more cleanly and more efficiently,

. Has a higher octane rating,

o It is thought to produce smaller amounts of ozone precursors (thus decreasing urban
air pollution),
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. Has a low net CO, put into the atmosphere,

. It is significantly less toxic to humans than gasoline,

o Reduces smog formation because of low volatility,

o Its high heat of vaporization, high octane rating, and low flame temperature yield good

engine performance.

Cellulosic _Bioh'lass

Biofuels

Figure I.1: From biomass to biofuels.

The goal is to develop crops dedicated to biofuels production. The biomass would then be broken down
into fermentable sugars by microbes (for instance C. thermocellum) that would convert them into biofuel.
Adapted from: http://genomics.energy.gov.

Furthermore, ethanol produced by fermentation offers a more favorable trade balance and a
major opportunity for a depressed agricultural economy. Nevertheless, due to the complexity of
the plant cell wall, most methods for producing biofuel from biomass are still relatively
expensive when compared to fossil fuels.

Efficient methods for degrading cellulose chains have been intensively investigated
worldwide in the last decades."*® The degradation of plant cell wall polysaccharides into
soluble sugars has been found to be possible either by chemical means or by certain
microorganisms.” The latter method has become the most attractive due to economic and
efficiency reasons. The potential quantity of ethanol that could be produced from cellulose is
over an order of magnitude larger than that producible from corn. As a result, microorganisms
that metabolize cellulose have gained prominence in recent years.>*”® One of these
microorganisms is the anaerobic cellulolytic thermophilic bacterium, Clostridium

10-12

thermocellum. Clostridium thermocellum produces an extracellular complex -

cellulosome!"

(see Section 1.3.1) - capable of hydrolyzing the cell wall with the formation of
cellobiose* and other cellodextrins{ as main products that can be further utilized by the

organism. The final products are ethanol, acetic acid, lactic acid, hydrogen, and carbon dioxide.”

* Cellobiose is a disaccharide composed of two glucose units linked by a -1,4 glycosidic bond. As each glucose unit
is rotated 180° relative to the previous, cellobiose is the structural subunit of cellulose.

T Cellodextrins are glucose polymers of varying length resulting from the breakdown of cellulose. They are classified
by the degree of polymerization (DP): DP=2 — cellobiose; DP=3 — cellotriose; DP=4 — cellotetraose; etc
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In fact, there are several advantages of using C. thermocellum for ethanol fermentation from

biomass:?

o The cellulolytic and ethanogenic nature, allowing saccharification and fermentation in

a single step,

. The anaerobic nature, avoiding the need for expensive oxygen transfer,
. Low cell growth yield, favoring ethanol conversion,
o The thermophilic nature, facilitating ethanol removal and recovery and reducing

cooling cost,
o Thermophilic fermentation being less prone to contamination,

. Thermophilic biomass-degrading enzymes enhancing protein stability.

In order to efficiently hydrolyze the plant cell wall, these mega-Dalton extracellular
machines are composed of a huge paraphernalia of enzymes and non-catalytic modules (See
Section 1.4). The enzymes present reflect the composition and complexity of the plant cell wall'*
and, in order to increase their catalytic activity, most enzymes are linked to one or more non-
catalytic carbohydrate-binding modules (CBMs)." These modules, as reflected by their name,
bind to carbohydrates and have a fundamental role in the enzymatic degradation of plants and in
polysaccharide storage due to their high specificity and substrate recognition mechanisms. Due
to their key importance in recycling carbon from plant biomass, these enzyme systems have a
considerable biotechnological potential (see Section 1.6.3). Profound knowledge about the
cellulosome assembly and, more important, about the specificity of the different CBMs, will
bring a relevant contribution to the possible engineering of more efficient catalysts.
Furthermore, the rationalization of the molecular recognition mechanisms that determine the
specificity of these proteins opens the way for the creation of efficient and low cost mechanisms
for the conversion of biomass into ethanol.

Cellulosomes are bound to the bacterial cell wall via the type II cohesin-dockerin interaction
(see Section 1.5 and Chapters V and VI).'"*!" This interaction promotes the close contact between
the microbe and the substrate enabling the ready uptake of simple sugars resulting from
polysaccharide hydrolysis and thus, representing an evolutionary advantage.”'® On the other
hand, the various catalytic subunits are incorporated into the cellulosome complex by virtue of a
key non-catalytic polypeptide, called scaffoldin, which bears a collection of type I cohesin
modules for this purpose. Each type I cohesin binds a single dockerin domain located on the
enzymes, thereby generating the fully assembled cellulosome.'™'"® The arrangement of these
modules on the scaffoldin subunit and their specificity for the modular counterpart dictates the

overall architecture of the cellulosome (see Section 1.5).*° The specificity displayed between
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type I and type II cohesin-dockerin interactions is thus of major importance to cellulosome

assembly and attachment.

[.2 The plant cell wall

Among all the features that distinguish plant cells from animal cells, the presence of a plant
cell wall is the most distinctive. Its presence is the basis of many of the characteristics of plants
as organisms. The plant cell walls are not simply an outer, inactive shell of the plant cell itself

but rather dynamic structures that play critical roles such as:

o Structural support allowing the organism to build and hold its shape

. Protection against mechanical stress

o Limits the entry of large molecules that may be toxic to the cell acting as a filtering
mechanism

o Creates a stable osmotic environment preventing enlargement of the plant cell and

osmotic lysis

. It’s involved in absorption, transport and secretion of substances in plants
o Cell-cell interactions
o Source of biological signaling molecules

Plants can have two types of cell walls: primary and secondary. Primary cell walls surround
growing and dividing plant cells, providing mechanical strength but allowing the cells to
expand. They are composed of cellulose microfibrils that are extensively cross-linked by
hemicellulose polysaccharide chains and pectin all woven into an intricate network (Figure
1.2).*' In contrast, secondary walls are much thicker and stronger and are deposited only when
cells have ceased growing. In some higher plants, the secondary walls are strengthened by the
incorporation of lignin. Lignin is the general name for a group of polymers of aromatic alcohols
that are hard and give considerable strength to the structure of the secondary wall preventing
biochemical degradation and physical damage by fungi or bacteria but its structure and
organization within the cell wall are poorly understood. The association of cellulose,
hemicellulose and lignin is named lignocellulose and its quantitative composition depends on

the plant species, age and growth conditions.
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Hemicellulose

Figure 1.2: Plant cell wall structure.

Adapted from: http://genomics.energy.gov.

I.2.1 Cellulose

Cellulose is the structural component of the primary cell wall of green plants, but it is also
found in many forms of algae, bacteria and the oomycetes*. About 33% of all plant matter is
cellulose, which makes this polymer the most common organic compound on Earth.** Cellulose
is a linear polymer composed of several hundred to over ten thousand of 5-1,4-D-glucopyranose
units in *C, conformation (Figure 1.3). Each glycosyl residue is oriented at an angle of 180° to
the next residue of the chain, which makes cellobiose (a disaccharide) the repeating structural
unit. The glycosyl residues form one covalent bond at C15—C4’ plus intramolecular hydrogen
bonds at 03—-H—05" and 06—H-02’ and intermolecular 06-H—03.**

This extensive hydrogen bond network keeps the strands tightly bound and gives rise to
complex three-dimensional structures. The chains of cellulose associate with other polymers to
form linear structures of high tensile strength known as microfibrils which consist of up to 40
cellulose chains and have about 10 to 20 nm in diameter. This complex structure, allied with
tightly intercalated lignin and hemicellulose leads to a structural resistance that prevents
enzymes (cellulases and hemicellulases) from attacking cellulose.>* Therefore, pretreatment of
biomass (with acids for instance) is necessary to remove the surrounding matrix of

hemicellulose and lignin prior to cellulose hydrolysis.

1 Oomyecetes - distinct phylogenic lineage of fungus-like eukaryotic microorganisms (Protists).
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Figure 1.3: Structure of cellulose.

The picture shows two adjacent cellulose chains and the glycosidic and hydrogen bonds holding them
together. Note the parallel arrangement with the reducing ends aligned in the same direction.

1.2.2 Xyloglucan

Hemicellulose is collective term used to describe a family of polysaccharides composed of
different sugars such as xylose, mannose, galactose, rhamnose and arabinose, among others and
xyloglucan is the most abundant polysaccharide of the hemicellulose present on the primary cell
wall in many dicotyledonous. It consists of a-1,6-D-xylosyl residues along a f-1,4-glucan
backbone with additional branching of a-L-arabinose or -D-galactose in a species-dependent
manner. Because the f-1,4-glucan backbone binds to the cellulose microfibrils via hydrogen
bonds, xyloglucan confers rigidity to the cell wall by cross-linking adjacent microfibrils. In fact,
microfibrils are covered in xyloglucan, which is located both on and between microfibrils." A
single-letter nomenclature is used to simplify the xyloglucan nomenclature according to the
substituent. For instance: a G represents an unbranched glucose unit, an X represents a glucose
unit with a 1,6-linked xylose, an F represents a glucose residue with a fucose-containing

trisaccharide and so on (Figure 1.4).**

a-L-Fuc a-L-IGal B-L-Ara
1 1
W L4 NP
2 2 3
B-D-Gal B-D-Gal B-D-Gal  a-L-Ara a-L-Ara
1 1 1 1 1
v v N v v
2 2 2 2 2
aDXyl DXyl aDXyl  aDXyl @DXyl aDXyl aDXyl  aDXy  aD-Xyl
v v Vv Vv v v N7 4 v
6 6 6 6 6 6 6 6 6
pDGle  pDGle  pDGlc pDGk pDGe BDGc pD-Ge EDGe FDGe  BD-Glc
2 2 2
t o
1
a-L-Ara B-D-Xyl B-D-Xyl
3
Y&
1
a-L-Ara
G X L F J S T A B c

Figure 1.4: Simplified structure and abbreviated names of xyloglucan oligosaccharides.*
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[.3 Plant cell wall hydrolysis

Lignocellulosic biomass is composed of cellulose, hemicellulose and lignin and is the most
abundant renewable natural resource on Earth with a global production of about 1x10'° MT.*®
Because the cellulose and hemicellulose fractions are polymers of sugars they can be used as a
source of fermentable sugars for conversion into fuels. Lignocellulose is inexpensive, plentiful
and renewable. The hemicellulose fraction can be easily hydrolyzed under mild acid or alkaline
conditions whilst cellulose requires more rigorous treatment since it is more resistant. Cellulose
is a very stable molecule, with a half-life of several million years for spontaneous S-glycosidic
bond cleavage at room temperature. This means that practically all cellulose degradation in
Nature is accomplished by enzymatic action.' The general protocol for conversion of

lignocellulosic biomass into fermentable sugars involves three steps:**

1. An initial milling step to grind the raw materials and increase the surface area;

2. A pretreatment process to make the cellulose microfibrils accessible. In this step
hydrolysis of hemicellulose may occur (depending on the process conditions) as well
as separation of the lignin fraction (for production of chemicals, combined heat and
power production or other purposes);

3. Enzymatic cellulose hydrolysis to liberate the monosaccharides.

Current research is focused on converting biomass into its constituents in a market
competitive and environmentally sustainable way and an improvement of pretreatment
technologies and enzymatic hydrolysis gives scope for numerous ongoing research projects.

Pretreatment methods can be chemical, thermal, physical or any combination of the three. To
achieve higher efficiency a combination of physical and chemical means is required. Physical
methods (often called size reduction) are used to trim down biomass physical size. Chemical
methods remove the chemical barriers allowing enzymes to hydrolyze cellulose.”> The
pretreatment step is one of the most expensive ones for the extractions of sugars from biomass.
Over the years a “wish list” of pretreatment attributes has been developed. As a result, a

successful pretreatment should:**°

o Maximize the enzymatic convertibility and minimize the loss of sugars
o Maximize the production of other valuable by-products, e.g. lignin

o Not require the addition of toxic chemicals

o Minimize the use of energy, chemicals and capital equipment

o Be scalable to industrial size.
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Nevertheless, full accomplishment of all the above issues is very difficult, with the last two

points being fundamental for economical and practical viability of the entire process.

1.3.1 Enzymatic hydrolysis: The cellulosome

As referred above, despite its chemical homogeneity, cellulose is a very stable molecule and
no single enzyme is able to hydrolyze it.” Efficient hydrolysis of cellulose requires the

synergistic action of several enzymes that can be divided into three classes:

o endo-1,4-p-D-glucanases (EC 3.2.1.4), which randomly hydrolyze internal f-1,4-
glucosidic bonds in the cellulose chain to produce new termini available to
exoglucanase attack;

o exo-1,4-p-D-glucanases (EC 3.2.1.91), which move along the cellulose chain and
progressively cleave off cellobiose units at the reducing and non-reducing ends;

o 1,4-p-D-glucosidases (3.2.1.21), which hydrolyze cellobiose to glucose and cleave of

glucose units from cellooligosaccharides.

These enzymes work together in a synergistic way to hydrolyze cellulose by creating
accessible sites for each other and reducing product inhibition."* Furthermore, in the plant cell
wall there are also hemicelluloses with their many different side groups which significantly
increase its complexity. Among the enzymes responsible for degradation of hemicellulose there

are:4

o endo-1,4-p-D-xylanases (EC 3.2.1.8), which hydrolyze internal bonds in the xylan
chain;

o 1,4-p-D-xylosidases (EC 3.2.1.37), which attack xylooligosaccharides from the non-
reducing end and liberate xylose;

. endo-1,4--D-mannanases (EC 3.2.1.78), which cleave internal bonds in mannan;

. 1,4-p-D-mannosidases (EC 3.2.1.25), which cleave mannooligosaccharides to
mannose.

° The side groups are removed by a number of enzymes:

0 a-D-galactosidases (EC 3.2.1.22);

a-l-arabinofuranosidases (EC 3.2.1.55);

a-glucuronidases (EC 3.2.1.139);

acetyl xylan esterases (EC 3.1.1.72);

©O O O O

feruloyl and p-cumaric acid esterases (EC 3.1.1.73).

10
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All these hydrolytic enzymes are relatively expensive and difficult to produce in large
amounts and, therefore, significant reduction of production costs is important for their
commercial use. Currently, most commercially available enzymes are produced by genetically
engineered strains of filamentous fungi, particularly Trichoderma reesei.” However, the
enzymatic hydrolysis of cellulose is generally a slow and incomplete process. On the other
hand, in Nature, microorganisms have evolved in order to profit from this highly abundant
source of energy. In some cases, microorganisms directly explore these polysaccharides from
decaying plant matter while in other cases, in a symbiotic way, they assist higher animals (e.g.
ruminants) in the conversion of the polysaccharides into digestible compounds. While aerobic
microorganisms produce large amounts of relevant enzymes (e.g. cellulases and
hemicellulases), the mechanism of biosynthetic anaerobic organisms is simpler with respect to
the production of such enzymes. In this context, it is thought that the anaerobic environment
presents a great selective pressure on the evolution of highly efficient machinery for
extracellular degradation of cell wall components.*® Consequently, anaerobic organisms tend to
adopt alternative strategies to degrade material plant.

Anaerobic organisms secrete a large range of plant cell wall hydrolases, which are organized
in multi-enzyme complexes termed cellulosomes (Figure 1.5).”'*'*2*73% The cellulosome was
first described by Lamed et al '>'® and defined as “a discrete, cellulose binding, multienzyme
complex for the degradation of cellulosic substrates” pointing to the molecular ordering of the
cellulosome components. The initial cellulosome concept was based on studies in the cellulase

system of the anaerobic cellulolytic thermophilic bacterium, Clostridium thermocellum'®"!

(see
Section 1.4) and it was believed that it solely degraded cellulose (hence the initial term
“cellulose-binding factor — CBF)."” Early on it became clear that this multienzyme complex
contained more than cellulases.'®*' Throughout the years there’s been a great effort in order to
fully understand and characterize these mega-Dalton complexes. It is now clear that
cellulosomes actively degrade other plant cell wall components by incorporating polysaccharide
lyases, carbohydrate esterases and glycoside hydrolases in the multienzyme complex.”
Cellulosome attachment to the bacterial surface enables the ready uptake of simple sugars
resulting from polysaccharide hydrolysis and represents an evolutionary advantage by
maintaining the microbe into close proximity with the extracellular substrates and resulting by-

9,10
products.”

11
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Figure 1.5: Cellulosomes at the surface of Clostridium thermocellum.*”

The cellulosomes are indicated by the black arrows.

Basically, cellulosomes are composed of five different components (Figure 1.6):

o The scaffoldin subunit: The scaffoldin subunit is a non-catalytic protein that contains
one or more cohesin modules connected to other types of functional modules.
Depending on the scaffoldin protein, the referred modules include a cellulose-specific
carbohydrate-binding module, a dockerin, an X module of unknown function, an S-
layer homology (SLH) module or a sortase anchoring motif.'**" The scaffoldin is
responsible for organizing the different subunits into the complex, therefore, shaping
the overall architecture of the cellulosome.'®*’ Motional freedom of the scaffoldin
subunit allows precise positioning of the catalytic modules according to the
topography of the substrate.”

o The cohesin modules: Cohesin modules are the major building blocks of the
scaffoldin subunit and are responsible for organizing the cellulolytic subunits into the
multi-enzyme complex (see Section 1.5).”’ Cohesins are classified into three groups:
type I, type II and (recently) type III**, according to their phylogenetic similarity.**
type I cohesins are located in the scaffoldin subunit and are responsible for
incorporating the different catalytic subunits; type II cohesins are located at the cell
surface and are responsible for anchoring the multienzyme complex into the cell wall;
type III cohesins still have an unclear function'*.

o The dockerin modules: Dockerins are non-catalytic proteins with approximately 70
amino acids that contain two duplicated segments of about 22 residues and display
internal two-fold symmetry, consisting of a duplicated F-hand calcium-binding motif

(see Section 1.5)."***¢ Dockerins specifically bind to determined type of cohesin and,

12
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therefore, they are named after them.” As a result we have type I, II and III dockerins
that bind to type I, II and III cohesins, respectively. Essentially, the dockerin modules
act as anchors: they anchor the catalytic subunits to the scaffoldin protein (type I) and
anchor the scaffoldin protein to the cell wall (type II). The function of type III
dockerins is still unknown. Although structurally related, type I cohesins and
dockerins were shown to be different from type II and do not cross react.”’

o The catalytic modules: Cellulosomes contain an amazing diversity of enzymes that is
proportional to the complexity of plant cell wall. In this sense, the array of
polysaccharides presented by the plant cell walls is matched by the complexity and
diversity of the cellulosomal catalytic machinery.'"* The catalytic modules include
glycoside hydrolases (GHs), glycosyltransferases (GTs), carbohydrate esterases (CE)
and polysaccharide lyases (PL).

o The carbohydrate-biding modules: Carbohydrate-binding modules (CBMs) are non-
catalytic proteins that bind to a wide range of poly- and oligosaccharides (see Section
1.6)."” Their main function is to increase the activity of the associated catalytic
modules by maintaining the enzyme in the proximity of the substrate through their
sugar-binding activity. Furthermore, they are also responsible for anchoring the
cellulosome to the substrate (targeting function) and for breaking the substrate

(disruptive function)."**®

To date, cellulosomes have been identified in several bacteria: Acetivibrio CeIIquIyticus”,

041 (see Chapter VI), Clostridium acetobutylicum®?, Clostridium

Bacteroides cellulosolvens
cellulolyticum®, Clostridium cellulovorans*, Clostridium josui*’, Clostridium papyrosolvens*,
Clostridium thermocellum'', Ruminococcus albus*’, Ruminococcus flavefaciens®, and fungi'* of
the genera: Neocalimastix, Piromyces, and Orpinomyces.

Due to the efficiency of cellulosomes in degrading the plant cell wall there’s been an
extensive effort in order to understand how these mega-Dalton cell-degrading nanomachines
work and how they could be used to obtain valuable products from low-cost biomass or
agricultural waste.””'***** Recombinant DNA technology allows the construction of engineered

9,14,20
d, 5

cellulosomes that can be specifically tune and improved enzyme systems and self-

assembling chimeric protein constituents with high potential for biotechnological and

nanotechnological applications.'****!

13
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[.4 The cellulosome of Clostridium thermocellum:

architecture and function

The cellulosome was first discovered in the anaerobic cellulolytic thermophilic bacterium,

Clostridium thermocellum'®!!

(Figure 1.6) and much of the understanding of catalytic
components, architecture and mechanisms of action derive from its study (Table 1.1)."****® The
cellulosome of C. thermocellum is one of the most complex and, at the same time, one of the
most studied (Table 1.1). Its main component is the scaffoldin protein termed cellulosome-
integrating protein A — CipA.>* CipA is a large enzyme-integrating protein composed of several

modules (Figure 1.6):

o Nine type | cohesins: the nine type I cohesins specifically recognize the type I
dockerins in the catalytic subunits. The arrangement of these modules on the
scaffoldin subunit and their specificity for the modular counterpart dictates the overall
architecture of the cellulosome (see Section 1.5).%

. A carbohydrate-binding module from family 3 (CBM3)™: the scaffoldin Type A
CBM3 binds strongly to crystalline cellulose (Kz=0.4 uM),”* therefore, mediating the
attachment of the cellulosome (and its enzymes) to the cellulosic substrate. The
topology of the binding interface of CBM3 rules out their interaction with single 5-1,4
glucan chains, which adopt a more helical conformation."

o A C-terminal type Il dockerin: the C-terminal type II doclerin specifically
recognizes the type II cohesins at the cell surface and is, therefore, responsible for the
attachment of CipA to the bacterial cell wall (see Section 1.5 and Chapter V).

. An X module: the X module is usually present at the N-terminal site of type II
dockerins and its function is still unclear (see Section 1.5). However is has been
demonstrated that the presence of this module is fundamental for the type II cohesin-

dockerin interaction (see Chapter V).'”*

14
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Figure 1.6: Schematic representation of the Clostridium thermocellum cellulosome.

The cellulosome of C. thermocellum is composed of five SLH domains for anchoring the complex to the
bacterial cell wall (Orf2, OlpA, OlpB, OlpC and SdbA) through cohesin-dockerin interactions, (type II in
the case of Orf2, OlpB and SdbA and type I for OlpA and OlpC), and free scaffoldins (Cthe 0736) that
do not bind the cell wall. The main component of the cellulosome of C. thermocellum is the scaffoldin
protein CipA. This scaffoldin consists of nine type I cohesins, a CBM3, an X module and C-terminal type
II dockerin that recognizes type II cohesins at the cell surface. The binding of the enzymes to specific
positions is hypothetical, as is the linear orientation of the scaffoldin. The scaffoldins bound to Orf2 and
OlpB are only sketched partially. All cellulosome components are not drawn to scale. Adapted from
Fontes et al, 2010."

The assembly of C. thermocellum cellulosome onto the bacterial surface is coordinated by
five proteins, Orf2, OlpA, OlpB, OlpC and SdbA, which are presumed to be bound onto the C.
thermocellum cell wall via N-terminal SLH domains."” SdbA, Orf2p and OlpB contain type II
cohesins, which bind to the type II dockerin present at the C-terminus of CipA and recruit the
cellulosome onto the surface of the cell wall (Figure 1.6). Furthermore there are also free
scaffoldins (Cthe 0736) that do not bind to the cell wall.'* The multiple type II cohesin domains
present in OlpB, Orf2, and Cthe 0736 contribute to the formation of polycellulosomes that may

contain up to 63 catalytic subunits. Alternatively, cellulosomal enzymes may adhere directly to

15
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the bacterium cell surface by binding the single type I cohesin domain found in OlpA and
olpc."

Table 1.1: List of cellulosomal components of C. thermocellum (http://www.cazy.org).

GH Family 1 2 3 5 |8 |9 |10 |11 |13 |15 |16 |18 |23
Number of | | 50 | b f ol fol (1] |16l | 6f [1] 120 | 1] (2] |4] |2
sequences

GH Family (cont.) | 26 |30 ] 39 | 43 |44 | 48 | 51 |53 | 74| 81 | 94 124 126 |
Number of | -t 10 f b |l ol | 20 | ol (o] (o] | o] (3] |1] |1
sequences

Glycosyl

Sl 2 4 5 8 [26 [28 [32 35 39 |51 |84 |Nc*

Transferase Family
Number of 4|§ 12 2|T 1 3|T|T|T|T|T|T
sequences

Polysaccha.rlde 1 9 11

Lyase Family
Number of ) |T 1
sequences

Carbohydrate 12 s e |7 s o |12 |14 |Ne*

Esterase Family
Number of 3 |T 5 3 |T 1 1 Iz |T IT
sequences

CBM Family 3 14 6 o |11 13 [16 [22 25 |30
Number of| |, |7 il |20 {1l | 2l | 4] |5 |; IT
sequences

CBM Family 32 34 (35 [42 |44 |48 |50 |54 |62

(cont.)

Number of 1 |T 7 4 |T 1 15 IT |T
sequences

* : Non classified

An essential part of the cellulosome of C. thermocellum (and any cellulosome) is the
catalytic machinery. As said above, cellulosomes contain several types of enzymes, such as:
glycoside hydrolases, glycosyl transferases, carbohydrate esterases, polysaccharide lyases
among many others.”® Altogether, these cellulases and hemicellulases are able to fully degrade
the plant cell wall, including crystalline forms of cellulose such as cotton and Avicel.” As in the
free enzymes, cellulosomal cellulases and hemicellulases are modular entities.”” Most of
cellulosomal enzymes are composed of a dockerin domain, one or two catalytic units and one or
more CBM s [for instance CtCBM11°" (see Chapters 1l and 111), CtCBM44°® (see Chapter 1V)
and CtCBM30 (see Chapter 1V)] whose primary function is to increase the catalytic efficiency
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of the carbohydrate-active enzymes against soluble and/or insoluble substrates (See Section
1.6)."* C. thermocellum produces 72 cellulosome-associated components that can be arranged
in 72° different manners (as CipA comprises nine enzyme receptors - cohesins).'* This amazing
plasticity may reflect the need to adapt to the changeable composition and complexity of
different plant cell walls. Furthermore C. thermocellum expresses cell associated S-glucosidades
(at least four exoglucanases and more than ten different endoglucanases) which act in a
synergistic manner in order to hydrolyze to glucose the products released by the cellulosome
activity.'* For all this aspects, C. thermocellum exhibits one of the highest rates of cellulose

utilization known.’

1.5 The cohesin-dockerin interaction

The cellulosome architecture is defined by high affinity (Kq > 107 to 107> M)'*® protein-
protein interactions between cohesins and dockerins (Figure 1.6). Dockerin and cohesin
domains have been identified as conserved homologous sequence elements of the proteins that
make up the cellulosome scaffold and enzymatic subunits.

Dockerins are non-catalytic proteins of approximately 60-70 amino acids that recognize
cohesin domains and mediate the assembly of the cellulolytic subunits into the scaffoldin
subunit and of the latter to the bacterial cell wall.'"**° The dockerin sequence is highly conserved
and made up of two 22-residue sequence repeats separated by a linker region of about 9-18
residues.'®® They fold into three a-helices, with helices 1 and 3 comprising the repeated
segments. Within each duplicated sequence there is a 12-residue segment with sequence
similarity to the calcium-binding loop of the EF-hand motif, in which all the calcium binding
residues (i.e. aspartic acid and asparagines) are highly conserved.*® However, because the EF-
hand motif homology is restricted to the calcium-binding loop and the F-helix, structural data
points to an F-hand motif instead.”’ The residues that coordinate calcium (aspartate or
asparagine) are conserved in loop positions 1, 3, 5, 9, and 12 of nearly all dockerins. The
presence of the duplicated segment suggests that both halves of the dockerin are able to interact
with the cohesin in very a similar manner.'® This means that there may be plasticity in cohesin
recognition by the dockerin with either the N- or C-terminal helix. This plasticity allows, in
principle, the simultaneous binding of two cohesins by a single dockerin. Such an interaction
would not only provide a higher level of structure to the cellulosome but might also allow the
crosslinking of two scaffoldins through a single dockerin.'®®* Nevertheless, the stoichiometry of
type I cohesin-dockerin binding is, invariably 1:1, suggesting that the two binding sites are not

able to bind simultaneously.'* Thus, it remains unclear the biological significance of the dual
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binding mode in dockerins. NMR studies have showed that stability and function of the cohesin
modules is calcium dependent. In fact, in the absence of calcium cohesins and dockerins were
shown not to interact.”

Cohesins are 150-residue modules, usually present as tandem repeats in scaffoldins. They are
elongated, conical molecules that comprise a jelly-roll topology that folds into a nine-stranded
[-sandwich. The cohesin modules are the main components of the scaffoldin subunit and are
responsible for organizing the cellulolytic subunits into the cellulosome.”” According to their
phylogenetic relationship, cohesins have been separated into three distinct types: type I, type 11
(Figure 1.7) and type II1.'*** By definition, the dockerins that interact with each type of cohesin
are of the same type. Most of the glycosyl hydrolases contain a C-terminal type I dockerin
domain which binds type I cohesins found in the scaffold. The type II interaction is used for
anchoring the scaffoldins to the cell wall (type II cohesins at the cell surface interact with their
dockerin counterparts at the C-terminal of the scaffoldin subunit). The function of the type III

interaction is still unclear'®.

Type Il cohesin-dockerin-module X

Figure 1.7: The cohesin-dockerin complex.

In both complexes, cohesin-dockerin recognition is dominated by hydrophobic interactions, amplified
through an extensive hydrogen-bonding network. Cohesin modules are depicted in blue, dockerin
modules are depicted in green and the X module is depicted in brown. The light green spheres represent
calcium ions (Ca’") bound to the dockerins. The structures represented are from C. thermocellum. The
type 1 complex'® (PDB code: lohz) and the type I complex (PDB code: 2vt9 - see Chapter V) were
determined by X-ray crystallography.

Type II dockerins are usually present at the C-terminus side of a module of unknown
function termed X module.”® The importance of this module in the type II cohesin-dockerin
interaction was recently demonstrated'’ through the resolution of the structure of the cohesin-

dockerin-X module complex. The type II dockerin, which displays a fold similar to its type I
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counterpart, establishes an extensive range of interactions with the X module that adopts an
immunoglobulin-like fold.

Although structurally related, type I cohesins and dockerins were shown to be different from
type II (15-25% identity) and do not cross react’’. In fact, comparison of the primary structure
of C. thermocellum cohesins and dockerins shows a small degree of similarity between them,
consistent with the lack of cross-specificity between type I and type II cohesin—dockerin pairs."
Several studies show that type I cohesins of C. thermocellum recognize almost all of type I
dockerins present on the enzymatic subunits'®” but, interestingly, type I and type II
cohesin/dockerins partners do not interact, ensuring a clear distinction between the mechanism
for cellulosome assembly and cell-surface attachment.”> Furthermore, it was also shown that,
although type I cohesins/dockerins from one species do not interact with other type I

. . : 61,64
cohesins/dockerins from other species,

type Il cohesins/dockerins demonstrate a rather
extensive cross-species plasticity.”® The biological relevance of this cross-species interaction is
still uncertain. The fact that type I cohesins in the enzymatic units recognize nearly all the type I
dockerins in the scaffoldin unit suggests that, within a given species, the arrangement of the
several enzymes occurs randomly along the scaffoldin, reflecting, perhaps, the complexity of

the substrate in the microbial environment.'*

.6 Carbohydrate-binding modules

In order to degrade the highly complex plant cell wall, microorganisms have developed a
specialized complex (cellulosome) composed of multiple enzymes and non-catalytic modules.
Many carbohydrate-active enzymes are modular proteins bound to one or more non-catalytic
carbohydrate-binding modules (CBMs) that function in an independent manner."””” These

modules were first described in 1988%

and named as cellulose-binding domains based on the
discovery of several modules that bound cellulose. Later, with the discovery of other modules
with specificities other than cellulose the name was changed to CBM (see the Section 1.6.1). A
CBM is defined as a continuous amino acid sequence within a carbohydrate-active enzyme with
a separate fold having carbohydrate-binding activity.” To date several hundred putative CBM
sequences have been identified experimentally in more than 50 species and they have been
classified into 64 different families according to their sequence similarity. (Carbohydrate Active
Enzymes database - http://www.cazy.org).” CBMs are composed of 30 to 200 amino acids and
they occur as a single, double or triple domain in one protein. They can be found at the C- or N-

terminal of the catalytic protein and, invariably, their key role is to recognize and specifically

bind to the several different carbohydrates found in the plant cell wall.'">*** This specific
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recognition and binding to the carbohydrates of the plan cell wall has considerable biological

consequences such as: 15

o Anchoring the multienzyme complex to the substrate;

. Bringing the catalytic domain in close proximity to the substrate and, therefore,
enhancing the hydrolysis of insoluble substrates through an effective increase of the
concentration of cellulase on the surface of the substrate;

o Disrupting the structure of the polysaccharides.

The first studies on the cellulosome of the bacterium C. thermocellum'®" have shown that it
was tightly bound to cellulose but, at that time, the reason for that was still unclear. Later it was
shown that this strong adherence to cellulose was mediated by a family 3 carbohydrate-binding
module (CtCBM3) belonging to the scaffoldin protein (CipA).” The first studies of CBM-
cellulose interaction also showed that removal of the CBM from the cellulase or from the
scaffoldin dramatically reduces the enzymatic activity.*®’" Furthermore, it was shown that
adding a CBM to a carbohydrate-active enzyme results in increased hydrolytic activity.”
Besides this proximity function, some CBMs also have a non-catalytic disruptive function
which is thought to also enhance the hydrolytic capacity of the catalytic modules. '>** Studies
have revealed that the mechanism involved in carbohydrate disruption involves modification of
the hydrogen bond network in cellulose.”” Binding of CBMs to carbohydrates is seldom
irreversible as their mobility is fundamental for relocation of the enzymes to new regions of the
substrate. Conversely, there are examples of such kind of interaction (for instance CMB2a from
C. fimi)” although its biological significance remains uncertain and, at the same time, senseless,
as the enzyme activity is unlikely to be enhanced (proximal cleavage sites accessible to the
enzyme’s active site will be quickly exhausted).

Our knowledge on these systems has grown considerably over the last years as a result of
structural information provided by NMR spectroscopic and X-ray crystallographic studies'”*"*
deepening our understanding on the biological functions of CBMs. In addition to plant cell wall
carbohydrate recognition, CBMs are involved in a large number of other processes such,
pathogen defense, polysaccharide biosynthesis, virulence, plant development, etc.*® Therefore,
understanding of the CBMs properties and mechanisms of ligand binding and recognition is
imperative for the development of new carbohydrate-recognition technologies and for providing

the basis for fine manipulation of the carbohydrate-CBM interactions.
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Figure 1.8: Classification of CBMs.

Dotted boxes surround examples of CBMs belonging to the functional Types A, B, and C. Brackets with
numbers indicate examples of CBMs belonging to fold families 1-7 (see the sections below and tables 1.3
and 1.4). CBMs shown are as follows: (a) family 11 CBM, CtCBM11, from Clostridium thermocellum
(PDB code 1v0a — see Chapter 11)’’; (b) family 30 CBM, CtCBM30, from Clostridium thermocellum
(not deposited — see Chapter 1V); (c) family 44 CBM, CtCBM44, from Clostridium thermocellum (PDB
code 2c¢4x — see Chapter 111)°®; (d) family 3 CBM, CtCBM3, from Clostridium thermocellum (PDB code
Inbc)”; (e) family 2 CBM, CfCBM2, from Cellulomonas fimi (PDB code lexg)’®; (f) family 9 CBM,
TmCBM9-2, from Thermotoga maritima (PDB code 1182)""; (g) family 32 CBM, MvVCBM32, from
Micromonospora viridifaciens (PDB code leuu)’™; (h) family 5 CBM, EcCBMS, from Erwinia
chrysanthemi (PDB code 1aiw)’; (i) family 13 CBM, SICBM13, from Strepromyces lividans (PDB code
1mc9)™; (j) family 1 CBM, TrCBMI, from Trichoderma reesi (PDB code 1cbh)®'; (k) family 10 CBM,
CjCBM10, from Cellvibrio japonicus (PDB code 1e8r)**; (I) family 18 CBM, UdCBM18, from Urtica
dioca (PDB code len2)¥; (m) family 14 CBM, TtCBM14, from Tachypleus tridentatus (PDB code
1dqe)®. Bound ligands or metal ions are not shown. Adapted from Boraston et al, 2004

I.6.1 Nomenclature of CBMs

When they were first described, carbohydrate-binding modules were designated as cellulose-
binding domains, CBDs, due to their ability to bind cellulose.®*®” This terminology lasted until
1999, at which point, due to the finding of non-catalytic modules that bound to carbohydrates
other than cellulose, the name was changed to carbohydrate-binding modules (CBMs).'>** The
conventions for the naming of CBMs were adopted by following the nomenclature system of

the glycosyl hydrolases.” Therefore, CBMs are divided into families according to the primary

21



Chapter |
Introduction — The Importance of the Research

sequence similarities. So far, CBMs have been grouped into 64 families
(http://www.cazy.org).” In this way a given CBM, let’s say for instance belonging to family 11,
will be denominated CBM11. Furthermore, the name can also include the organism from which
the CBM originates. So, CBM11 from Clostridium thermocellum can be named as CtCBM11. If
the enzymes contain more than one CBM from the same family, a number, corresponding to the
position of the CBM in the enzyme with respect to the N-terminus is included. This simple
nomenclature eliminates the need to memorize arbitrary names and, because it is
complementary to the naming system of glycosyl hydrolases, it keeps these two fields linked."
Another way of classifying CBMs is based on the fold similarities between the different
families (as an analogy to the catalytic modules’ superfamilies).””~**° By grouping the several
CBM families according to their fold similarities it was possible to identify seven fold
superfamilies (Table 1.2): f-sandwich, p-trefoil, cysteine knot, unique, OB fold, hevein fold and
hevein-like fold." By far, the dominant fold among CBMs is the f-sandwich (fold family 1).
CBMs belonging to this family fold as a f-jelly roll with two S-sheets, each consisting of three
to six antiparallel S-strands."” In most cases -sandwich CBMs have bounded metal ions (usually
calcium) which have a structural role. With the exception of CBMs 6™ and 327, the binding site
in these CBMs is localized in the concave side of the S-barrel. The fS-trefoil fold family (fold
family 2) is generally associated with ricin toxin S-chain."> CBMs belonging to this fold contain
twelve f-sheet strands that form six hairpin turns. Six of the f-strands form a f-barrel structure
attendant with three hairpin turns. The other three hairpins form a triangular cap on one end of
the f-barrel denominated “hairpin triplet”.”” As a consequence of this fold, the molecule has a
pseudo3-fold axis.*” The three functional binding sites are an advantage as they lead to
significantly enhanced affinities.”™® CBMs from fold families 3 to 5 are small amino acid
polypeptides (30-60 amino acids) that contain only S-sheet and coil (Figure 1.8). They appear to
be specialized in binding cellulose and/or chitin. The majority of these CBMs have planar
surfaces, complementary to the surface of the crystalline polysaccharides. Fold families 6 and 7
contain small CBMs with approximately 40 amino acids, originally identified in plants as
chitin-binding proteins. This fold is dominated by coil with two small S-sheets and a a-helix.
The minimal hevein fold is found in family 18 CBMs and is classified as fold family 6. The
family 14 CBMs also incorporates a hevein fold but it’s fused with a small f-sheet structure

which justifies its inclusion onto a different fold family — fold family 7."
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Table 1.2: Classification of CBM fold families.'***%

Fold -
family Fold CBM families
1 B-Sandwich 2,3,4,6,9,11, 15, 16, 17, 20, 21, 22, 25, 26, 27, 28, 29, 30,
31, 32,33, 34, 35, 36, 39, 40, 41, 42, 44,47, 48, 51, 57, 61
2 B-Trefoil 13, 42
3 Cysteine knot 1
4 Unique 512
5 OB fold 10
6 Hevein fold 18
7 Unique: contains 14

hevein-like fold

Despite the advantages of the previous classification systems, they do not give any idea
about the function of CBMs. Therefore, based on structural and functional similarities of CBMs,

three types have been proposed (Table 1.3)."

Table 1.3: Classification of CBM types'****

Type Fold family CBM family
A 1,3,4,5 1,2a,3,5, 10
B 1 2b, 4,6, 11, 15, 16, 17, 20, 21, 22, 25, 26, 27, 28, 29, 30, 31, 33,
34, 35, 36, 39, 41, 44, 47
C 1,2,4,6,7 9,12, 13, 14, 18, 32, 40, 42, 43, 50

Type A CBMs, or “surface-binding”, present a flat exposed binding surface, complementary
to the planar surface of the crystalline polysaccharides. In contrast, the “glycan-chain-binding”
Type B CBMs show a recessed binding cleft, usually described as groove or cleft that binds to
soluble polysaccharide chains. Finally, Type C, or “small sugar-binding” CBMs display lectin-
like binding to mono-, di-, or tri-saccharides and lack the extended binding cleft found in Type
B CBMs. Within these three CBM types are seven structural fold families (Table 1.3) which
cover the 64 CBM families known to date. Further details on the three types of CBMs will be
given below (see Sections 1.6.1.1 to 1.6.1.3).
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1.6.1.1 Type A CBMs - surface-binding

Type A CBMs range in size from 35 to 140 amino acids and include CBMs from families 1,
2a, 3, 5, and 10 (Table 1.3). They bind to insoluble, highly crystalline cellulose and/or chitin
and show minor affinity for soluble carbohydrates.”**’ It has been shown that these type of
CBMs bind to the hydrophobic 110 face of crystalline cellulose.”® The interaction of type A
modules with crystalline cellulose is associated with positive entropy, which is relatively unique
among carbohydrate-binding proteins.” It has been proposed that the water molecules released
from the protein and ligand when CBMs bind to their target carbohydrates increases the entropy
of the system. In the case of soluble saccharides it is postulated to be more than counterbalanced
by the conformational restriction of the bound ligand leading to a net reduction in entropy.'*”'
However, the molecular basis for the thermodynamic forces that drive protein—carbohydrate
interactions remains a highly hot area, particularly with respect to the role of water molecules
and the loss of entropy through conformational restriction. Structurally, all Type A CBMs have
a flat platform of aromatic residues (tryptophan, tyrosine, and occasionally histidine and
phenylalanine) aligned along one face of the globular polypeptide that is thought to be
complementary to the flat surfaces presented by cellulose or chitin crystals (Figure 1.8).7>%*
These aromatic residues are often involved in the binding of the type A CBMs to

cellulose, 889394

1.6.1.2 Type B CBMs - glycan-chain-binding

Type B CBMs are usually described as glycan-chain-binders as their binding affinity
depends on the degree of polymerization of the carbohydrate chain — they show increased
affinity for ligands up to six moieties (hexasaccharides) and little or no affinity for ligands with
three or less."” They bind to a large variety of substrates, recognizing single glycan chains
comprising hemicellulose (xylans, mannans, galactans and glucans of mixed linkages) and/or
non-crystalline cellulose. The substrate binding sites of Type B CBMs are described as grooves
and can vary from very shallow to being able to accommodate the entire pyranose ring (Figure
1.8). As with Type A CBMs, aromatic residues (tryptophan, tyrosine and, less commonly,
phenylalanine) play a pivotal role in ligand binding and recognition, and the orientation of these
amino acids is a key determinant of specificity”’** Although, as in Type A CBMs, the
carbohydrate moieties are recognized by aromatic residues, in Type B CBMs, the side chains of
these residues can form planar, twisted or sandwich platforms for substrate binding.””*® Unlike
Type A CBMs, direct hydrogen bonds are also fundamental in defining the affinity and ligand
specificity of Type B glycan chain binders."™”” These stacking/hydrophobic interactions
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between the sugar rings and the aromatic residues along with the conformational fitting of the
glycan chains play a fundamental role in ligand recognition. The thermodynamics of the
interaction of this type of CBMs is invariably enthalpically driven with an unfavorable entropic
contribution. The role of water-mediated hydrogen bonds to the binding of Type B CBMs to
their target ligands is still very controversial”’ with very few examples of its importance (see
Chapter I1I). Structurally all Type B CBMs known to date belong to the S-sandwich fold family
(fold family 1 - Table 1.3). CBMs from families 11, 44 and 30 from Clostridium thermocellum

will be discussed in more detail in chapters II, III and I'V.

1.6.1.3 Type C CBMs - small sugar-binding

Type C CBMs demonstrate lectin-like binding properties, having high affinity to simple
sugars, soluble or insoluble (mono-, di- or trisaccharides).15 Therefore the epithet: “small-sugar-
binding”. These binding modules come from a variety of sources, including animals, plants,
crustaceans and microbes. They differ from Type B by lacking the characteristic extended
binding clefts, although distinguishing between the two types can very difficult.”®” However, in
a good agreement it their lectin-like properties, the protein-ligand hydrogen bond network is

more extensive in Type C than in Type B CBMs."”

1.6.2 Molecular determinants of binding

Data obtained from all the determined CBM structures indicate that different families are
structurally similar and that their carbohydrate binding capacity can be attributed in great extent
to several aromatic amino acids (tryptophan, tyrosine, and occasionally histidine and
phenylalanine) that constitute the hydrophobic surface (Figure 1.9)****2 These amino acids
are often involved in stacking/hydrophobic interactions between the sugar rings and aromatic
residues conferring specificity and stability to the protein-carbohydrate complex.”” The relative
importance of direct hydrogen bonds depends on the CBM Type. In Type A CBMs, it was
shown that mutation to alanine of residues involved in direct hydrogen bonds has little effect on
affinity, suggesting that, in these proteins, hydrogen bonds play only a minor role in ligand
recognition.”” In Type B and Type C CBMs, replacement of direct hydrogen-bonding resides
with alanine can lead to significant losses in affinity to complete abolition of binding.’’
However, it must be noted that in some of these cases, it is uncertain if the loss in affinity is
exclusively due to the loss of the hydrogen bond or if subtle structural changes in the binding

sites are the responsible for the decrease or loss of ligand affinity.
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Furthermore, as seen above, the topology of the binding site also displays a key role of
binding specificity. For instance, CBMs with the f-sandwich fold, the positioning of the
aromatic residues and the loop arrangement shape the binding sites in order to accommodate the
substrate.”” The aromatic amino acid side chains pack onto the sugar rings forming a sandwich
like platform.”” Moreover, the binding sites of Type B CBMs can adopt other conformations
according to their specificity. In CBMs of families 2b, 15, 17, 27, 29, 34 and 36, the binding
sites can be twisted due to the rotation of the planes of two to three aromatic amino acid side
chains relative to one another.”> On their own, these two types of platforms are able to confer
specificity to the CBM-carbohydrate recognition as different sugars may have a rather linear
shape (for instance cellulose) or a more curved shape (for instance xylan). CBMs seem to adopt
conformations that mirror the substrate conformations in solution, therefore minimizing the
energy of binding."***

On the other hand, the flat platform, distinctive of Type A CBMs (Figure 1.9), specifically
recognize the flat surfaces presented by the crystalline substrates. Tyrosines and tryptophans are
often separated by a distance corresponding to the length of the repeating unit (10.3 A is the
length of one cellobiose unit) and the aromatic ring interacts with the pyranose rings of the
polysaccharides.” This interaction may be supplemented by few hydrogen bonds mediated by
polar residues located at the binding interface."

Another possible factor for ligand recognition and binding is calcium. It is well established

that calcium plays a major role in CBM stability'”

but only recently its influence on CBM-
carbohydrate interaction has been demonstrated.'*""'"> However there are only a few examples of

this type of behavior, so it does not seem to be a rule regarding carbohydrate recognition.
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Figure 1.9: The binding-site platforms of the three types of CBMs.

The Type A CBM (TrCBMI — PDB code: 1cbh)®' shows a flat platform complementary to the flat
surfaces presented by the crystalline substrates; The Type B CBM (CtCBM11 — PDB code: 1v0a — see
Chapter 11)*" presents a sandwich platform, or cleft, appropriated for binding soluble single glycan chains
from four to six units; The Type C CBM (UdCBM18 — PDB code: 1en2)* shows a small platform able to
bind only to mono-, di- or trisaccharides.
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1.6.3 Utilization of CBMs

Carbohydrate recognition is an essential step of many biological and biotechnological
processes and CBMs, due to their properties, are becoming the perfect candidates for many

applications. The basic properties that make CBMs such good candidates are mainly three:*®

o They are independent units that can function by their own in chimeric proteins;

o The substrates are abundant and inexpensive and have excellent chemical and
physical properties;

o The binding specificities can be controlled, and therefore the right solution can be

adapted to an existing problem.

Given that the large-scale recovery and purification of biologically active molecules
continues to be a limiting step for many biotechnological purposes, the main application of
CBMs is, probably, bioprocessing. CBMs have been used as low-cost, high-capacity
purification tags for the isolation of biologically active target peptides (Figure 1.10). Cellulose
is a very economical support-matrix for the industry when compared with other immobilization

systems,” while CBM tags allow the development of secure and quick purification protocols.

Industrial
enzyme

CBM @ ( CBM >— Antibody

Renaturation of the imobilized protein

CBM Drug cBM
Transmembrane fragment

Figure 1.10: Applications of hybrid CBMs (adapted from Volkov et al, 2004'®).

CBM Protein to be purified

The main direction of biotechnological research is immobilization of hybrid proteins,
composed of commercially important enzymes and CBMs, on cellulose. Immobilized enzymes
can be used, for instance, for continuous hydrolysis in flow reactors.'” Furthermore, as CBMs
can be attached to proteins without altering their biological activity'® they can be used for
improving enzyme activity or in high-level expression vectors for the production of CBM-fused

proteins.®®'®*'% Production of recombinant proteins in plants has been recently accepted as one
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of the most cost-effective production systems and CBMs have been used with success in the
production of chimeric proteins. In this system the plant produces both the target protein and its
purification matrix (cellulose).®® Hybrid CBMs can also be applied to immunochemistry for the
purification or detection of interesting chemical compounds using antibodies (Figure 1.10). A
CBM-antibody chimera immobilized in cellulose could be used for efficient purification of

target compounds.'”

Another interesting application of this hybrid CBMs is for renaturation of
proteins (Figure 1.10). Matrix-assisted refolding of recombinant proteins aims to prevent the
aggregation of protein during the course of renaturation and, so far, only histidine and arginine
tags have fitted this purpose as they stay bound to the matrix under denaturing conditions.
CtCBM3 has been used successfully as the attachment support for matrix-assisted refolding of a
single-chain antibody expressed in E. coli.'® CtCBM3 can bind cellulose in the presence of 6 M
urea and provide a threefold increase in protein yield compared with standard refolding
procedures.

Another area of high interest is biofuel production from biomass. As referred above,
efficient hydrolysis of cellulose is very difficult due to the complex composition of the plant cell
wall. Because of the high variety of binding specificities that CBMs have, they can be used to
construct high affinity CBM-cellulase chimeras fitted for the proficient breakdown of the
cellulosic biomass to sugars, which can then be converted to liquid fuel, namely bioethanol.”

The textile industry has also been exploring the CBM technology, mainly for the recycling of
several products or for changing the properties of specific fabrics. Because most of textiles have
cellulose as a major component, CBMs can be used for targeting specific components. For
instance, CBMs can be linked to enzymes in laundry powders, increasing the affinity for the
cellulose substrate and improving the enzyme performance.®® Additional substances, such as
fragrance-bearing particles, can also be linked to CBMs and added to laundry-powder,
decreasing the amount needed in the product.®®

CMBs can also be applied as tools for research and diagnosis. For instance, conjugation of
a CBM with a bacterium-binding protein can be used for detecting pathogenic microbes in food
samples.®®

The examples presented above are only a small sample of all the applications found for
CBMs until now. The utilization of CBMs in different field of biotechnology is perfectly
established and the tendency is for further applications to emerge. Due to their properties
(Figure 1.10) CBMs are the perfect candidates for solving an enormous variety of problems and
will certainly occupy an important place in the inventory of biotechnological tools. The

potential for these molecules for improving life in many aspects cannot be overstated.
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1.7 Objectives and outline of the thesis

The work presented in this thesis aims to understand the molecular interactions that define
the ligand specificity in cellulosomal CBMs and the mechanism by which they recognize and
select their substrates. The CMBs under study belong to families 11, 30 and 44 from C.
thermocellum. The crystal and NMR solution structures of CtCBM11 will be addressed in
Chapter Il. The molecular determinants of ligand specificity of CtCBM11 will be discussed in
Chapter 111 while the ones from CtCBM30 and CtCBM44 will be discussed in Chapter V.
Although structurally similar, these modules have distinct specificities in terms of ligand
recognition. Using NMR spectroscopy, X-ray crystallography and computational studies,
supported by techniques of molecular biology, I aimed to identify the structural features of both
ligand and protein that determine the selective recognition and binding. The knowledge gained
about the molecular interactions that define the specificity of these modules is fundamental for
future work involving the deployment of nano-molecular machines, capable of efficiently
degrading the cell wall. Thus, this work will be an important contribution to the implementation
of sustainable processes with potential impact on several aspects.

On the other hand, the assembly of the enzymatic components into the cellulosome complex
and the attachment of the last to the bacterial cell wall are also of great significance for the
overall process of plant cell wall degradation. In order to understand this mechanism, the
elucidation of the molecular determinants responsible for recognition is fundamental. In this
sense I have used X-ray crystallography to determine the crystal structures of two type Il
complexes from C. thermocellum (Chapter V) and B. cellulosolvens (Chapter VI) and gain
some insights into the structural characteristics that define the cohesin-dockerin interaction.

In Chapter VII and Chapter VII1 I will discuss the theory and methods from the NMR and
X-ray crystallography techniques, respectively, used to describe the structural characteristics
observed in the previous chapters.

The results obtained represent a significant improvement in the understanding of the factors
that determine the specificity and the mode of action of Type B CBMs, namely CtCBM11,
CtCBM30 and CtCBM44, at the molecular level. Moreover, structures of the two Type II
cohesin—dockerin complexes provide valuable information about the atomic interactions that
mediate complex assembly. Altogether the work presented represents an important contribution
to the understanding of this phenomenal mega-Dalton machine termed cellulosome.

Finally, I will make an overall discussion on the results obtained and draw some future

perspectives from this work.
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In this chapter | describe the 3D structure of CtCBM11 as determined by X-ray crystallography
and NMR spectroscopy. The data here presented is part of a published paper (Viegas et al, 2008)"

and from a manuscript in preparation.
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Summary

The focus of this chapter is on the 3D
structure of the family 11 carbohydrate-
binding module from C. thermocellum —
CtCBM11 (Figure 11.1)."* The native
structure of CtCBM11 was determined in
2004” to a resolution of 1.98 A and is
deposited in the PDB under the code:
IvOa. Its structure suggested that the
contacts between residues Ser59, Asp99,
Tyr53, Argl26, Tyr129 and Tyr152 and
the histidine tail of a symmetry-related
molecule could impair ligand binding
and thus co-crystallization and soaking
experiments.

To tackle this problem I have

Figure 11.1: 3D structure of CtCBM11 obtained by
X-ray crystallography.”

The CtCBMI11 structure reveals a classical distorted f-
jelly roll fold consisting of two six-stranded anti-parallel
[-sheets, which form a convex side (S-strands depicted in
light blue) and a concave side (f-strands depicted in dark
blue). The two calcium ions are (Cal — top — and Ca2 —
bottom) depicted as green spheres and the residues that

determined the ~crystal = structure of ;44 {0 calcium are depicted as sticks. The a-helix is
CtCBM11 without the histidine tag. The  depicted inred.

new crystals belong to the P2; space group and comparison of the two structures reveals no
major differences at the main-chain level and the two structurally relevant calcium atoms are
conserved.

Moreover, I have also determined the NMR solution structure of CtCBM11 at 25 and 50 °C.
Both structures are very simmilar to each other, which is indicative of a very stable protein as
one would expect from a thermophilic organism. Additionally, the solution structures are also
very similar to the crystal structure. However, a careful comparison between the structures
shows that in the NMR structures the binding cleft area is larger than in the crystal structure.
The smaller size of the cleft in the crystal structure, probably imposed by the crystal packing,
may be the reason for the lack of binding with different cellooligosaccharides in co-
crystallization experiments. This result denotes the importance of the geometry of the binding

cleft for the binding of cellooligosaccharides and points to a conformation-selection mechanism

of ligand recognition and binding for CtCBM11.
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I1.1 Introduction

CtCBM11 belongs to a bifunctional enzyme, Lic26A-Cel5E, which contains two glycoside
hydrolase (GH) domains - GH5 and GH26 - each one with a CBM11, that display f-1,4- and f-
1,3-1,4-mixed linked endoglucanase activity, respectively.” CtCBM11 belongs to the Type B
subfamily (see Chapter | - Section 1.6.1.2) and it binds to a single polysaccharide chain that can
be either f-1,4- or f-1,3—1,4-mixed linked, thus reflecting the specificity of the associated
catalytic domains.” Carvalho et al (2004)* showed that CtCBM11 has only one binding site that
can accommodate at least four sugar units, which is consistent with Type B CBMs.

The native structure of CtCBM11 was determined in 2004> to a resolution of 1.98 A and is
deposited in the PDB under the code: 1v0a. The structure belongs to the P2,2,2 space group.
CtCBM11 is composed of 172 amino acids (Figure 11.2), excluding the histidine tag (6
histidines), and has a molecular weight of approximately 20 kDa. Its structure consists of a
distorted f-barrel that folds into a S-jelly roll composed of two six-stranded anti-parallel f-
sheets, which form a convex side and a concave side (Figure I1.1). The concave side of
CtCBM11 forms a cleft defined by polypeptide stretches Gly20-Glu25, Asp51-Ser59, Glu84-
Glu91, Gly98-Ile107, Phel23-Gly133 and Aspl46-Asnl54 (Figure 11.2). Furthermore, this
depression is occupied by the side chains of residues Tyr22, Asp51, Tyr53, Ser59, Arg86,
Met88, Asp99, His102, Ser106, Argl26, Aspl128, Tyrl29, Aspl46, Ser147, His149, Metl51
and Tyrl52. The core of the f-barrel is extremely hydrophobic and includes seven
phenylalanine and six tryptophan residues. Residues Phel20, Ser121, and Ser122 define a 3;o-
helix.” Due to symmetry constraints, the reported structure exhibits a binding cleft occupied by

the C-terminus histidine tag of a symmetry-related molecule.

10 20 30 40 50
MASAVGEKML DDFEGVLNWG SYSGEGAKVS TEKIVSGKTGN GMEVSYTGTT
60 70 80 90 100
DGYWGTVYSL PDGDWSKWLK ISFDIKSVDG SANEIRFMIA EKSINGVGDG
110 120 130 140 150
EHWVYSITPD SSWKTIEIPF SSFRRRLDYQ PPGQDMSGTL DLDNIDSIHF
160 170 178
MYANNKSGKF VVDNIKLIGA LE

Figure 11.2: Amino acid sequence of CtCBM11.

The residues that form the concave side (binding cleft) are colored in blue. The residues that define the
310-helix are colored in red and the C-terminal histidine tail used is colored in light grey.

As many f-sandwich structures, CtCBM11 has bound calcium ions (two in this case) that are

distant from the carbohydrate-binding clef, thus suggesting a structural role. The coordination of
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the two calcium ions is illustrated in Figure 11.3. The first calcium ion (Cal) is coordinated in
an octahedral fashion by the side chain oxygen atoms of GIu91 (Oel and Og2), Glul01 (Oel),
Aspl135 (081 and 082), Ser137 (Oy), Aspl4l (0062), and the main chain oxygen atom of
Thr139. The second calcium ion (Ca2) also shows an octahedral coordination and is bound to
the main chain oxygen atoms of residues Asp12, Thr38, and Asn40 and to the side chain oxygen
atoms of Glul4 (Oel) and Aspl163 (081 and 002). One water molecule completes the Ca2
coordination sphere. The distances between the ligands and the calcium ions vary from 2.3 to
2.6 A. Both calcium ions are solvent inaccessible, which represents further evidence for their

structural role.

Figure 11.3: Coordination of the two calcium ions in CtCBM11.

Both calcium ions show an octahedral coordination and are bound to main chain and side chain oxygens.
The calcium ions are represented as green spheres and the residues that bind to calcium are represented as
sticks colored by heteroatom. The rest of the protein is represented as ribbons colored in grey.

The main function of CBMs is to increase the catalytic efficiency of the enzymes by putting
the substrate and the enzyme into prorogated and close contact.™ Type B CBMs bind to a large
variety of substrates, recognizing single glycan chains comprising hemicellulose (xylans,
mannans, galactans and glucans of mixed linkages) and/or non-crystalline cellulose. These
proteins disrupt the structure of cellulose fibers through two major mechanisms: (i) by the
action of aromatic amino acids, like tryptophan and tyrosine, that are thought to pack onto the

133 (i) and by the conformational fitting of the glycan chains in the binding cleft’.

sugar rings
Therefore, stacking/hydrophobic interactions between the sugar rings and aromatic residues in
the CBMs and conformational fitting of the glycan chains, that confer additional specificity and
stability to the protein-carbohydrate complex, seem to play a key role in ligand recognition."***
In spite of these findings, a detailed molecular and mechanistic understanding of CBM-
carbohydrate interaction and of the molecular determinants for CBM/ligand recognition is still
an open question and a major topic of research.

In order to achieve my goal - understand the molecular interactions that define the ligand

specificity in cellulosomal CBMs and the mechanism by which they recognize and select their
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substrates — a fundamental requirement is the three dimensional structure of the protein. In this
chapter I describe the crystal structure of CCCBM11 without the engineered histidine tail and the
solution structure of the same protein at 25 and 50 °C. The newly determined crystal structure
reveals no major differences with respect to the one previously determined (PDB code: 1v0a?),
with a root mean square deviation (rmsd) of only 0.6 A for 167 a-carbon atoms. Regarding the
NMR-determined solution structures at 25 and 50°C they are similar to each other with and
rmsd of 1.24 A (for 120 Ca atoms) between the ensemble representative NMR solution
structures. Both structures are also similar to the X-ray structure, with a rmsd of 1.24 A (for 121
Ca atoms) for the structure at 25°C and 1.12 A (for 86 Ca atoms) for the structure at 50°C. The
main differences between all three structures are localized at the loop regions and suggest a key

role of the geometry of the binding cleft in the interaction with cellooligosaccharides.

[1.2 Results and Discussion

11.2.1 Structure of CtCBM11

In order to get a deeper understanding on the molecular determinants that defines ligand
specificity CtCBM11, a fundamental requirement is the three dimensional structure of the
protein. In a first approach, a new protocol was developed in which, after the protein was over
expressed, the tail was removed (see Section 11.4.1). With this new protein, crystals were
obtained for the subsequent structure determination. Because I was also interested in
understanding the internal dynamic processes that occur upon binding and on how the structure
is affected by temperature, in a second approach, the solution structure of the apo form of
CtCBM11 was determined by Nuclear Magnetic Resonance (NMR) at 25 and 50°C.
Experimental details of all the technique applied are explained in Materials and methods

(Section 11.4).
I1.2.1.1 The crystal structure of CtCBM11 without the histidine tail

The structure of CtCBM11 with the histidine tail suggests that residues Ser59, Asp99, Tyr53,
Argl26, Tyr129 and Tyr152 might be involved in binding mechanisms of possible ligands.
However, the presence of the histidine tail seems to have impaired crystal soaking and co-
crystallization experiments with candidate ligands (see Chapter Ill). To overcome this problem
I have determined the crystal structure of CtCBMI11 without the histidine tag. The
crystallization conditions of the newly purified protein are different from the tagged one (see
Section 11.4.2), and the new crystals belong to a different space group (Figure 11.4). The
previously determined (with the histidine tail) structure belongs to space group P2,2,2, while, in
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the absence of the 6-histidine tail, CtCBM11 crystals grew in the P2, space group. Comparison
of the two structures reveals no major differences at the main-chain level, with an rmsd of 0.6 A
for 167 a-carbon atoms (Figure 11.5) and with the two structurally relevant calcium atoms
conserved. In contrast with the previously characterized model, this new model includes
residues Asp79, Gly80 and Ser81, which were absent due to loop disorder. In the model with
the histidine tail this loop was solvent exposed while in the new structure it has restricted

movement as a consequence of the absence of the C-terminus histidines.

o

N
P21212 P1211
a=75.1 A, b=509 A, c=40.9 A a=43.8 A, b=37.7 A, c=48.7 A
a=90.0° B=90.0°, y=90.0° a=90.0%, B=99.8°, y=90.0°

Figure 11.4: Ribbon representation of CtCBM11 packing in the two different crystal forms,
P21212 and P21

The P2, packing is a consequence of the histidine tag removal. This tag (depicted as stick model) was
occupying the putative ligand-binding cleft of each symmetry-related molecule. The asymmetric unit is
represented in green, while other molecules are colored according to equivalent symmetry operations. In
the P2,2,2 crystal form, the two tyrosine residues (Tyr53 and Tyr129), flanking the symmetry-related
histidine tail, are also shown as stick model and colored accordingly.

Although crystals of the protein without the histidine tail were obtained, the engineered tag
seems to be important for crystallization, since the crystals, in the absence of these extra
residues, were comparatively more fragile and exhibited a lower diffraction quality. This is
intuitive from the observation of the crystal packing (Figure 11.4). Binding of the three
histidines to the substrate recognition site strengthens the intermolecular contacts, favoring

crystal stability.
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Figure 1.5
CtCBM11 structures determined with and
without the histidine tail (structures

depicted in blue and grey, respectively).

Superposition

The structure of CtCBMI11 without the
histidine tail was solved by molecular replacement
(see Chapter VIII, Section VIII.4.2.1) using the
software PHASER® from the CCP4 suite'’ and the
previous structure (1vOa) as a model. I used
ARPWARP'" to perform initial building of the
complex into the electron density and COOT'! to
build the remaining residues. The refinement was
performed with REFMACS5."> Water molecules
were added and final refinement included
translation, libration and screw-rotation groups
(TLS).">' The final model has R-value = 23.5%
and Rpee = 29.5% (see Chapter VIII, Section
VI11.4.2.3) and includes 59 water molecules and
two calcium ions. Due to disorder, three residues

are missing from the N-terminus, as well as two

residues from the C-terminus end. X-ray data collection and final refinement statistics are

shown in Table 11.1.

Table 11.1: X-ray data and structure quality statistics for CtCBM11.

Data collection

Space group

Cell parameters

Wavelength, A
Resolution of data (outer shell), A

Rmerge (OUter shell), % ?

Mean l/a(1)

Completeness (outer shell), %

Redundancy

Structure refinement
No. protein atoms
No. solvent waters

Resolution used in refinement, A

Reflections

CtCBM11 with no HisTag
P2,

a=43.8 A, b=37.7 A, c=48.7 A
=90.0 °, $=99.8 °, y=90.0 °
1.5418

20.00 —2.40

(2.53 —2.40)

31.1(44.9)

3.8(2.1)

99.1 (99.9)

3.4

1357

143

20.00 —2.40
5629
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R-value / Ryree (%6)° 23.5/29.5
Rms deviation 1-2 bonds (A) 0.011
Rms deviation 1-3 bonds (degrees) 1.637
Rms deviation chiral volume (A% 0.159

Average B factors (A?)

main-chain 29.1
side-chain 28.5
ca®™ (1) 48.6
ca® (2) 39.1
water molecules 41.2

aRmerge =X |I<I>|/ £ <I>, where | is the observed intensity, and <I> is the statistically weighted average
intensity of multiple observations.

PR-value = = [IFcate] Z [Fopsll/ Z |Fops/x100, where Fy. and Fg, are the calculated and observed structure
factor amplitudes, respectively (R is calculated for a randomly chosen 5% of the reflections).

11.2.1.2 The solution structure of CtCBM11

C. thermocellum grows at Toy of 60 °C and has Tpax of 69 °C and a Ty, above 28 °C” In
order to investigate the influence of temperature in the protein structure and dynamics I have
determined the NMR solution structure of the protein at 25 and 50 °C following a standard triple
resonance approach using double labeled (°C and ""N) CtCBMI11 (see Chapter VII, Section
VII1.3)."%"” For both temperatures, the NH of residue Gly39 was not observed in the "N-'"H-
HSQC. At 25 °C, the NH of residues Metl, Ser3, Ala4, Val5, Lys67 and Leu69 were not
assigned and at 50 °C, residues Metl, Ser3, Ala4, ValS, Thr50, Lys67 and Asnl55 were also not
assigned. In both data sets, the resonances of the C-terminal histidine tag were not used for the
calculation of the structures. The coordinates of the structures determined at 25 and 50 °C were
deposited in the BMRB data bank (http://www.bmrb.wisc.edu) (18388 and 18389, for the
structures at 25 and 50 °C, respectively) and in the PDB (http://www.pdb.org/pdb) (2lro and
2lrp, for the structures at 25 and 50 °C, respectively). Table 11.2 lists the structural statistics for
the deposited NMR structures and Figure 11.6 shows the energy minimized representative
structures of CtCBM11 at 25 °C and 50 °C (A and B, respectively). Using the software
MolProbity'® (http://molprobity.biochem.duke.edu/) for analyzing the NMR structures I got that
at 25 °C, 92.6% of the residues lie in the favored regions (99.4% in allowed regions), while at
50°C, 92.3% of the residues lie in the favored regions (99.2% in allowed regions) of the

Ramachandran plot.
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Figure 11.6: Ribbon representation of the NMR-determined 20-structure ensemble of CtCBM11
at 25 °C (A) and 50 °C (B).
The calcium ions are depicted as green spheres and the residues that bind to calcium are depicted as sticks

and colored by heteroatom. f-sheets are depicted in blue, a-helix is depicted in red and random coil is

depicted in grey.

The two calcium ions (Figure 11.6 — green spheres) were added at the final stages of the
structure calculation by adding a new residue in the amino acid sequence (see Materials and
methods, Section 11.4.3.2). The coordination of both ions is identical to the one seen in the
crystal structure with the exception of the water molecules which were not included in the

calculation. Also in these structures the distances between the ligands and the calcium ions vary
from 2.3 to 2.6 A.

Table 11.2: Structural statistics for the NMR structures of CtCBM11.

CtCBM11
25°C 50°C
NMR distance and dihedral constraints
Distance constraints
Total distance restraints from NOEs 2559 1398
Short range ([i-j|<=1) 1658 873
Medium-range (1<[i-j|<5) 207 109
Long-range (|i-j>=5) 694 416
Total dihedral angle restraints 772 708
phi 300 292
psi 197 191
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chi 225 225
Structure statistics

Violations (mean and s.d.)

Distance constraints (A) 0.0252 0.0388

Dihedral angle constraints (°) 1.5336 1.7652

Max. dihedral angle violation (°) 2.0185 2.3475

Max. distance constraint violation (A) 0.0361 0.0578
Average pairwise rmsd for residues 12-160 (A)

Heavy 0.78 0.93

Backbone 1.16 1.59
Cyana target function (A% 6.39 4.75
Ramachandran’s plot analysis

Favored regions % 92.6 923

Allowed regions % 99.4 99.2

I1.2.1.3 Comparison between the X-ray and NMR structures

As can be seen in Figure I1.7 both structures are very similar to each other, with an rmsd of
1.03 A between the ensemble representative NMR solution structures (Figure 11.7 - C). This is
indicative of a very stable protein, as one would expect from a thermophilic organism.

Both structures are also similar to the X-ray structure, with rmsd of 1.20 A for the structure
at 25°C and 1.10 A, for the structure at 50°C (Figure 11.7 - D). However, a careful comparison
between the NMR solution structures and the crystal structure shows that the f-sheet elements
superpose quite well, whereas the loop regions superpose less well (Figure 11.7 - C and D).
This is especially true in the loop formed between residues R125-Q134, which has the largest
rmsd value. Interestingly, this makes the binding cleft area larger in the NMR structure than in
the crystal structure (approximately 3700 and 3760 A” for the structures at 25 and 50 °C versus
3225 A?). The closed conformation of the binding cleft imposed by the crystal packing, as
displayed in the X-ray structure, may impair the binding of cellooligosaccharides and the
difference found between the solution and the X-ray structure might explain the failed attempts
for co-crystallizing CtCBM11 with several ligands. This result reveals a key role of the
geometry of the binding cleft in the interaction with cellooligosaccharides that is in good
agreement with other reported results.” In this sense, NMR provides a more accurate
description of the solution structure of CtCBMI11 as it accounts for the conformational

modifications of the binding cleft that allow ligand binding. The results indicate that significant
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changes in the binding cleft may occur do to the crystal packing and this is important
information to consider when using X-ray structures for binding studies, especially molecular

docking studies.

Figure 11.7: Comparison between the X-ray and NMR structures.

A) Structure determined at 25 °C; B) Structure determined at 50 °C. C) Superposition of the structures
determined at 25 (light blue) and 50 °C (pink). D) Superposition of the X-ray structure (brown) with the
NMR solution structures determined at 25 (dark blue) and 50 °C (cyan).

[1.3 Conclusions

The crystals of CtCBM11 without the histidine tag grew in the P2, space group contrasting
with the previous P2,2,2. The absence of the histidine tag seems to be important for
crystallization, since the crystals obtained in these conditions were comparatively more fragile
and exhibit a lower diffraction quality than the previous ones. Comparison of the two structures
reveals no major differences at the main-chain level. Furthermore, this new model includes
residues Asp79, Gly80 and Ser81, which were absent in the previous one due to loop disorder.

Besides the crystal structure of CtCBMI11 without the histidine tag, the NMR solution
structure was also determined at 25 and 50 °C. The calculated solution structures were almost
identical at both temperatures revealing a very stable protein, as expected from a thermophilic
organism. Comparison of the protein solution structure with the crystal structure revealed that
the binding cleft area in the solution structure is larger than in the crystal structure (~ 3700 and
3760 A? for the structures at 25 and 50 °C versus 3225 A?). The smaller size of the cleft in the
crystal structure, probably imposed by the crystal packing, may explain of the failed co-
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crystallization attempts with different cellooligosaccharides. This result denotes the importance
of the geometry of the binding cleft for the binding of cellooligosaccharides and points to a

conformation-selection mechanism of ligand recognition and binding for CtCBM11.

1.4 Materials and methods

I1.4.1 Molecular biology

I1.4.1.1 Recombinant protein production

To express CtCBM11 in Escherichia coli, T used a vector kindly provided by Professor
Carlos Fontes (Faculdade de Medicina Veterinaria, Universidade Técnica de Lisboa). For the
production of CtCBM11 with the histidine tag the region of the Lic26A-Cel5SA gene (lic26A-
cel5A) encoding the internal family 11 CBM was amplified from C. thermocellum as described
elsewhere’. The excised CtCBMI11 encoding gene was cloned into the vector pET2la
(Novagen) to generate pAG1. The recombinant plasmids contain the clostridial gene under the
control of the T7 promoter allowing very high expression levels (see Appendix A, Section A.2).

This part of the work as well as the production, expression, purification and quantification of
the protein without the histidine tag was performed at Faculdade de Medicina Veterinaria from

Universidade Técnica de Lisboa prior to the beginning of my PhD.

11.4.1.2 Double labeled (3C and 15N) protein expression and

purification

Double labeled CtCBM11 (*C/"*’N-CtCBM11) was produced by first transforming the pAG1
expression vector into competent E. coli BL21 (DE3) cells (Novagen). For the transformation, 3
uL of pAG1 were added to 100 uL of E. coli BL21 cells and then incubated 30 min in ice. Then
the cells were incubated at 42 °C during 45 s and transferred to ice where they rested for 5 min.
1 mL of sterile Luria-Bertani medium (see Appendix A, Table A.1) pre-warmed at 37 °C was
added to the cells and incubated at the same temperature for 1 h. 100 pL of cells were spread in
a LB-agar plate containing 100 pg/mL of ampicillin. The plate was incubated overnight at 37°C.

Initially 5 mL of sterile LB medium containing 100 pg/ml of ampicillin was inoculated with
a single colony from the plate and let to grow overnight at 37 °C, at 180 rpm. From the resulting
culture, 500 uL were used to produce a glycerol stock, which was kept at -80 °C. The remaining

culture was used to inoculate 1 L of sterile M9 minimal medium containing 100 pg/ml
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ampicillin, "NH,Cl and "“C, glucose (see Appendix A, Tables A.2 and A.3). The culture was
growth at 37 °C at 200 rpm until the optical density at 595 nm reached 0.6 (ODs95=0.6), at
which point isopropyl-S-D-thiogalactopyranoside (IPTG) was added to a final concentration of
1 mM to induce the gene expression (see Appendix A, Section A.2). The culture was then
incubated overnight (~ 17 h) at 30°C and 200 rpm. These conditions are a result of an
optimization of the induction time that led to a yield increase of about 10-fold. The cells were
collected by centrifugation (5000 rpm, for 15 min at 4 °C), and the cell pellet was resuspended
in a 50 mM sodium Hepes buffer, pH 7.5, containing 1 M NaCl, 10 mM imidazole and 5SmM
CaCl, (see Appendix A, Table A.4). The cells were then lysed by sonication (10 x 1 min pulses
with 1 min pause between pulses) and put in a 60 °C bath for 30 min to remove the majority of
the E. coli proteins. The cell residues were removed by centrifugation (7000 rpm, for 30 min at
4 °C) and the supernatant was filtered (0.45 um membrane pore) and kept at 4 °C for further
protein purification.

The protein was purified by ion metal affinity chromatography (IMAC). The protein extract
was loaded onto a Ni-NTA-agarose column (QIAGEN) previously washed with 2 column
volumes of distilled water, charged with 2 column volumes NiSO, and washed again with 2
column volumes of working buffer (see Appendix A, Table A.4). When charged with Ni** ions,
the column will selectively retain proteins if complex-forming amino acids residues, in
particular histidines, are exposed on the surface of the protein. Histidine tagged proteins can be
desorbed with buffers containing imidazole.* CtCBM11 was loaded into the column and
washed with 2 column volumes of washing buffer (50 mM sodium Hepes buffer, pH 7.5,
containing 1 M NaCl and 10 mM imidazole — see Appendix A, Table A.4). The purified protein
was then desorbed in a discontinuous way by loading 5 column volumes of elution buffer,
consisting of 50 mM sodium Hepes buffer, pH 7.5, 1 M NaCl and 300 mM imidazole and
collecting the outflow (see Appendix A, Table A.5). The purified protein was buffer exchanged,
in PD-10 Sephadex G-25M gel filtration columns (Amersham Pharmacia Biosciences), into
water to remove the imidazole. The column was first washed with 25 mL of distilled water and
loaded with 2.5 mL of sample. The resulting outflow was discarded and the protein was eluted
with 3.5 mL of distilled water. This procedure was repeated until all the sample was buffer
exchanged.

The purity of the protein was then confirmed by running a sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) on the collect fractions (Figure 11.8). Samples
of 40 pL of each collected fraction were boiled with 10 puL of 5x sample buffer for 5 min before
loading 18 pL of each into the gel. The gel was stained with Coomassie brilliant blue for 20 min
and then distained with a mixture of 10% methanol/10% acetic acid in water (see Appendix A,
Tables A.6, A.7, A8 and A.9).
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The purified protein was then concentrated with Amicon centricons with 10-kDa molecular-
mass centrifugal membranes (Millipore, Billerica, MA, USA) by centrifuging at 5000 rpm at

4°C. The final concentration of the protein was kept around 1 mM.

KDa

97
66

45

30

20
14

Figure 11.8: SDS-PAGE gel of the purified CtCBM11 fractions.
Lane 1 — LMW markers; Lanes 2-7 purified fractions

The concentration of the protein was determined with the Bicinchoninic acid method (BCA)
from Sigma Aldrich. The BCA assay primarily relies on two reactions. Firstly the peptide bonds
in protein reduce Cu®" ions from the cupric sulfate to Cu” (a temperature dependent reaction).
The amount of Cu®" reduced is proportional to the amount of protein present in the solution.
Secondly, two molecules of bicinchoninic acid chelate with each Cu'" ion and form a purple-
colored complex that has a maximum absorbance at a wavelength of 562 nm. The bicinchoninic
acid Cu'" complex is aided in protein samples by the presence of cysteine, tyrosine, and
tryptophan side chains. As the absorbance is directly proportional to protein concentration, the
amount of protein present in a solution can be quantified by measuring the absorption spectra
and comparing with protein solutions with known concentrations.*’

For the application of the BCA assay, first the working reagent was prepared by adding the
two BCA reagents, A (sodium bicinchoninate) and B (cupric sulfate), in a proportion of 1:20
(v/v) in water. Then the standard samples were prepared by adding increasing amounts (0, 10,
20, 30, 40 and 50 uL) of bovine serum albumin (BSA) in a concentration of 1 mg/uL to
decreasing amounts (50, 40, 30, 20, 10 and 0 uL) of buffer (water in this case) and 1 mL of the
BCA working reagent. The sample tubes were prepared by adding 1, 2 and 5 uL of the protein
sample to 49, 48 and 45 pL of water and 1 mL of the BCA working reagent (see Appendix A,
Tables A.10 and A.11). All the samples were then gently mixed and incubated at 37 °C for 30
min. After the incubation the absorbance was read at 562 nm and the standard curve was

constructed by plotting Abssg, Versus protein concentration. The concentration of the unknown
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samples was determined using the equation of the previously determined curve. The yields
obtained were around 10 mg/L of protein.

Using the determined concentration, the molar extinction coefficient (¢) was determined by
UV-visible spectroscopy by reading the absorbance at 280 nm (using a 1.5 mL cuvette with 1
cm path length) and applying the Lambert-Beer law:

A = ecl
1.1

were A is the absorbance (read at 280 nm), ¢ is the molar extinction coefficient and | is the
path length.
For CtCBM11 the determined molar extinction coefficient was 32449 M™*.cm™.

I1.4.2  X-ray crystallography

I1.4.2.1 Protein crystallization and data collection

Crystals of CtCBM11 without the 6-His tail were grown by vapor diffusion using the
hanging drop method and obtained by mixing an equal volume (1 pL) of protein (50 mg/ml in
water) and reservoir solution (30% (m/v) polyethyleneglycol (PEG) 4000, 0.1 M Tris-HCI, pH
8.5, and 0.2 M magnesium chloride)*. In approximately three days, the crystals reach maximal
dimensions of 0.3x0.3x0.1 mm’ (Figure 11.9). Single crystals were harvested in a solution
containing 35% (m/v) PEG 4000 and 0.2 M magnesium chloride, and flash-frozen in a liquid
nitrogen stream at 100K, using 30% (v/v) glycerol as cryoprotectant™. Crystal characterization
and diffraction data collection were performed in-house, using CuK, X-ray radiation from an
Enraf-Nonius rotating anode generator operated at 5 kW, with a MAR-Research image-plate
detector. The wavelength of the radiation used was 1.5418 A and 200 images were collected
with an exposure time of 15 minutes per frame. Diffraction data were processed and scaled,
respectively, with programs MOSFLM** and SCALA® from the CCP4 suite'’. Diffraction
experiments showed that, in the absence of the engineered 6-histidine tail, CtCBMI11
crystallized in the P2, space group. The unit cell dimensions are a=43.8 A, b=37.7 A, c=48.7 A
and $=99.8° and the crystals diffracted beyond 2.4 A resolution. Solvent calculations revealed a
Matthews coefficient of 2.2 A’Da’', which corresponds to 44% solvent, with one CtCBM11

molecule in the asymmetric unit.
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Figure 11.9: Crystals of CtCBM11 without the engineered 6-His tail.

I1.4.2.2 Phasing, model building and refinement

Considering the calculated Matthews coefficient, molecular replacement attempts were
performed searching for one molecule of CtCBMI11 in the monoclinic P2 cell. The previously
described and available structure of CtCBMI1 1, with accession code 1v0a?, was used as a search
model for molecular replacement. The Patterson search was done with program PHASER’,
implemented in the CCP4 interface'’, and a clear solution was found in space group P2,, with a
z-score of 15.2, against a z-score of 3.1 for the P2 alternative space group. Model building was
performed interactively using program COOT''. Model refinement and electron density map
calculations were done with program REFMAC5'* from the CCP4 suite'” to a final R-factor of
23.5% and Rgee of 29.5%. The final model contains 167 amino-acid residues from an expected
number of 172 residues in a single polypeptide chain. Due to disorder, three residues are
missing from the N-terminus, as well as two residues from the C-terminus end. The model also
includes two calcium ions and 59 water molecules. X-ray data collection and final refinement

statistics are included in Table 11.1.

11.4.3 NMR spectroscopy

I1.4.3.1 Data acquisition

All NMR spectra were acquired in a 600 MHz Bruker Avancelll spectrometer (Bruker,
Wissembourg, France) equipped with a 5 mm inverse detection triple-resonance z-gradient

cryogenic probehead (CP TCI). All data was processed in Bruker TopSpin2.1 (Bruker).
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I1.4.3.2 Resonance assignment and structure calculation

In order to assign all the resonances of CtCBM11 and determine its solution structure I have
followed a standard triple resonance-based protocol (see Chapter VII, Section VII.3).%
Because C. thermocellum is a thermophilic organism I also acquired data at 50°C. The
resonances were assigned with CARA1.8.4.2%" and the structure calculation was performed with
CYANAZ2.1%. For the CtCBM11 resonance assignment I used a double labeled protein sample
(13C-15N-CtCBM1 1) at a concentration of 0.7 mM in 90% H,O / 10% D,0O. Data were collected
in the Bruker Avance Il 600 MHz spectrometer at 25 and 50 °C.

I1.4.3.2.1 Resonance assignment

Two-dimensional '"N-'H- and "C-'H-edited heteronuclear single quantum coherence
(HSQC) and three-dimensional HNCO, HN(CA)CO, HN(CO)CACB, HNCACB and (H)CCH-
TOCSY experiments were performed to obtain the chemical shift assignments of backbone
atoms. Additional three-dimensional ’N- and "C-NOESY-HSQC (mixing time 60 and 80 ms,
respectively), both in the aliphatic and aromatic regions and HNHA experiments were acquired
for complete side chain resonance assignment and NOE measurements (see Chapter VII,
Section VI1.3). Table 11.3 summarizes the acquisition parameters for the different experiments.

The assignment of the 'H, "°C, and "N signals in spectra was performed in CARA1.8.4.2.**
For the semiautomatic protein backbone assignment, I have used the AutoLink module®

integrated into the CARA program.

Table 11.3: NMR experiments and acquisition details for the CtCBM11 resonance assignment.

Complex points Spectral width (Hz) Number
1H 15N 13C 1H 15N 13C Of scans
Backbone assignment
2D
N/'H-HSQC 2048 256 - 12019 2311 - 8
BC/'H-HSQC (aliph.) 2048 - 512 12019 - 24999 32
BC/'H-HSQC (aro.) 2048 - 1024 9014 - 11495 32
3D
NHCO 2048 40 128 9615 2311 2777 16
HN(CA)CO 2048 40 128 9615 2311 2777 16
NH(CO)CACB 2048 40 128 9615 2311 11320 16
NHCACB 2048 40 128 9615 2311 11320 16
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Side-chain assignment

1H 13C 13C 1H 13C 13C
(H)CCH-TOCSY 2048 48 180 9615 11364 11364 16
1H 15N 1H 1H 15N 1H
HNHA 2048 128 40 9615 2311 9615 16
NOE measurement
"N-NOESY-HSQC 2048 40 256 9615 2311 9615 16
lH lSC lH lH 13C lH
PC-NOESY-HSQC (aliph.) 2048 60 256 10000 11363 8333 16
PC-NOESY-HSQC (aro.) 2048 60 256 10000 11363 8333 16

11.4.3.2.2 Structure calculation

After assignment completion, CYANA2.1*’ analyzed peak data derived from the NOESY
spectra in a semi-automated iterative manner’®. I have used CARA1.8.4.2*® to automatically
generate the NOE coordinates and intensities for the analysis. The input data consisted of the
amino acid sequence, assigned chemical shift list, peak volume list and backbone dihedral
angles (® and W) derived from TALOS® (see Chapter VII, Section VII.3.1.1.5). The

1” using the macro

unambiguous NOEs were converted into upper limits by CYANA2.
calibrate (see Chapter VII, Section VI11.3.1.3.2). No stereospecific assignments were introduced
initially. In the final steps, 43 and 23 pairs of stereospecific limits were introduced by CYANA
for the structures at 25 and 50 °C, respectively. To ensure that the peak lists are faithful
representatives of the NOESY spectra, the chemical shift positions of the NOESY cross-peaks
must be correctly calibrated to fit the chemical shift lists within the chemical shift tolerances. As
a result I have used 0.02 ppm for the direct and indirect dimensions and 0.40 for the heavy atom
dimension (N and “C). CYANA2.1* used the given input to compute seven cycles of NOE
cross-peak assignment and structure calculation, each with 100 starting structures, from which
the 20 best were kept. After the first few rounds of calculations, I analyzed the spectra again to
identify additional cross-peaks consistent with the structural model and to remove miss-
identified peaks. I have applied 97 hydrogen bond constraints at a late stage of the structure
calculation for identifiable characteristic NOE patterns observed for a-helices or f-strands
according to Table 11.4 (89 for f-strands and 8 for a-helices for both structures). The calcium
ions were finally included in the calculations by adding a new residue in the amino acid

sequence. This residue is formed from a chain of dummy atoms that have their van der Waals
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radii set to zero so they can freely penetrate into the protein and one atom, which mimics the
calcium ion. Atoms Oel and Oeg2 from Glu91, Ogl from Glul01, O51 and 062 from Aspl35,
Oy from Ser137, 052 from Aspl41 and main-chain O from Thr139 were linked to the first
calcium ion through upper and lower distance limits of 2.4 and 2.2 A, respectively. Atoms Ogl
from Glul4, main-chain O from Aspl2, Asp 38 and Asn40 and Od1 and 0562 from Aspl63
Thr139 were linked to the second calcium ion through the same upper and lower distance limits.
This approach does not impose any fixed orientation of the ligands with respect to the calcium

ion. Input data and structure calculation statistics are summarized in Table 11.2.

Table 11.4: Short-range distances in the secondary structure elements.*

Distance a-helix 3_10-helix p-sheet (A) p-sheet (P)
d_aN 3.5 3.4 22 2.2
d_aN(i,it+2) 4.4 3.8

d_aN(,i+3) 3.4 33

d_aN(i,i+4) 4.2 33

d_NN 2.8 2.6 43 4.2
d_NN(i,i+2) 4.2 4.1

The 20 conformers with the lowest final CYANA target function values were further
subjected to restrained energy-minimization in a water shell by using the AMBER 9.0 package™
using the all atom force field ff99SB*. The structures were immersed in an octahedric box
using the TIP3P water model®, with a thickness of 10 A. A total of 8 sodium counter ions were
also included to neutralize charge. The simulation was performed by using periodic boundary
conditions and the particle-mesh Ewald approach to account for the electrostatic interactions.™
The restrained energy minimization was performed in three stages. In the first stage, the solvent
molecules were minimized by MM keeping the solute fixed with the positional restraint of 500
Kcal mol™" A? followed by the relaxing of the entire system after restraint removal. In the last
stage, a maximum of 1500 steps of restrained energy minimization and a combination of the
steepest descent and conjugate gradient algorithms were applied by using a parabolic or linear
penalty function for the NOE upper distance bonds and torsion-angle restraints.

I have used CHIMERA’ and PyMOL1.4.1°® to visualize the structures, calculate

accessibilities, and to prepare the diagrams of the molecules.

11.4.3.2.3 Structure validation

The quality of the CtCBM11 ensembles (at 25 and 50 °C) was evaluated by their agreement
with  the quality scores as determined by the software  MolProbity'
(http://molprobity.biochem.duke.edu/).
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The focus of this chapter is on the molecular determinants that define ligand specificity and
binding in the family 11 carbohydrate-binding module from C. thermocellum — CtCBM11.
Using a X-ray crystallography, NMR and molecular docking combined approach, | was able to
identify the atoms of the ligand and the residues of the protein responsible for binding and the
mechanisms involved in ligand recognition. The data presented in this chapter is part of a
published paper (Viegas et al, 2008)*, a book chapter (Viegas et al, 2010)? and a manuscript in
preparation
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Summary

The direct conversion of plant cell wall polysaccharides into soluble sugars is one of the
most important reactions on earth, and is performed by certain microorganisms such as
Clostridium thermocellum. These organisms produce extracellular multi-subunit complexes,
called cellulosomes that include a consortium of enzymes, which contain non-catalytic
carbohydrate-binding modules (CBM) that increase the activity of the catalytic module.

In this chapter, I describe a combined approach by X-ray Crystallography, NMR and
Computational Chemistry, in order to gain further insight into the binding mode of different
carbohydrates (cellobiose, cellotetraose and cellohexaose) to the binding pocket of the family
11 CBM'"?. Since the structure with a bound substrate could not be obtained, protein titration
experiments and computational studies with cellobiose, cellotetraose and cellohexaose were
carried out in order to understand the molecular recognition of glucose polymers by CtCBM11.
These studies provided information on the residues of the protein involved in ligand recognition
and on the influence of the length of the saccharide chain on binding. A cluster of aromatic
residues has been found to be important for guiding and packing of the polysaccharide.
Linebroadening, STD-NMR and DOSY experiments allowed screening the binding activity of
the several ligands and identifying the atoms of the ligands closer to the protein upon binding
(epitope mapping). The binding cleft of CtCBM11 interacts more strongly with the central
glucose-units of cellotetraose and cellohexaose, mainly through interactions with the OH
groups at position 2 and 6 of the central sugar units.

The models of the CtCBM1 1/cellohexaose and CtCBM11/cellotetraose complexes obtained
by docking allowed a detailed inspection of the main protein ligand interactions. CH-z and Van
der Waals interactions were found to be important for the stability of the complexes and to the
specificity of the protein. Protein relaxation data analyzed in terms of the model-free approach
revealed that the protein behaves as an axial symmetric rotor of the oblate type, independently
of the state (bound or free) or temperature. Moreover, thermodynamic data extracted from the
titration experiments at 25 and 50 °C and from the general order parameter, S° indicate that
binding of cellooligosaccharides to CtCBM11 must occur by a “conformational selection”
mechanism where the disposition of the residues in the binding cleft and interactions with
specific groups of the ligand act as determinants of specificity in CtCBM11.

Altogether, the results presented allow an atomistic rationalization of the molecular
determinants of ligand specificity in CtCBM11 and the mechanism by which this protein is able

to distinguish and select its ligands.
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[II.1 Introduction

CtCBM11 binds to a single polysaccharide chain that can be either f-1,4- or f-1,3-1,4-
mixed linked, reflecting the specificity of the associated catalytic domains (Table I11.1)%.
Quantitative binding studies by ITC showed that the f-1,3—1,4-mixed glucans possess the
highest affinity, whereas no affinity for -1,3 glucans was observed, indicating that not all the
sugar-binding sites can accommodate f-1,3-linked glucose residues'”. The affinity for the
mixed linkage tetraoligosaccharide Glc-f-1,4-Glc-f-1,4- Glc-4-1,3-Glc was approximately four
times higher than for cellotetraose, corroborating the hypothesis that the protein displays a
preference for a $-1,3-linked glucose in at least one subsite. The introduction of another £-1,3
linkage drastically reduces the affinity, suggesting that the protein may only be able to

accommodate a single f-1,3-linked glucose.**

Table I11.1: Quantitative assessment of CtCBMI11 binding to oligosaccharides and

polysaccharides as determined by ITC.’

_ Temp.  K.x10* AG AH ATS
Ligand ) ) ) ) 2
(K) (M™) (kcal mol™) (kcal mol™) (kcal mol™)
Lichenan 298.15 30.1+04° -75+0.1 -104+02 -29+02 1.0+0.0
Lichenan 333.15 53+£0.1 -72+00 -13.0+00 -58+00 1.1+0.0
B-Glucan 298.15 27.1+£0.5 -74+0.1 -11.2+£03  -38+02 1.0+0.0

Cellohexaose 298.15 7.8+0.1 -6.6 £ 0.0 -9.5+0.2 -29+02 0.8%0.0
Cellopentaose 298.15 59+0.3 -6.5+0.0 -8.7+£0.3 -22+£03 09£0.0
Cellotetraose 298.15 4.4+0.8 -6.3+0.1 -9.8+£0.1 -35+0.1 1.0£0.0
G4G4G3G° 298.15 192+15 -72+£01 -102+0.1 -3.0£0.1 1.1+0.0

% n is the number of binding sites on the protein.
® The values are given with the standard deviations of replicate titrations.
¢ Mixed linkage glucotetraoligosaccharide: Glc-4-1,4-Glc-$-1,4-Gle--1,3-Gle.

Determination of the crystallographic structure of the protein with a C-terminus histidine tag
revealed that, due to symmetry constraints, the binding cleft is occupied by the tag of a
symmetry-related molecule (Figure I11.1). Direct contacts to the histidine tail residues are
established by residues Tyr53, Argl26, Tyr129 and Tyr152, suggesting that these residues may
contribute to the accommodation and orientation of ligands in the cleft. Residue Asp99 contacts
the C-terminus tail by means of a water molecule bound to the side chain atoms O81 and 032,
in a bidentate way. The side chain Oy of Ser59 is in proximity to the side-chain of the
symmetry-related His172 and a possible contact may be mediated by a water molecule, although

its location is not clear in the electron density map. This data suggested that residues Ser59,
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Asp99, Tyr53, Argl26, Tyr129 and Tyrl52 might be involved in binding mechanisms of
possible ligands. Further mutagenesis studies (Table 111.2) confirmed the importance of
residues Tyr22, Tyr53 and Tyr129. For all the tested ligands, upon mutation of these residues
the affinity dropped dramatically.’

Figure 111.1: Highlight of the binding cleft of CtCBM11 with the bound C-terminal histidine
tail of a symmetry related molecule.

The histidine tail of the symmetry related molecule is depicted as sticks and coloured by heteroatom. The
Van der Waals surface of the histidine tail is depicted as red dots. The calcium ion is depicted as a white
sphere.

Table 111.2: Binding of wild type CtCBMI11 and its mutant derivatives to soluble
polysaccharides quantified by affinity gel electrophoresis (AGE).**

Ka (Wiv)
Ligand

Wild type Y22A Y53A Y129A Y152A
B-Glucan 1194.9 15.5 74.2 56.2 1080.4
Lichenan 701.6 9.7 89.1 68.1 690.1
Hydroxyethyl cellulose 24.4 NB? NB NB 53.6
Glucomannan 25.9 NB NB NB 20.4
Oat spelt xylan 17.5 NB NB NB ND"
? Kabelow 2.

® Not determined.

The main function of CBMs is to increase the catalytic efficiency of the associated enzymes
by putting the substrate and the enzyme into prorogated and close contact.”® Type B CBMs bind
to a large variety of substrates, recognizing single glycan chains comprising hemicellulose
(xylans, mannans, galactans and glucans of mixed linkages) and/or non-crystalline cellulose.

These proteins disrupt the structure of cellulose fibers through two major mechanisms: (i) the
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action of aromatic amino acids, like tryptophan and tyrosine, that are thought to pack onto the
sugar rings'””, (ii) and the conformational fitting of the glycan chains in the binding cleft’.
Therefore, stacking/hydrophobic interactions between the sugar rings and aromatic residues in
the CBMs and conformational fitting of the glycan chains, that confer additional specificity and
stability to the protein-carbohydrate complex, seem to play a key role in ligand recognition.'”*
' In spite of these findings, a detailed molecular and mechanistic understanding of CBM-
carbohydrate interaction and of the molecular determinants for CBM/ligand recognition is still
an open question and a major topic of research, because of its importance to fully rationalize the
complex mechanism of biomass hydrolysis.

In order to deepen the current knowledge concerning the molecular interactions that define
the ligand specificity in cellulosomal CBMs and the mechanism by which they recognize and
select their substrates, I used X-ray Crystallography, NMR and Computational Chemistry
approaches to identify the molecular determinants of ligand specificity of CtCBMI1I.
Unfortunately, crystal soaking and co-crystallization of CtCBM11 with candidate ligands was
unsuccessfully attempted, as concluded from the observation of difference electron density
maps, calculated after diffraction experiments. Confronted with these negative results from the
crystallographic approach, I have considered complementary experiments by NMR and
computational calculations. The strategy included two complementary ways: (i) one focused on
the structure of the ligand and the atoms responsible for binding to the proteins (epitope
mapping”), (i) and the other focused in the identification of the protein residues responsible for
ligand recognition. Using saturation transfer difference NMR (STD-NMR) and line broadening
studies I have shown that CtCBM11 does not interact (or has a very low affinity) with
cellobiose and displays very low affinity (most likely unspecific) for laminarihexaose.
Moreover, experiments with cellotetraose and cellohexaose show that the protein interacts more
strongly with the central glucose-units, mainly through interactions with positions 2 and 6 of the
sugar units. In order to identify the residues of the proteins responsible for recognition and
binding, I titrated the protein with several ligands and followed the variations in the amide
chemical shifts by NMR. This allowed pinpointing the residues involved in ligand recognition
and identifying key features in ligand recognition. This information was complemented with
docking and molecular dynamics studies that gave localized structural information on the
pocket site of CtCBM11. Furthermore, I have also studied the influence of temperature and
binding in the structure of the protein by analyzing the backbone dynamics of CtCBM11 and
amide exchange rates in the presence and absence of ligand and at 25 and 50°C. "N longitudinal

relaxation rates R;, transverse relaxation rates, R,, and steady state-state heteronuclear {1H}-

" In this context, epitopes are the atoms of the ligand that are closer to the protein when the complex is
formed.
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"N- NOEs have been determined and analyzed in terms of the model-free formalism of
molecular dynamics, using both isotropic and axially symmetric diffusion of the molecule, to
determine the overall rotational correlation time (z), the generalized order parameter (S, the
effective correlation time for internal motions (z.), and amide exchange broadening
contributions (R.,) for each residue.

The results presented allow a better understanding, at the molecular level, of the interactions
that define the ligand specificity in cellulosomal CBMs and the mechanism by which they

recognize and select their substrates.

[[1.2  Results and Discussion

II1.2.1 Characterization of the sugars

Prior to the identification of the atoms of the ligand closer to the protein upon binding to the
protein (epitope mapping) by NMR it is necessary to assign all the resonances of the different
ligands so that I can later epitope map them. The assigned proton spectra of the select sugars as
well as their structures are represented in Figure I11.2 to Figure 111.5. When assigning the
resonances of these sugars it is fundamental to have in mind that there is directionality in the
chains as both extremities are different: there is a reducing end and a non-reducing end.
Furthermore, the reducing end can exist in two conformations - o or f conformation. The
designation 'a-' means that the hydroxyl group attached to C1 and the -CH,OH group at CS5 lies
on opposite sides of the ring's plane (a trans arrangement), while 'S-' means that they are on the
same side of the plane (a cis arrangement). The a and f conformations exist in an approximately
40:60 ratio."

The assignment of the 'H and *C NMR spectra was achieved through the analysis of the 'H,
C, COSY, HSQC, HSQC-TOCSY and 1D selTOCSY spectra and the paper by Sugiyama et
al'? (see Materials and methods, Section 11.4.4.2).
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Figure 111.2: Structure and 'H spectra of cellobiose.
The spectrum was acquired with 1 mM solutions (100% D,0) at 600 MHz at 298 K with 32 scans.
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Figure 111.3: Structure and 'H spectra of cellotetraose.
The spectrum was acquired with 1 mM solutions (100% D,0) at 600 MHz at 298 K with 32 scans.
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Figure 111.4: Structure and 'H spectra of cellohexaose.
The spectrum was acquired with 1 mM solutions (100% D,0) at 600 MHz at 298 K with 32 scans.
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Figure 111.5: Structure and 'H spectra of laminarihexaose.

The spectrum was acquired with 1 mM solutions (100% D,0) at 600 MHz at 298 K with 32 scans.
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The complete 'H and “C resonance assignment of cellobiose, cellotetraose, cellohexaose and

laminarihexaose is summarized in Table 111.3 and Table I11.4.

Table 111.3: 'H chemical shifts of cellobiose, cellotetraose, cellohexaose and laminarihexaose in

D,0.

1 2 3 4 5 6 6'
Cellobiose
o 520(3.8) 3.55(3.9,9.8) 3.80(9.6) 3.6l 3.92 3.85 3.82(5.3)

B 4.63 3.25 (8.6) 3.61(9.3) 3.64 3.58 3.93(22,122) 3.78(5.1,12.3)
n 448(8.6) 3.29 3.48 3.39 3.45 3.89 (12.0) 3.71 (5.9, 12.5)
Cellotetraose

o 520(3.8) 3.55(3.8,9.8) 3.80(9.5) 3.62(9.5) 3.92(9.7) 3.85 3.83
B 4.63(8.0) 3.26(8.7) 3.61(9.6) 3.65 3.57 3.93 (11.0) 3.78 (5.0, 12.2)
m 4.51(8.0) 3.33(8.6) 3.64(8.4) 3.68 3.60 3.95(2.0,12.3) 3.80 (5.0, 12.4)
n 4.48(8.0) 3.29(8.7) 3.48(9.1) 3.39(9.5) 3.44 3.89 (12.3) 3.71 (5.9, 12.4)
Cellohexaose
o 520(3.8) 3.55(4.0,9.7) 3.80(9.5) 3.62(9.5) 3.92(10.1) 3.85 3.83
B 4.63(7.9) 3.26(8.6) 3.62(9.4) 3.65 3.57 3.93 (11.4) 3.78 (5.1, 12.2)
m 4.51(7.9) 3.33(8.4) 3.64 3.66 3.59 3.95 (10.9) 3.80 (4.8, 12.5)
n 4.48(7.9) 3.29(9.0) 348 (9.1)t 3.40(9.5) 3.45 3.89 (10.9) 3.71 (6.1, 12.4)
Laminarihexaose
o 521(3.8) 3.70(3.7,97) 3.89(9.3) 3.49(9.5) 3.75(4.9,12.3) 3.84 3.80
B 4.65(83) 3.4138.7) 3.71 3.49 (9.0) 3.46 3.87(10.3) 3.71
m 4.778.1) 3.53(8.4) 3.76 3.50 3.49 3.90 (11.0) 3.72(5.2, 11.6)
n 473 3.33(8.7) 3.50 3.38(9.5) 3.46(4.1,10.4) 3.89 (11.5) 3.70 (5.3, 12.3)

Table 111.4: °C chemical shifts of cellobiose, cellotetraose, cellohexaose and laminarihexaose

in Dzo

1 2 3 4 5 6
Cellobiose

o 91.80 7121 71.32 78.62 70.09 59.85

i 95.73 73.87 74.27 78.63 74.78 60.06

n 102.53 73.16 75.49 69.46 75.97 60.56
Cellotetraose

o 91.72 71.17 71.34 78.29 70.04 59.85

B 95.76 73.92 74.09 78.29 74.73 59.85

m 102.24 72.95 74.09 78.29 74.73 59.85

n 102.58 73.12 75.38 69.39 75.87 60.50
Cellohexaose

o 91.88 71.17 71.34 78.29 70.04 59.85

B 95.77 73.92 73.92 78.29 74.73 59.85
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m 102.24 72.90 73.93 78.24 7474 59.85
n 102.53 73.10 75.40 69.39 75.90 60.50
Laminarihexaose
o 92.04 71.01 82.17 68.16 73.28 60.50
B 95.60 73.76 84.44 68.16 75.99 60.66
m 102.40 73.28 84.12 68.13 75.54 60.66
n 102.73 73.44 68.10 69.56 75.99 60.66

II1.2.2 Molecular determinants of ligand specificity

The strategy followed in order to understand how these proteins distinguish and select their
substrates includes two complementary ways: (i) one focused on the structure of the ligand and
the atoms responsible for binding to the proteins, (ii) and the other focused in the identification
of the protein residues responsible for ligand recognition. Concerning the first approach, I have
applied several techniques that could give insight about the atoms of the ligand that were in
close contact with the protein upon binding. As I had the crystals of the protein without the
histidine tag (were the binding cleft was not occupied by the C-terminal tail of a symmetry
related molecule), I first tried to obtain co-crystals of the protein with ligands of interest
(Section 111.2.2.1). Due to negative results' I used NMR to identify and map the ligand
epitopes'”. For this purpose linebroadening studies' (Section 111.2.2.3), saturation transfer
difference NMR (STD-NMR)'* (Section 111.2.2.4) and diffusion ordered spectroscopy (DOSY)'
(Section 111.2.2.5) were applied. The interaction between CtCBMI11 and -cellobiose,
cellotetraose, cellohexaose was used as a model to study the interaction between the protein and
cellulose and accessing the influence of the length of the polysaccharide -chain.
Laminarihexaose was used to infer about the specificity of CtCBM11.2

NMR was also the tool chosen for tackling the second approach - identification of the protein
residues responsible for ligand recognition. In this sense I studied the interaction between
CtCBM11 and cellohexaose and cellotetraose by titrating *C-""N- labeled CtCBM11 with the
ligands and following the chemical shift perturbations by NMR (Section 111.2.2.5). I have also
studied the influence of temperature in binding by performing the titrations at 25 and 50 °C.
Using either the crystallographic structure of CtCBM11 or NMR solution structures obtained
(Chapter 1l) and the data derived from STD-NMR and titration studies I have calculated
computational models of the CtCBMIl1-cellobiose, CtCBMI1-cellotetraose CtCBMI11-
cellohexaose complexes (see Section 111.2.2.6). Experimental details of all the techniques

applied are explained in Materials and methods, Section I11.4.
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I11.2.2.1 Co-crystallization studies

Since the crystals of the protein with the histidine tail had the binding site occupied with the
C-terminus residues of a symmetry related molecule (Figure I11.1), thus preventing the
attempts to incubate the protein crystals with ligands of interest, I attempted to co-crystallize the
protein without the histidine tail with cellohexaose. The first attempts were done under the
conditions previously established’ and in which crystals were already obtained, but there were
no positive results. Thus I tested new crystallization conditions (see Appendix B, Table B.1). Of
the 80 crystallization conditions and different temperatures (4 and 20 °C) tested none produced
positive results. The results obtained were mainly precipitate.' As seen in the previous chapter,
the smaller size of the cleft in the crystal structure, probably imposed by the crystal packing,

may be the cause for the failed co-crystallization attempts with different cellooligosaccharides.

I11.2.2.2 Influence of calcium in the structure of cellohexaose

As seen in Chapter II, CtCBM11 has two calcium-binding sites (similar to what happens
with other CBMs). These calcium ions are thought to have a structural role, helping stabilizing
the tertiary structure of the protein.’ Nonetheless, in some CBM families (for instance the family
36 CBM from Paenibacillus polymyxa' or the family 35 CBM of the Cellvibrio japonicus'*)
the carbohydrate recognition is calcium-dependent. Despite in CtCBM11 the two calcium-
binding sites are distant from the ligand binding site, it is known that calcium may alter the
conformation of carbohydrates.”” Therefore, I wanted to check if the presence of calcium ions
would affect the conformation of cellohexaose. For that I titrated a solution of cellohexaose with
calcium chloride (CaCl,) and followed the titration by 'H-NMR (Figure I11.6). The data shows
that calcium does not interact with cellohexaose as the linewidth of the signals is not altered
(see Chapter VII, Section VII.2.2.3). Only for very high concentrations of calcium (6
equivalents - Figure 111.6 - F) I started to see some broadening of the signals of cellohexaose
meaning that, at this concentration the calcium may be interacting with the sugar. Nonetheless,
as this only happens for very high concentrations it is safe to say that calcium does not influence

ligand binding and has only a structural role.
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Figure 111.6: Titration of cellohexaose with CaCl,.

A) Reference spectrum of 4 mM cellohexaose; B to F) 0.5, 1.0, 2.0, 3.0 and 6.0 equivalents of calcium,
respectively.

I11.2.2.3 Linebroadening studies

The simple measure or estimation of line widths may serve as a basis to deduce the
occurrence of binding or recognition (see Chapter VII, Section VI1.2.2.3). Since the relaxation
properties of the oligosaccharides will be affected upon protein binding due to their dependence
on molecular motion, I have studied the linebroadening effects (related to transverse relaxation -
T,) of cellohexaose resonances upon addition of CtCBM11'. The spectra were acquired at 298 K
in a Bruker ARX spectrometer, operating at a frequency of 400 MHz (see Materials and
methods, Section 111.4.4.4).

In general, a progressively line broadening of all the cellohexaose protons was observed
during titration with increased amounts of protein, which can be understood as a result of loss of
local mobility caused by the binding of the sugar to the protein. Chemical shifts are only slightly
affected suggesting fast equilibrium between free ligand and protein bound forms. The
cellohexaose proton resonances can be identified in Figure 111.4. A detailed comparison of the
cellohexaose spectra showed that the most significant linebroadening was observed for protons
6 and 2, from the central glucose units (Figure 111.7) indicating that the corresponding hydroxyl
groups are involved in protein binding.

The results for the linebroadening measurements of anomeric proton of the reducing end in
the alpha and beta configurations, Hla and H1p, plotted in Figure 111.7-1 and 1V, showed that
these protons are hardly affected by protein binding, as would be expected for protons on the

terminal end of the sugar, located out of the binding cavity. However, for H1/ a slight effect can
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be detected when compared to Hla, which can be indicative of a higher affinity of the protein
for the f form. Furthermore, proton 4 from subunit N (non-reducing end) also shows a
significant broadening (Table 111.5). This indicates that, although the non-reducing end lay
outside the binding cleft, some contacts with the protein may occur that restrict its mobility.
Moreover, the overall loss of mobility of the whole cellohexaose molecule will also lead to a

general broadening of all resonances.
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Figure 111.7: Line broadening studies.'
I, 11, and 111 - series of spectral regions of a solution of cellohexaose 0.80 mM in D,0, corresponding to

protons aH1, H2m and H6m, respectively, acquired at 298K as a function of peptide (CtCBM11)
concentration (A = 0.0 mM, B = 0.031 mM, C = 0.060 mM, D = 0.116 mM and E = 0.168 mM). IV -
Linewidths (Av;,) of selected cellohexaose protons, determined after spectral deconvolution, as a
function of peptide (CtCBM11) concentration: ® — Hla, A— Hlm, e - H14, ¢ -H2m, ¢ - H6m, © -
H6’'m+6°p.

Table 111.5: Linewidths at half-height for the different protons of cellohexaose during the

titration experiment.

Proton
[CBM11] (mM)

Hla HIp HIm Hln H6m H6'm+6'f H3n H4n
0.000 . 1.75 238 250 206 391 3.72 1.87 2.22
0.031 i 227 239 408 246 4.18 5.14 349 2.8l
0.060 % 273 383 6.15 3.64 4.86 5.97 346 3.18
0.116 § 2.53 370 1097 6.14 6.33 6.67 532 3.87
0.168 - 2.62  3.67 - - 7.95 9.90 6.24 4.40

I11.2.2.3 Saturation transfer difference NMR (STD-NMR)

In order to understand how CtCBM11 distinguishes and selects the different ligands it is

extremely important to identify which atoms of the ligand are closer to the protein when the
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complex is formed (epitope mapping). Identification and mapping of the epitopes was achieved
using a NMR technique, known as Saturation Transfer Difference (STD-NMR [see Chapter VII,
Section VII1.5.1]). The ability to detect binding of low molecular weight compounds to large
biomolecules using the STD-NMR technique has already been demonstrated.'>'®'® This

technique offers several advantages over other methods to detect binding activity:

1. The binding component can usually be directly identified, even from a substance
mixture, allowing it to be utilized in screening for ligands with dissociation constants
Kg ranging from ca. 10” to 10™* M.

2. The atoms of the ligand having the strongest contact to the protein show the most
intense NMR signals, enabling the mapping of the ligand’s binding epitope.

3. Very important for a NMR-based detection system, its high sensitivity allows using

as little as 1 nmol of protein with a molecular weight >10 kDa.'®

STD-NMR spectroscopy was applied to analyze the binding of cellobiose (Figure 111.8),
cellotetraose (Figure 111.9), cellohexaose (Figure 111.10) and laminarihexaose (Figure 111.11)
to CtCBM11. All the spectra were acquired at 298 K in a Bruker Avancelll spectrometer,
operating at a frequency of 600 MHz with a 100-fold excess of ligand over the protein (See
Materials and methods, Section 111.4.4.5).

The STD-NMR spectrum of cellobiose is presented in Figure 111.8, along with the sugar’s
reference spectrum. The absence of signals in the STD-NMR spectrum is a clear indication that
either there is no interaction between CtCBM11 and cellobiose or it is very weak. These results
are in accordance with previous data®* where the ITC-determined affinity constant (K,) was
reported to be around 1.3x10° M, which is in the lower limit of STD detection capabilities (10’
to 10°M™)."®
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Ref. - cellobiose

L.

Figure 111.8: STD-NMR of cellobiose with CtCBM11.

Top - Reference 'H-NMR cellobiose spectrum. Bottom - STD-NMR spectra of the solution of cellobiose
(2 mM) with the protein (20 uM). No signals appear in the STD-NMR spectrum, indicating that either
there is no interaction between cellobiose and CtCBM11 or it has a very low affinity.

Unlike cellobiose, the STD-NMR spectrum with cellotetraose clearly shows some signals
(Figure 111.9). This is a clear indication that CtCBMI11 binds to this ligand. Moreover,
comparison of the reference with the STD-NMR spectrum shows that the relative intensity of
the peaks is different, therefore allowing to epitope-map the ligand. The binding epitope is
created by the comparison of the STD intensity relative to the reference one and this is
described by the STD amplification factor (Astp) shown in Equation I11.1 (see also Materials

and methods, Section 111.4.4.5).

Ih—1 I
Agrp = Ol—m X ligand excess = % X ligand excess

0 0
1.1

were Astp is the STD amplification factor, lo, Isar and lstp are the intensities of the reference
(off resonance), saturated (on resonance) and difference (STD-NMR) respectively. The
differences in Asrp for the different protons can be quantitatively expressed by analyzing the
relative STD effects at a given saturation time - epitope mapping of the ligand. Provided that all
the ligand protons have similar relaxation rates, then the differences in the relative STD
response (lstp/lo or Astp) reflect the relative proximity of that proton to the receptor binding

site. The procedure is simple, for a given saturation time the relative STD (or Agtp) with the
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highest intensity is set to 100 %, and all other STD signals are calculated accordingly. Table

111.6 shows the calculated Asrp values and the epitope mapping of all possible protons.
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Figure 111.9: STD-NMR and epitope mapping of cellotetraose bound to CtCBM11.

Top - Reference 'H-NMR cellotetraose spectrum. Bottom - STD-NMR spectra of the solution of
cellotetraose (2 mM) with the protein (20 uM). The binding epitope for the interaction of cellotetraose
with CtCBM11 is shown above each peak and mapped in the structure of the sugar.

For cellotetraose the maximum intensity is found for the peaks in the region between 3.45
and 3.56 ppm. These peaks correspond to protons H4m, H45, H3m, H3p4, H4a, H5f and H5m
and their higher intensity means that these protons, or at least some of them, are the ones closer
to the protein upon complex formation. Unfortunately, due to signal overlapping it is not
possible to distinguish the individual contributions. The other protons that show a high intensity
are the ones bound to C2 in the central glucose units (H2m) with 81% relative intensity. This
indicates that these protons are also very close to the protein when the complex is formed and
may be key for binding and recognition. All other protons have relative intensities around 30%,
meaning that they are more distant from the protein when the complex is formed. In general all
glucose units show some degree of saturation indicating that the whole molecule is in contact
with CtCBM11. This is in good agreement with previous data that showed that the binding cleft
of this protein can accommodate at least 4 sugar units.” The STD epitope map of cellotetraose

upon binding to CtCBM11 is shown in Figure 111.9 and summarized in Table 111.6.
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Regarding the interaction of cellohexaose with CtCBM11 (Figure 111.10), it can be seen

that it is very similar to the one with cellotetraose.

Ref. - cellohexaose
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Figure 111.10: STD-NMR and epitope mapping of cellohexaose' bound to CtCBM11.

Top - Reference 'H-NMR cellohexaose spectrum. Bottom - STD-NMR spectra of the solution of
cellohexaose (2 mM) with the protein (20 pM). The binding epitope for the interaction of cellotetraose
with CtCBM11 is shown above each peak and mapped in the structure of the sugar.

Comparison of the reference and STD-NMR spectra clearly shows that the residues of the
hexasaccharide are differently involved in binding. It can be seen from Figure I11.10 that the
more intense signals are those corresponding to H2 from central glucose units (H2m) indicating
that, when the complex is formed, these protons are the ones closer to the protein. As in the
case of cellotetraose, the signals located at the central region of the spectrum (H4m, H44, H3m,
H3p, H4o0, H5f and H5m) also show a very high degree of saturation (95%), again indicating
that at least some of them are close to the protein upon complex formation. Due to signal
overlapping it is not possible to distinguish the individual contributions of these protons.
Additionally protons from the methylene groups (H6 and H6’), particularly the ones of the
central glucose units (H6m and H6’m), also display a relative high degree of saturation (60 and
50%, respectively). The fact that one of the diastereotopic protons from the methylene groups
shows a relative more intense peak in the STD spectrum is indicative of a precise orientation of
the methylene groups upon binding to the protein. With respect to reducing and non-reducing
ends (o/f and n, respectively), the observed signals in the STD-NMR spectrum show that they
should not contribute significantly to the binding as the relative degrees of saturation are low
(Table 111.6). Nonetheless, some contact still exists between the protein and the extremities of

the hexasaccharide. These contacts occur with all protons of the non-reducing end and with
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protons H2 and H4 of the reducing end and may be responsible for stabilizing the complex as
the extremities of cellohexaose lay outside the binding clef. In the absence of these relatively
weak contacts the entropy of the cellohexaose molecule could lead to a decrease in the affinity.
ITC studies’® (Table 111.1) showed that the affinity of CtCBM11 for cellohexaose is higher
than for cellotetraose (~2-fold). The possible mechanism for the tighter binding of ligands that
extend beyond the hydrophobic platform may be related to the more extended interchain
hydrogen bonding network afforded by these longer ligands that stabilizes the conformation
adopted by the oligosaccharide in the binding cleft.”” Alternatively, the flexible anomeric
configuration adopted by the O1 of the reducing end glucose may reduce binding affinity, and
thus these CBMs bind optimally to internal regions of glucan chains. These results indicate that
the binding cleft of CtCBM11 interacts more strongly with the central glucose-units, mainly
through interactions with position 2 and 6 of the sugar units, which is consistent with the ligands

8,20-22

accommodated by other Type B CBMs.

Table 111.6: Amplification factors and epitope mapping for the interaction between CtCBM11

and cellotetraose and cellohexaose.

Astp / Epitope mapping (%)

1 2 3 4 5 6 6"
CtCBM11/Cellotetraose
a - - 0.67/28°  2.40/100° - 0.47 /19 -
B - 081/34 240/100° 240/100° 2.40/100° - 0.67/28°¢
m - 194/81  240/100° 2.40/100° 240/100° 0.75/31 0.67/28°
n - 0.72/30 0.70/29° 0.67 /28 0.70/29*  0.54/22  0.68/28
CtCBML11/Cellohexaose
a - - 0.89/50° 1.85/95°¢ - - -
B - 0.63/35 1.85/95°¢ 1.85/95°¢ 1.85/95°¢ - 0.89/50"
m - 1.79/100 1.85/95°¢ 1.85/95°¢ 1.85/95¢  1.07/60 0.89/50"
n - 0.61/34 0.69 /38 ¢ 0.58 /32 0.69/38¢ 083/46  0.92/52
a,b,c,d, e,

_ These peaks are overlapped

Regarding the STD-NMR results with laminarihexaose (Figure I111.11), because previous
studies indicated that CtCBMI11 didn’t bind to f-1,3 linked glucans (as is the case of
laminarihexaose)’, no signals were expected. Nonetheless, as seen in Figure 111.11, some
signals (although very weak) appear in the STD-NMR spectrum, indicating some degree of
interaction may occur, despite being possibly non-specific. The low Astp values determined for
laminarihexaose (0.15 for proton H2n, 0.22 for proton H4n, 0.43 for proton H2m, 0.38 for
protons H6'n, H6'm, H6', H3S, H5a, H20 and H3m and 0.41 for protons H6f, H6n, H6m and
H3a) are a good indication of this low affinity interaction. The affinity of CtCBM11 for several

ligands, including laminarin, was previously determined by affinity gel electrophoresis
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(AGE).** In these studies it was shown that CtCBM11 displays the highest affinity for 5-1,3—
1,4-mixed glucans while exhibiting significantly weaker binding to hydroxyethyl cellulose,
glucomannan and oat spelt xylan and no affinity for arabinan, galactomannan, laminarin,
rhamnogalacturan, glucuronoxylan and or rye-arabinoxylan, which contrasts with the results
obtained by STD-NMR. The range of association constants that can be determined by affinity
gel electrophoresis goes from about 10* to 10° M *, which, in principle, should be enough to
detect the binding of laminarihexaose as it was detected by STD-NMR whose detection interval
ranges from 10° to 10° M™. Nevertheless, the lower limit of AGE is determined by the
concentration of ligand in the gel and by the ability to measure small migration changes.” For
low affinity ligands, the mobility of the protein won’t be as affected if not enough ligand is in
the gel. In order to detect this type of binding an increase in the ligand concentration in the gel
is needed.” Therefore, the fact that no binding was detected for laminarin may only indicate that
its affinity is too low for AGE detection in the conditions used. My results show that, though
CtCBM11 is not specific to f-1,3-linked saccharides, it still retains some activity towards

laminarihexaose. Whether this low affinity has a biological meaning or not is still unknown.
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Figure 111.11: STD-NMR of laminarihexaose with CtCBM11.

Top - Reference '"H-NMR laminarihexaose spectrum. Bottom - STD-NMR spectra of the solution of
laminarihexaose (2 mM) with the protein (20 uM). Despite previous studies indicated that CtCBM11
didn’t bind to f-1,3-linked glucans, some signals appear in the STD-NMR spectrum, indicating some
degree of interaction.
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I11.2.2.4 Diffusion studies (DOSY)

Another way to study molecular interaction in solution is through the NMR technique,
known as Diffusion Ordered SpectroscopY, DOSY (see Chapter VII — Section VI1.5.2). The
DOSY technique aims identifying the molecular components of a mixture acquiring, at the same
time, information on their size and is based on the self-diffusion coefficient.**** Self-diffusion
is the random translational motion of molecules driven by their internal kinetic energy.** Self-
diffusion coefficients and the structural properties of a molecule are connected by the
dependence of the self-diffusion coefficients on molecular size and shape. Therefore, it is not
surprising that the determination of molecular self-diffusion coefficients by NMR has become a
valuable methodology for studies of molecular interaction in solution. The concept behind the
application of diffusion NMR techniques for binding and screening studies is very simple and is
based on the fact that the diffusion coefficient of a small molecule is altered upon binding to a
large receptor.

With this experiment I intended to determine the association constant (K,) for the
cellohexaose/CtCBM11 interaction and to confirm if binding of laminarihexaose to CtCBM11
could be detected by DOSY. Figure 111.12 shows the DOSY spectrum of the mixture of

cellohexaose and laminarihexaose before adding the protein (A) and after (B).

log(m2/s) _ML | . ll log(m2/s) M

=114 A -114B
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Figure 111.12: DOSY spectra for the calculation of the association constant for the

cellohexaose/CtCBM 11 interaction.’

A) DOSY spectrum from the mixture of cellohexaose and laminarihexaose, 40 uM in D,O with TSP, B)
DOSY spectrum from the mixture of cellohexaose, laminarihexaose and CtCBM11, 40 uM in D,0O with
TSP. The spectra were acquired in a Bruker Avance 11 600 MHz spectrometer, at 298K, with 512 scans in
32 steps and a spectral width of 12376 Hz in the direct dimension centered in the solvent frequency. The
duration of the encoding/decoding gradient was 1.5 ms in A and 1.1 ms in B. The diffusion time was 400
ms in A and 800 ms in B. LMW: Low Molecular Weight.

From these results it is possible to say, only by direct observation of the DOSY spectra, that
there is an interaction between cellohexaose and the protein whereas laminarihexaose does not

interact (the diffusion coefficient of cellohexaose decreases when the protein is added to the
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mixture of sugars and the one from laminarihexaose remains the same). This is in good
agreement with the STD-NMR results and confirms that binding of laminarihexaose to
CtCBM11 is non-specific. The protein and carbohydrate diffusion coefficient values are listed
in Table I11.7 and were extracted directly using the variable gradient fitting routines in Bruker

TopSpin2.2 software.

Table 111.7: Self diffusion coefficients measured for the mixture of sugars with and without the

protein.
Self-Diffusion Coefficients, D (m%s)

Sugar sample

Cellohexaose 3.55x10™"
Laminarihexaose 3.55x107™"
TSP 8.85x10™"

Mixture sample

Cellohexaose 1.82x10™
Laminarihexaose 2.82x10™°
CtCBM11 1.15%107™"
TSP 6.52x10™"

Using Equation 111.6 (see Material and methods - Section 111.4.4.6) and the data in Table
I11.7 T was able to calculate the association constant for the binding of cellohexaose to

CtCBM11: K, = 6.33x10* M™". This result is in agreement with previous studies’ (Table 111.1).

I11.2.2.5 Interaction studies with cellooligosaccharides

Through linebroadening and STD-NMR studies I was able to identify the atoms of the
ligands involved in binding and to distinguish between the ones closer to the protein when the
complex is formed and the ones more distant. Nonetheless, so far I had no experimental
information about the residues responsible for ligand binding and recognition.

In order to characterize the residues responsible for binding of CtCBMI1 to
cellooligosaccharides, I titrated a 0.1 mM sample of double-labeled protein with cellohexaose
and cellotetraose and acquired a "N-"H-HSQC at each titration. Besides the length of the
cellooligosaccharide chain, I have also studied the influence of temperature by performing the

titrations at 25 and 50 °C (Figure 111.13).
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Figure 111.13: Backbone amide chemical shift variations between CtCBMI11 and A)
cellohexaose at 25°C; B) cellohexaose at 50 °C and C) cellotetraose at 25 °C.

Chemical shifts variations larger than the corrected standard deviation to zero®® were considered as
significant. Green bars mark residues that disappear during the titration. Above each plot is depicted the
surface of the solution structure of CtCBMI11 in light grey with the residues that show significant
chemical variations depicted in green.

Several protein protons substantially changed their chemical shifts upon addition of
increasing amounts of cellohexaose and cellotetraose which allowed pinpointing of the binding

cleft of CtCBM11 (Figure 111.13). In order to better represent the distribution of affected and
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non-affected residues I have calculated the combined chemical shift perturbation, 4d¢omp, and
determined a cut-off line®® (see Materials and methods - Section 111.4.4.8).

The interaction with cellohexaose clearly shows that most changes occur for residues Tyr53-
Ser59; Arg86-Ser93; Asp99-Ser106, Argl25-Tyr129, Ansl44, Ilel45 and His149-Alal53,
independently of the temperature (Figure 111.13 - A and B). Upon addition of only 0.3
equivalents of cellohexaose, the amide signals of residues Asp99 and Tyr152 disappear from the
'H-"N-HSQC spectra, most probably due to conformational broadening, suggesting an
important role in ligand binding/recognition.

The interaction with cellotetraose shows that this smaller ligand interacts with fewer residues
of the protein and preferentially with one side of the binding cleft. Residues Arg86-11e94,
Asp99-Vall04, Phel23-Tyr129, Ile145 and His149-Alal53 are the most affected by binding
(Figure 111.13 - C). Interestingly, although cellohexaose and cellotetraose share the same
binding cleft, the interaction pattern is very distinctive. While cellohexaose interacts with both
sides of the binding cleft, cellotetraose seems to interact preferentially with one side and, as I
said above, with fewer residues. This difference is related to the smaller size of cellotetraose and
is reflected in the affinity displayed towards the different ligands (Table 111.8). Nonetheless,
independently of the ligand and temperature, all resonances that undergo large chemical shift
changes on binding are located in and around the putative binding cleft’ of CtCBM11 (Figure
111.13), confirming this region as the binding site. In addition, several of the identified residues
were already recognized by site directed mutagenesis® (Tyr22, Tyr53 and Tyr129) and
molecular docking studies' (Asp99, Argl26, Aspl128 and Aspl46) as key for the binding
process.

The observed effects on the chemical shifts indicate that the interaction is fast in the NMR
time scale. Thus, the alterations in chemical shifts can be used to determine the equilibrium
association constants.’®*’ From the titration data, I saw that Tyrl29 interacts with both
cellohexaose and cellotetraose and from previous mutation studies'” I knew that this residue is
essential for ligand binding. Due to this fact and because Tyr129 NH resonance is fairly well
resolved, I followed its chemical shift as a function of the concentration of ligand to obtain
binding constants (Table 111.8). The results yielded a K, of 5.20+1.10x10* and 1.83+0.33 x 10*
M for the interaction with cellohexaose at 25 and 50 °C, respectively. For the interaction with
cellotetraose at 25 °C a K, value of 2.33+0.56 x10* M was obtained (Table 111.8). A full list of
the calculated affinity constants and thermodynamic parameters from the interaction of
CtCBM11 with cellohexaose and cellotetraose is given in Appendix C, Tables C1 and C2,
respectively. The determined K, values for both ligands at 25 °C are in good agreement with
previous ITC results® as one can see in Table 111.8 and with the results obtained by DOSY

(6.33x10* M for cellohexaose). The lower affinity of cellotetraose when compared to
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cellohexaose is most likely due to the loss of several key contacts with the protein as seen from

the titration experiments.

Table 111.8: Quantitative assessment of CtCBM11 binding to cellohexaose and cellotetraose,

using the NH resonance of Tyr129 as a probe.

4 o nd AG (kcal.mol™) A TAS (kcal.mol™)
Kax10" (M™) (25°C) AH (kcal.mol ™) (25°C)

_ 0,

(Cl\fll\'/logfxaose 25 °C 5 9041.10
-6.43+0.22 -7.99+0.26 -1.57+0.01

Cellohexaose — 50 °C 1.8340.33
(NMR) 0=

_ 0,
Cellohexaose — 25 °C ;4.4 6.6:0.0 9.540.2 2.9402
(ITC)
Cellotetraose — 25 °C
(NMR) 2.3340.56 -5.95+0.25 - ;

_ 0,
(CleT'g’)tse”aose 25 °C 44108 -6.3+0.1 -9.8+0.1 -3.540.1

The thermodynamic parameters, 4H and A4S of the residues involved in binding were
calculated from the K, values determined from the titration experiments using a van't Hoff plot
of In(K,) vs. 1/T. For the binding of cellohexaose to CtCBM11 a AH of -6.43+0.22 kcal.mol
and a binding entropy, 7485, of -1.57+0.01 kcal.mol™ (T=298K) were obtained.

The thermodynamic parameters of binding presented in Table 111.8 show that the K,, AH
and TAS values determined based on the chemical shift perturbation of Tyr129 are in good
agreement with the literature values determined by ITC’. These values show that the association
of CtCBM11 with cellohexaose is enthalpically driven (i.e., exothermic) with an unfavorable
entropic contribution (AG=-6.43+0.22, AH=-7.99+0.26 and TAS=-1.57+0.01 kcal.mol™"). This is
common to the majority of carbohydrate-binding modules™. However, when considering the
thermodynamic parameters determined with all the residues perturbed, we see that the AG value
does not change considerably, but the entropy term becomes positive and the enthalpy less
negative (AG=-5.95+0.62, AH=-3-03+1.84 and TAS=2.92+0.01 kcal.mol'). This raises the
question about the individual contributors to the thermodynamic parameters, such as the role of
favorable direct CBM-saccharide interactions, conformational rearrangements of the
oligosaccharide, thermodynamic favorable structural rearrangements of the protein backbone,

etc.

I11.2.2.6 Computational studies

Since the X-ray structure of the CtCBM11 with a bound substrate was not available, it is
difficult to evaluate the importance and function of each residue at the CtCBM11 cleft in the

binding process of carbohydrates. Consequently, computational studies were used to deduce this
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kind of information and complement the NMR studies. These studies provided localized
structural information of the binding pocket of the CtCBM11 helping to interpret all the NMR
data.

The first attempt to obtain the CtCBM11/ligand models was performed by my colleges at
Faculdade de Ciéncias da Universidade do Porto (Dr. Natércia Bras, Prof. Nuno Cerqueira,
Prof. Pedro Alexandrino Fernandes and Prof. Maria Jodo Ramos).' In their calculations they
used the crystal structure of the protein with the histidine tail (1v0a)’ instead of the one without
the tag (see Chapter Il) because the first was acquired at higher resolution and no significant
structural differences are observed between the two. Moreover, at that time the NMR solution
structure was not available. These studies were conducted using only the STD-NMR
information.

Later, using the experimental information about the residues that are most affected by
binding, together with the NMR solution structure of the protein, in combination with the
previously obtained information obtained by STD-NMR concerning the ligand, I have
recalculated a model of the CtCBM1 1-cellohexaose/cellotetraose complex. The two approaches

are discussed below.

I11.2.2.6.1 Docking experiments with the crystallographic structure

Calculations were performed with cellobiose, cellotetraose and cellohexaose. Moreover, for
each ligand the a and f8 isomers were considered.' The ligands were built independently and the
structure was optimized using the AMBER force field”.

The first results that came from the initial simulations were quite disappointing since the
conformations of some residues near the binding pocket, namely Tyr22, Tyr53, Tyr129 and
Tyr152, gave rise to a steric obstacle, and were precluding an efficient binding of the ligands.
To overcome this issue my colleagues used the software MADAMM?® that allows a certain
degree of protein flexibility in standard docking processes. The process tries to mimic a
conformational binding model, in which the receptor is assumed to pre-exist in a number of
energetically similar conformations. Accordingly, the ligand binds preferentially to one of these
conformers displacing the equilibrium towards this particular conformer and increasing in this
way its proportion relatively to the total protein population. In this study the flexibilization was
applied to Tyr22, Tyr53, Tyr129 and Tyr152. At the end of this process a group of complexes
was obtained, with optimized affinities between the CtCBM11 and each studied ligand. In order
to refine these results, molecular dynamics simulations were performed on the best solution.

This process was repeated for all the studied ligands, including the o and £ isomers.
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The simulations showed that all ligands have common binding poses at the CtCBM11 cavity,
near the aromatic amino acids that were flexibilized. Furthermore, the ligands bind in an
equidistant mode at the CtCBM11 cleft, suggesting an apparent symmetry at the binding cavity.
Most of the interactions between the CtCBM11 cleft and each carbohydrate occur through
hydrogen bonds, namely with the equatorial OH groups of the glucose monomers, and also by
several van de Waals contacts that are promoted by the aliphatic side chains present at the
interface, namely with, Tyr22, Tyr53, Tyr129 and Tyr152. The only exception was cellobiose
that showed no specificity and different binding poses at the CtCBM11 cleft could be observed
(Figure 111.14). This is in agreement with the experimental work, where no specific interaction
could be detected with this ligand (Figure 111.8).

The docking results obtained with MADAMM, have also revealed there is no substantial
differences between the o and S conformations of carbohydrates. However, in some
carbohydrates, the C1 terminal of the o conformation is turned towards the left hand side of the
binding cavity, whereas in the f conformation is in the opposite direction. Keeping in mind that
the monomers that constitute the ligands are equal among themselves, this change in the
orientation is not of great importance to the establishment of the binding interactions between

the ligand and the CtCBM11, and this kind of behavior should occur commonly in nature.

Figure I11.14: Representation of the conformations of the three-dimensional structure of
binding of the different ligands obtained by docking.

A) a- (red) and p-cellobiose (green); B) a- (red) and p-cellotetraose (green); C) a- (red) and f-
cellotetraose (green).

From the studied carbohydrates, cellotetraose was the one that fitted perfectly inside the
binding cleft of the CtCBMI11. In the case of f-cellotetraose, the hydrogen bonds were
established with the amino acids Glu25, Asp99, Argl26, Aspl28, Aspl46 and Ser147 (Figure
111.15), that closely match the amino acids that interact with the a isomer, differing only in
Glu25 residue. In the case of f-cellohexaose ligand the carbohydrate oligomer interacts mainly

with the amino acids: Asp51, Trp54, Thr56, Gly96, Gly98, Asp99, Argl26, Aspl28 and
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Aspl46. In the case of the a-isomer some hydrogen bonds with amino acids Tyr22, Thr50 and
Alal53 can also be observed, but not with Trp54, Gly96 and Gly98.
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Figure 111.15: Representation of the most important interactions between the S-cellotetraose (A)

and f-cellohexaose (B) with the CtCBM11 binding cleft.

Comparison of all the simulated complexes shows that there is a common binding site at the
CtCBM11 cleft and all the studied polysaccharides make several contacts with Asp99, Argl26,
Aspl128 and Aspl46 amino acids. Most of the hydrogen bonds occur via the hydroxyl groups
associated to the C2 and C6 carbon atoms of each glucose ring, which is in agreement with the
results obtained experimentally with STD-NMR and linebroadening studies (Figure 111.7,
Figure 111.9 and Figure 111.10).

From the above data it can be seen that the central glucose units interact closely with several
tyrosine residues. These residues are also involved in the stabilization of the complex through
an important dispersive component, between the hydrogens of the sugar and the aromatic ring of

the tyrosine residues, which give rise to three so-called non-conventional hydrogen bonds that
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help the stabilization of the complex (CH- interactions).’*'"** The initial conformations adopted
by these residues were responsible for the unsatisfactory results of the initial docking trials.
Only after exploring the configurational space of these residues, through a multi stage docking
with an automated molecular modeling protocol (MADAMM software™), more reliable results
were obtained in agreement with the experimental data. Previous site-directed mutagenic
experiments have shown that mutating these residues to alanine, causes a significant drop in the
activity of the associated enzymes.’ Considering these observations, it was hypothesized that the
main function of these residues is to guide the polysaccharide chain and direct it to a specific
polar region in the protein populated with several aspartate residues This would disconnect the
chain from other attached polysaccharide chains such as crystalline cellulose.

We have also compared the computational results with another type B CBM that was

crystallized in complex with a pentasaccharide (Figure 111.16).
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Figure 111.16: Schematic representation of the main interaction between the pentasaccharide

with A) Cf[CBM4 (pdb entry: 1GU3™) and B) the hexasaccharide with CtCBMI 1.

Al and B1: interactions involving neighbor tyrosine residues. A2 and B2: residues that establish several
hydrogen bonds with the equatorial hydroxyl groups of the glucose units.

Many similarities were found both in the binding region that comprises a flat platform of the
CBM, and in the type of interactions between the carbohydrates and CtCBM11. Generally,
regardless of the CBM, the central carbohydrate interacts with aromatic residues and several

charged amino acids that are located at the border of the CBM cleft. In the particular case of
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CtCBM11, close interactions with several tyrosines (Tyr22, Tyr53, Tyr129 and Tyr152), one
arginine (Argl26) and several aspartate residues (Asp99, Aspl128 and Aspl46) were observed
that closely resemble what it is found in CFCBM4 (Figure 111.16). These common contacts are
responsible for the reorientation of the carbohydrate chain directing it to the regions that are

populated with aspartate residues.
I11.2.2.6.2 Docking experiments with the NMR solution structure

Using the experimental information about the residues that are most affected by binding,
together with the NMR solution structure of the protein, in combination with the previously
obtained information obtained by STD-NMR concerning the ligand, I have recalculated a model
of the CtCBM11-cellohexaose/cellotetraose complex in a molecular docking approach. The
docking procedure was driven with HADDOCK****| using the representative NMR solution
structure of the ensembles at 25 and 50 °C and the sugar parameters obtained from Glycam
Web*® (see Materials and methods — Section 111.4.5.2). Figure 111.17 shows the obtained
models for the interaction of CtCBMI11 with cellohexaose at 25 and 50 °C (A and B,
respectively) and cellotetraose at 25 °C (C). The models are similar to the ones previously
obtained and in good agreement with the experimental data (previous STD-NMR data' and
titration experiments) and allow a better rationalization of the results.

Because in the NMR-determined structures the binding cleft of CtCBM11 is wider that in the
crystal structure there was no need to flexibilize any residue as previously.! As can be seen in
Figure 111.17, the models for the interaction of CtCBM11 with cellohexaose at 25 and 50 °C are
very similar. For both temperatures, cellohexaose lies equidistant from the two sides of the
binding cleft and binding occurs mainly with the four central glucose units (as seen previously).

This binding mode is a common feature among CBMs™*"**

that bind ligands that extend over
the binding cleft. The similarity of the docked models for both temperatures agrees well with
the similarity found in the chemical shift perturbation data from the titration experiments
(Figure 111.13 - A and B).

The majority of the residues perturbed in the titration experiments do indeed interact directly
with cellohexaose. For the model at 25 °C only residues Gly24, Trp54, Phe87, Ser93, Ser106,
Argl25, Asnl44, Ile145 and Phel50 (10 out of 29) do not interact directly with the ligand,
while at 50°C, Gly24, Lys28, Gly48, 11e89, Asp51, Gly52, Trp54, Phe87, 11e89, Serl06,
Argl25, Met136, Asnl44 and Ile145 (14 out of 33) do not interact directly with the ligand.

These residues seem to be affected by their directly interacting neighbors.
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Figure 111.17: Docking models of CtCBM11 with cellohexaose at 25 °C (A) and 50 °C (B) and
cellotetraose at 25 °C (C).

In the left panel the protein is depicted as a white surface and the ligand as green balls-and-sticks and
colored by heteroatom. The right panel shows a highlight of the cleft of the complex. The protein is
represented as white ribbons with the interacting residues represented as sticks and the ligand represented
as green balls-and-sticks, colored by heteroatom.

Of the residues directly or indirectly affected by binding to cellohexaose, some belong to the
loop that binds the first calcium ion. We have Glu91, which is directly bound to the calcium ion
and makes a direct hydrogen bond with the ligand; H102 that is the sequential partner of Glul01
and makes a hydrogen bond with cellohexaose and Met136 that lays in between Asp135 and
Ser136 and that is only indirectly affected by binding. Therefore, although I previously showed
that calcium does not interact with cellohexaose (Figure I11.6) it seems that its presence is
fundamental for the correct positioning of key residues for ligand binding and recognition, thus

confirming its structural role.
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Looking at the models, we see also that one characteristic of this interaction is the very high
number of contacts between the ligand and the protein. For the model at 25 °C the interactions
include seven hydrogen bonds involving residues Gly52, TryS8, 11e89, Glu91, His102, His149
and Tyr152 and two CH-x interactions between H2 and H3 of sugar unit 3 and residues Try129
and Try53, respectively. For the model at 50 ° C, there are ten hydrogen bonds, which involve
residues Gly52, Try58, Glu91, Asp99, Aspl46, His149, Tyr152 and Asnl55 and the same two
CH-z contacts between H2 and H3 of sugar unit 3 and residues Try129 and Try53, respectively.

When comparing the model obtained for CtCBM11 and cellotetraose (Figure 111.17 - C),
with that of cellohexaose, we see that as a consequence of the shorter length of the
oligosaccharide there is a large decrease in the number of contacts between the protein and the
ligand. From the model we see that residues Lys32, Thr49, Arg86, 11e94, Phel23, Argl24 and
Asnl44 (7 out of 15) whose chemical shift is perturbed by the addition of ligand, do not interact
directly with the ligand. Moreover, and in agreement with the perturbation map of Figure 111.13
- C, we see that cellotetraose interacts preferentially with one side of the cleft. This seems to be
a consequence of the fact that the CH-z contact between Tyr53 and the H3 of a sugar unit, as
seen for cellohexaose, is lost in the case of cellotetraose. However, the OH group of Tyr53 still
interacts with the oligosaccharide through a hydrogen bond with a C2 hydroxyl. From the
comparison of the models obtained for cellohexaose with that of cellotetraose, we see also that
the total number of hydrogen bonds does not decrease much. In fact, six hydrogen bonds are
found between residues Try53, Glu91, Gly100, His102 and Try152 and the sugar.

The large number of protein-ligand interactions, as observed in Figure 111.17, stabilizes the
conformation of cellohexaose in the binding cleft and their careful inspection provide an
explanation why this CBM displays a higher affinity for larger ligands when compared to those
with the minimal length to fit the binding cleft. As seen, a reduction of the size of the
oligosaccharide is accompanied by the loss of several contacts with the protein, including the
CH-= interaction with Tyr53, but the overall number of hydrogen bonds is very similar. This
fact shows that CH-7 interactions and Van der Waals interactions are determinant for increasing
the stability of the complexes.

As seen by STD-NMR and with the previous models, a characteristic of the interaction of
CtCBM11 with the cellooligosaccharides is the interaction through the hydroxyl groups
attached to carbons 2 and 6 from the central glucose units.'" The models obtained with the
crystal structure and the ones obtained with the NMR solution structure (Figure 111.17) show
that these groups make several contacts with the protein, including a number of hydrogen bonds
whose presence may dictate the specificity of the protein as it does for other CBMs**. For
instance, ligands that lack the methylene group (e.g. xylose), have the C2 hydroxyl group in a
different position or have any of these positions substituted (e.g. arabinoxylan, galactomannan

or carboxymethylcellulose) cannot bind to CtCBM11.* Similarly, $-1,3-linked glucans (as the
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case of laminarin - Figure 111.11 and Figure 111.12) should not bind to CtCBM11* as the
orientation of the C2 and C6 hydroxyl groups is different from the f-1,4-linked glucans.
Nonetheless, there is still some promiscuity in ligand recognition as shown by Najmudin et al."”
These authors showed that CtCBMI11 is capable of binding to xyloglucan, a hemicellulosic
polysaccharide composed by a backbone of -1,4-linked glucose residues which has up to 75%
of these residues substituted at O6 with mono-, di-, or triglycosyl side chains.***' Our
experimental results and models show that binding to xyloglucan is only possible if the
ramifications of the f-1,4-linked glucose backbone leaves at least four sequential glucose units
unsubstituted, thus minimizing any possible sterical clash with the protein. This could explain
the low affinity displayed towards xyloglucan — only 0.6x10* M™."?

In the three models obtained, the same orientation of the ligand (cellohexaose or
cellotetraose) in the cleft is maintained and some interactions are conserved; Tryl29 contacts
with the o-face of a sugar unit, while Try53 contacts with the f-face of the same unit.
Additionally, the non-reducing end of the sugar is always facing the same side of the protein.

Comparing the models obtained with the crystal structure and with the NMR solution
structures we see that, they provide essentially the same conclusions, despite some differences.
These differences are mainly in the hydrogen bond network of the different models and on the
conformation of the sugars. Nonetheless one has to have in mind that, first, all these are just
models that, despite based on experimental data, may not reflect the exact details of the
complexes; second, simple rotations on the OH groups for instance are enough to form, change
or impair the formation of hydrogen bonds and we are analyzing a single snapshot of this highly
dynamic complex; third different starting structures were used (crystal structure and NMR
solution structures at 25 and 50 °C) and finally, different software were used for the calculation

of the models.

I11.2.3 Molecular dynamics

To gain insight into the backbone dynamics of CtCBMI1 in solution I measured the
longitudinal (R,) and transverse (R,) relaxation rates as well as 'H-""N steady state NOE for the
free and bound protein (with cellohexaose) at 25 and 50 °C. Relaxation parameters (R;, R, and
{'H}-"N-NOE) allow to characterize the overall dynamic behavior of the protein in terms of the
total correlation time and properties of the diffusion tensor, and internal dynamics in terms of
order parameters (S) and internal dynamic models. Moreover, it has been shown that order
parameters (S%) derived from NMR relaxation data are related to conformational entropy and

can be used to estimate changes in conformational entropy.**
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The parameters R; and R, are sensitive to different motional frequencies: R; values provide
information about motional properties with a frequency of approximately 10°-10'* s-', whereas
R, values, in addition to depending on motions occurring at these frequencies, are also sensitive
to dynamics on the micro-millisecond time scale.**** Hence, by measuring both R, and R,, it is
feasible to obtain dynamic information over a large motional regime. {'H}-"’N-NOE relaxation
data is highly sensitive to motions of the polypeptide backbone on a pico to nanosecond time
scale. NOE values smaller than 0.65 indicate large amplitude backbone fluctuations.
Furthermore I have used the model-free approach****’ and hydrodynamic*®® calculations to
describe the parameters that characterize internal mobility (S? 7. and Rey) for the free and bound
states at 25 and 50 °C.

In order to better understand the mechanism of ligand recognition/binding of CtCBM11 I
have performed hydrogen/deuterium exchange experiments which provided information on the
thermodynamics of the structural opening reaction that allows the hydrogen/deuterium exchange

process.

I11.2.3.1 Relaxation data, diffusion tensor and hydrodynamic

calculations

Longitudinal (R,) and transverse (R,) relaxation rates as well as 'H-""N steady state NOE
({'"H}-"’N-NOE) values were obtained for the free and cellohexaose-bound protein at 25 and 50
°C and Table I11.9 summarizes the average relaxation rates (R; and R,) and the {'H}-"’N-NOE
values obtained under the different experimental conditions as well as the estimation of the total
correlation time (zy) of the protein from the average R,/R; ratio, excluding values that fail the

selection criteria described by Tjandra et al* (see Chapter VII — Section V11.4.1).

Table 111.9: Average relaxation data and estimation of total correlation time (z,) taken from

Rz/Rl ratios.

25°C 50°C
Free Bound Free Bound
R; (5% 1.34+0.01 1.31£0.02 1.84+0.01 2.04+0.04
R, (s%) 11.84+0.13 11.37+0.23 7.78+0.15 7.00+0.19
NOE 0.80+0.01 0.78+0.06 0.79+0.01 0.79+0.06
7o (NS) 9.11+0.02 8.78+0.04 4.25+0.03 3.43+£0.05
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The full set of the calculated values is given in Appendix C, Tables C.3, C.4, C.5 and C.6
and represented in Figures C.1, C.2, C.3 and C.4. On average, at 25 °C, the values of R; do not
change significantly upon ligand binding (1.34+0.01 and 1.31+0.02 s™', respectively) whereas at
50 °C the R; values for the complex are higher than for the free protein (1.84+0.01 and
2.04+0.04 s, respectively). Concerning the effect of the temperature on the average R, values it
can be seen that higher temperatures correspond to higher R; values independently of the state.

Regarding the transverse relaxation rate, R,, ligand binding only causes a very slight
decrease at both temperatures, while increasing the temperature leads to a significant decrease in
the average R,. At 25 °C the average R, values are 11.84+0.13 and 11.37+0.23 s for the free
and bound protein, respectively, while at 50 °C the average R, values are 7.78+0.15 and
7.00£0.19 s for the free and bound protein.

The {'H}-""N-NOE values remain fairly constant throughout the amino acid sequence with
the exception of some regions that show NOE values well below the average. The residues in

these regions belong mainly to loops and are the ones involved (or sequential neighbors) in

carbohydrate recognition (Figure 111.18).

25 °C cellohexaose

D = upomp Py

0.16
0.14

=)

0.12 =
08 O
2 0.1 2 ZI
i
@Eu.us 0.6 =]
L I L4 {2
0.04 I o
0.2
0.02
ol Wl ||| \‘“u.‘ Ll -‘ Hh 0B, 1L ”I\I |1 W ..m|||.|||“’ ‘l I ||||\ | MHn" il
Rl B L T B ot T AL e B g B T P B T LT (e B Sl T B B N o )
ERE PO 8 EsERESRAs RO NNy hnes
z ZERENADEFETZNAOQ
Residue
i Adcomb  ==——=cutoff =——#=NOE -25°C free =—@=NOE -25°C bound
50 °C cellohexaose
LRE A S o o S S o e L o SRk
0.14 1
=
0.12
. 08 S
.E(].ID ZI
bQ80.03 0.6 ::‘
< 0.06 0i T
| | | £
| m‘ | 02
s ‘ i O 1O T W 1 \MHI” AL ‘
—_— wa-w—r—mmm—hmam—r—mo«m—hma«m—r—ma\
gmhxmr—u o =] m>gﬂ-i-w—1t3i——gw:o
Residue
b Abcomb  ==—=cutoff ~=—@=NOE - 50°C free =—#=NOE - 50 °C bound

Figure 111.18: Graphical superposition of the {'H}-"’"N-NOE of CtCBM11 in the free (black)
and bound state (red) at 25 (top) and 50 °C (bottom).

The combined chemical shift is represented as light grey bars.

96



Chapter 111
Molecular Determinants of Ligand Specificity in CtCBM11

An initial estimate of the total correlation time 7, can be obtained from the ratio R,/R; (Table
111.9 and Figure 111.19) if there are none or only few fast internal motions in the range of the
picoseconds and using data from residues that do not undergo any conformational and/or
solvent exchange processes (NOE<0.65).%*° For the free protein at 25 °C the Ry/R; ratio was
calculated using 134 residues out of 178 and yielded a value of 9.11+0.02 ns. For the bound
protein at 25 °C, I have used 115 residues and obtained a value of 8.78+0.04 ns. At 50 °C, the
correlation times were 4.25+0.03 (using 125 residues) and 3.43+0.05 ns (using 128 residues) for
the free and bound protein, respectively.

As expected based on the Stokes-Einstein relationship, R,/R; ratios and 7, values decrease
with temperature (Table 111.9 and Figure 111.19 - right), reflecting the reduction in solvent
viscosity as a function of the increased temperature. Furthermore, it can be seen that, at 25 °C,
the binding of cellohexaose to the protein does not seem to affect much the total correlation
time, while at 50 °C the binding is accompanied by a reduction of about 20% in the total
correlation time (Table 111.9 and Figure 111.19 — left). Because the variation relative to the
average for the values of R, is much larger than that for the R; values, the Ry/R; values that

deviate from the average belong mainly to the same residues as those that deviate from the

average R,.
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Figure 111.19: Effect of binding and temperature on the Ry/R; ratio.

The left panel illustrates the effect of binding in the Ry/R; ratio whereas the right panel illustrates the
effect of the temperature.

Using the software Tensor2.0°° and the energy minimized representative conformers of the
NMR derived solution structures I have further optimized the total correlation times and
calculated the rotational diffusion tensors for the free and bound protein at 25 and 50 °C (see
Appendix C, Table C.7). The results obtained using the different models are summarized in

Table 111.10. Binding of cellohexaose is accompanied by a decrease in the overall correlation
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time (Table 111.10). While at 25 °C the variation is very small (9.02+0.05 ns free and 8.88+0.06
ns bound) at 50 °C there is a 15% reduction (5.65+0.05 ns free and 4.83+£0.04 ns bound). The
structures obtained by docking show that the oligosaccharide fills the binding cleft completely
and, for this reason, the complex acquires a more spherical shape than the free protein (Figure
111.17). The reduction in the correlation time could then be associated with a faster rotation in
solution caused by a reduction in friction due to the filling of the binding cleft. The effect is
more pronounced at 50 °C. This is in agreement with the structures obtained by docking that
show a more intimate contact between the protein and the oligosaccharide at this temperature
(Figure 111.17 - B).

The overall rotational diffusion of CtCBMI11 is best described by an axially symmetric
model of rotational diffusion (see Chapter VII — Section VII.4.2.2), independently of the
temperature or the state - bound or unbound. For the unbound protein at 25 °C the diffusion
tensors yield a DJ/DL = Dyyo = ™ of 0.87 + 0.06 (Table 111.10) which is very similar to the
one obtained for the bound protein at the same temperature, Dyyo> < "™ = 0.90 + 0.07. The
same behavior of D|/D is obtained at 50 °C, for the unbound protein the D, S0C. free — () 87 +
0.08 and for the bound protein Dy " < ™™ = 0.88 £ 0.08. A Dy < 1 indicates that the protein

behaves as an oblate.

Table 111.10: Characterization of the diffusion tensor obtained for CtCBM11 at the different
experimental conditions, obtained with Tensor2.0”” and HY DRONMR™®,

25°C 50°C
Unbound Bound Unbound Bound

Experimental 9.02+0.05 8.88 £0.06 5.65+0.04 4.83+0.04
Tm (NS)

HYDRONMR 8.82 - 5.39 -

Experimental 0.87 £ 0.06 0.90 £ 0.07 0.87 £0.08 0.88 +0.08
Dy/Ds

HYDRONMR 0.94 0.87

The program HYDRONMR® was used to perform hydrodynamic calculations assuming a
rigid model relaxing only through dipole-dipole and chemical shift anisotropy mechanisms.

According to the observation from Bernado et al’'

the inclusion of residues in flexible regions
can negatively influence the outcome of hydrodynamic calculations, therefore I removed the
first 5 residues of the C-terminus and the last 10 (including the 6-residue histidine tail) from the
calculation. The energy minimized representative NMR structure at 25 and 50 °C were used for
the calculations and the results are summarized in Table 111.10. The calculated correlation times

(8.82 and 5.39 ns for the structures at 25 and 50 °C, respectively) and axial anisotropy diffusion
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tensor ratios (0.94 and 0.87 for the structures at 25 and 50 °C, respectively) are in good
agreement with the ones derived from the analysis of NMR data. Additionally, both methods
also agree about the anisotropy of the rotational diffusion, indicating that the free molecule

behaves as an oblate (axially symmetric) rotor.

I11.2.3.2 Internal mobility

I used the software Tensor2.0°’ to determine the parameters characterizing the internal
mobility (S° 7, and Re,) of CtCBM11 in the free and bound states at 25 and 50 °C. The full set of
the calculated values is given in Appendix C, Tables C.8, C.9, C.10 and C.11. Throughout the
analysis, the energy minimized representative NMR solution structures (either at 25 or at 50 °C)

was used and the data was fitted into one of five possible dynamic models***"*

(see Chapter
VIl — Section VI1.4.2.3). Table 111.11 summarizes the number of residues assigned to each
dynamic model for all conditions studied. For the free protein, most residues (99 and 61 for the
data at 25 and 50 °C, respectively) were fitted using model 4 (S% 7., Rex), meaning that the
internal dynamics of those residues is only explainable taking in account a conformational
exchange term (Re) and assuming that they have very fast correlation times (t. < 500 ps). For
25 and 27 residues of the protein at 25 and 50 °C, respectively, the data was fitted to model 5
(S%, S%, tm), which assumes two time scales for internal motions (fast and slow) and no
conformational exchange term. For the free protein at 25° C, 10 residues were fitted with model
2 (S% ) and 20 with model 3 (S%, Rey), while for the protein at 50 °C, 54 residues were fitted
with model 2 and only two with model 3. Interestingly, none of the residues for the free protein
at 25 °C and only three at 50 °C were fitted to the simplest model (model 1 — S?). This behavior
clearly changes upon binding — 24 and 39 residues are fitted with model 1 for the structure as 25
and 50 °C, respectively. The number of residues fitted with model 4 drops to about half for both
temperatures (45 and 33 for 25 and 50 °C, respectively) but the number of residues fitted by
model 3 increases (45 and 20 for 25 and 50 °C, respectively). In all models, some residues could
not be fitted by any of the proposed models.

The order parameter, S* reports on the amplitudes of conformational fluctuations on time
scales faster than overall rotational diffusion (ps-ns time scale) and ranges from 0 for
unrestricted motions to 1 for fully restricted motions (see Chapter VII — Section VI1.4.4).%> As
seen in Table I11.11, S* has average values greater than 0.8 for all the conditions tested,
showing that CtCBM11 has very little internal mobility. Solvent-exposed loops have also high
S? values but slightly below the average, as expected. The full set of the calculated S* values is

represented in Appendix C, Figure C.5.
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Table 111.11: Average order parameter (S?) and dynamic model used to fit the data of the

different experimental conditions, obtained with Tensor2.0™

25°C 50°C
Unbound Bound Unbound Bound
s 0.84+0.01 0.82+0.02 0.85+0.01 0.84+0.03
Dynamic model Number of residues assigned to each model
a
1(S9) 0 24 3 39
2 (S%, ) 10 10 54 33
3(S% Rey) 20 45 2 20
4 (S% 10, Rey) 99 45 61 33
5 (S%, S%, o) 25 20 27 13
NA 2 1 3 6
Total 156 145 150 144

* §% is the square of the generalized order parameter; z,, is the effective correlation time for the internal
motions; R, is the exchange contribution to T,, and the subscripts f and s indicate fast and slow time
scales, respectively.

Upon binding, there are a significant number of residues that change their dynamical model
to be explained by the simplest dynamic model (model 1) at the expense of more complicated
models, particularly models 4 and 5. The obtained results agree well with the previous
observation of a more isotropic protein upon binding. Most interestingly, the majority of these
residues are the ones identified as affected by binding or their sequential neighbors (16 out of 24
at 25 °C and 24 out of 39 at 50°C). This is also consistent with the structural data at 25 and 50
°C (very similar 3D structures at both temperatures) and with the small variation of the R,/R;
ratios along the protein sequence. Furthermore, this shows that both the free and the bound
protein are well defined with very little conformational changes. This seems to be inconsistent
with the thermodynamic data. Because of the negative TAS value for complex formation, one
would expect a more flexible free state and a higher rigidity in the bound state. However,
binding is accompanied by a slight decrease on the average S* values, denoting a more flexible
backbone (Figure 111.20).

Figure 111.20 shows the effect of binding (left panel) and temperature (right panel) on the
order parameter, S°. Ligand binding causes a decrease in the S* values for the majority of the
residues at both temperatures, indicating that the protein becomes slightly more flexible upon
binding. Regarding the effect of temperature, increasing the temperature leads to an increase in

the S* value of the majority of the residues.
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Figure 111.20: Effect of binding (left) and temperature (right) on the S* order parameter.

I11.2.3.3 Estimation of the conformational entropy from NMR

relaxation data

The conformational entropy (Seonf) can be calculated from the internal mobility-derived order

parameters (S%)**

, assuming that the motion of the NH bond vector is confined to a cone (see
Materials and methods, Equation 111.24 and Chapter VII — Section VI1.4.2.3.1). In general, an
increase in the order parameter results in loss of entropy and vice versa. Despite the
attractiveness of these approach, one must bear in mind that it comes with several shortcomings
(see Chapter VII — Section VI1.4.2.3.1). Thus, we have to consider that i) S* values may not be
available for all residues and ii) of the ones available, only those less than 0.95 can be used; iii)
the motion of the vectors may not be truly independent; iv) the order parameters do not reflect
motions outside the ns-ps timescale, and (V) solvent ordering (disordering) is not included.**”
For all these reasons, entropy values calculated from order parameters should be considered
carefully and used as upper limits of the entropy component (due to the possibility of correlated
motions).*

Table 111.12 summarizes the average conformational entropy values calculated for the
different models (see Appendix C, Table C.12 for the full set of the calculated values).
Conformational entropy values were extracted accounting for the influence of binding at 25 and
50 °C (143 and 137 residues, respectively) and for the influence of temperature (145 and 131
residues, for the free and bound protein, respectively). As seen in Table 111.12, the average

conformational entropy associated with binding, independently of the temperature is slightly

positive while the conformational entropy relative to the increase in the temperature is slightly
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negative, independently of the state of the protein. This result is independent of whether all

residues are considered or only those involved in binding.

Table 111.12: Estimation of the conformational entropy from NMR relaxation data

Sbgund _S/ree Sbound _Sfree Sfree _ cfree bound _Sbound

confasec confasec confsoec confspec confspec confasec confsooc confasec
AS ont J.mol™.K™*
All 1.50+0.03 0.83+0.05 -0.87+0.02 -1.21+0.06
Cleft 1.53+0.03 0.20+0.04 -0.88+£0.01 -2.11+0.05

This means that binding does not occur through an “induced-fit” mechanism with a loss of
conformational entropy* but is governed by a conformational selection mechanism, where
ligand conformation is determinant for recognition by a rigid protein. These results show that
the contribution for the negative binding entropy must originate in the loss of conformational
entropy of the ligand. The occupation of the binding cleft, in the free state, by ordered water
molecules that act as mobility restrictors could explain the rigidity of this form. The binding
event would replace these water molecules by groups of the ligand, thus maintaining the overall
rigidity of the protein. In fact, evidence that dehydration effects are involved in the binding

process were already postulated before™**".

I11.2.3.4 Amide proton exchange

In order to further probe the local environment in the binding cleft I have performed
hydrogen/deuterium exchange experiments. These experiments allowed me to identify the
residues that are either solvent-exposed (fast exchange rate) or buried or hydrogen-bonded (slow
exchange) and provided information on the thermodynamics of the structural opening reaction
that allows the hydrogen/deuterium exchange process. Exchange rates were determined as
described in the experimental section (Section 111.4.4.17)

For the free protein, of the 165 assigned amide groups, 58 have very fast exchange rates that
could not be determined by this method. From the remaining 107 amide protons, exchange rates
were determined only for 51 as for the others the exchange rates are too slow for the
experimental time used (about 27h). For the bound protein, of the 154 assigned amide groups,
59 have very fast exchange rates. Of the remaining 95, exchange rates were only determined for
52, as for the remaining 43 the exchange rates are too slow. In both structures, the amide
protons that show very fast exchange rates belong mostly to solvent-exposed loops and the ones

showing very slow exchange rates belong mostly to S-strand core of the protein (Figure 111.21-
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A). Overall, the different amide groups in CtCBM11 have a wide range of exchange rates,

varying from milliseconds to several hours/days.
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Figure 111.21: Effect of binding in the (A) amide hydrogen/deuterium exchange rates and (B)
free energy of structural opening for the free and bound protein at 25 °C.

For the great majority of the residues the exchange rate increases upon binding indicating that they
become more solvent-exposed. Nonetheless, some residues become more protected. These residues
correspond mostly to the ones assumed to be involved in binding or their sequential neighbors.

The free energy of exchange (AGpx) of the amide protons was calculated according to
Equation 111.25 (see Materials and methods section 111.4.4.17) assuming an EX2 limit
condition (see Chapter VII — Section VII.4.5 for further details). These values can provide
information on the thermodynamics of the structural opening reaction that allows the
hydrogen/deuterium exchange process (the higher the AGpx value, the more protected the amide
group is).”**’ The difference between the measured AGpy for the free and bound protein (Figure
111.21 - B) shows that upon binding, although some residues become less protected (i.e., solvent
exposed), residues involved in binding or their sequential neighbors become more protected
(Figure 111.21 - A). This is especially clear for residues Gly100 (AK,=2.69x107 s™) and for
Tyr129 (AK,=1.45x107 s™). This data is consistent with the formation of hydrophobic
interactions between the ligand and the protein and in is good agreement with the dehydration
effects pointed earlier. Observing the CtCBM1 1/cellohexaose models (Figure 111.17), we see
that in fact the amide groups of these two residues make direct contacts with the sugar subunits.
The fact that some residues become more solvent exposed may indicate that some parts of the
protein need to go through some degree of rearrangement in order to bind to the ligand. This is

agrees well with the internal mobility data and thermodynamics of binding. By averaging the
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AGyyx values obtained in the absence and presence of ligand, we see that they remain essentially
the same (27.6 and 28.1 kJ.mol for the free and bound protein, respectively). This shows that,
although there are local variations in the protection of determined amide groups, the overall net
effect is minimal. The complete set of amide proton/deuterium exchange rates and the free
energy of the structural opening reaction for free and cellohexaose-bound CtCBM11 at 25 °C is

given in Appendix C, Table C.13.

[I1.3 Conclusions

X-ray Crystallography, NMR and Computational Chemistry have been shown to be
complementary methodologies to study the interaction of carbohydrate-modules with target
ligands at an atomic level. When combined, the several techniques here applied can give a deep
insight into the mechanisms ruling ligand recognition and binding of CBMs, thus contributing
to the global understanding on the exceptional nanomachine that is the cellulosome. By tackling
the question in two complementary ways: (i) one focused on the structure of the ligand and the
atoms responsible for binding to the proteins, (ii) and the other focused in the identification of
the protein residues responsible for ligand recognition I have obtained a full understanding at an
atomistic level of the structural and dynamic features that define ligand specify in CtCBM11
and the mechanism by which this protein is able to distinguish and select its ligands.

From the ligand point-of-view, the absence of signals in the STD-NMR spectrum of the
solution of cellobiose with the protein (Figure 111.8) is a clear indication that either there is no
interaction or it is very weak, which is in accordance with previous data.>* Regarding the
interaction with cellotetraose and cellohexaose, linebroadening studies and STD-NMR
experiments showed that CtCBMI11 interacts more strongly with protons H2 and H6 of the
central glucose units of both sugars (Figure 111.9 and Figure 111.10). This is consistent with the
binding mode of other Type B CBMs.**** Moreover, due to the small number of signals for the
extremities of cellohexaose, it is likely that these sugar units lay outside the binding cleft upon
complex formation. This is in good agreement with previous data that showed that the binding
cleft of this protein can accommodate at least 4 sugar units.” However, some contact still exists
between the protein and the extremities of the hexasaccharide. These contacts are responsible
for stabilizing the complex as the extremities of cellohexaose lay outside the binding clef. In the
absence of these relatively weak contacts the entropy of the cellohexaose molecule could lead to

a decrease in the affinity. These results are in good agreement with the docking experiments
(Figure 111.17 — A and B).

104



Chapter 111
Molecular Determinants of Ligand Specificity in CtCBM11

The structural models of cellohexaose bound to the protein were obtained by docking and
their analysis reveal a large number of protein-ligand interactions, including CH-xn interactions
with Tyr53 and Tyrl29, that stabilize the conformation of ligands in the binding cleft and
should contribute in decreasing the ligand’s entropy. Furthermore, the models show that the
extremities lay outside the binding cleft but make several contacts with the residues flanking the
cleft. These interactions explain why this CBM displays a higher affinity for larger ligands
when compared to those with the minimal length to fit the binding cleft. Additionally, the
models show that the C2 and C6 OH groups of the central glucose units make several contacts
with the protein, including a number of hydrogen bonds whose presence may dictate the
specificity of the protein as it does for other CBMs**’. These contacts, allied to the rigid
conformation of the cleft seem to be the specificity determinants of the protein. Therefore, only
ligands with a methylene group at C5, with the OH group at C2 in an equatorial position and
displaying the typical twisted conformation of $-1,4-linked glucans can bind to this protein. The
fact that only one of the diastereotopic protons H6/H6’ from the methylene groups shows a
relevant peak in the STD spectrum is indicative of a precise orientation of the methylene groups
upon binding to the protein. However, this is not clear from the docking models. The docking
experiments showed no significant differences in the binding conformations between the o and
f isomers.

From the protein’s point-of-view, chemical shift perturbation data obtained from ligand
titration experiments in combination with the docking studies allowed the identification of the
main residues involved in binding in the putative binding cleft. These residues include Tyr22,
Tyr53, Asp99, Argl26, Aspl28, Tyrl29 and Aspl46. When using cellotetraose instead of
cellohexaose (Figure 111.13) there is a significant loss of contacts with the protein, including
the CH-m interaction with Tyr53 (Figure I11.17), which is in good agreement with the
experimental determined decrease in affinity (Table 111.8). This fact shows that CH-z
interactions and Van der Waals interactions are determinant for increasing the stability of the
complexes.

The binding entropy was calculated from binding constants determined from chemical shift
perturbation data at both temperatures and showed that the association of CtCBMI11 with
cellohexaose is enthalpically driven with an unfavorable entropic contribution, which is in good
agreement with previous results’ (Table 111.8). On the other hand, the conformational backbone
entropy change associated with binding, as estimated from order parameters (S*) obtained from
relaxation data, resulted in small but positive entropy variation (Table 111.12). These results
suggest that binding does not occur through an “induced-fit” and further support a
conformational selection mechanism, where ligand conformation is determinant for recognition
by a rigid protein. The contribution for the negative binding entropy must therefore originate in

the loss of conformational entropy of the ligand upon complexation with the protein. The
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structural models obtained with cellohexaose (Figure 111.17) bound to the protein reveal a large
number of protein-ligand interactions, including CH-n interactions with Tyr53 and Tyr129,
which stabilize the conformation of ligands in the binding cleft and should contribute to the
decrease in the ligand’s entropy.

Overall, I have shown through several experiments that binding of cellooligosaccharides to
CtCBM11 must occur primarily by a conformational selection mechanism. This mechanism is
common to other CBMs® and is the main determinant of ligand selection for CtCBM11.
Because CtCBM11 is topologically similar and structurally homologous to CBMs of families 4,
6, 15, 17, 22, 27 and 29°, we can infer that the binding mechanism of these CBMs to their
substrates should be also very similar to that of CCCBM11.

Altogether, the results presented allow an atomistic rationalization of the molecular
determinants of ligand specificity in CtCBM11 and the mechanism by which this protein is able

to distinguish and select its ligands.

[11.4 Materials and methods

II1.4.1 Sources of sugars

All the sugars (cellobiose, cellotetraose, cellohexaose and laminarihexaose) were obtained

from Seikagaku Corporation (Tokyo, Japan) and used without further purification.

I11.4.2 Molecular biology

I11.4.2.1 Recombinant protein production

The recombinant protein production was done as described in Chapter I1.

11.4.2.2 Transformation, expression, purification and quantification

of CtCBM11 with the 6-histidine tail

To express CtCBMI11 in E. coli T have used the same expression vector (pAGl) and
transformation procedure as in Chapter II. Furthermore, the colony plating and initial 5 mL

culture procedures were the same.
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The resulting culture was used to inoculate 1 L of sterile LB medium containing 100 pg/ml
of ampicillin. From this point on, all the steps are the same as described in Chapter II. The

yields obtained were around 10 mg/L of protein.

I11.4.2.2 Transformation, expression, purification and quantification

of double labeled (13C and 15N) CtCBM11 with the 6-histidine tail

The transformation, expression, purification and quantification of *C/"’N-CtCBM11 were

done as described in Chapter II.

I11.4.3 X-ray crystallography

I11.4.3.3 Co-crystallization studies

Attempts to co-crystallize CtCBM11 with candidate cellulosic substrates, involved the
addition of excess amounts (1:10 ratio of protein to ligand) of each ligand (cellohexaose and
cellotetraose) to the established crystallization conditions®. Crystals grew in these conditions
with the same morphology as described before. Crystal characterization and diffraction data
collection were performed in-house as described in Chapter 1. Diffraction data were processed
and scaled, respectively, with programs MOSFLM®' and SCALA® from the CCP4 suite®™.
Unfortunately, observation of the electron density maps revealed no ligand binding to the
protein's cleft. Due to the negative results obtained I tested new crystallization conditions. I used
the hanging drop method (see Chapter VIII, Section VIII.3) and the drops were prepared in
proper crystallization plates (Nextal Biotechnologie) and were composed by 1 uL of protein and
1 uL of precipitant solution. Of the 80 crystallization conditions®* (see Appendix B, Table B.1)
and different temperatures (4 and 20 °C) tested none produced crystals.

II1.4.4 NMR spectroscopy

I11.4.4.1 Data acquisition

All NMR spectra were acquired in one of the tree spectrometers:

o 400 MHz Bruker ARX spectrometer (Bruker, Wissembourg, France) equipped with a

conventional inverse 5 mm probehead with z-gradients (QNPZ);
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o 400 MHz Bruker Avancelll spectrometer (Bruker, Wissembourg, France) equipped
with a conventional inverse 5 mm probehead with z-gradients (TXI);

. 600 MHz Bruker Avancelll spectrometer (Bruker, Wissembourg, France) equipped
with a 5 mm inverse detection triple-resonance z-gradient cryogenic probehead (CP

TCI).

All data was processed in Bruker TopSpinl.3 or Bruker TopSpin2.2 or Bruker TopSpin3.1
(Bruker).

I11.4.4.2 Characterization of the sugars

I prepared solutions of 2 mM of the several ligands (cellobiose, cellotetraose, cellohexaose
and laminarihexaose) in 100% D,O. The assignment of the '"H and “C NMR spectra was
achieved through the analysis of the 'H, ’C, COSY, HSQC, HSQC-TOCSY and 1D selTOCSY
spectra and the paper by Sugiyama et al'>. All spectra were acquired in a 600 MHz Bruker
AVANCE III spectrometer at 298 K.

The "H-NMR spectra were acquired in a spectral window of 6002.40 Hz centered at 2824.81
Hz with 32 transients, 64 K data points and a relaxation delay of 1.0 second. The solvent
suppression was performed using an excitation sculpting scheme with gradients® in which the
solvent signal was irradiated with a selective pulse (Squal00.1000) with a length of 2 ms.

The “C-NMR spectra were acquired in a spectral window of 36057.69Hz centered at
15089.81 Hz with 8192 transients, 64 K data points and a relaxation delay of 2.0 seconds.

The COSY spectra were acquired with 2 transients in a matrix with 4096 data points in F2 in
a spectral window of 6009.62 Hz, centered at 2817.40 Hz and 512 increments in F1 with a
relaxation delay of 1.0 s.

The HSQC spectra were acquired with 2 transients in a matrix with 2048 data points in F2 in
a spectral window of 6009.62 Hz centered at 2824.81 Hz and with 256 increments in F1 in a
spectral window of 24998.93 Hz centered at 11314.05 Hz and with a relaxation delay of 1.5
seconds. A delay of 1,72 ms was used for the evolution of the 1 bond CH coupling calculated
for 'Jc 4 = 145 Hz.

The HSQC-TOCSY spectra were acquired with 4 transients in a matrix with 1024 data
points in F2 in a spectral window of 6009.62 Hz, centered at 2824.81 Hz and 256 increments in
F1 in a spectral window of 25000.00 Hz centered at 11314.05 Hz with a relaxation delay of 1.5
s. A delay of 1,72 ms was used for the evolution of the 1 bond CH coupling calculated for 'Je 4
= 145 Hz. A delay of 45 ms was used as the mixing time. A delay of 3.45 ms was used for
multiplicity selection (CH, CH3 positive, CH2 negative).
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The 1D selTOCSY®*®® spectra were acquired in a spectral window of 6002.40 Hz with 32
transients, 32 K data points and a relaxation delay of 1.0 second. The selective irradiation of the
different sugar units was performed by using a Gausl 180r.1000 shaped pulse with a length of
80 ms for centered at the frequencies of the different anomeric proton signals. The TOCSY
mixing time was set to 400 ms and a trim pulse with a length of 2.5 ms was used to eliminate
unwanted solvent signals.

The 'H and "C resonance assignments of cellobiose, cellotetraose, cellohexaose and

laminarihexaose are summarized on Table 111.3 and Table 111.4, respectively.

I11.4.4.3 Influence of calcium in the structure of cellohexaose

To study the influence of calcium to the structure of cellohexaose I have prepared 6 solutions
in which the concentration of the sugar was maintained at 4 mM and the concentration of CaCl,
increased from 0 to 6 equivalents (0; 0.5; 1.0; 2.0; 3.0 and 6.0). The solutions were prepared in
90% H,0O / 10% D,0 and I have acquired "H-NMR spectrum for each solution. The spectra
were acquired in a 400 MHz Bruker ARX spectrometer (Bruker, Wissembourg, France)
equipped with a conventional inverse 5 mm probehead with z-gradients (QNPZ) at 298 K in a
spectral window of 6.636.4 Hz centered at 1879.8 Hz with 128 transients, 64 K data points and
a relaxation delay of 1.0 second. The data was processed with TopSpinl.3 (Bruker).

I11.4.4.4 Linebroadening studies

The broadening studies were performed at 400 MHz (Bruker ARX) at 298 K, by titration of
a solution of cellohexaose 0.80 mM prepared in D,O with CtCBM11 (1.6 mM). A first
spectrum of the pure sugar was acquired. Then the peptide was added in 5 pul and 10 pl volumes
to obtain the titration plots. The peptide concentrations were: 0.0, 0.031, 0.060, 0.116, 0.168
and 0.217 mM. All the spectra were acquired with 128 scans in a spectral window with 1991.6
Hz, centred at the solvent frequency (1881.0 Hz). The spectra were deconvoluted into
individual Lorentzian lines to determine the full linewidth at half-height. Table I11.5 contains
the linewidths at half-height for the different protons of cellohexaose during the titration
experiment. Due to the very large broadening of the cellohexaose signals upon the last addition
of protein, it was not possible to measure the linewidths at half-height. The data was processed

with TopSpin2.1 (Bruker).
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111.4.4.5 STD-NMR studies

The interaction between CtCBMI11 and cellobiose, cellotetraose, cellohexaose and
laminarihexaose was studied by saturation transfer difference NMR (STD-NMR) using the

16> The pseudo 2D spectra were

pulse sequence from the Bruker library (stddiffesgp.3)
performed using a solution of 2 mM of sugar and 20 uM protein in D,0O. All the spectra were
recorded at 600 MHz with 16 scans repeated 16 times in a matrix with 32 k points in t2 in a
spectral window of 6410.26 Hz centered at 2733.30 Hz. Excitation sculpting with gradients®
was employed to suppress the water proton signals. A spin lock filter (T,,) with a 2 kHz field
and a length of 50 ms was applied to suppress protein background. Selective saturation of
protein resonances was performed by irradiating at 0.6 ppm (on resonance spectrum) using a
series of 40 Eburp2.1000 shaped 90° pulses (50 ms, 1 ms delay between pulses), for a total
saturation time of 2.0 s. For the reference spectrum (off resonance) I irradiated at 20 ppm. To
obtain the 1D STD-NMR spectra I subtracted the on resonance spectra from the off resonance
using the Topspin2.2 (Bruker, Wissembourg, France) software. The difference spectrum
corresponds to the STD-NMR spectrum and the intensity of its signals is proportional the
proximity of the corresponding protons to the protein.

The STD was analyzed using the amplification factor (Asrp).”” The STD amplification factor
is obtained by multiplying the relative STD effect of a given hydrogen (Istp/lo) at a given ligand
concentration ([L]r) with the molar ratio of ligand in excess relative to the protein ([L]r /[P]),

according to Equation 111.1 (same as in Section 111.2.2.3)"®:

Ih—1 I
Agrp = OI—W X ligand excess = % X ligand excess
0 0

1.1
were Agstp is the STD amplification factor, lo, Isar and lstp are the intensities of the reference
(off resonance), saturated (on resonance) and difference spectra (STD-NMR) respectively.

For a determined saturation time the Asrp can also be depicted as the average number of
ligand molecules saturated per molecule of receptor. In principle the longer the saturation time
and the more ligand used the stronger the STD and the higher the Astp due to ligand turn over at
the binding site. In order to get the epitope mapping information from the amplification factor
for a given saturation time, the relative STD (or Asrp) with the highest intensity is set to 100 %,
and all other STD signals are calculated accordingly (see Chapter VII — Section VII1.5.1 for a

complete explanation of the STD-NMR experiment).
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I11.4.4.6 Diffusion studies (DOSY)

The interaction between CtCBMI11 and cellohexaose and laminarihexaose was studied by
diffusion ordered spectroscopy (DOSY) using the pulse sequence from the Bruker library
(ledbpgppr2s)™ . The pulse scheme uses stimulated an echo and LED (longitudinal eddy current
delay), bipolar gradient pulses for diffusion, 2 spoil gradients and with presaturation during
relaxation delay (see Chapter VII — Section VII.5.2 for a complete explanation of the DOSY
experiment). All the spectra were recorded at 600 MHz with 512 scans in a matrix with 32 k
points in t2 in a spectral window of 12335.526 Hz centered at 2817.10 Hz at 298 K. 32 gradient
steps were acquired with the gradient strengths augmented linearly from 5% to 95% (100% = 56
G/cm). It is important to start with a gradient strength bigger than 0, because one may get
unwanted echoes when not applying a gradient. Furthermore, it is recommended the highest
power to be 95 % to make sure that there is no non-linear behavior of the gradient amplifier at
the end of the amplification range (but one may go up to 100 %).”

A first solution, with both carbohydrates at a concentration of 40 uM in D,O with 0.1%
Trimethylsilyl propionate (TSP - to account for viscosity changes**) was prepared in order to
extract the self-diffusion coefficients for the free carbohydrates. The duration of the
encoding/decoding gradient (little delta - §) was calibrated to 1.5 ms and the diffusion time (big
delta — A) was calibrated to 400 ms. The duration of the spoil gradients was set to 600 ps. A
second solution containing the mixture of both carbohydrates and CtCBM11 at a concentration
of 40 uM in D,0 with 0.1% TSP was prepared in order to get the self-diffusion coefficients for
the carbohydrates in the presence of the protein and of the protein (it was assumed that the
diffusion coefficient of the protein when bound is the same as when the protein is in the free
state). The duration of the encoding/decoding gradient (little delta - 6) was calibrated to 1.1 ms
and the diffusion time (big delta — A) was calibrated to 800 ms. The duration of the spoil
gradients was set to 600 us. The data were analyzed using the variable gradient fitting routines
in Bruker TopSpin2.2 software. All the peak intensities were fitted using a mono-exponential

decay:

I = Ipexp [—D(V95)2 (A - g B %)]

1.2
where | is the resonance amplitude at zero gradient strength, y is the magnetogyric ratio of the

proton (2.675x10° rad.T's™"), g and J are the strength and duration of the gradient,

respectively, 4 is the diffusion time and z is the gradient pulse recovery time.
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From the data in Table 111.7 I was able to quantify the interaction in terms of the association

constant (K,) using the following equations:

_[PL]
Ko = PIIL]
1.3
Dops = fLDr + fpLDpy
1.4

were K, is the association constant and [PL], [P] and [L] are the equilibrium concentrations of
the protein-ligand complex, protein and ligand, respectively, f_ and fp_ are the molar fractions of
the free and bound protein, respectively and D, Dy, and Dp, are the diffusion coefficients of
the free ligand, the ligand when bound to the protein and the protein when bound to the ligand,
respectively, divided by the diffusion coefficient of the TSP to account for viscosity changes™*.

From Equation 111.4 we get:

DL - Dobs

frL= —DL —Dp,

1.5

If it is assumed that Dp_ is the same as the measurable diffusion of the free protein (Dp), then
frL can be easily determined (Dp D and Dgps can be extracted from the DOSY spectrum).

Accounting for mass balance and combining Equations 111.3 and 111.5 we get the expression

for the association constant:

fPL

Ka = = Fo0) APlo — frelLlo)

1.6

where [P]o and [L], represent the total concentrations of protein and ligand, respectively.

I11.4.4.7 CtCBM11 titration

I have studied the interaction between CtCBMI11 and cellohexaose and cellotetraose by
NMR chemical shift perturbations by titrating double-labeled CtCBM11 with cellohexaose and

cellotetraose. For the titration experiment, I have acquired a series of six "N-"H-HSQC spectra
p q P
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in which the concentration of protein was maintained at 0.1 mM and the concentration of ligand
varied from 0 to 2 equivalents (0; 0.3; 0.5; 1; 1.5 and 2). The spectra were acquired with 2048 x
256 points and 32 scans. The spectral widths were 9615.38 Hz for 'H and 2311.07 Hz for "°N.
The central frequency for proton was set on the solvent signal (2817.40 Hz) and for nitrogen
was set on the center of the amide region (7175.66 Hz). The spectra relative to the interaction
CBMI11-cellohexaose were acquired at 25 and 50°C whilst the ones relative to the interaction

CBM 1 1-cellotetraose were acquired only at 25°C.

I11.4.4.8 Combined chemical shift

For the evaluation of the behavior of individual amino acids upon addition of increasing

amounts of ligand I have calculated the combined amide proton and nitrogen chemical shift

differences using the following equation®*’":

Abcomp = \/(AaH)Z + (WiAdN)Z
1.7

where A0y and 4oy are the chemical shifts of proton and nitrogen, respectively and w; is a
weighting factor which accounts for differences in sensitivity of different resonances in an
amino acid (e.g. amide 'H and ""N). When chemical shifts are expressed in ppm a suitable

estimate for the weighting factors is given by™:

_ il
[Vhl

i

1.8

with y; and yy the magnetogyric ratio of nucleus i and the proton, respectively.

In order to decide whether a given residue belongs to the class of interacting or non-
interacting residues I have calculated a cutoff value. In a first approximation, the chemical shift
distributions of the non-interacting residues can be assumed to follow a normal distribution with
a mean of zero. Therefore, the standard deviation to zero, a,, for the class of non-interacting
residues is a reasonable measure to predict if a residue belongs to the class of interacting
residues or not.”® Nevertheless, if the values of all residues are used, the obtained result will be
strongly biased by the large chemical shift changes of the interacting residues. Therefore, I have
used an iterative procedure that successively removes outliers to calculate a corrected standard

deviation to zero §°""that is used in the following as cutoff value.”®
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111.4.4.9 Determination of the association constant (K,)

Based on the fact that the variation in the chemical shift of the amide proton and nitrogen
upon titration with ligand acts as marker for the binding equilibrium, I have used the combined
chemical shifts to obtain the dissociation constant (Kg).**’

For a system in fast exchange the association constant is given by:

_[PIx[L]
¢ [pL]

1.9

were [P], [L] and [PL] are the concentrations of free protein, free ligand and the complex,

respectively. Because:

[L]o = [L] + [PL] and [P]o = [P] + [PL]

111.10
were, [P]o and [L], are the total concentrations of protein an ligand, respectively. We get:
Ko = ([P]o — [PL]) x ([L]o — [PL])
¢ [PL]
.11
Rearranging in order to [PL] we get:
pr = Kotlllo + [Plo) = V(Kp+IL]o + [P1o)? — (41Plo[L]o)
2
11.12

Because the system is in fast exchange, the NMR response — variation in the chemical shift —

is given by:

Abcomp = fp X Abp + fpy, X Abp,,
111.13
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were Adomp 1S the combined chemical shift, fp and fp, are the molar fractions of free and bound
protein, respectively, and Adp and Adp, are the combined chemical shifts for the free and bound

protein, respectively. As the molar faction of bound protein, fp, is given by:

. e
TPl
11.14
and, in the limit fp = 0, rearranging Equation 111.13, we get:
[PL]
Abcomp = ﬁ X A8pmax
111.15

were Admax 1S maximum chemical shift of the bound protein (i.e. 4dp_ in the limit). Rearranging

in order to [PL] we get:

[PL] =
Admax
111.16
By replacing in Equation 111.12, we finally get:
(Kp+[L]o + [Plo) — \/(KD+[L]0 + [P]o)? — (4[Plol[L]o)
Abcomp = Abimax
2[P]o
11.17

Titrating ligand into protein so that the ligand eventually finishes in excess, thus saturating
the protein binding site, is the only way to perform this study. Little useful information would
come out of a protocol where the ligand concentration never exceeded that of the protein.
Neither will much useful information come from a system where the ligand concentration vastly

exceeds the protein concentration unless the binding event is very weak.
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111.4.4.10 Determination of the thermodynamic parameters

Using the binding constants (K;) determined (K;=1/Ky) I have calculated the equilibrium
thermodynamic parameters AH and A4S using a van’t Hoff polt’ according to the following

equation:

— RTIn(K,) = AG = AH — TAS
11.18

where R is the gas constant (8.314472 J.K 1.mol"), T is the temperature (either 298 or 323 K)
and 4H and A4S are the enthalpy and entropy, respectively.

I11.4.4.11 15N backbone relaxation measurements

To gain insight into the backbone dynamics of CtCBM11 in solution I have measured the
relaxation parameters R;, R, and {'H}-""N-NOE (HetNOE) for the free and bound protein (with
cellohexaose) at 25 and 50 °C. I used a double labeled protein sample (*C-"’N-CtCBM11) at a
concentration of 0.7 mM for the free protein and 0.3 mM with 2 equivalents of cellohexaose for
the bound protein. The solutions were prepared in 90% H,O / 10% D,0O. All data were collected
in the Bruker Avance Il 600 MHz spectrometer.

Backbone relaxation rates, R; and R,, were determined by acquiring pseudo-3D spectra
consisting in a series of 2D heteronuclear 'H-""N-HSQC experiments”>”* were the relaxation
period varied. For the N longitudinal relaxation rates (R;), 13 time points were collected
(50ms; 0.1s; 0.2s; 0.4s; 0.6s; 1s; 1.5s; 2s; 2.5s; 3s; 3.5s and 4s). The spectrum was acquired with
2048 points in 'H indirect dimension and 40 points in the "N direct dimension and 16 scans.
The spectral width was 9615.39 Hz in the 'H dimensions and 2311.08 Hz in the "N dimension
and the relaxation delay was 5s. The central frequency for proton was set on the solvent signal
(2817.40 Hz) and for nitrogen was set on the center of the amide region (7175.66 Hz). For the
>N transverse relaxation rate (R,) 8 time points were collected (0.016s; 0.032s; 0.065s; 0.097s;
0.129s; 1.161s, 1.194s and 0.258s). The spectrum was acquired in the same conditions as the
above and the relaxation delay was 2.5s.

The {'H}-""N-NOE steady-state NOE'®"” experiments were recorded with a relaxation delay
of 5 s, with 32 transients in a matrix with 2048 data points in F2 and 128 or 256 increments in
F1 (for the free and bound protein, respectively) an interleaved manner, with alternating proton-
presaturated and non-presaturated spectra. The central frequency for proton was set on the

solvent signal (2817.40 Hz) and for nitrogen was set on the center of the amide region (7175.66
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Hz) and the spectral width was 9615.39 Hz in the 'H dimensions and 2311.08 Hz in the N

dimension. The interleaved spectra were separated by a Bruker standard macro.

I11.4.4.12 Relaxation data processing and analysis

The data was processed with the software TopSpin2.2 (Bruker) and analyzed in
CARA1.8.4.2"8. In order to correctly read the data in CARA, all the T; set, T, set and both
HetNOE spectra (saturated and unsaturated) were processed in TopSpin2.2 with same intensity
scaling factor (nc_proc). T; and T, relaxation data peak intensities were fitted with the software

OriginPro 8 (OriginLab, Northampton, MA) into Equations 111.19 and 111.20, respectively:”

O
1t=10<1—e Tl)

111.19

S
It = Ioe Tz

111.20
where I is the intensity at time t and |y is the intensity at equilibrium. The errors were extracted
directly from the fitting. The HetNOE values are defined as the ratios of peak intensities with

and without proton saturation:

Isat

NOE =

Iunsat

11.21

where lg and Iyt are the peak intensities with and without proton saturation, respectively. 1
have calculated the uncertainties of HetNOE values, oNOE, using the well-established

method’™:

2

oNOE _ (alsat)z N (a[unsat)
NOE Isat Iunsat
111.22

where lgy and lynsye are the peak intensities with and without proton saturation, respectively.

Their uncertainties (o) were determined from the root mean-square noise in the background
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regions. A table with all the measured R; (R;=1/T;), R, (R=1/T,) and NOE values is given in
Appendix C (Tables C.3, C.4, C.5 and C.6).

I11.4.4.13 Estimation of the molecular diffusion tensor

An initial estimate of the magnitude and orientation of the diffusion tensor of the free and
bound protein at each temperature was obtained from the ratio R,/ R,.* In order to obtain a
reliable estimate of overall rotational diffusion tensor residues with large amplitude fast internal
motions have to be excluded from the calculation (NOE<0.65) because their change in T, is
much larger than the T, variation. Among the remaining residues, those with significant
conformational exchange on the microsecond/millisecond time scale were also excluded

according to the following condition:

(TZ) - Tz,n _ <T1> - Tl,n
) o > 1.5%x5D

111.23

where (T,) and (T,) are the average values of T, and T,, respectively, T,, and T, ,are the T, and
T, values of residue n, respectively. SD is the standard deviation of Equation 111.23. The
residues that do not fulfill these criteria often experience additional linebroadening, commonly

described by the exchange term Rey.

I111.4.4.14 Hydrodynamic calculations

A theoretical estimation of the diffusion parameters and NMR relaxation data has been
performed by using the program HYDRONMR® based on the bead-model method. All the
calculations were made using the energy minimized representative conformers of the NMR
solution structure of CtCBM11 at a temperature of 298 and 323 K and solvent viscosity of
0.00911 and 0.00557 poise, respectively, corresponding to a 90%/10% H,0/D,0 mixture. The
radius of the atomic elements (AERs) used was 2.2. According to the observation from Bernado

et al’!

the inclusion of residues in flexible regions can negatively influence the outcome of
hydrodynamic calculations, therefore the first 5 residues of the C-terminus and the last 10

(including the 6-residue histidine tail) have been excluded from the calculation.
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111.4.4.15 Calculation of the model free dynamics parameters

After the initial estimation of the global correlation time as described above, the model-free
formalism’® was used to further refine the rotational correlation time, 7, (see Appendix C, Table
C.7) and to describe the motions of the protein in terms of an order parameter (S?),
conformational exchange (Re) and effective internal correlation time (z.). The model-free
analysis was carried out with the Tensor2.0 software.”® I used a N-H bond length of 1.02 A and
a chemical shift anisotropy (CSA) of -172 ppm for the "’N backbone spins.*® The appropriate
models for internal dynamics parameters were chosen using an iterative fitting procedure and
statistical significance tests.* Five different models were tested to characterize the internal
dynamics of the N-H groups; each model included optimization of different micro dynamic
parameters (Sz, T, Rex). The five models are described in detail in Chapter VII — Section
VIL4.2.3. I have used the energy-minimized representative NMR structure of the two ensembles
throughout the analysis and the same residues as for the initial estimations of the correlation
time. All the calculated internal mobility parameters (SZ, 7, and R and the dynamic model used

to fit the data) can be found in Appendix C, Tables C.8, C.9, C.10 and C.11

I11.4.4.16 Estimation of the conformational entropy from NMR

relaxation data

The conformational entropy arising from ps timescale motion of the NH bond vectors,
assuming the bond motion to be confined to a cone was calculated for the several states

considered (free and bound at 25 and 50 °C) using Equation 111.24:>

1/2

N
3—(1+8S;
AScons = kZ ln[ (1485} inat) Ve
=1

3 — (1 + 8Sjmitiat)
111.24

where AS.n is the change in conformational entropy, K is the Boltzmann constant and Sj is the
order parameter for the residue j in the final (Sjfina) and initial state (Sjnitiar)-

This equation assumes that the NH bond motion is confined to a cone and that the motions of
the individual NH vectors are independent, which may lead to an overestimate of the entropy
value Furthermore, the above equation is valid when the value of S* <0.95 (see Chapter VII —
Section VI11.4.2.3.1 for further details). A full list of the AS..s values calculated can be found in
Appendix C, Table C.12
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111.4.4.17 Amide proton exchange

In order to analyze the decay of the amide proton signal intensities due to hydrogen
exchange with D,O I have used a lyophilized double labeled ('*C and "°N) protein sample with
and without cellohexaose. For the data acquisition the samples were dissolved in 75 mM
phosphate-buffered D,0 at pD = 7.5 to a final concentration of 1 mM (1:2 protein/ligand ratio).
The dissolved sample was immediately placed into the NMR spectrometer, previously tuned
and shimmed with a sample of the buffer used. For the free protein, the time required between
dissolving the sample and starting the acquisition of the first spectrum was lmin and 46 s,
whilst for the mixture it was 1 min and 14 s. For both experiments, a series of 30 "H-""N-HSQC
spectra were acquired with 1024 x 128 complex points, in a spectral window of 9615.39 x
2311.08, in F2 and F1, respectively. The 'H-""N-HSQC spectra series were acquired with an
increasing number of scans — (Table 111.13) — due to the loss of signal intensity and consequent
decrease of the signal/noise ratio. Details on the theory of amide proton exchange are given in
Chapter VII — Section VII.4.2.4 and a full list of rates by residue is presented in Appendix C —
Table C.13

The data was processed with the software TopSpin2.2 (Bruker) and analyzed in
CARA1.8.4.2" In order to correctly read the data in CARA, all the spectra were processed in
TopSpin2.2 with same intensity scaling factor (nc_proc). The cross-peak volumes obtained from
CARA were normalized to the number of scans of each experiment. To determine the exchange
rates of the individual amide protons, the normalized peak volumes were plotted as a function of

the elapsed time' and fitted to a three-parameter single-exponential decay function:*®

1(t) = Iye kext + C
111.25

where I(t) is the intensity at time t, Iy is intensity at time 0, Key is the exchange constant, t is the
time elapsed and C is the final amplitude.
The protection factors (Pf) for the several amide protons were estimated according to

Equation 111.26:*'

111.26

" The elapsed time is defined as the period from the suspension of the sample in the D,O phosphate
buffer to half of acquisition time of an experiment.
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where k.. and ke, represent the exchange rates of the protein in the random coil and native
conformations states, respectively.

The hydrogen-exchange rates of amide protons in non-structured peptides, K., were
estimated using the software SPHERE® (http://www.fccc.edu/research/labs/roder/sphere) with
the default activation energies (E.s): Acid E.u: 15.0 kcal/mol, Base E,on: 2.6 kcal/mol. The
exchange media was set to D,0, the temperature was set to 25 °C and the pH was set to 7.5. The
reference data was set to poly-DL-alanine.®’ The remaining parameters were kept with the
defaults values.

The free energy of exchange of the amide protons was calculated according to the following

equation:

AG RTI Kex RTI 1
=— n— = —RTIn—
o kyc Pf

11.27

where R is the gas constant (8.314472 J.K'1.mol") and T is the absolute temperature at which
the exchange was monitored (298K). The calculated 4G, values for the free and bound protein

are given in Appendix C, Table C.13.

Table 111.13: Series of "N-"H-HSQC spectra acquired in order to analyze the decay of the
amide proton signal intensities due to hydrogen exchange with D,O for the free and bound
CtCBM11 at 298 K.

Exp. N°of Timeelapsed- Timeelapsed Exp. N°of Timeelapsed- Time elapsed

scans free (s) — bound (s) scans free (s) — bound (s)
- - 106.0 74.0 16 16 9480.0 9448.0
1 2 250.0 218.0 17 16 10609.0 10577.0
2 2 394.0 362.0 18 16 11738.0 11706.0
3 4 683.0 651.0 19 16 12867.0 12835.0
4 4 972.0 940.0 20 16 13996.0 13964.0
5 4 1261.0 1229.0 21 16 15125.0 15093.0
6 4 1550.0 1518.0 22 16 16254.0 16222.0
7 4 1839.0 1807.0 23 32 18503.5 18471.5
8 4 2128.0 2096.0 24 32 20753.0 20721.0
9 4 2417.0 2385.0 25 32 23002.5 22970.5
10 4 2706.0 2674.0 26 32 25252.0 25220.0
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11 16 3835.0 3803.0 27 32 27501.5 27469.5
12 16 4964.0 4932.0 28 32 29751.0 29719.0
13 16 6093.0 6061.0 29 64 34241.0 34209.0
14 16 7222.0 7190.0 30 64 38731.0 38699.0
15 16 8351.0 8319.0

I11.4.5 Computational studies

I11.4.5.1 Docking experiments with the crystallographic structure and

molecular dynamics

The 1v0a PDB deposited structure of CtCBM11° was used as the starting point for all the
computational studies. All waters and sulphate ions (SO4>) were deleted and only the protein
atoms were kept. Furthermore, all selenium atoms were substituted by sulphur atoms.

The protein is composed of 172 amino acids but the crystallographic file lacks 3 amino acids
in a loop between Val78 and Ala82. These residues were modeled with the help of the software
Insight 11, to generate the correct sequence. Once the structure was ready, hydrogen atoms
were added using InsightII®, with all residues in their physiological protonation state.

In order to evaluate the CtCBM11 selectivity to saccharides several ligands were designed,
namely, cellobiose, cellotetraose and cellohexaose. As glucose can exist in two forms, o-
glucose and fS-glucose and these monomers have the ability to change between these two forms
very easily, each ligand was modeled in both forms.

All geometry optimizations and molecular dynamics were performed with the
parameterization adopted in Amber 8%, using the GAFF, the general AMBER force field”®,
for the protein and the Glycam-04 parameters for the carbohydrates.'*** In all simulations an
explicit solvation model was used with a truncated octahedral box of 12 A with pre-equilibrated
TIP3P water molecules using periodic boundaries.*

In the initial stage, the structure was minimized in two stages. In the first stage the protein
was kept fixed, just minimizing the position of the water molecules and ions. In the second
stage the full system was minimized. Subsequently, 2 ns molecular dynamics (MD) simulations
were performed with the optimized structures. All simulations were carried out using the
Sander module, implemented in the Amber 8 simulations package, with the Cornell force
field.”” Bond lengths involving hydrogens were constrained using the SHAKE algorithm®® and
the equations of motion were integrated with a 2 fs time-step using the Verlet leapfrog
algorithm and the non-bonded interactions truncated with a 10 A cutoff. The temperature of the

system was regulated by the Langevin thermostat to maintain it at 333.15 K.*°' This
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temperature was chosen because it is the temperature of the microbial niche occupied by

variants of the enzyme CelE in the bacterium Clostridium thermocellum.’

I11.4.5.2 Docking experiments with the NMR solution structure and

molecular dynamics

Models of the CtCBMIll1-cellohexaose and CtCBMI11-cellotetraose complexes were
calculated using the software HADDOCK (high ambiguity-driven protein docking) under the
WeNMR Grid-enabled server’**” using the energy minimized representative conformers of the
NMR derived solution structures at 25 and 50 °C. The ambiguous interaction restraints (AIRs),
i.e., active residues, were derived from the NMR titration data and the passive ones were chosen
automatically (6.5 A around the active residues). The HADDOCK docking protocol was
performed as described elsewhere.”>” The rigid body docking stage was performed 5 times, and
the best resulting structure was saved. 1000 structures were generated at the rigid body docking
stage, the best 200 of which were selected for further semiflexible refinement and refinement in
explicit water. Non-bonded energies were calculated using the OPLSX non-bonded
parameters.”* Parameters for the ligands were obtained from Glycam Web.”® The resulting
solutions were clustered using a 2A cut off and analyzed with the software PyMoll.4.1%.
Because all the structures in a given cluster were very similar, only the first one was subjected
to molecular dynamics.

Molecular mechanics (MM) calculations and molecular dynamics (MD) simulations were
performed with Amber11%®, using the ff99 (parm99)’’ and GLYCAM 06" force fields to
parameterize both protein and carbohydrates, respectively. The carbohydrate ligand molecules
were constructed with the “Glycam Biomolecule Builder” available online from the website of
Woods group®®. The ligands were then minimized by molecular mechanics, through 1000 steps
of the steepest descent method, followed by the conjugate gradient method until a convergence
criterion of 0.0001 Kcal.mol' was achieved. The complexes were immersed in isometric
truncated octahedron TIP3P-water boxes of 12 A and the proper number of counter ions was
added using LeaP.

The MD simulations were performed using periodic boundary conditions following a five-
step protocol: The first step consisted in a 20000 cycles of minimization to remove any possible
unfavorable contacts between solvent and complexes. The first 3000 cycles of the minimization
were performed with the steepest descent method, followed by the conjugate gradient method.
In this step, the solute is restrained in the cartesian space using a harmonic potential (weight 500
kcal mol'.A™). Subsequently, a 10000 cycles of minimization (3000 steps of steepest descent

and 7000 steps of conjugate gradient method) without restraints was performed. The systems
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were then heated up to 298 K for 50 ps using a NVT ensemble and a weak positional restraint
(10 mol™".A™) on the solute, to avoid wild structural fluctuations, using the Langevin thermostat
with a collision frequency of 1 ps-1. The positional restraints were removed and a molecular
dynamics run in a NPT ensemble at 298 K for 500 ps was performed for equilibration at 1 atm
with isotropic scaling and a relaxation time of 2 ps. Finally, NPT data production runs were
carried out for 4 ns and the snapshots were saved to a trajectory file every 0.2 ps.

All bonds involving hydrogen atoms were constrained with the SHAKE algorithm® allowing
the use of a 2 fs time step. The Particle Mesh Ewald method”® was used to treat the long-range
electrostatic interactions and the non-bonded van der Waals interactions were truncated with a
12 A cut-off. The structural collected data were analyzed with the PTRAJ module as
implemented in the AMBER package. The MD trajectories were also clustered by RMSD
similarity using the average-linkage clustering algorithm.”® As a representative co-conformation
of a given simulation, the snapshot of the cluster with larger population was taken. Their

structures were used to illustrate the structural features discussed in the main text.
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In this chapter I characterize the interaction of CtCBM30 and CtCBM44 with several ligands
trough STD-NMR and molecular docking. The results presented allowed a better
understanding of the interactions that define the ligand specificity in cellulosomal CBMs and
the mechanism by which they can recognize and select their ligands. The results here presented

are part of a manuscript in preparation.
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Summary

The focus of this chapter is on the family 30 and 44 carbohydrate-binding modules from C.
thermocellum — CtCBM30 and CtCBM44 (Figure 1V.1)."? These carbohydrate-binding
modules belong to the bifunctional modular cellulase CtCel9D-Cel44A, which is one of the
largest components of the cellulosome of C. thermocellum. The crystal structure of both
proteins has been previously solved in the apo form and binding studies with several ligands
provided some hints on the mechanism by which these proteins are able to select and bind to
different substrates, namely xyloglucan. Nonetheless, no information could be obtained
regarding the structure of the several complexes. In this chapter, I use STD-NMR and molecular
docking to identify the molecular determinants of ligand specificity in CtCBM30 and CtCBM44
and to obtain models of both proteins in complex with several ligands (cellobiose, cellotetraose,

cellopentaose, cellohexaose and laminarihexaose).

Figure 1V.1: 3D structure of CtCBM30 (A) and CtCBM44 (B) obtained by X-ray
crystallography.

Both the CtCBM30 (PDB code: 2¢24) and CtCBM44 (PDB code: 2¢26) structures reveal a classical
distorted p-jelly roll that forms a convex side (light blue) and a concave side (dark blue). In the case of
CtCBM44 the structure has one calcium ion, depicted as a green sphere (the residues that bind to calcium
are depicted as sticks). The a-helical regions are depicted in red.

These studies revealed that the accommodation of branched ligands in the cleft of these
proteins is dependent on the spatial arrangement of three solvent-exposed tryptophan residues in
each protein (Trp27, Trp68 and Trp78 in CtCBM30 and Trp289, Trpl94 and Trpl198 in
CtCBM44) and on the interactions that some polar residues make with the ligand. I found that in
the case of CtCBM30 the two hydrogen bonds that Argl 10 makes with the methylene hydroxyl
group of the sugar unit at site N+2 provide an absolute requirement for an unsubstituted glucose
moiety as does the presence of the sidechain of Lys112 near site n. Moreover, in CtCBM44 the

hydrogen bonds that both GIn231 and Glul48 make with methylene hydroxyl group of the
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sugar unit at site N+3 and the presence of the sidechain of GIn233 near site n+1, along with the
hydrogen bond between Nel of Trp198 and the methylene OH group at the same site also imply
the presence of unsubstituted glucose moieties. In all other binding sites the methylene hydroxyl
groups face the solvent, thus allowing these proteins to bind xyloglucan. These studies also
showed that the optimal number of glucose units that can be accommodated by the cleft of these
proteins is 4 in the case of CtCBM30 and 6 in the case of CtCBM44. Additionally, I have
shown that the higher affinity that these proteins display for ligands longer than what they can
accommodate may be related to the interaction of sugar units outside the binding cleft with

polar residues of the protein.

[V.1 Introduction

CtCBM30 and CtCBM44 are part of the largest catalytic component of the cellulosome of
C. thermocellum, designated CtCel9D-Cel44A.” This is a modular enzyme composed by an N-
terminal family 30 carbohydrate-binding module (CtCBM30), two internal glycoside hydrolase
domains (GH9 and GH44), a type I dockerin, a polycystic kidney-disease (PKD) module and
the C-terminal family 44 carbohydrate-binding module (CtCBM44). CBM30, displays affinity
for f-1,4-glucopolymers and plays a significant role in the function of GH9, a typical processive
endoglucanase, whereas GH44 was assigned as displaying endo-xylanase activity.’

Both proteins belong to the Type B family (see Chapter I, Section 1.6.1.2) and fold as a
classical distorted S-jelly roll that forms a convex side and a concave side (Figure 1V.1). In both
proteins the concave side forms the sugar binding cleft and closely resembles the binding clefts
in other Type B CBMs. In CtCBM30 this cleft is decorated by the residues Trp27, Trp68, 11e70,
Leu72, Trp78, Asn79, Argl10, Lys112, Glul21, Asp123, Thr125, Ser166, and Argl68." In the
case of CtCBM44 the clef is decorated with the side chains of Thr111, Ser113, Thr115, Glul44,
Thr146, Glul48, Lys150, Asp152, GInl179, Tyr181, Met183, His185, Trp189, Trp194, Ser196,
Trp198, GIn227, GIn231, and GIn233." A closer inspection to both binding clefs shows that
residues Trp27, Trp68 and Trp78 from CtCBM30 and Trpl89, Trpl94 and Trpl98 from
CtCBM44 form a solvent-exposed hydrophobic platform (Figure 1V.2). In CtCBM30 this
platform is about 20 A in length while in CtCBM44 it is about 24 A. Given the position of the
aromatic residues and the length of both binding clefts, CtCBM30 is able to accommodate
sugars with up to four units, binding at sites n, n+1 and n+3, whereas CtCBM44 is able to
accommodate sugars with up to six units, binding at sites n, n+2 and n+4.

The importance of these residues was shown by producing CtCBM30 and CtCBM44
mutants (W27A, W68A and W78A for CtCBM30 and W27A, W68A and W78A for
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CtCBM44). In these mutants the aromatic residues were changed to alanine and their
biochemical properties investigated by affinity gel electrophoresis (AGE) and ITC (Table
1V.1).

Figure 1V.2: Solvent-exposed tryptophan residues at the surface of CtCBM30 (A) and
CtCBM44 (B).

The secondary structural elements are shown as ribbons and depicted in white and the aromatic residues
involved in ligand binding are shown in ball and stick and colored by heteroatom. PDB codes: 2¢24 and
2¢26 for CtCBM30 and CtCBM44, respectively.

For CtCBM30 it was shown that W27A and W68A displayed no affinity for decorated or
undecorated ligands while W78A showed only reduced, but still significant affinity.' These
results confirmed the involvement of these residues in ligand recognition. For CtCBM44 the
W194A mutant displayed no significant affinity for ligand while W189A and W198 showed a
relatively modest decrease in affinity. Because Trpl194 is the central aromatic residue of the
binding site, it is possible that it makes a stronger hydrophobic interaction with the glucan than
the flanking tryptophans, therefore, justifying the higher loss in affinity.' ITC studies with
several ligands showed that the CBMs from CtCel9D-Cel44A recognize with equal efficiency
linear and branched f-1,4-glucosidic ligands, such as cellulose and xyloglucan (Table 1V.1).'
The observation that both CBMs bind to xyloglucan provided the first evidence that these
modules are able to accommodate the side chains of this decorated glucan. Neither of the CBMs
displays affinity for galactomannan which may be because the axial O2 of mannose makes
steric clashes with the protein at one or more sugar-binding sites.' Also, both proteins show
reduced affinity for xylan, possibly pointing to the need for a direct interaction between the O6
of glucose and the protein, although the fact that the orientation of the aromatic platform in the
binding site may act as a discriminative feature against ligands that adopt the 3-fold helical
conformation displayed by the xylose polymer is also a possibility.* Just like CtCBMI11°,
CtCBM44 and CtCBM30 also show increasing affinity (K;) for the series cellotetraose,
cellopentaose and cellohexaose and a binding stoichiometry of 1. Moreover, the interaction of
these modules with oligo- and polysaccharides is also enthalpy-driven (i.e., exothermic), with

entropy making an unfavorable contribution to ligand binding." As discussed in the previous
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chapter, this is typical of the binding of proteins to soluble saccharides.*” The PKD module at
the N-terminus of CtCBM44 does not contribute to carbohydrate recognition as demonstrated
by affinity gel electrophoresis (AGE) experiments with CtCBM44 alone and attached to the
PKD module.

Table 1V.1: Quantitative assessment of CtCBM30 and CtCBM44 binding to oligosaccharides
and polysaccharides as determined by ITC.'

Protein Ligand Kax10* 46 4H 415 a
(M (kcal mol™)  (kcal mol™)  (kcal mol™)

CBM30 Cellohexaose® 6.4+ 0.8 -6.2+0.1 -8.0+0.5 -1.8 1.2+0.1
CBM44  Cellohexaose 72.8+7.2 -8.0+0.1 -159+0.3 -7.9+04 1.1+0.1
CBM30 Cellopen’taoseb 1.2+0.8 -53+03 -6.9+0.5 -1.7 1.3+0.1
CBM44  Cellopentaose 6.6+ 1.3 -6.6 £ 0.1 -14.5+£0.5 -7.9+0.6 1.0+ 0.0
CBM30  Xyloglucan 72 1.4  66+0.1 -104+03 -38+02 1.0£0.0
CBM44 Xyloglucan 81.6+9.8 -8.1+0.1 -16.3+0.6 -8.2+0.7 1.0+£0.0
CBM30 HEC 45+0.5 -6.3+0.1 -10.0+0.2 -37+£0.3 1.0+£0.0
CBM44 HEC 122+33 -6.9+0.2 -12.5+0.5 -5.6+0.7 1.0+£0.0
CBM30 B-Glucan 2.8+03 -6.1 £0.1 -11.2+0.2 -S5.1+03 1.0+£0.0
CBM44 B-Glucan 22.5+3.6 -7.3+£0.1 -17.7+£0.6 -104+07 1.0+£0.0
CBM30 Lichenan 3.604 -6.2+0.1 -11.5+0.4 -53+04 1.0+ 0.0
CBM44 Lichenan 123+£28 -6.9+0.1 226+1.3 -157+14 1.0+0.0
CBM30 Glucomannan ~0.4° - - - -

CBM44  Glucomannan 9.0 £2.0 -6.7+0.1 -15.9+£0.8 -92+09 1.0+ 0.0

 Number of binding sites on the protein.
® Data are from Arai et al."
¢ Value is an estimate because affinity was too low to obtain accurate value.

Interestingly, contrary to most Type B CBMs, CtCBM30 does not contain any calcium ion in
its structure,' showing that, although calcium is a common feature in these thermostable
proteins, it is not fundamental for their stability. On the other hand, the structure of CtCBM44
reveals the presence of one calcium ion with octahedral coordination bound to residues Asnl101,
Lys130, and Argl33 (main chain O atoms), Asp96 (Oel), Glul03 (Od1), and Asp245 (bidentate
coordination from Ogland Og2). As in CtCBM11, the calcium ion has a structural role as it is
solvent-inaccessible and its removal decreases the protein’s melting temperature by 23 °C.'

The CBMs from CtCel9D-Cel44A recognize undecorated and highly branched p-1,4-
glucosidic ligands, yet, the structural determinants that may allow the binding of these CBMs
(and all other CBMs in general), at a single binding site, to such different polysaccharides

remain unknown. Xyloglucan is the most abundant hemicellulosic polysaccharide in the
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primary walls of dicots and non-graminaceous monocots and may account for 20-40% of the
dry weight of the primary wall. Xyloglucan has a backbone composed of p-1,4-linked
glucose residues and up to 75% of these residues are substituted at O6 with mono-, di-, or
triglycosyl side chains.'"'?

In order to understand the structural properties that determine the promiscuity in ligand
recognition by these CBMs, I used an NMR approach combined with computational studies, to
identify the molecular determinants of ligand specificity of CtCBM30 and CtCBM44. I have
used the STD-NMR technique to identify the atoms of the ligands (cellobiose, cellotetraose,
cellohexaose, cellopentaose and laminarihexaose) that make intimate contact to the proteins
upon binding and epitope map them in the ligand structures. Using the obtained STD-NMR
information and the previously determined crystal structures of both proteins I calculated the
models of CtCBM30 bound to cellotetraose and cellohexaose and CtCBM44 bound to
cellotetraose, cellopentaose and cellohexaose. All the obtained models are in good agreement
with the STD-NMR results. These studies provided localized structural information about the
binding pocket of both CtCBM30 and CtCBM44 allowing a better understanding of the
interactions that define the ligand specificity in cellulosomal CBMs and the mechanism by

which they are able to recognize and select linear and decorated f-1,4-glucans.

[V.2 Results and discussion

IV.2.1 Molecular determinants of ligand specificity

One of the key unresolved issues with respect to CtCBM30 and CtCBM44 is how these
proteins interact with highly decorated polysaccharides; xyloglucan has a backbone composed
of f-1,4-linked glucose residues and up to 75% of these residues are substituted at O6 with
mono-, di-, or triglycosyl side chains.'"'?

In order to understand the structural properties that govern the promiscuity in ligand
recognition by CtCBM30 and CtCBM44, I used STD-NMR to study the interaction of these
proteins with several ligands (cellobiose, cellotetraose, cellohexaose and laminarihexaose). This
allowed me to ascertain about the influence of the length of the cellooligosaccharide chain (2, 4
or 6 glucose units) and the presence of f-1,3 glycosidic bonds in the binding. Furthermore, for
the ligands that interacted with the proteins, I was able to identify which ligand atoms are more
important for the complex formation.

Using this information and the X-ray structures of CtCBM30 and CtCBM44 (PDB codes:
2¢24 and 2¢26 for CtCBM30 and CtCBM44, respectively), I calculated a model of the several
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protein/ligand complexes. The docking procedure was driven with HADDOCK.'™'
Examination of the several CBM-carbohydrate complexes provided the first hints of how highly
decorated polysaccharides can be accommodated by these xyloglucan-binding modules.

Experimental details of all the techniques applied are explained in Materials and methods,
Sections 1V.4.3 and IV.44 and further explanation of the theory behind the STD-NMR
experiments is given in Chapter VII, Section VIL5.1.

IV.2.1.1 Saturation transfer difference NMR (STD-NMR)

STD-NMR spectroscopy was applied to analyze the binding of cellobiose (Figure 1V.3),
cellotetraose (Figure 1V.4), cellohexaose (Figure 1V.5) and laminarihexaose (Figure 1V.6) to
CtCBM30 and CtCBM44. All the spectra were acquired at 298 K in a Bruker Avancelll
spectrometer, operating at a frequency of 600 MHz with a 100-fold excess of ligand over the

protein.
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Figure 1V.3: STD-NMR of cellobiose with CtCBM30 and CtCBM44.

Top - Reference 'H-NMR cellobiose spectrum. Middle - STD-NMR spectra of the solution of
cellotetraose (3 mM) with CtCBM30 (30 puM). Bottom - STD-NMR spectra of the solution of
cellotetraose (2 mM) with CtCBM44 (20 uM). No signals appear in both the STD-NMR spectra,
indicating that there is no interaction between cellobiose and either of the proteins.

The STD-NMR spectrum of the cellobiose with CtCBM30 and CtCBM44 is presented in
Figure 1V.3 along with the sugar’s reference spectrum. Similar to the results obtained with
CtCBM11, there is an absence of signals in both STD-NMR spectra. This absence of signals

could be the result of an extremely strong and almost irreversible complex or an indication that
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there is no interaction between these proteins and cellobiose or that it is a very weak interaction
(Ka < 10> M. The last hypothesis seems to be the more plausible and is in good agreement
with absence of affinity displayed by these proteins to cellotriose” and the general lack of

15,16

specificity of Type B CBMs towards small sugars ™" (see Chapter I).
Unlike the data with cellobiose, the STD-NMR spectrum of CtCBM30 with cellotetraose
(Figure 1V.4 - middle) clearly shows some signals which is an indication that cellotetraose

binds to this module.
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Figure 1V.4: STD-NMR of cellotetraose with CtCBM30 and CtCBM44.

Top - Reference 'H-NMR cellotetraose spectrum. Middle - STD-NMR spectra of the solution of
cellotetraose (3 mM) with CtCBM30 (30 uM). Bottom - STD-NMR spectra of the solution of
cellotetraose (2 mM) with CtCBM44 (20 pM). The binding epitope for the interaction of cellotetraose
with CtCBM30 is shown above each peak and mapped in the structure of the sugar.

In a similar way as for the interaction with CtCBM11 (see Chapter Ill) it is possible to
epitope map the interaction in the ligand structure. In general, in spite of the low values, all

cellotetraose glucose units show some degree of saturation indicating that the whole molecule is
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in contact with CtCBM30. Interestingly, for the interaction of cellotetraose with CtCBM30 the
maximum Agrp value is found for the anomeric proton of the reducing end of the sugar in the o-
conformation (Hla). Moreover, the second highest Astp value (39%) is also found for the
methylene protons of the reducing end in the a-conformation (H6¢a). This, together with the low
Agstp value for the S-conformation, may indicate that this protein displays a favored affinity for
the sugar in the a-conformation. For the protons of the central glucose units the Agtp values are
between 20 and 25%, indicating a lower contribution for binding. The STD epitope map of
cellotetraose upon binding to CtCBM30 is shown in Figure 1V.4 — middle and resumed in
Table 1V.2.

The fact that CtCBM30 displays a preference for the reducing end of cellotetraose in the a-
conformation may be related to the topology of the protein’s binding site. As shown in Figure
1V.2 - A, the three solvent-exposed tryptophan residues (Trp27, Trp68 and Trp78) at the surface
of CtCBM30 form a platform that faces the ligand. In the a-conformation, the anomeric
hydroxyl group of the reducing end of cellotetraose will stay in a privileged position to interact
with the indole ring of either of the flanking tryptophan residues (Trp68 or Trp78) through
hydrophobic contacts (see Section 1V.2.1.2). This interaction should stabilize the complex with
the a-conformation of cellotetraose, thus promoting binding with CtCBM30. Using only STD-
NMR it is not possible to identify which tryptophan residue is interacting with the non-reducing
end of cellotetraose.

Regarding the interaction of cellotetraose with CtCBM44 (Figure 1V.4 - bottom), the STD-
NMR spectrum shows only a very weak transfer of saturation. Due to the large broadening and
overlapping of the signals it is not possible to distinguish the protons involved in this
interaction. This broad signal corresponds to protons H4m, H4f, H3m, H3p, H4a, H56 and
H5m and its presence means that CtCBM44 does recognize cellotetraose but binding is very
weak, which is in accordance with previous results.' This lack of a significant interaction results
from the disposition of the solvent-exposed tryptophan residues (Trp189, Trp194 and Trp198).
Looking at the three-dimensional arrangement of these residues we see that they can bind sugars
units at sites n, N+2 and n+4." Consequently, for the interaction with cellotetraose only two units
would participate in binding, thus justifying the low affinity. This means that CtCBM44 is only
able to bind to cellooligosaccharides with five or more units, which is in accordance with the
obtained STD-NMR results.

The interaction of cellohexaose with CtCBM30 is very similar to the interaction of
cellotetraose (Figure 1V.5 — middle and Table 1V.2). The main difference is that, in this case,
there are no signals arising from the interaction of the reducing end of cellohexaose with the

protein.
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Figure IV.5: STD-NMR of cellohexaose with CtCBM30 and CtCBM44.

Top - Reference 'H-NMR cellohexaose spectrum. Middle - STD-NMR spectra of the solution of
cellohexaose (3 mM) with CtCBM30 (30 uM). Bottom - STD-NMR spectra of the solution of
cellohexaose (2 mM) with CtCBM44 (20 uM). The binding epitope for the interaction of cellohexaose
with CtCBM30 is shown above each peak and mapped in the structure of the sugar.

Considering that the binding cleft of CtCBM30 can only accommodate up to four sugar
units, these results indicate that, for longer saccharide chains, the reducing end rests outside the
binding cleft. In this case two hypothesis arise: i) either the reducing end and the preceding unit
stay outside the cleft or ii) both ends stay outside the cleft and the protein binds only to the
central units. For this interaction the maximum Asrp value is found for protons H2 from the
central glucose units (H2m — 100%) and the methylene protons H6 and H6’ of the same units
(H6m and H6’m — 83 and 94%, respectively). As seen for the interaction of CtCBM11 with
cellotetraose and cellohexaose, high values of Asrp are also obtained for the protons whose
signals appear in the region between 3.50 and 3.64 (H4m, H4p, H3m, H3p, H4a, H56 and

H5m). Again, due to extensive overlapping it is not possible to distinguish the individual
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contributions of these protons. Additionally, protons H2 and H4 of the non-reducing end also
show STD signals, although very weak (29 and 32%, respectively). Considering the first
hypothesis, I would expect a much higher intensity of the resonances corresponding to the non-
reducing end, as seen for the interaction with cellotetraose where the intensity of these signals
is similar to the ones of the central glucose units. However, if I consider the second hypothesis,
the protein will bind to the central glucose units leaving the extremities outside the binding cleft
but still close enough to receive some degree of saturation, thus explaining the low Agrp values
displayed by protons H2n and H4n. The binding to the central sugar units is a common feature

31718 and may be the mechanism by which they are able to bind ligands that

among CBMs
extend outside the binding cleft.' Another characteristic that this interaction shares with the
interaction of CtCBMI11 with cellotetraose and cellohexaose is the fact that one of the
diastereotopic methylene protons shows a relatively more intense peak in the STD spectrum
than the other (about 10%).'° This is indicative of a precise orientation of the methylene groups
upon binding to the protein.

Concerning the interaction of cellohexaose with CtCBM44, the STD-NMR spectrum
(Figure IV.5 - bottom and Table 1V.2) is clearly different from the one obtained with
cellotetraose. To begin with, there is an obvious different response from the several sugar units
that allow epitope-mapping the interaction.

The maximum Agsrp value is obtained for the protons whose signals appear in the region
between 3.64 and 3.50 ppm (protons H4m, H4/, H3m, H34, H4a, H54 and H5m), which cannot
be resolved. The other signals that appear correspond to protons H2 and H6 of the central
glucose units (47 and 38%) and protons H2 and H4 from the non-reducing end (H2n — 29% and
H4n — 32%). No individual signals were detected for protons of the reducing end of the
saccharide, which may indicate that this unit does not contribute significantly to binding.
Moreover, experiments with mutant proteins' showed that removal of the two flanking
tryptophan residues (Trp189 and Trp198) caused only a relatively modest decrease in the
affinity. This is in accordance with the low Agrp values obtained for protons of the non-reducing
end.

As was observed for the interaction of cellohexaose with CtCBM11 and CtCBM30, also
here the diastereotopic protons of the methylene groups of the central glucose units show
different relative STD intensities (Hom — 47% and H6’m — 38%) suggesting that the predicted
well-defined geometry upon binding is a common feature of these proteins. This defined
geometry may act as a determinant of specificity by discriminating against ligands that do not
adopt this conformation.

The tighter binding of CtCBM44 to cellohexaose than to cellotetraose' (Table 111.1) is

related to the geometry of the binding cleft, as the extra two sugar units promote the formation
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of hydrophobic interactions with all the three solvent-exposed tryptophan residues (see Section
IvV.2.1.1).

Regarding the STD-NMR results with laminarihexaose (Figure 111.8), only very low
intensity signals appear in the STD spectra, as depicted from the Asp values in Table 1V.2,

which are about 75% lower than the corresponding ones for cellohexaose.

4o+ 5m+
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6P +6n + ¢ .
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Figure 1V.6: STD-NMR of laminarihexaose with CtCBM30 and CtCBM44.

Top - Reference 'H-NMR laminarihexaose spectrum. Middle - STD-NMR spectra of the solution of
laminarihexaose (3 mM) with CtCBM30 (30 uM). Bottom - STD-NMR spectra of the solution of
laminarihexaose (2 mM) with CtCBM44 (20 uM). Only very low intensity signals, probably deriving
from non-specific contacts, appear in the spectrum.

These signals can emerge from non-specific contacts between the proteins and
laminarihexaose and may not be indicative of specific binding. Unfortunately, this is a major
limitation of the STD-NMR technique as it is not able to distinguish specific from non-specific
binding'**" (as explained in Chapter VII). Because of the wide area of the binding cleft in both
proteins it is possible that some contacts between laminarihexaose and the aromatic residues are
established, giving rise to the observed signals in the STD-NMR spectra. This interaction is
stronger for CtCBM30 than for CtCBM44 (for which Asrp values couldn’t be measured due to
the very weak intensities of the signals). For CtCBM30 it is even possible to do some epitope

mapping (Figure IV.6 — middle and Table 1V.2). Due to an extensive overlapping of the
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resonances of laminarihexaose, the only signal that can be isolated belongs to protons H2 from
the central glucose units (H2m). Moreover, this is also the signal with the highest STD intensity
(100%). This is similar to what happens with the f-1,4-linked saccharides, indicating that this
unspecific binding may occur in a similar fashion to the natural binding. Nonetheless, the
hydrophobic platform formed by the tryptophan residues can only engage with slightly twisted
ligands of f-1,4-linked saccharides and not with helical f-1,3-glucans. Therefore, it is my

opinion that this affinity for f-1,3-linked ligands does not have any biological meaning.

Table 1V.2: Amplification factors and epitope mapping for the interaction between CtCBM30

and CtCBM44 with cellotetraose, cellohexaose and laminarihexaose.

Astp / Epitope mapping (%)

1 2 3 4 5 6 6'
CtCBM30/Cellotetraose

o 2.56/100 - 0.60/23¢  0.56/22° - 0.99 /39 -

B - 029/11  0.56/22° 0.56/22°  0.56/22° - 0.60 / 23¢

m - 0.64/25 0.56/22° 0.56/22° 0.56/22° 0.52/20 0.60/23¢

n - 0.48/19  0.48/19*°  048/19  048/19° 035/14 029/11
CtCBM30/Cellohexaose

a - - 0.79/94"  0.78/92° - - -

B - 0.45/53  0.78/92°  0.78/92°  0.78/92° - 0.79 / 94

m - 0.84/100 0.78/92°  0.78/92°  0.78/92° 0.70/83 0.79/94"

n - 0.69/82  0.37/43%  048/47  0.37/43° - -
CtCBM44/Cellohexaose

a - - 1.15/38  3.02/100" - -

B - - 3.02/100"  3.02/100" 3.02/100" - 1.15/38

m - 1.97/65 3.02/100" 3.02/100" 3.02/100" 1.42/47 1.15/38

n - 0.88/29  130/43%  0.98/32 1.30 / 43¢ - -

CtCBM30/Laminarihexaose

a - - 0.17/90"  0.16/8%  0.18/97 - -

B - - 0.18/97°  0.16/88 - 0.17/90" 0.18/97

m - 0.19/100 0.18/97° 0.16/88  0.16/88 0.17/90" 0.18/97

n - - 0.16/88  0.13/72 - 0.17/90" 0.18/97

abedefehlikl  Thege peaks are overlapped
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1V.2.1.2 Docking models for the interaction of CtCBM30 and CtCBM44

with cellooligosaccharides

Since no structures of CtCBM30 or CtCBM44 with a bound ligand are available, in order to
better interpret the STD-NMR results I have used the software HADDOCK'*' to calculate
models of the CtCBMa30/cellotetraose, CtCBM30/cellohexaose, CtCBM44/cellotetraose,
CtCBM44/cellohexaose and CtCBM44/cellopentaose complexes (see Materials and methods,
Section 1V.4.4.2). For the docking experiments I used the X-ray structures of CtCBM30 and
CtCBM44 (PDB codes: 2c24 and 2c26, respectively) and the sugar parameters obtained from
Glycam Web®' (see Materials and methods, Section 1V.4.4.1). These studies provided localized
structural information of the binding pocket of both CtCBM30 and CtCBM44 allowing a better
understanding of how these proteins recognize and bind to their substrates. All the obtained

models are in good agreement with the STD-NMR results.

1V.2.1.2.1 Model of CtCBM30 bound to cellotetraose

According to the STD-NMR results for the interaction of CtCBM30 with cellotetraose
(Figure 1V.4 — middle), the a-conformation of the sugar is preferred against the naturally more
abundant f-conformation. Therefore this was the one used in the docking experiments. The

model of the structure of CtCBM30 in complex with cellotetraose is shown in Figure 1V.7.

Figure 1V.7: Model of the structure of CtCBM30 in complex with cellotetraose.

A) Surface representation of CtCBM30 bound to cellotetraose. B) Ribbon representation of the CtCBM30
binding cleft bound to cellotetraose. The ligand is depicted in ball-and-stick and the interacting residues
are depicted as sticks. Atoms are colored by heteroatom. Hydrogen bonds are represented as black dashes
and CH-m interactions are represented as yellow dashes. Glucosyl moieties (in red) are numbered as
recommended by [IUPAC-IUB JCBN (1983).%
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The structure shows that, as predicted by the arrangement of the solvent-exposed tryptophan
residues’, the sugar binds in units n, n+1 and n+3. These residues are placed along one face of
the ligand-binding cleft and engage in hydrophobic interactions with all of the oligosaccharide
units (Figure IV.7 - B), which is in good agreement with the obtained STD-NMR results.
Regarding the orientation of the sugar in the binding cleft, STD-NMR alone can’t give a straight
answer. Four hypotheses are possible depending on which face of the sugar and tryptophan
residue are interacting: either the f-face” of the reducing end is interacting with i) Trp68 or ii)
Trp78 or the a-face of the reducing end is interacting with iii) Trp68 or with iv) Trp78.

Docking experiments showed that all orientations are possible and give very similar results
with only little energy differences amongst them. In fact, the absence of a specific orientation in
the ligand chain has already been seen””° and predicted”’ in other CBMs. Therefore, I selected
the orientation that best described my experimental results and with the lowest energy — the a-
face of the reducing end interacting with Trp78. Nonetheless I should stress out that, in
principle, all four hypotheses can occur in solution as there is no impairment for any of them.
All of the four possible models contradict the previous supposition that all three tryptophans
would bind the same face of the sugarsl. Moreover, all the docking-obtained solutions,
regardless of the orientation of the ligand chain, interact with one face of glucosyl ring 1 and
with the opposite face of glucosyl rings 2 and 4. According to the orientation I have chosen,
Trp78 interacts with the a-face of the glucosyl ring 1 (reducing end) while Trp68 and Trp27
interact with the f-face of the glucosyl ring 2 and 4. As predicted, in the a-conformation the
anomeric hydroxyl group of the reducing end of cellotetraose makes strong hydrophobic contact
with the NH group of the indole ring of Trp78. Again, this is in good agreement with the STD-
NMR data, and justifies why this proton is the one that receives the highest degree of saturation.
Additionally, proton H5 points into the z-electron cloud of the aromatic ring, suggesting a CH-z
interaction®®.

Regarding units 2 and 4, there is also the probability of CH-z interactions (protons H4 and
H4) with the sidechain rings of Trp27 and Trp68, respectively. A feature of the CtCBM30
interaction is a low number of direct hydrogen bonds to the protein. Indeed, there are only two
hydrogen bonds in the interaction between CtCBM30 and cellotetraose (Figure 1V.7 — black
dashed lines). The OH of the methylene group of sugar ring 3 makes a 2.4 A hydrogen bond to
the NH2 of Argl10 and a 2.6 A hydrogen bond with the NH1 of the same residue. This explains
the reduced affinity for xylan, pointing to the need for a direct interaction between the O6 of
glucose and the protein. Besides giving these results it can be predicted that this site would

display an absolute requirement for an unsubstituted glucose moiety. Also in this sense,

" The a-face of the glucosyl ring is defined as the face at which the numbering of atoms in the ring (C1,
C2, C3, C4, 05) appear clockwise, and the S-face is the face at which the numbering is anticlockwise.***'
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substitution in the glucose in site 1 (reducing end) would impair the interaction that arises
between the N{ group of the lysine side chain with the OH of the methylene group of sugar ring.
Moreover, Ile70 and Leu72, located in the same face of the cleft as the tryptophan residues and
Glul21, located in the opposite face also contact sugar units 2, 3 and 4. Due to the lack of any
other significant interactions, possible substituents at other sites can be displaced away from the
binding cleft and accommodated with no obvious energetic penalty. These substituents can even
make additional interactions with the protein, further stabilizing the complex and thus
explaining the higher affinity for branched ligands when compared to unbranched'.

Taken together, structural analysis, STD-NMR and docking studies show that the interaction
of CtCBM30 with branched ligands, namely xyloglucan, is coupled with both the orientation of
the residues in the binding cleft' and the orientation of the ligand. The orientation of the solvent-
exposed tryptophans selects ligands that display the twisted conformation exhibited by cello-
oligosaccharides in solution and the orientation of some of the C6 hydroxyl groups towards the

solvent provides an explanation for the ability of this protein to bind xyloglucan.

1V.2.1.2.2 Model of CtCBM30 bound to cellohexaose

For the interaction of CtCBM30 with cellohexaose the same problem regarding the
orientation of the sugar on the cleft was considered. Once more I chose the structure that best
described the STD-NMR data and with the lowest energy. In this structure the ligand is
positioned as previously (Figure 1V.8).

Figure 1V.8: Model of the structure of CtCBM30 in complex with cellohexaose.

A) Surface representation of CtCBM30 bound to cellohexaose. B) Ribbon representation of the CtCBM30
binding cleft bound to cellohexaose. The ligand is depicted in ball-and-stick and the interacting residues
are depicted as sticks. Atoms are colored by heteroatom. Hydrogen bonds are represented as black dashes

and CH-rn interactions are represented as yellow dashes. Glucosyl moieties (in red) are numbered as
recommended by IUPAC-IUB JCBN (1983).%
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The interaction of CtCBM30 with longer saccharides, namely cellohexaose, is very similar
to the one with cellotetraose. Likewise, Trp78 interacts with the a-face of the glucosyl moiety 2
while Trp68 and Trp27 interact with the S-face of the glucosyl moieties 3 and 5. Essentially, the
three tryptophans interact with the central glucose units and the extremities lay outside the
binding cleft (Figure 1V.8). This is in good agreement with the STD-NMR results, explaining
the low Astp values observed for the non-reducing end and the absence of STD signals for the
reducing end and the higher intensity STD of the central glucose units. Trp78, Trp27 and Trp68
make CH-z interactions with sugar rings at sites 2 (H1), 3 (H4) and 5 (H4), respectively.
Lys112, Glul21 and Argl10, located along one side of the binding cleft contact with the ligand
at sites 1, 3 and 4, respectively and Lys167, Ser66, [le70 and Leu72, located along the opposite
face of the cleft, contact the sugar residues at sites 6, 4 and 3. Similarly to the interaction with
cellotetraose, there is a 2.8 A hydrogen bond between the C6 hydroxyl of sugar ring 4
(corresponding to unit 3 of cellotetraose) and the NH2 of Argl10. This highlights the previous
assumption that this site would display an absolute requirement for an unsubstituted glucose
moiety. The NH1 of Argl21 makes another hydrogen bond, not with the C6 OH group as in the
case of cellotetraose, but with the C2 OH group of unit 3 (2.6 A). Compared to the interaction
with cellotetraose, the sidechain of Lys112 changes its conformation to interact with sugar unit
1 (that stays outside the binding cleft) instead of sugar unit 2.

Interestingly, although the binding cleft of CtCBM30 can ideally accommodate 4 sugar
units, it displays higher affinity for longer ligands (Table 1V.1). This was attributed to a
possible more extensive hydrogen bonding network between these longer ligands and the
protein, possibly stabilizing the conformation adopted by the oligosaccharides in the binding
clef.! Surprisingly, the number of contacts between CtCBM30 and cellohexaose does not
increase significantly when compared to cellotetraose. Nonetheless, the formation of a hydrogen
bond between the C4 OH group of unit 6 and the backbone oxygen of Ser66 together with the
conformational alteration of the sidechain of Lys112 may be sufficient to further stabilize the
interaction of cellohexaose, thus increasing the affinity.

Overall, the obtained model for the CtCBM30/cellohexaose complex is in good agreement
with the STD-NMR data and provides an explanation on the mechanism behind the higher
affinity that this CBMs display towards longer ligands.

1V.2.1.2.3 Model of CtCBM44 bound to cellohexaose

For the model of CtCBM44 bound to cellohexaose (Figure 1V.9), T chose the orientation
were the solvent-exposed tryptophan residues 198, 194 and 189 make CH-x interactions with

the a-face of sugar moieties 1 (H4), 3 (H4) and with the f-face of sugar moiety 6 (HS5),
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respectively. This is the one with the lowest energy and has more contacts between the sugar
and the protein, when compared to all other possible orientations from HADDOCK. Moreover,
it is also in good agreement with the STD-NMR data. However, the interaction of Trp189 with
the f-face of the glucosyl ring 6 is unexpected. Due to the arrangement of the three tryptophan
residues, it was predicted that they would bind to sugar units n, n+2 and n+4. Nonetheless,
looking at the model we see that for this to happen it would require a different conformation of
the sidechain of Trp189. This different conformation would clash with the sidechain of Met183.
Therefore, instead of binding optimally to sugars with at least five units as previously
proposed', I suggest that CtCBM44 binds optimally to sugars with 6 units, at sites n, n+2 and
n+5. This would explain the much higher binding affinity of CtCBM44 to cellohexaose than for
cellopentaose (Table 1V.1). To test this hypothesis I have also performed docking calculation

with the pentasaccharide, cellopentaose — see below, Section 1V.2.1.2.5.

S
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Figure 1V.9: Model of the structure of CtCBM44 in complex with cellohexaose.

A) Surface representation of CtCBM44 bound to cellohexaose. B) Ribbon representation of the CtCBM44
binding cleft bound to cellohexaose. The ligand is depicted in ball-and-stick and the interacting residues
are depicted as sticks. Atoms are colored by heteroatom. Hydrogen bonds are represented as black dashes

and CH-zn interactions are represented as yellow dashes. Glucosyl moieties (in red) are numbered as
recommended by IUPAC-IUB JCBN (1983).%

Concerning the interaction with cellohexaose, the data shows that residues GIn233, GIn231,
Glu148 and Lys150, located in one side of the cleft, make several contacts with the four central
sugar units. These contacts include 3 hydrogen bonds between the Ogl and Ne2 groups of
GIn231 and OH group 2 of sugar unit 3 (2.4 A) and the OH groups 4 (2.2 A) and 6 (2.4 A) of
sugar units 3 and 4, respectively. The formation of these 3 hydrogen bonds explains why
mutation of GIn231 for an alanine caused a 7-fold decrease in affinity towards cellohexaose'
and highlights the importance of this residue for ligand recognition and binding. It also suggests
that, similar to CtCBM30, site 4 requires an unsubstituted glucose moiety. Also the OH of the
methylene group of unit 2 makes a 2.6 A hydrogen bond with the NH of the indole ring of
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Trp198 and polar contacts with Ogl of the sidechain of GIn233, possibly impairing a
substitution also at this site. On the opposite side of the cleft, residues GIn179, Ser196, Met183
and GIn227 make additional contacts with the central glucose units. Of these contacts, there is a
1.8 A hydrogen bond between the Ne2 of GIn179 and the O4 of sugar unit 2. The OH of the
methylene group of glucose units 2, 3 and 4 makes a large number of contacts with several
residues of the protein, thus justifying the relatively high Asrp values obtained (Table 1V.2).
The same is true for the C2 OH groups of the central glucose units, which is in good agreement
with the STD-NMR data. The high number of contacts between the ligand and several residues
of the protein may help to explain the much higher affinity of CtCBM44 towards cellohexaose
when compared to CtCBM30.

Above, I proposed that the absence of STD-NMR signals for the protons of the reducing end
of cellohexaose could indicate that this unit didn’t contribute significantly for binding.
However, according to the obtained model we see that this is not true as this unit can make
several interactions with Trp198, including a CH-r interaction. Nevertheless, this unit faces the
tryptophan ring with its a-face, meaning that protons H4 and H2 are the ones pointing to the
ring. Because the signals of these protons appear in the crowded central area of the STD-NMR
spectrum (the one with the highest Agrp value), possible STD-NMR signals arising from these
protons cannot be distinguished from other signals appearing in the same region. As for the non-
reducing end of cellohexaose, the fact that it faces Trp189 with its S-face (protons H1, H3 and
HS5) is in good agreement with the STD-NMR results.

Overall, STD-NMR data and docking studies showed that similar to CtCBM30, the binding
of CtCBM44 to branched ligands is coupled both with the orientation of the residues in the
binding cleft and the orientation of the ligand. As for CtCBM30, the orientation of the solvent-
exposed tryptophans selects ligands that display the twisted conformation exhibited by cello-
oligosaccharides in solution and the orientation of some of the C6 hydroxyl groups towards the
solvent provides an explanation for the ability of this protein to bind xyloglucan. Additionally,
the docking model allowed to propose a minimal length for the oligosaccharide chain (6 units)
different from the one previously suggested' (5 units) which could explain the much higher
affinity displayed for the interaction with cellohexaose when compared to cellopentaose. Given
the high similarities between CtCBM44 and CtCBM30, this fact may also be responsible for the
much higher affinity of CtCBM44 to cellohexaose when compared with CtCBM30 - 72.8x10" £
7.2 and 6.4x10* £ 0.8 M, respectively (Table 1V.1). The larger platform offered by the three
tryptophan residues could promote a higher stabilization of the ligand, thus increasing the

affinity.
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1V.2.1.2.4 Model of CtCBM44 bound to cellopentaose

In order to test the hypothesis that CtCBM44 binds optimally to a minimum of 6 sugar units
instead of the 5 previously predicted' I have calculated the model with cellopentaose (Figure
1V.10). The obtained model is almost identical to the one with cellohexaose and, as predicted,
the non-reducing end of cellopentaose, although close to Trp189, does not make the CH-z
interaction. All other interactions are maintained in the complex with cellopentaose. The loss of
the CH-z interaction with Trp189 introduces flexibility at the non-reducing end of the ligand

destabilizing it and thus causing a decrease in the affinity when compared to cellohexaose.

Figure 1V.10: Model of the structure of CtCBM44 in complex with cellopentaose.

A) Surface representation of CtCBM44 bound to cellopentaose. B) Ribbon representation of the
CtCBM44 binding cleft bound to cellopentaose. C) Superposition of the models with cellohexaose (grey)
and cellopentaose (orange). The ligand is depicted in ball-and-stick and the interacting residues are
depicted as sticks. Atoms are colored by heteroatom. Hydrogen bonds are represented as black dashes and
CH-n interactions are represented as yellow dashes. Glucosyl moieties (in red) are numbered as
recommended by IUPAC-IUB JCBN (1983).%*

1V.2.1.2.5 Model of CtCBM44 bound to cellotetraose

Although the STD-NMR study indicated that the interaction of CtCBM44 with cellotetraose
was very weak, I decided to calculate a model for this complex in order to get a possible
explanation for the reason of this weak interaction. The model of CtCBM44 bound to

cellotetraose is shown in Figure 1V.11.
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Figure 1V.11: Model of the structure of CtCBM44 in complex with cellotetraose.

A) Surface representation of CtCBM44 bound to cellotetraose. B) Ribbon representation of the CtCBM44
binding cleft bound to cellotetraose. The ligand is depicted in ball-and-stick and the interacting residues
are depicted as sticks. Atoms are colored by heteroatom. Hydrogen bonds are represented as black dashes
and CH-zn interactions are represented as yellow dashes. Glucosyl moieties (in red) are numbered as
recommended by IUPAC-IUB JCBN (1983).%*

According to this model the majority of the interactions with the protein are lost and just two
of the three tryptophan residues interact with the ligand and make CH-z interactions. Besides
the tryptophan residues, cellotetraose only interacts with Met183, GIn179 and GIn231. These
two last residues make three hydrogen bonds with the hydroxyl groups 2 (2.4 and 2.6 A) and 6
(2.0 A) of units 2 and 3, respectively. The interaction with two of the three solvent-exposed
tryptophans and these two hydrogen bonds, together with the lack of any other significant

interaction justifies the weak, but still present interaction of CtCBM44 with cellotetraose.

[V.3 Conclusions

The plant cell wall is composed mainly of cellulose and hemicellulose and its degradation is
one of the most important steps in the global turnover process of atmospheric CO,. Regardless
of its abundance in nature, cellulose is a particularly difficult polymer to degrade, as it is
insoluble and is present as hydrogen-bonded crystalline fibers, coated with hemicellulose chains
and pectin all “glued” into an intricate 3D network. For the cellulolytic microorganisms (like C.
thermocellum) the ability for degrading this paraphernalia is conferred by the plasticity
displayed by their cellulases. These proteins are able to recognize and cleave a wide range of -
1,4-glucosidic bonds in a variety of polysaccharides (e.g. cellulose, xyloglucan, glucomannan,

and mixed-linked f§ -1,4- § -1,3-glucans). A fundamental piece for this are the non-catalytic
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carbohydrate-binding modules whose specificity mimics that of the attached catalytic module
and whose function is mainly to target the enzymes to their substrates.

In this chapter I have studied the interaction of CtCBM30 and CtCBM44 with cellobiose,
cellotetraose, cellopentaose and cellohexaose through a combination of STD-NMR and
molecular docking. Both experimental and theoretical results are in good agreement and
indicate that a combination between the arrangement of the three solvent-exposed tryptophan
residues in each protein and interactions of polar residues with the C6 hydroxyl group of the
central glucose units are key for defining ligand specificity. The twisted arrangement of the
tryptophan residues selects against ligands that do not have this geometry, while the interaction
with some C6 OH groups selects against substituted (or without this group) glucose units. It is
my belief that this mechanism is common for CBMs that bind to highly decorated ligands but
further experimental work is required.

Moreover, | have shown that the higher affinity that these proteins display against ligands
longer than they can accommodate in the binding cleft may be related to the interaction of sugar
units that lay outside the binding cleft with polar residues of the protein. These residues flank
the binding cleft and make hydrogen bonds with the sugar units at the extremities, thus
stabilizing the conformation adopted by these ligands in the binding cleft.

Docking experiments showed that the platform designed by the three tryptophan residues in
CtCBM44 can ideally accommodate ligands with up to six glucose units and not five as
previously thought. Given the structural similarities between CtCBM44 and CtCBM30, this fact
may explain the much higher affinity of CtCBM44 to cellohexaose when compared with
CtCBM30 - 72.8x10" + 7.2 and 6.4x10* £ 0.8 M, respectively (Table 1V.1). The larger
platform designed by the three tryptophan residues could promote a higher stabilization of the

ligand, thus increasing the affinity.

[V.4  Materials and methods

IV.4.1  Sources of sugars

All the sugars (cellobiose, cellotetraose, cellohexaose and laminarihexaose) were obtained

from Seikagaku Corporation (Tokyo, Japan) and were used without further purification.
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IV.4.2 Molecular biology

IV.4.2.1 Recombinant protein production

To express CtCBM30 and CtCBM44 in Escherichia coli, I used two vectors, pCG1 and
pCG3, respectively, kindly provided by Professor Carlos Fontes of Faculdade de Medicina
Veterinaria, Universidade Técnica de Lisboa. For the production of CtCBM30 and CtCBM44
with the histidine tag, DNA encoding for both proteins was amplified from the C. thermocellum
CtCel9D-Cel44A gene as described elsewhere.”” The excised CtCBM30 and CtCBM44
encoding genes were cloned into the vector pET21a (Novagen) to generate pCG1 and pCG3,
respectively. The recombinant plasmids contain the clostridial gene under the control of the T7
promoter (see Appendix A for supporting information on the pET system and pET21a plasmid

and T7 promoter).

IV.4.2.2 Protein expression and purification

CtCBM30 and CtCBM44 were produced by first transforming the pCGl and pCG3
expression vectors into competent E. coli BL21 cells (Novagen). All the procedure for
transformation, expression, purification and quantification of both proteins was the same as for
CtCBMI11 — see Chapter Il. The yields obtained were around 50 mg/L of CtCBM30 and 12
mg/L of CtCBM44 and the final concentration of the protein was kept around 1 mM. Figure
1V.12 shows the SDS-PAGE gel of the purified CtCBM44. Unfortunately no picture of the
SDS-PAGE gel of the purified CtCBM30 was taken.

KDa

97

66

48 .
40 -

Figure 1V.12: SDS-PAGE gel of the purified CtCBM44 fractions.
Lane 1 — LMW markers; Lanes 2-7 purified fractions
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IV.4.3 NMR spectroscopy

IV.4.3.1 Data acquisition

All NMR spectra were acquired with a 600 MHz Bruker Avancelll spectrometer (Bruker,
Wissembourg, France) equipped with a 5 mm inverse detection triple-resonance z-gradient

cryogenic probehead (CP TCI) and processed in Bruker TopSpin3.1 (Bruker).

IV.4.3.2 STD-NMR studies

The interaction between CtCBM44 and cellobiose, cellotetraose, cellohexaose and
laminarihexaose was studied by saturation transfer difference NMR (STD-NMR) using the
pulse sequence from the Bruker library (stddiffesgp.3).””° The pseudo 2D spectra were
acquired using a solution of 2 mM ligand and 20 uM protein in D,O for the case of CtCBM44
and 3 mM ligand and 30 uM protein in D,O for CtCBM44. All the spectra were recorded at 600
MHz with 16 scans repeated 16 times in a matrix with 32 k points in t2 in a spectral window of
12019.23 Hz centered at 2814.60 Hz. Excitation sculpting with gradients® was employed to
suppress the water proton signals. A spin lock filter (Ty,) with a 2 kHz field and a length of 20
ms was applied to suppress protein background. Selective saturation of protein resonances was
performed by irradiating at 0.8 ppm for CtCBM44 and 7.0 ppm for CtCBM30 (on resonance
spectrum) using a series of 40 Eburp2.1000 shaped 90° pulses (50 ms, 1 ms delay between
pulses), for a total saturation time of 2.0 s. For the reference spectrum (off resonance), I
irradiated at 20 ppm.

To obtain the 1D STD-NMR spectra I subtracted the on resonance spectra from the off
resonance using the Topspin3.1 (Bruker, Wissembourg, France) software. The difference
spectrum corresponds to the STD-NMR spectrum and, at the correct saturation time, the
intensity of its signals gives information on the proximity of the corresponding protons to the
protein. To calculate the STD amplification factors (Table 111.2) T have proceeded as for
CtCBM11 (see Chapter Il — Section 11.4.4.5)

IV.4.4 Docking studies

IV.4.4.1 Preparation of the ligand pdb files

The carbohydrate ligand molecules were constructed with the “Glycam Biomolecule

Builder” available online from the website of Woods group®'. The ligands were then minimized
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by molecular mechanics, through 1000 steps of the steepest descent method, followed by the

conjugate gradient method until a convergence criterion of 0.0001 Kcal.mol™” was achieved.

IV.4.4.2 Docking models for the interaction of CtCBM30 and CtCBM44

with cellooligosaccharides

Models of the CtCBM30/cellotetraose, CtCBM30/cellohexaose, CtCBM44/cellotetraose,
CtCBM44/cellopentaose and CtCBM44/cellohexaose complexes were calculated using the
software HADDOCK (high ambiguity-driven protein docking) under the WeNMR Grid-enabled
server'™'* using the previously determined X-ray structures (PDB codes: 2¢24 and 2c26 for
CtCBM30 and CtCBM44, respectively). For the ambiguous interaction restraints (AIRs), i.e.,
active residues, only the solvent-exposed tryptophan residues (Trp27, Trp68 and Trp78 for
CtCBM30 and Trp189, Trp194 and Trp198 for CtCBM44) were chosen. The passive residues
were selected automatically (6.5 A around the active residues). The HADDOCK docking
protocol was performed as described elsewhere.'*’! The rigid body docking stage was
performed 5 times, and the best resulting structure was saved. 1000 structures were generated at
the rigid body docking stage, the best 200 of which were selected for further semiflexible
refinement and refinement in explicit water. Non-bonded energies were calculated using the
OPLSX non-bonded parameters.’” Parameters for the ligands were obtained from Glycam Web
as described above.”' The resulting solutions were clustered using a 2A cut off and analyzed
with the software PyMol1.4.1%°. The best structure of the cluster with the lowest energy was
compared against the STD-NMR data and used for subsequent analysis without further

refinement.
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