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The french cystic fibrosis association “ VaincreMacoviscidose” was founded in 1965 and
has since then greatly contributed to the careysfic fibrosis patients and their families in
France. While cystic fibrosis (CF) was long conetdiea children’s disease, continued
research and advancements in medical care has &dignificant increase in life expectancy
and quality of life.

The greatest challenge however, remains that oh@oary infection, which is still the
leading cause of morbidity and mortality in CF pats.

While a variety of antibiotics are available to gd@acterial infections under control, fungal
infections have become more prominent in recentsydafections with filamentous fungi are
often fatal and have generally a poor outcome audifficulty in diagnosis and lack of
efficient treatment strategieéspergillus fumigatuss the leading pathogenic filamentous
fungi that infects not only cystic fibrosis patisnbut presents a general nosocomial risk
factor and is subject of this thesis.

We focused our research on carbohydrate recognigiotgins (lectins) ofA. fumigatus
which are believed to present an interface betwesst- tissue and pathogen. Investigating
lectins of pathogenic agents may therefore cortibio the general understanding of
infection strategies and provide novel treatmeptraaches.

In this thesis | will give an overview @&. fumigatusas an opportunistic pathogen and its role
in the cystic fibrosis context together with an limgt of protein glycosylation and their
changes in the cystic fibrosis lung. Lectins areeflyr introduced outlining major lectin
families, their specification and biological furarti, emphasizing on structural features. An
overview of fungal lectins is given, their struaufunction and potential application are
outlined.

This thesis addresses then the investigation dihkedrom A. fumigatustheir identification
and biochemical and structural characterization.

Being concerned with infectious agents that plaital role in the cystic fibrosis context, our

work was financially supported by “Vaincre la Muéssidose”.



The aim of this thesis was to contribute to theansthnding of infection strategies of the
opportunistic pathogeAspergillus fumigatusThis pathogenic mould is an emerging cause of
morbidity and mortality in immuno-compromised pat® and hospital environments. An
infection with Aspergillusis generally referred to as Aspergillosis; it ciavelop in a variety
of organs but the most common sites are the réepyrapparatus i.e. lungs and sinuses.
Besides infections (invasive aspergillosis), catation with the fungus can cause allergic
reactions (allergic broncho pulmonary aspergillparsd asthma.

The number of immuno-suppressed patients is stesmiieasing due to advancement in the
HIV, cancer and cystic fibrosis medical care, adl we an increasing number of organ
transplantations. Needless to say that new antfludgugs and preventive medication is
desperately needed to support medical care foetpasents. Even though several fungicides
already exist on the market, invasive aspergillosmsains to be often fatal. On one hand, this
is due to difficulties in diagnosis and on the othand, resistances are emerging rapidly.

The motivation behind this thesis is to understaimel underlying mechanisms that are
involved in the first contact between conidial gand host tissues. Initial adhesion steps
often involve carbohydrate binding proteins, callectins. They recognize glycoconjugates
such as glycoproteins, glycolipids and glycosamiymans which cover the epithelial tissue
and mucosal surface of the respiratory tract. ifleation and characterization of the lectins
from A. fumigatuswill therefore contribute to the understandinglué glycostrategy of this
opportunistic pathogen and of the mechanisms irathin adhesion and infection. Detailed
structural analysis of the carbohydrate-proteieriattions will allow ascertaining the lectins
role in virulence and guide the design of glycontio® as adhesion inhibitors. With this
novel approach of targeting the pathogen adhesithrer than its proliferation, resistances are
believed to be less frequent due to the lack oflutmary pressure. In this work, two
different strategies were employed to obtain ndeetins. Firstly, lectins were purified from
crude fungal extracts and secondly e fumigatusgenome was screened for encoded
proteins showing sequence similarity with known dgahlectins. While lectin purification
from the crude extracts was inconclusive due to leetin activity in the starting material,
genome screening showed that several putativentegtere present. One of these lectins,

named AFL6, belonged to the cyanovirin-N homologVKE!) family and it was

7



recombinantly expressed and purified. Glycan aemag micro calorimetry techniques were
carried out to investigate its carbohydrate bindspgcificity and the three dimensional
structure was determined using X-ray crystallogyaph

The structure showed an overall similarity with etiCVNHs with slight differences in the
presumed carbohydrate binding sites. Unlike otherilfy members, it shows a low affinity

for mannosides and an apparent affinity for laatdsa containing glycan structures.



L'objectif de cette thése a été de contribuer @olapréhension des stratégies d'infection du
pathogene opportunistaspergillus fumigatusCe pathogene est une cause émergente de
morbidité et de mortalité chez les patients domhriiunité est compromise et dans les
milieux hospitaliers. Une infection avéspergillusest en général appelée une Aspergillose
et elle peut se développer dans un certain nomiomgathes, le plus fréquemment dans
l'appareil respiratoire (poumons et sinus). Oué® ihfections (Aspergillosis invasive), la
colonisation par ce champignon peut causer desiodaallergiques (Aspergilloses broncho
pulmonaire allergique) et de I'asthme.

Le nombre de patients immunodéprimés augmenteiéégmient a cause des avancées des
traitements du SIDA, du cancer, de la mucoviscidossi que par le nombre grandissant de
transplantation d’organes. De nouveaux médicamantgongiques et des médicaments
préventifs sont nécessaires pour venir en soutiensains medicaux des patients. Bien que
plusieurs fongicides existent déja sur le marcéplergillosis invasive reste souvent fatale.
Ceci est lié d’'une part a la difficulté d’étable tiagnostic, et d’autre part au fait que des
résistances émergent rapidement.

La motivation de cette thése est de comprendrenkssanismes impliqués dans le premier
contact entre les conidies et le tissu de I'h6tes @écanismes d'adhésion initiaux sont
souvent réalisés par des liaisons entre les lecghkes carbohydrates. Le tissu épithélial et la
surface muqueuse du systéeme respiratoire sont deude structures possédants des
carbohydratestels que les glycoprotéines, les Gpides et les glycosaminoglycanes.
L’identification des lectines &. fumigatuset leurs caractérisations devraient dorénavant
contribuer a la compréhension de la glycostratdgiee pathogene opportuniste ainsi que des
mécanismes impliqués dans I'adhésion et I'infecticanalyse détaillée de la structure des
lectines permettra d’établir le réle de ces prasgirdans la virulence et de guider la
conception de glycomimétiques, afin d’'inhiber leépbmene d'adhésion. Cette nouvelle
approche consistant a bloquer I'adhésion de I'agathiogéne plutdt que sa prolifération, vise
a diminuer les résistances par une réduction derdégsion évolutive. Deux stratégies
différentes ont été utilisées pour identifier develles lectines. Tout d'abord une purification

des lectines a partir d'extraits fongiques brutéaténtée et d'autre part un criblage pour



trouver des séquences similaires avec les protéiodées par Afumigatusa été réalisé
parmi une banque de lectines fongiques connues.

Alors que I'étude d’'une lectine extraite d’extraiiguts n'‘a pas été concluante en raison de la
faible activité de la lectine dans le matériau dpait, le criblage génomique identifié
plusieurs lectines potentielles ch@spergillus fumigatusL’'une de ces lectines, hommeée
AFL6 appartient a la famille des homologues a lanoyirine-N (CVNH) et elle a été
exprimée de fagon recombinante et purifiée. Saifsgiée a été étudiée par puce a sucres et
par microcalorimétrie de titration. Sa structuré@itnensionnelle a été déterminée par
cristallographie aux rayons X. La structure a méntn repliement proche d'autres CVNHs
avec de légeres différences dans les sites présdenéaison des sucres. Contrairement a
d'autres membres de la famille, AFL6 montre unbléaaffinité pour les mannosides et une
affinité apparente pour des glycanes contenanok#f factosamine.
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Figure 1. mushrooms, baker’s yeast and maédfergillus fumigatys

The vast kingdom of fungi includes more than 700Kfbwn species and can be
subcategorized into macrofungi (mushrooms, rusifflés and puffballs), yeasts and molds.
Fungi are eukaryotic heterotrophs and absorb marnrfrom their environment. Mushrooms
are macrofungi with distinctive fruiting bodies whiare either epigeous or hypogeous. Their
habitat is decaying organic matter and/or estaiblgslsymbiosis with plants such as trees.
Many kinds of mushrooms are edible and represemxasllent source of proteins. Various
mushrooms possess interesting biological activibd édhave been used as medicine,
predominantly in Asian countries for thousands exding.

Yeasts are microfungi, usually in the form of sengiellular organisms. They play an
important role in fermentation and biotechnologpnte yeasts likeCandida species are
human pathogens that may infect the oral and vhgm@&osa, and can also cause systemic
infections in severely immunocompromised patients.

More often systemic infections and allergic reatsiare caused by filamentous fungi and the
most predominant among them are species oA#pergillusgenus, especialljspergillus
fumigatus.
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Figure 2: Life cycle and distinct morphologicaltsgofA .fumigatusConidiophore structures produce conidial
spores which can germinate, and develop into hypgHgehae cells continue to grow elongate and bramch
eventually go on to form conidiophores. Pictureroelpiced from (Shapiro et al. 2011)

Aspergillusspecies are ubiquitous in nature and are foundrjrfaad water and soil. They
exist in distinct morphological stages and thegxasl life cycle is depicted in figure 2. In
decomposing vegetation, like other fungi, they péayimportant role in the recycling of
nitrogen and carbon. Furthermore, some speciesis&é in industry such as. oryzae, A.
niger and A. terrus. Few Aspergillusspecies can cause aspergillosis in humans and other
animals andA. fumigatuds the most common opportunistic pathogen amoamiht causes
allergic bronchopulmonary aspergillosis (ABPA), egplloma and invasive aspergillosis
(IA). ABPA is an allergic reaction due to the pnese of conidia in the lung and it occurs
most commonly in patients with extrinsic asthmacgstic fibrosis for whom it can lead to
pulmonary fibrosis and eventually to respiratoryilui@ (Knutsen & Slavin 2011).
Aspergilloma is a spheroid mass of hyphae that gnopreexisting pulmonary cavities which
may have been caused by tuberculosis or other atengt lung diseases. It leads to

expectoration of blood due to disruption of bloagssels which is often fatal (Latgé 1999).
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Invasive aspergillosis involves mycelia growth irte host tissue. It occurs in severely
immunocompromised patients, mainly in hematologlyepés and has a very high mortality
rate (Lamoth et al. 2011). IA is difficult to diagse and to differentiate from fungal
colonization and histopathological evidence is mfteund only post-mortem (Lazarescu &
Vinelli 2014). In cystic fibrosis patients, IA oasupredominantly after lung transplantation

and is often fatal in these circumstances.

The first reported human case of aspergillosis dét&ck to 1845 and was detected by
microscopic analysis of sputum samples (Bennet2)Ll8Recognition of aspergillosis as an
opportunistic infection was mentioned 100 yearsrlat a patient with systemic mycosis of
A. fumigatusandCandida (Rankin 1953).While botlA. flavusandA. nigerare reported to
cause aspergillosis in humars,fumigatuscauses approximately 90% of this disease (Sales-
Campos et al. 2013). Infection or colonization wAtHfumigatususually starts with inhalation
of conidia, which are widespread in the environménte to their small size (3-5 um), they
can enter deep into the respiratory tract wherg thay find appropriate conditions to
develop (figure 3). In the immune competent hostidia are usually trapped in the mucus
and actively transported by mechanical beatinglaf present on the respiratory epithelium.
This however requires healthy mucus productioncivig why cystic fibrosis patients are at
a high risk for chronic pulmonary infections. Inded. fumigatusis frequently found in

expectorations from cystic fibrosis patients (Piteal. 2009).
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The interaction betweeA. fumigatusand the innate immune system has been the sudjject
extensive research to understand the molecular anesshs and identify targets for medical
intervention. On a cellular level, conidia are takep by phagocytosis of alveolar
macrophages and polymorphonuclear neutrophils whrehsubsequently recruited by the
production of pro- inflammatory mediators (Balloy @hignard 2009). Swollen conidia are
then eliminated within the phagosomal compartmentrdactive oxidant species (ROS)
(Philippe & Ibrahim-Granet 2003). The fungal defemeechanism is further supported by the
production of anti-microbial peptides and protesugh as lactoferrin, which hinders fungal
growth by trapping iron and proteases (Balloy & @fard 2009).

Figure 3: Schematic representation of componentiseohost immune response to inhakespergillus
conidia. Picture reproduced from (Park & Mehrad 200
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At the molecular level the innate recognition Af fumigatusis mediated by pattern
recognition receptors (PRR), such as C-type ledims toll-like receptors which recognize
pathogen-associated molecular patterns (PAMP)ddmponents of the fungal cell wall. C-
type lectins include the secreted collectin-likefactant proteins A and D (SP-A, SP-D) and
mannose binding lectins that act as opsonins fatrg phagocytosis (Willment & Brown
2008). Furthermore, membrane bound receptors sudeain-1 and 2 and DC-SIGN belong
to the C-type lectin family and induce the prodoctof chemokines (Lamoth et al. 2011).
Dectin 1 is an innate immune receptor of mammatdills and recognizes the fungal cell wall
and initiates immune response. It is a C-type metitat binds -glucans that constitutes a
major part of the fungal cell wall (Willment & Braw2008). Toll like receptors (TLRs) were
among the first described PRRs and several TLRe wientified to play an important role in
the fungal defence mechanism. Activation of surfeBtRs leads to homo- (TLR4) or hetero-
dimerization (TLR2/TLR1 or TLR6) which leads to sajling cascades including MyD88,
NF B and MAP kinases and the subsequent expressiohemhokines and cytokines (IL12,
IL10, IL23, TGF, TNF ) (Bourgeois & Kuchler 2012). PAMPs that are redegd by the
immune system consist mainly of carbohydrates, Wwlate the major constituents of the
fungal cell wall. These are especiall§,3 glucans, which were shown to activate T helper
cells (Thl)-cells and to play an important roleaictivation of the host immune defences
(Bozza et al. 2009).
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The cell wall is essential to fungal survival, gtbvand defense against the host immune
system. It is constantly adapted and changes iira@maent or external stress can lead to
significant modifications in the composition andustural arrangement of the cell wall

constituents. The cell wall is mainly composed aliypaccharides (figure 4).

Figure 4: schematic representatiomAspergillus fumigatusonidial and mycelial cell wall. Picture reproddce
from (Beauvais et al. 2014)
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The core structure is made up of interlinkdd3/ 1,4 linked-glucan with branched chitin and
chitinosan, as well asl,2 galacto- (and1,3mannan). An amorphous fraction is composed
of linear chains of 1,3glucan with interlinked 1,3glucose and galactomannan (Free 2013)
The conidial cell wall is additionally covered withihydroxynaphtalene (DHN)-Melanin,
which helps to maintain the structural integrityurthermore, it contains a hydrophobic
rodletlayer which protects the fungal spore frommiamological recognition by limiting the
exposure of PAMPs (Aimanianda et al. 2009; Beauedisl. 2014). It was shown that
proteins play an important role in maintaining stmwal organization of the cell wall. For
example, the deletion of the cell surface protespA; which is a GPI anchored cell wall
protein, results in reduction of adhesion of camidnd increased disorganization of the cell
wall, while its over-expression enhances resistdncgegradation (Levdansky et al. 2010).
The role of 1,3 linked glucan, the major polysaccharide compormé the cell wall, was
elucidated by the creation of a triple mutant strahich was devoid of 1,3glucan. It was
shown that the absence of,3glucan does not affect growth or germinationn(feet al.
2012) but results in reduced pathogenicity, indigatthe importance of 1,3glucan in
virulence. Macrophage production was elevated ia tiiple mutant, due to increased
exposure of PAMPs by cell wall reorganization (Bess et al. 2013).

In established colonization/ infection By fumigatusexposure to the hostile environment of
the host immune system is overcome by biofilm fdrama The biofilm is a polymeric
extracellular matrix (ECM) that covers the fungalany and glues hyphae together, resulting
in a reduced susceptibility to antifungal drugs.eTéxistence of biofilm formation iw.
fumigatus was recently described when mycelium was grownagar based surfaces
(Beauvais et al. 2007). Electron microscopy of egijema and invasive aspergillosis in
murine lungs showed that biofilm formation was présn vivo (Loussert et al. 2010). The
biofilm composition was found to contain polysaaities such as galactomannan,
galactosaminogalactanarid3glucan, as well as pigments and proteins (Lotissal. 2010;
Beauvais et al. 2007)Furthermore, extensive research has been carriedussng RNA
sequencing, microarray and proteomics approacheségtigate the global understanding of
A. fumigatusiofilm formation (Muszkieta et al. 2013).
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Treatments that are currently available to fighdiagt fungal infections can be categorized in
three classes of chemicals: Polyenes, echinocamaidsazoles. The most common polyene
used is Amphotericin B (AmB). It binds to membrasterols, creates transmembrane
channels and leads to an increase permeabilitgdtions. It inhibits also proton ATPase
pumps depleting cellular energy reserves and isarganembrane fragility. AmB is highly
effectivein vitro but efficacyin vivo remains low and it shows toxicity towards the hdist
binds to ergosterol in the fungal membrane, bui &dscholesterol in the host (Latgé 1999).
Furthermore some strains show intrinsic resistateeAmB (Shapiro et al. 2011).
Echinocandins inhibit the synthesis df,3-glucan in a competitive manner and resistasce i
not yet emergered, possibly due to the relativetytsduration of use (Shapiro et al. 2011).
Among the azoles intraconazole is the most commoséd antifungal against. fumigatus
It binds to cytochrome P-450 and prevents synthasesgosterol. Resistance to azoles is an
emerging problem that can be acquired during treatrar may be driven by agricultural use
of azoles. The resistance appears by alteratiatheofdrug target and upregulation of drug
pumps. Furthermore, azole resistant strains haee iselated from patients independently of
their azole treatment and from the environment siBurope (Howard & Arendrup 2011).
Indeed, azole resistance is now considered a n@jbfic health concern as antifungal
resistance is emerging DandidaandAspergillusstrains (Vermeulen et al. 2013; Alcazar-
Fuoli & Mellado 2014).
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Cystic fibrosis is an inherited disease that wassimered a children’s disease due to its early
fatality. In the past decades however, medical f@réhose patients has drastically improved
and with it life expectancy and quality. Medicasearch, especially research about the basis
of infection, new treatment and diagnosistc togidays an important role in the
advancements of medical care for cystic fibrosisepés.

& &
(")
Cystic fibrosis (CF) is a monogenic disorder caubgdmutations in the cystic fibrosis
transmembrane conductance regulator (CFTR) gen@RAE a cAMP regulated chloride
channel and a regulator of other ion channels aspa on most epithelial cells. The anion
channel is needed on epithelial cells to contrabmarflow and maintain hydration of
epithelial cells in the airways, the intestinakctrand pancreatic ducts as well as sweat glands
and testes. The gene is located on chromosome sskemore than 1500 mutations are
identified to date. However, the most common matatresults in the deletion of the
phenylalanine residue at position 5F%08de) of CFTR. The mutations are illustrated in
figure 5 and can be categorised into 5 classeg¢FRerCutting 2012). Class | mutations alter
the stability of mMRNA by introducing premature témation codons whereas class Il
mutations alter the stability of the protein. F58B@ an example of such a mutation where
protein maturation and trafficking to the Golgi apgtus is interrupted (Kopito 1999). In
class Il mutations CFTR is properly folded andatsx in the membrane but its activation is
compromised. In the mutations of classes I-1ll pro@activity is absent as opposed to classes
IV and V where CFTR carries out residual functionthwaltered conductivity (class IV) or
reduced amounts of functional CFTR (class V). Dagym of cystic fibrosis is nowadays
confirmed by genetic screening in newborns or @&&in However, in young children sweat
tests are still used as reliable diagnostic tobhe sweat of cystic fibrosis patients contains a

higher chloride concentration due to the malfunctéthe chloride channel CFTR.
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Figure 5: schematic overview of the five classe€BTR mutations that lead to cystic fibrosis.
Picture reproduced from
The CFTR mutations database -the CFTR déttp://www.umd.be/CFTR/W_CFTR/gene.hjml

* &

The most significant symptoms of cystic fibrosislude the production of thick and sticky
mucus in the intestines and airways which is whey tdrm mucoviscidosis is also used for
this disorder. Clinical characteristics are meconileus in newborns, liver fibrosis and male
infertility due to congenital bilateral absencetloé vas deferens. In the pancreas CFTR on
the ductal epithelium of the exocrine system manstan alkaline pH to provide optimal
enzyme activity in the duodenum. In CF patientsithepathic chronic pancreatitis leads to
obstruction of the pancreatic duct due to lower ipHthe secretions. Proteins clog and
obstruct the pancreatic duct leading to fibrotestie in the pancreas and malnutrition due to
the inability to absorb fats (Witt 2003). Patieate therefore often underweight and require
nutritional supplements. In fact, the term cystlwrdsis was first used in 1938 in autopsy
studies of mal-nourished children as “cystic fibsosf the pancreas” (reviewed in (Davis
2006)). Since then life expectancy has greatly owed and CF is no longer only a children’s
disease. However, CF is still considered lethal #wedmain contributing factor to premature
deaths is the chronic infection of the lungs amd/ays. Airway epithelium of the CF lung is
covered by a thick layer of mucus that cannot leareld. This leads to chronic obstruction
andprovides a perfect environment for colonisatigninhaled bacteria and fungal spores
(Delhaes et al. 2012). The link between the CFTHRfunetion and the phenotype of thick
and sticky mucus was reviewed recently. It was sstggl that mucus hyper-production is not
directly related to the malfunction of the chlori@dannel but rather by downstream
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consequences that lead to secondary effects sunbegsroduction of mucins which may be

the cause for the altered mucus properties (Kredh 2012).

&

Infection of the airways is the most important cdioggion in CF patients. The infections are
mediated by the inability to clear the thick anidist mucus produced in the respiratory tract
(figure 6). Furthermore, the cellular innate immuwefences may be directly affected in CF.
Once initiated, the inflammatory response appearbet dysregulated. Macrophages were
shown to have defects in phagocytosis and showedmaaired killing mechanism by
insufficient acidification of the lysosomes (Brenn2008). It was recently shown that lung
function in 3 month old infants, diagnosed with @lFfeady showed abnormal lung function
and hyperinflammation (Hoo et al. 2012). Furtheti¢ations are given by the fact that low
levels of CFTR in myeloid cells result in dysredgathinflammatory function (Bonfield et al.
2012)

Figure 6: Schematic representation of the CF Iurenptype that leads to increased
inflammation and infection. Picture reproduced fr@irizzell & Pilewski 2004)
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The most prevalent bacterial infections in CF pasieare mediated by the opportunistic
pathogensPseudomonas aerugings8urkholderia cepacia Staphylococcus aureuand
Stenotrophomonas maltophil{€outinho et al. 2008put recent new methods for detection
and diagnosis suggested a much larger bacteriaincmrity in the cystic fibrosis lungs (Guss
et al. 2011). Bacterial infection is the main caatenorbidity and mortality in patients with
CF. In early lifeHaemophilus influenzand Staphylococcus aureume the most prevalent
bacterial pathogens where& aeruginosainfection usually occurs in adolescence and
adulthood. Acquired bacterial infections can becorheonic and last for years and co-
infections with several bacterial pathogens areerofiobserved. On the one hand,
P. aeruginosawas found to secrete factors that inhibit the dhowaf S. aureuson the other
handS. aureushas also been observed to grow in proximityPtaaeruginosaresulting in
antibiotic resistan®. aureuyariants (Hoffman et al. 2006).

P. aeruginosais the most common bacterial pathogen found in dbetext of CF and
phenotypic conversion is observed during chroniloraaation. It diversifies in motility,
virulence, antibiotic susceptibility and the protlon of adhesins, polysaccharides and
secondary metabolites in the CF lungs. Moreovee, ftbrmation of biofiims is often

observed, making the bacterial infection diffiqwlteradicate (Tang et al. 2014).

Although CF is classically associated with bacteii@ections, new detection methods of
fungal pathogens suggest a much larger prevalehe@ expected (Delhaes et al.
2012).Pathogenic fungi can be divided into yeasts moulds, also known as filamentous
fungi. Among the yeast€andida albicansand otherCandidaspecies are most commonly
infecting the oral and genital mucosa which result®calized infections. AlthougBandida
are frequently isolated from sputum samples, tbamtribution to the reduction of pulmonary
function remains unclear (Chotirmall et al. 201B¢sides the frequent presenceCaindida
spp, a case report of a CF child described pulmomafiection with the novel yeast
Blastobotrys rhaffinosifermentanwith strong indication that the infection withighyeast
highly contributed to the airway inflammation (Woetal. 2014).

Among the filamentous fungi that colonize the Clways, A. fumigatusis the most
prevalent. It is frequently isolated from sputummgdes from adolescent and adult CF
patients. It causes predominantly ABPA and invagivens occur occasionally. An extensive

review by the Cystic Fibrosis Foundation has rdgdnghlighted the difficulty in diagnosing
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ABPA due to overlapping clinical, radiographic, naiciologic and immunologic features of
ABPA and CF so that the clinical indication forateent is often given when antibiotics fail
(Stevens et al. 2003).The occurrence of ABPA hasbecreasing in the last years and a
recent review of data from 30 different countriaggests that it is present in almost 50% of
the adult CF population (Armstead et al. 20)fumigatuss furthermore found to colonize
the CF lungs without causing ABPA and its contrititto the decline in lung function is
still debated in the scientific community. Somedsts found no association betweAn
fumigatuscolonization and a decline in respiratory funct{de Vrankrijker et al. 2011),while
another study found that it increases cytokine petidn fromTh2 cells and down regulation
of the vitamin D receptor. Antifungal treatmentuksd in significant clinical improvement
(Coughlan et al. 2012). Conflicting results wersoalound withA. fumigatuscolonization in
context with antibiotic treatment arRseudomonagfection (reviewed in (Liu et al. 2013).
The heterogeneity of the study design and duratiag account for these conflicting results
and the impact of fungal colonization in the CF duremains unclear (Chotirmall &
McElvaney 2014).

BesidesA. fumigatusotherAspergillusspecies are isolated from patients sucA.dtavus A.
niger, A. nidulansandA. terreus(Pihet et al. 2009). Some rare species Akdentulusand
Neosartorya pseudofishehave been isolated from CF patients as well (Symaost al.
2010). FurthermoreéPenicillium and Scedosporiunspecies have been found to infect or
colonize CF lungs. In a recent study investigathmgseroprevalence &lcedosporiumt was
found that 10% of sera were positive fcedosporiumvith a significant correlation witi.
fumigatusseropositivity. However, an association with deelin lung function could not be
observed (Parize et al. 2014). MoreovExophilia dermatitisfrequently colonizes the
airway. In a study of 98 patientS, dermatitiswas recovered with the same frequencyAas
fumigatus and triggered IgG production. Culture positiveigratls showed a decline in
respiratory function and four patients were diagumowith symptomatic infection and were
treated with broad-spectrum azoles. Co-colonizatimecurred with non-tuberculosis
MycobacteriaandS. aureugKondori et al. 2014).

It remains however, th&. fumigatuscontributes significantly to the morbidity and rradity

to cystic fibrosis patients. Novel treatment andgdiostic methods are therefore desperately
needed. Investigating the initial steps in infecfithe first contact betweekx fumigatuswith
host constituents includes the understanding ofgtileocalyx of the host tissue as well as
adherence mechanisms of the pathogen throughdeé&tintein glycosylation and the changes

in the CF lung are described in the next sectidarkdectins are introduced.
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Besides the nucleic acids that build the DNA andinamacids that form proteins,
carbohydrates are the third major building blocKifef. Carbohydrates or saccharides (from
Latin saccharum sugar) may be categorized in monosaccharidesglésirsugars),
oligosaccharides in which two to ten monosaccharidee covalently linked and
polysaccharides. Oligo and polysaccharides mayirbdeed in linear or branched manner.
Monosaccharides can exist in linear form as aldosastaining an aldehyde function or as
ketoses with a keto-group. Ring formation resuttghe formation of an anomeric center

which leads to the or anomers as shown in figure 7.

Figure 7: cyclization of D-glucose in which the lsanyl group forms a covalent bond with the oxygén o
hydroxyl group. Cyclic presentations are shown awdrth projection. The linear from is shown in fiec
projection.
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Linkage of simple sugars to form oligo- and polydarides (glycans) can occur not only at
the anomeric center, resulting inand linkages but on any hydroxyl group, resulting in a
variety of possibilities as opposed to the lineanfation of proteins and DNA, where coded
information is restricted to their sequence (fig8)e

Figure 8: lllustration of linkages to form linedigmmers of (a) nucleic acids, (b) amino acids. The
oligomerization of (c) carbohydrates is much maymplex and can yield a variety of branched and
linear oligo-and polysaccharides.Picture reproddosu (Rudiger & Gabius 2011)

Glycans that are linked to lipids or proteins afermed to as glycoconjugates and are major
components of membranes and cell walls in all §vkingdoms. They serve not only as

structural components but are also involved inréetaof biological processes, such as cell-

cell communication, maturation and differentiatias well as host-pathogen recognition

(Varki et al. 2009).
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Other than proteins and nucleic acids, the glydasylmthesis is not driven by a template. Its
composition depends upon an orchestration of differ glycosyltransferases and
glycosidases. In eukaryotes several core glycamtsires are assembled in the endoplasmatic
reticulum (ER) and mature in the Golgi network aheé different compartments of the
secretory pathway (Van Breedam et al. 2014).Dugitocomplex biosynthesis and the lack
of proof-reading machinery, glycan structures pmeséarge diversity and strong
heterogeneity (Raman et al. 2005). Glycosylaticsa é®mmon post translational modification
of secreted protein and every cell is covered lpomplex layer of glycans (Varki et al.
2009). Protein glycosylation can be divided int@ tiypes depending on the glycosidic bond
type: N-glycans and O-glycans. Changes in protgioogylation can have drastic effects of
protein folding, stability and trafficking. An exéent example for the complex

interconnections between glycosylation, proteincfion and phenotype is given by the
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altered glycosylation of CFTR in cystic fibrosise. $ome mutations, the glycosylation sites
are altered leading to mis-glycosylation, proteistability and this is even thought to affect

the overall glycosylation pattern of the cell (Rhatnal. 2001)

Figure 9: schematic representation of differenesypf protein glycosylation
Picture reproduced from (Raman et al. 2005).

N-linked glycans are covalently linked through &i&Ac residue to the nitrogen atom of the
side chain of asparagines in the Asn-X-Ser or AsfikX consensus sequence, where X can
be any amino acid except for proline (GIcNA&sn) (Van Breedam et al. 2014; Varki et al.
2009). N-glycosylation is initiated in the endoplasmic catum during translation, and can
be divided into three major steps. The synthesith@fcommon core glycan structure starts
with the formation of dolichol-linked GIcNAc and lssequent addition of GIcNAc and three
mannose residues. The core glycan structure isd¢ki@mded to create the precursor glycan.
The precursor is then transferred to the asparagiide chain of the protein and further
processing modification by adding and trimming tak®ace in the Golgi apparatuS-
glycans are covalently attached to the oxygen atbthe side chain of Serine and Threonine

residues and their biosynthesis takes place iGtiigi apparatus.
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To target the initial steps of infection, it is iomant to understand changes in the
environment in predisposed patients. The glycomylgpattern in the CF lung was show to
differ from healthy individuals. The airway epitheh of the CF lung containd\-
glycoproteins with a decreased amount of termimalicsacids and increased fucosylation
(Scanlin & Glick 1999). These changes in proteigicgbylation appeared to be directly
linked to the CFTR mutation and normal glycosylatipatterns could be restored by
expression of wild- type CFThh vitro (Scanlin & Glick 2001). Furthermore the enzyme
activity and mRNA level of three fucosyltransfermgbat are responsible for fucosylation
were not changed in the CF cells (Glick et al. 30@tlwas demonstrated that the pH in the
Golgi of CF cells is higher than in normal celldahhas been suggested that abnormalities
in sialylation is directly linked to the malfuncticof CFTR. This chloride channel may be
responsible for acidification of the Golgi to prdei optimal conditions for a pH sensitive
sialyltransferase in normal cells. Defective adodifion in CF may explain the decrease in
sialic acids found in the CF phenotype (Barasch &awgati 1993). However, direct
measurements of the Golgi pH by fluorescent pHcaidirs could not confirm the change in
Golgi acidification in CF patients (Seksek et &9&). It is now believed that CFTR plays a
role in the disruption of compartmentalization bé ttrans Golgi network (Rhim et al. 2001,
Rhim et al. 2004)

Mucins are high molecular weight and heavily glydased glycoproteins that are produced
by goblet cells and bronchial glands in the humiaway mucosa. O-linked glycosylation
accounts for the major part of oligosaccharidemircins. In contrast to the normal airway
epithelium, mucins (MUC5AC and MUC5B) of the CF msa appeared to contain a higher
amount of sialic acids and this is dependent ofitifilemmation state of the lung. Sputum
samples from CF patients that were infected Wgleudomonasontained a higher amount of
sialic acids than uninfected CF patients (Davréletl999). Furthermore, mucins appeared to
show higher sulfation, which seemed to also in@eagh the severity of the infection
(Roussel et al. 1975; Davril et al. 1999; Xia et24l05). Since the sulfate content of mucins
secreted by the submucosal gland was not diffene@F and non-CF patients (Schulz et al.

2005), it is believed that the increase in sialitda and sulfates is a secondary effect of
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inflammation rather than a direct consequence efahsence of functioning CFTR in the
Golgi (Kreda et al. 2012).

Furthermore, the mucus of CF patients is highlyeadre, which may be due to the secretion
of proteases by pathogens in infections (Rubin 2007he intestines, mucins were found to
be present in higher density in mice lacking fumeil CFTR (Cftr 508), which could be
normalized by the addition of bicarbonate (Gustaisst al. 2012).

#/

This section comprises a general introduction wiing. An overview of different lectin
families, their structural features and biologidahction are summarized in table xx.
Focussing on structural characteristics, some itapbrexamples of the families are
mentioned emphasising on fungal lectins. Furthiarmation about the known lectins in A.
fumigatus can be found in Chapter Ill as an intatiun to identifying and characterizing

novel lectins in this opportunistic pathogen.

# 0% %

Lectins are carbohydrate binding proteins of nomume origin, without enzymatic activity.
They are ubiquitous in nature from viruses anddyécto higher organisms, like fungi, plants
and animals. Lectins have been first identifiedhmir ability to agglutinate erythrocytes and
where originally called agglutinins. With the fimdj that some of these agglutinins had a
different specificity towards the ABO blood typéd®tterm lectin was coined from the latin
word “legere” meaning “to select”. The biologicainttions of lectins are very diverse and
depend greatly on the origin of the lectin buttlk@mmon ground is the involvement in cell-
cell communication through the glycan-structure cal membranes (Varki et al. 2009).
Lectins often possess low affinity towards monobaddes and stronger interactions are
usually the result of multivalent binding. Multieslcy can be achieved by the presence of

tandem repeats in the sequence leading to sevadah@ sites or by oligomerization.
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Figure 10: Schematic representation of involver of lectins in pathogenesiédapted fronm(Imberty & Varrot
2008)

Figure 10 illustrates how lectins are used by many gahs, be it viruses, bacteria, paras
or fungi to recognize their host target cell andalelsh colonizationand/or infection.
microbial lectins have therefore gained more irdene recent years aherapeutical targe
for anti adhesive thapy. However lectin researchgan in plants and anime

In plants, lectins are particularly abundant in skeeds of legumes and play an important
in the defense against pathog(Lannoo & Van Damme 2014)urthermore these L-type
lectins are thought tplay an impctant role in the symbiosis between nitro-fixing bacteria
and plant root¢Diaz et al. 1989; Sharon & Lis 20(. Although discovered in plants-type
lectins are found in most eukatic organisms and are further discussed belo-type
lectins are abundant in plants as well and oftartaio toxins.In animals, lectins are know
to be involved in proliferation, glycoprotein tre#ing and clearance, immune defen:
fertility and many moreThe most important lectin families, their speciffcand biologica
functions are summarized below (tal); among them many plant and animal lec

The role of lectins in the interaction between aitmost and microbial pathogens is sub
of intense research since lectins are often atritexface of ho-pathogen recognition. The
are involved in the activation of the innate and@dd immune system of the host but als
the adhesion and toxicity of the pathoc¢(Brummer & Stevens 2010; Sundstrom 2C
Imberty & Varrot 2008; Van Breedam et al. 2C. In viral infections,binding of the vira
glycoconjugates to membrane associated host lecansaccumulate virions on the ¢
surface and fadtate infection Furthermore, host glycans can be recognized binkon the

viral envelope and initiate infectic Virus binding can also directly lead to internatiaa
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into cell compartments where the next stage ofciida can be initiated. Furthermore, the
activation of signaling pathways through lectin dimg may modulate both viral infection
and the immune response (Van Breedam et al. 2014).

Bacterial lectins may be categorized into two magjaups. Fimbrial and flagelin lectins are
adhesins found on the surface, or surface organ@itebriae and pili) of many bacteria and
are involved in attachment to the host surfacegramhtion and biofilm formation. the second
group comprises soluble lectins and secreted toX@esreted toxins often have a lectin
domain like the neurotoxin fror€lostridium botulinumor the cholera toxin fronYibrio
cholerae. Some cytoplasmic soluble proteins like LecA and B.eftom Pseudomonas
aeroginosarecognize galactose and fucose and are impli¢atedst recognition and biofilm
formation (Imberty et al. 2005).

Given the diverse and ubiquitous nature of lectimsunified classification is available yet.
They are often classified by their origin, carbotagd specificity or structural fold. Table 1
shows some important examples of lectin familiégjrtorigin and specificity, as well as

biological functions and structural information.
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Family  Origin Structural features  Ligands Functions
and Glycosylation

Calnexin  vertebrates N-terminal Ca-binding  GIcNAc2Man protein folding assistance
luminal domain, 9Glc1
transmembrane helix (N-

glycoprotein)

C-type animal C&' dependent ligand  Divers Adhesion, immune

lectins binding, diverse system, inflammation
structures

P-type vertebrates 9 stranded flattened Man-6- Trafficking of hydrolases

lectins barrel Phosphate to the lysosome

R-type Invertebrates Structural similarity to -Gal, Adhesion and defense

lectins Plants Ricin B, -trefoll GalNAc, Man  (toxicity)
domain, N-glycosylation and others,
of high mannose type depending on

origin and
subgroup
L-type Discovered in plants, = Dome like structure divers Storage, symbiosis,
lectins other eukaryotic comprised of antiparallel defense, innate immunity
organisms -sheets, short loops anc
-bends; jelly roll fold;
most are N-glycosylated.
Calcium depended
binding in plants.

Galectins  All organisms Antiparallel -sheets - galacose-  Cell-cell and cell-matrix
arranged in a-sandwich containing interaction, signaling,
orjelly roll, no - helices glycoconjugate immune response and
present S inflammation, metastasis

I-type vertebrates Immunoglobin like fold, Sialic acid (for Cell-cell and cell-matrix

lectins antiparallel -sheets siglecs), divers interaction, immune

(Siglecs) organized into - system,
sandwich neuronal development

H-type invertebrates Six-chains, -sandwich GalNAc Self/ non-self

lectins fold recognition, cell

adhesion, innate
immunity

Ficolins verterates Contain subunits of GIcNAc Innate immunity

fibrinogen like (globular)
and collagen-like
(stretched) domains

Table 1: Examples of lectin families
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As mentioned above, lectins may be categorizedchby structural fold and table 1 already
indicates the structural diversity found in lectir®&ructural investigation of lectins is an
excellent tool to elucidate their carbohydrate #pety and yield detailed knowledge about
the protein architecture. Furthermore, it gives dpgortunity to identify the most important
protein-carbohydrate contacts. Nearly 250 diffetentins have been structurally determined
to date by X-ray crystallography or NMR resulting more than 1200 three-dimensional
structures. These are gathered in the comprehensB@-lectin database

(http://glyco3d.cermav.cnrs.jt/ Figure 11 gives an overview of the structuraledsity of

lectins.Even though representatives are chosen &omal lectins, some of the presented

lectin folds can be found in plant or microbialtias.

Figure 11: examples for the diversity of lectind®l (a) C-type collectin (PDB: 1PWB); (b) immundgltin
fold/ I-type lectin (PDB: 1QFO); (c) P-type lecfiold (PDB: 1M6P); (d) -sandwich/jelly-roll fold of
galectins (PDB: 1GZW); (e)-trefoil fold ( PDB: 1DQO); (f) -propeller fold (PDB: 3KIH);(g) -prism Il
fold (PDB: 1KJ1);(h) fibrinogen-like fold ( PDB: €®); (i) / -fold ( actinoporin like) (PDB: 2JX9). picture
reproduced from (Gabius et al. 2011)
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C-type lectins are a major part of the innate imensyistem in animals and are characterized
by a conserved binding site containing”Cawithin the family of C-type lectins, several
subgroups are known that differ in fold, specifiaind function. Collagen-containing C-type
lectins (collectins), like lung surfactant prot&n(SP-D, Figure 11a) is an example of a well
characterized C-type lectin. SP-D binds directlycémbohydrate residues on pathogens and
allergens and mediates opsonisation. The trimegdtin consists of an- helical coiled coil
region and the globular carbohydrate recognitiomaio, where C& is involved in
carbohydrate binding with the maltose ligand (1PWD)

I-type lectins are named after their immunoglobuliike fold, belonging to the
immunoglobulin superfamily but are neither antitesdinor T-cell receptors. Like c-type
lectins they are exclusively found in animals. 8takcid binding I-type lectins (Siglecs) are a
well characterized group of this family. Figure 14lows the structure of the N-terminal
carbohydrate binding domain of sialoadhesin in dempwith 3" sialyllactose (1QFO).
Siglecs are membrane proteins containing and Nhubedrsialic acid binding region (V-set) at
the extracellular lumen. Their cytoplasmic C-terasrcontains a tyrosin signaling motive,
down or upregulating signaling pathways in immuaksc

P-type lectins bind mannose- 6- phosphate (M6P) amedinvolved in the trafficking of
hydrolases from the golgi apparatus to the lyso$a®ih compartments. Figure 11c shows
the endoplasmatic domain of the cation dependerR-Méceptor complexed with its ligand.
P-type lectins are transmembrane proteins with ggelaN-terminal, glycoylated
endoplasmatic domain that contains the carbohydratding site and a short C-terminal
cytoplasmatc tail. They form homo-dimers with easbnomer binding one M6P residue.
The fold can be described as a nine strandedrildte barrel.

Galectins were first discovered in animals, but lsarfound in all organisms and they bind
galactose containing glycoconjugates (table 1).irfé@mmon fold is composed of five and
six standed antiparallelsheets that are arranged in a so called jellyeaiiformation (figure
11d, human galectin-1).This jelly-roll fold, orsandwich is also found in L-type lectins,
which are present in plants, fungi and animals whiers sometimes called Concanavalin-A
like -sandwich, named after the first L-type lectin thas discovered from jack beans
(Fujimoto et al. 2014).
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The -trefoil domain as shown in figure 11e is also knoas Ricin-B like fold or R-type
lectin. In plants R-type lectins often contain &ite subunit and play a role in defense.
However, the -trefoil domain is found in a variety of lectinkdi in fungi fromClitocybe
nebularis(figure 12c) and the carbohydrate binding domdithe murine mannose receptor
which belongs to the C-type lectins( figure 11edl anstructural features are described in
more detail below. The structural diversity of thege family of C-type lectins is made clear
in comparison to figure 12h which shows a C-typstitefrom the Japanese horse shoe crab
exhibiting a fibrinogen-like fold.
The -propeller fold, as found in tha. fumigatuslectin AFL (figure 12f) is a well known
member of fungal lectins and is therefore describeldw. However, it is also found in the
Tachylectin from the Japanese horseshoe crab asghdigure 11f where it is composed of
a 5 bladed -propeller whereas fungal lectins like AFL, AAL frothe orange peel fungus
Aleuria aurantiaand PVL from Bathyrella velutinacomprises 7 blades.
The -prism Il fold is common in mannose specific aggius from plants such as the lectin
from garlic shown in figure 11g. However, they ateo found in fishes, fungi and bacteria. It
can be described as &arrel with a pseudo-3-fold symmetry which is mageof three four
stranded -sheets.
The rhamnose-binding like domain (RBL) from the marlathophilin, a G protein coupled
receptor in the brain of vertebrates (figure 15 irather rare carbohydrate binding domain.
It was first discovered in sea urchin eggs butlieen discovered in other animals since. The
[ fold in figure 11h shows elongated loops that areolved in rhamnose binding
(Vakonakis et al. 2008).
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Fungal lectins have been identified in mushroonitifrg bodies, in mycelium and conidia
from filamentous fungi as well as in yeasts. Musinndectins gained growing interest due to
their potential application in diagnostics and éattnology as well as their antitumor,
antiproliferative and immunomodulatory activities summarized in table 2 (Varrot et al.
2013).

Origin Biological function Application in research and
biotechnology

Mushroom - Storage - purification of glycans and
growth glycoproteins
morphogenesis - Studies of glycomics
parasitism - Biomarkers

Microfungi - infection - Cancer research
molecular recognition o diagnostics
defense 0 immune stimulation
cell flocculation (yeas © antiproliferative

Yeast only) - antiviral

Insecticide/ vermicide
Targeted drug delivery

Table 2: Origin, biological function and potentédplications of fungal lectins

The study of lectins in pathogenic microfungi, sashyeasts and filamentous fungi is often
motivated by their role in adhesion and virulenGal(egos et al. 2014).

As described above, galectins argalactosides binding lectins that are well chamazed in
animals where they are involved in a variety of gesses including differentiation,
maturation, migration and apoptosis (Viguier et2814). In fungi, lectins with a galectin-
like fold have been characterized fréxgrocybe aegeritéJiang et al. 2012; Ban et al. 2005)
and Coprinopsis cinereaWalti et al. 2008).They represent prototype dahscthat are
composed of a-sandwich with two antiparallelsheets that contain each sikstands.

Lectins with an actinoporin-like fold were characted from the fruiting bodies d8oletus
edulis (Bovi et al. 2011)Sclerotium rolfsii(Leonidas et al. 2007)Xerocomus chrysenteron
(Birck et al. 2004) andgaricus bisporugCarrizo et al. 2005). They consist of ®andwich
where the two -sheets contain six and fourstrands respectively. The-strands are

connected by a helix-loop-helix motif which contithe carbohydrate binding site. Two
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binding sites are present on each monomer witlinagpy site being specific for GaINAc and

the secondary for GIcNAc. These lectins can formeis or tetramers.

Figure 12: most common folds of fungal lectins. Galectin fold of AALAgrocybeaegerita lectin (PDB;
3AFK);(b) Actinoprotin-like fold of BELBoletus eduligectin (PDB: 3QDV); (c) -trefoil fold of CNL
Clitocybe nebularigicin-B like lectin/ R-type (PDB: 3NBD); (d) Cyani@in-N like fold with LysM domain of
MOCVNH LysM Magnaporthe oryzakectin (PDB: 2L9Y); (e) yeast adhesion fold of Cafedgalbrata
epithelial adhesin 1A domain EpalA (PDB: 4AF9); {ropeller fold ofAspergillus fumigatukectin AFL
(PDB; 4AGI); carbohydrate ligands are shown aksgpresentation with yellow carbon atoms.
reproduced from (Varrot et al. 2013)
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Lectins with a -trefoil fold have been identified fror@oprinopsis cineregSchubert et al.
2012) andMacrolepiota procerdq urga et al. 2014) where they were found to bediwed in
the fungal defense mechanisms. Furthermore, leatitisthis fold were found irClitocybe
nebularis(Pohleven et al. 2012) aetiporus sulphureuéManchefio et al. 2005Marasmius
oreades(Grahn et al. 2007 Rolyporus squamosuadirvelraj et al. 2011) an8clerotinia
sclerotiorum (Sulzenbacher et al. 2010). Thetrefoil fold is characterized by three
subdomains,, and each comprising a four strandegheet and the domains are arranged
around a pseudo-3-fold axis. The lectins vary dyeattheir C-terminal domain architecture,
oligomerization states and carbohydrate spec#igi{Varrot et al. 2013).

The cyanovirin-N homologs (CVNH) occurring in fungre named according to their
similarity with the virucidal lectin cyanovirin-N rém the cyanobacteriumNostoc
ellipsosporumand their structural fold, containing two doma#and B is further introduced
in Chapter IV. In fungi, CVNH are predominantly faliin filamentous ascomycetes and
structural characterization is available féibberella zeagMatei et al. 2011)Neurospora
crassaand the truffleTuber borchii(Koharudin et al. 2008). In addition, the CVNH from
Magnaporthe oryzaecontains a LysM domain inserted in between domainand B
(Koharudin et al. 2011).

In yeasts lectins are involved in adhesion processe Saccharomyces cerevisiathe
adhesin Flo5 mediates flocculation (Veelders e@ll0) while in the pathogeniCandida
galbrata, the adhesin EpalA mediates adhesion to the habsielkpm (lelasi et al. 2012).
Their lectin domain is formed by asandwich with contains a calcium ion, that is iwveol

in carbohydrate binding.

The -propeller fold is present in the lectin frodeuria aurantia(Wimmerova et al. 2003)
and in AFL1 fromAspergillus fumigatugHouser et al. 2013). Each of the six blades of the
propeller is formed by a four strandeesheet. Both lectins are fucose specific and their
fucose binding sites are located at the interfastgvéen two blades. The binding mode of
AFL is further elaborated in Chapter IlI.

Table 3 summarizes selected fungal lectins andr tharbohydrate specificity for a

comprehensive overview.
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Family Name/ Origin Specificity

Galectin AAL/ Agrocybe aegerita Gal 1-4GIcNAc
AGC/ Agrocybe cylindracea Sia 2-3Gal 1-4GIcNAc
CCGCoprimus cinereus Gal 1-4GIcNAc

R- type CNL/ Clitocybe nebularis Gal 1-4GIcNAc
PPL/Pleurocybella porrigens  GalNAc
PSL/Polyporus squamosus Sia 2-6Gal
MOA/ Marasmius oreades Gal 1-3Gal

Fruiting body

Actinoporin like

Fruiting body

-propeller

MPL/ Macrolepiota procera
ABA/ Agaricus bisporus
BEL/ Boletus edulis
SRL/Sclerotium rolfsii

XCL/ Xercomus chrysenteron
PVL/ Psathyrella velutina
AAL/ Aleuria aurantia

AFL/ Aspergillus fumigatus
AOL/ Aspergillus oryzae

Gal 1-3Gal 1-4GIcNAc
Gal 1-3GalNAc, GIcNAc
Gal 1-3GalNAc

Gal 1-3GalNAc

Gal 1-3GalNAc

Glc 1-4GalNAc

Fuc 1-6 GIcNAc

Fuc 1-3(Gal 1-4)GIcNac
Fuc 6 GIcNAc

Table 3: Family, origin and carbohydrate speciidf selected fungal lectins.

AFL from A. fumigatusand EpalA fronCandida glabrataare the only lectins from fungal
human pathogens that have been structurally cleized, underlining the need for more
knowledge about the lectin- carbohydrate interasticn fungal infection. Indeed, lectins
from filamentous fungi have been reported such asabic acid specific lectin has been
purified from the phytopathogenic fungi¥acrophomina phaseolindut structural data is
not yet available (Bhowal et al. 2005). Furthermoge mannose specific lectin from
Penicillium chrysogenurhas been identified and its use as a pest camiobeen proposed
(Francis et al. 2011).

The use of lectins as therapeutical targets, a$ agetheir possible uses in research and
biotechnology, as mentioned in table 2, underlitites importance of identification and

characterization of novel lectins, especially frpathogenic microfungi liké. fumigatus
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A. fumigatusinfection is an increasingly urgent issue to adslrm cystic fibrosis patients,
hospital environments and immune suppressed psatiBignostic is lengthy and treatment
often inefficient. It is therefore of utmost impamtce to find new approaches to address this
problem. Our tactic involves the understandinghef $o-called glycostrategy. It describes the
role of glycan-lectin interactions between host gathogen. These interactions are thought
crucial to establish colonization and infection andy therefore present a putative target for
antifungal therapy. Given the hypothesis that thbeaion of pathogens through lectins
represents the initial and essential first stepalonization and infection, inhibition of those
interactions may abolish colonization and infectidihe inhibition may take place though
adhesion competition using high affinity glycomimst These molecules have structures that
resemble the carbohydrate ligand that bind to #tbqgenic lectins with higher affinity than
the natural ligand thus preventing adhesion, caktion and infection (Chabre et al. 2011,
Imberty et al. 2008).

In addition, other protein-carbohydrate interacsioaccur in the process of infection,
involving either fungal cell wall polysaccharides ¢&numan glycoconjugates. Their
characterization is of great interest to shed ligtd their role in fungal infection and to pave

the way towards novel approaches to antifungatrireat.

1 2

Since fucosylation of glycoproteins in cystic fibi® is increased, it is likely that
opportunistic pathogens likéAspergillus fumigatusshow increased binding to such
fucosylated glycans. Indeed, a fucose specifierigétFL1) was identified and its expression
in conidia was confirmed. Furthermore, it was shahat AFL1 simulated bronchial cells
and led to the production of interleukin-8 indicgtia role in virulence and in early infection

stages (Houser et al. 2013).

1 2

The conidial surface is covered by a layer of rsdtbat are involved in hydrophobic binding
to albumin and collagen, however a rodA mutant sftbwo difference in binding to the
highly glycosylated fibrinogen and laminin, indicg that glycans may not be involved
rodlet binding (Thau et al. 1994). A more importaole in the conidial binding is that of
sialic acid. Sialic acids are negatively chargetersarbon sugars that are often positioned as

terminal monosaccharides on glycoproteins and @haynportant role in pathogenesis (Varki
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& Gagneux 2012). At the surface Af fumigatusconidia, sialic acids are bound to galactose
and show predominantly -6 linkage. Removal of sialic acids via neuramasiel treatment
decreased their ability to bind fibronectin ands=ithe conidia to agglutinate. Furthermore,
the removal of sialic acids reduced the phagocgtosiconidia by mouse macrophages
vitro (Warwas et al. 2007). These results indicate tiadit sacids on the conidial surface are
involved in adhesion and immune response. Furtherymib was shown that conidia from
non- pathogenidspergillusspecies contain a smaller amount of sialic acid$ strowed
reduced binding to laminin (Wasylnka & Moore 2000asylnka et al. 2001).

In addition to the role of sialic acids on the abai surface, the matrix proteins of the human
airway mucosa and the basal lamina are rich incsaids. Fibrinogen and fibronectin are
major plasma glycoproteins that deposit at damagmthelia and epithelial damage often
predisposes fungal infection. Laminin is a majorucural component of basement
membranes and the role of these glycoproteins iesidn has been investigated. Several
studies were carried out using conidia binding anhkibition assays to immobilized
glycoproteins (Pefalver et al. 1996; Coulot etl8P4; Bouchara et al. 1997; Tiralongo et al.
2009; Tronchin et al. 1997; Gil et al. 1996). Thmdmng was inhibited by soluble
glycoproteins and sialic acid. However, it was debavhether the adherence of conidia was
mediated by protein-protein interactions (Pefiabteal. 1996), ionic interactions (Wasylnka
& Moore 2000), lectin carbohydrate binding (Bouchat al. 1997) or could be due to a pH
shift caused by the addition of sialic acidimvitro assays (Tiralongo et al. 2009). With the
identification of a sialic acid specific lectin & fumigatusconidia (Tronchin et al. 2002) the
role of lectin—carbohydrate interaction in the aghee was confirmed. Besides this, other
proteins have been identified to bind laminin inelegeently of carbohydrate interaction
contributing to the adherence of conidia (Upadhgiagl. 2009; Tronchin et al. 1997).
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The aim of the thesis is to contribute to the elation of the glycostrategy @&. fumigatus
and its role in infection and virulence. Since tbke of sialic acids in virulence and adhesion
is debated, we attempted to reproduce the puiicaif the sialic acid-specific lectin from
crude fungal extract and identify the underlyingngdor recombinant expression. Structural
and biochemical characterization of the lectin wased to identify the binding parameters.
The importance of sialic acid binding- lectins unfjal pathogenesis has been demonstrated
in the phytopathogenic fungiacophomina phaseolinand the human pathogenic fungus
Penicillium marneffe(Bhowal et al. 2005; Hamilton & Jeavons 1998).

Furthermore, it was the aim of this thesis to esplile existence of putative lectin- coding
ORFs in theAspergillus fumigatugenome. One of the identified lectins, a cyanaviMi
homolog, was recombinantly expressed, purified amgstallized. The carbohydrate
interactions were assessed by microcalorimetryghywhn array.

With the difficulty in diagnosis, emerging of retsist strains and the assessment whebher
fumigatuscontributes to the decline in respiratory functiglycomimetic therapy is aimed at
circumventing this dilemma by providing a prophylactreatment method, that aims to
inhibit adhesion and colonization. Such a treatnsénstegy may possibly provide a standard
protocol for medication of cystic fibrosis patientdth isolated Aspergillusin sputum

samples.
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TSA is a method to investigate the thermal stabiit proteins by determination ¢heir
melting temperature Tm. The Tm of a protein degxithe point of denaturation under
given conditios. During the experime, the temperature is gradually increasing fron-
100 °C in steps of 1 °C. The denaturation of tluwtgom exposes hydrophobic patctwhich
are recognized by an added fluorescent dye suSypro-Orange. Thdye shows only wea
fluorescencm a hydrophilic surrounding and its increase uofescence it directly related
the denaturation of the protein. With increasingperature and denaturation of the pr,
the monitoredluorescence will intensify. A peak is reachedhe complete denaturation
the protein and further aggregation of denaturedepm results in dissociation of the dye ¢
decrease of the fluorescence. The melting temperadudefined by the slope of the result
plot of fluorescence against tempere (figure 13)
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Figure 13 Schematic overview of the thermal shift assaythWicreasing temperatt, the protein
denatures and the dye binds to exposed hydrophedicns, resulting in fluorescence. A pea
reached when the protein is completelnatured and further aggregation results in dissociaf the
dye and a decrease in fluorescence. The meltingasature is defined by the slope of the resul
curve.
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The thermal shift assay can be carried out by usingRT-PCR machine and several
conditions can be screened simultaneously. It requow amount of native protein and the
use of Sypro-Orange guarantees protein-independetéction, with wavelength for
excitation and emission at 490 nm and 575 nm, c#sjedy. The determination of thermal
stability is not only an important characterizatiorethod for biologically and medically

important proteins but can greatly improve crygtation success (Dupeux et al. 2011).

3 [/ * (3/%)
Dynamic light scattering (DLS) can be used to deiee the distribution profile and the size
of macromolecules such as proteins or polymeis.dtnon-invasive technique that measures
the Brownian motion of particles in solution andca#ates their size. The underlying
mechanism is that small particles move faster intsm than larger particles. By shining
laser light on the sample, the particles scatterlight in all directions and the intensity
fluctuations of the scattered light beam are messufrom this, the diffusion coefficient is
calculated and the size distribution profile hold®rmation about the homogeneity of the
sample. As such this technique is well suited solysthe oligomerization or aggregation state

of proteins.
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Lectins were first identified and recognized foeithability to agglutinate red blood cells.
They bind to the glycan structures present on #llesarface and thus form bridges between
the red blood cells. The presence of a lectin canvisualized by incubation with a

suspension of red blood cells in u- or v-shapedsnad shown in figure 14.

Figure 14: Overview of a classical hemagglutinatissay. Suspension of RBC settles in form of a
button in negative hemagglutination assay (topjh&npresence of carbohydrate binding molecules
RBCs become linked and form a mat. The hemagghigimassay is positive (bottom).

! ' (")

Calorimetry is one of the oldest techniques in expental science, that measures the
changes or transfer of heatand to date two majtoriceetry methods are widely used.

Differential Scanning Calorimetry (DSC) allows syuty the thermodynamics of thermal

denaturation, refolding and phase transitions aftgins, whereas Isothermal Titration
Calorimetry (ITC) can be used to obtain thermodywcamparameters of protein-ligand,

protein-protein interactions or enzymatic reactiolmgleed, ITC has been widely used to
elucidate the thermodynamics of lectin- carbohyerateractions (Dam & Brewer 2002). It

is particularly well suited for such as it usesiveprotein without the need for labelling or
immobilisation of the interaction partners.

The general principle of ITC is depicted in figdre. The calorimeter (figure 15A) consists of
two cells in an adiabatic environment. One of telscis the reference cell, which contains

only buffer, the other one is the sample cell, aonhg the protein solution. The syringe
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contains the ligand, in this case the carbohyduditeted in the same buffer as the protein.
When small amounts of ligand are injected intoghaein solution, the chemical interaction
between protein and ligand releases or absorbd amalunts of energy in the form of heat.
This change in temperature is monitored by the macliMicrocal™ iTC200, Malvern
Instruments), which measures the energy that iessacy to readjust the two cells to the
same temperature. A series of regular injectiolmsval plotting the electric energy over time
(ucal sed). After integration of the peaks, the binding s is plotted as a function of the
ligand/protein molar ratio (Figure 15 B).

In the first injections, the number of availablading sites exceeds the number of ligands, so
that the heat release (or absorption) is maximatifig the following injections, the number
of available binding site diminishes; hence theslgs getting smaller, resulting in a sigmoid
curve after integration (Figure 15 C). The progi@nigine®) calculates the theoretical curve
of that superimposes with the experimental databt@ain the thermodynamic parameters of
the interaction (Wiseman et al. 1989). The point ioflection corresponds to the
stoichiometry; the amplitude equals the enthalppiotling H and the association constant
Ka can be calculated from the slope. From these lasies the free Gibbs energy of binding

G and the entropy contributiorS can be calculated as described below.

Figure 15: general principle of isothermal titraticalorimetry. A) Schematic representation of the
microcalorimeter. B) Representative of experimedtdh C) Integrated data and theoretical isothbahallows
calculating thermodynamical parameters of the Inigdinteraction.
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When a protein (P) and its ligand (L) create a nowalent protein-ligand complex (PL), its
interaction can be described as follows:

The equilibrium depends on the strength of therauiion and is defined by its association
constant K in M. The larger the Kvalue the higher is the affinity of the proteirr fhe
ligand. Often the affinity is described by the digation constant } which is the inverse K

that means Kgets smaller with increasing affinity

! (+&& )6+ 64
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The Gibbs energy, or free energy of binding, resinim the total energy that is generated by
the reversible, non covalent interaction. A negatiG describes a spontaneous interaction.
The relation between Kand the free energyG is described by the following equation,
where R is the gas constant (8.314 J/ mol*K) ansl the temperature in Kelvin (K).

The energy of binding G is a thermodynamic value that has two contritsatenthalpy and
entropy of binding. The enthalpy of bindindd is negative is the interaction releases energy
(exothermic) and positive if it consumes energy d@hermic). Hydrogen bonds
generallyresult in strong negative enthalpy conotidn.The entropy (S) is commonly
referred to as a measure of disorder. It is defingde second law of thermodynamics, which
constitutes that the entropy of a closed system meser decrease. Calculating the entropic
contribution (T S) in ITC can give information about the nature tbé protein-ligand
interaction and can be calculated as follows.
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The entropic contribution to the protein- liganderaction can be due to the phenomenon of
the dislocation of solvent (water) molecules arothmlligand when it binds to the protein. If
the binding is dominated by hydrophobic interacsicthe entropic contribution is favourable.
On the other hand, the free carbohydrate ligand taleg different conformations whereas it
may be forced into one configuration upon bindiimgthis case, the entropic contribution is

unfavorable.

L7,

To setup an ITC experiment some general questieesl o be addressed. To insure an
accurate estimate of the enthalpy, affinity conistard the stoichiometry the concentrations
of both protein and ligand need to be calculateat. Righ affinity ligands, the protein
concentration must be low, otherwise the slope bgltoo steep to calculate the affinity,)K
On the other hand, protein concentrations mustigteen in low affinity setups or the slope
will be too flat. However, the protein concentratis limited by the solubility and often it is
not possible to attain protein concentrations highan 1 mM, corresponding to ay kf

1 mM. For lower affinity the curve is no longer sigid, but becomes a hyperbole. From this
it is still possible to calculate the affinity atlte enthalpy, but the stoichiometry cannot be
obtained and needs to be preset during calculations
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Surface Plasmon Resonance (SPR) occurs when mamldrght interacts with free electrons
of a metal at a metal/dielectric interface. An gl@enagnetic wave is created at the interface
that propagates parallel to the metal surface. Waee influences the angle of the reflected
light and is directly dependent on the changeemietal surface. Sensor chips are available
where a ligand can be attached to gold surfacerdations of the immobilized ligand and a
second component (analyte) passing over the sunfiaselution are monitored in real time.
Upon binding of the analyte to the ligand, theaefive index changes and thus the angle of
the reflected beam. This change is directly relatethe analyte concentration, its molecular
weight and the rate of association and dissocidbahe ligand. Figure 16 gives a schematic

overview of the principle of SPR (Cooper 2002)

Figure 16: schematic overview of SPR. The ligancbigalently bound to the gold surface of the sestgprand
the analyte is passing in the flow channel in solutin the first step association of the analgt¢hie ligand
results in an increase of the response unit (Rt) tine surface is saturated. In the second steihding

partners are in dynamic equilibrium and the fressdciation depends on their affinity. At last tigpds
regenerated where all interactions are disruptediam initial state of chip is restored. Pictures@produced
from (Cooper 2002)
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Measurements are usually repeated with differenteotrations and varying conditions to
produce a valuable dataset to calculate a bindogyithm. The affinity and kinetics of the

interactions can be calculated from the ratio efrtite constants.

Furthermore thermodynamic analysis is also possihtkthe main advantage of SPR is the
high sensitivity, the large selection of moleculleat can be attached to the surface and the
real-time evaluation of interaction without a need labeling. It requires low amount of
analyte which is our case is purified protein otopyasmic extracts. In this study a Biacore
X100 (GE Healthcare) was used.

1+

Glycan structures in nature show a huge diversdly anly due to their monosaccharide
composition and sequence but also because of efiffgrossible linkages and anomery. To
find specific lectin carbohydrate interactions,ist therefore often necessary to use high
throughput tools that allow finding natural glycligends for carbohydrate binding proteins.
The Consortium for Functional Glycomics providegls@a high throughput service on the
base of glycan microarrays which allow today toesor more than 600 human glycan
structures at once using as little as 200 pg tabeled protein. This technique has many
advantages. The often low affinity of carbohydrdieding proteins to mono- and
disaccharides that may hamper the investigatiaircamvented. The dense presentation of
oligosaccharides provides the additional advantdge multivalent presentation, mimicking
the glycoconjugates on the cell surface.

The general principle of a printed glycan microgyias performed at the CFG is explained in
figure 17 below. Glycans are covalently attached @yfree amine group to afl-
hydroxysuccinimide (NHS) or epoxide activated scefeon a glass slide. The resulting
glycan chip is then incubated with a labelled chslavate binding protein. A fluorescent
label like Alexa Fluor 488 or Cyanine 5 is most eoamly used, as shown in figure 17
below. However, it is also possible to detect bigated proteins with fluorescently labelled

streptavidin, or to use a fluorescently labelletitanaly for detection.
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Figure 17: schematic overview of printed glycannwécrays. The glycans are covalently bound to NHS
activated glass slides via a free amine at theineing end. The glycan binding protein (GBP) isedttd by
fluorescence. It may be labelled directly or degdaising fluorescently labelled secondary reag&itsure

reproduced from (Varki et al. 2009)

While printed microarrays are the latest developnusimg piezoelectric or contact printers,
glycan arrays where produced by attaching biotbedaglycans to a streptavidin coated
microtiter plates. The major advantage of the neddyeloped printed arrays lies in the

higher number of glycans and the minimal amounglg€an solution, making it more cost
and time effective.
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X- ray crystallography is especially well suiteddolve the three dimensional structure of
biolgical macromolecules, such as proteins bechas# X-rays have a wavelength of several
Angstréom (0.1 nm) which is within the range of atorbonding. Interaction of the X-ray
with any object will cause diffraction, however gi@ macromolecules will result in weak
diffraction. This problem is circumvented by usicnystal arrangements of macromolecules.
In crystal form the protein is arranged in a pegagianner, which results in an increase in
signal intensity.

The resolution of the crystal structure of a protean be divided into three steps: firstly pure
and monodisperse protein solution is required. S&lgoa monocrystal of the protein has to
be obtained that diffracts well. At last, the phgseblem has to be addressed either by
experimental phasing methods or molecular replanoeme

8

A crystal can be described as an orderly three-dsno@al periodical repetition of a motif. To
crystallize a protein, means to change its arraegerdiom a soluble disordered phase to an
ordered crystalline state. Protein crystallizatioan therefore be described as a phase
transition. This phase transition is depended omymaarameters and takes place in two
steps: nucleation and crystal growth. To induceleaimn the protein has to be in a
supersaturated state. By slowly diminishing thetgarosolubility, the interactions between
protein molecules become more favourable than prsiEvent interactions. While non-
specific interactions result in amorphous prectpotes, specific protein-protein interactions

may lead to crystal nuclei.
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Figure 18: Schematic representation of a proteaspldiagram. Under the influence of the
concentration of the protein and the precipitdm,gystem reaches the nucleation zone. With the
growing of microcrystals, the protein concentratihminishes and the system reaches the
metastable zone where crystal growth is favourable.

To bring the protein solution into a supersaturatiate, many different parameters have to be
taken into consideration, such as the purity, caiipm and concentration of the protein
solution, the pH and the nature and concentratibrprecipitants and additives used.
Furthermore, the temperature may be varied to tdeeprotein solubility.

The precipitant plays an important role in the pitbn of protein crystals by directly
affecting solubility. Commonly used precipitantsidze categorized into three groups which
may be used separately or in combination. Polyraer®y excluding solvent molecules from
their interaction with the protein, whereas saltsdify the ionic strength of the solution and
promote hydrophobic interactions between the pmotaolecules. Organic solvents change
the dielectric constant of the solvent and playla in the charges of protein and solvent.
Besides these major precipitants, it may be necgssanclude further additives that perturb

and manipulate protein-protein and protein-solvetgractions.
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Crystals that were obtained in this work were earrout by hanging drop vapour diffusion.
Even though different approaches to obtain cryséaist, vapour diffusion is the most
commonly used among them. Dialysis, batch technanefree interface diffusion will not
be explained here.

Figure 19: hanging drop vapor diffusion. The hagginop contains a mixture of protein solution
and reservoir solvent. Water diffuses from the drp resulting in an increase in protein
concentration in the drop.

In vapour diffusion (figure 19) 1-2 ul of proteiolstion is mixed with 1-2 pl of the reservoir
solution. The reservoir contains solvent includprgcipitant(s) and/or buffer and/or other
additives. The ratio of protein and reservoir dolutmay be varied. Initial crystal screening
conditions often result in micro-crystals, too shfat data collection, or crystals that do not
diffract sufficiently to solve the structure. Inebe cases, optimization is needed and it can be
carried out with many different methods. The easiethod to try to increase the crystal size
is to optimise the initial conditions by varyingetisoncentration of the protein or precipitant
reagents, vary the precipitant nature, screen tHergnge or include additives. These
additives can be non-ionic detergents, chaotropimetallic salts or redox-agents, such as
DTT. Correct and efficient optimization is oftennaatter of experience and has to be
evaluated for each individual experiment. A commgamded optimization method is crystal
seeding where microcrystals are used as nucleptions for crystal growth. Once crystals of
sufficient quality are obtained, X-ray data carcbected.

Since X-rays are high in energy and may cause saleamage to the biological sample, the
crystal is frozen in a loop in liquid nitrogen atiee collection is carried out under constant
nitrogen flux. The addition of cryoprotective sulbstes can be necessary to avoid the
formation of ice crystals that could destroy thgstal arrangement. X-ray data were collected
at the European Synchrotron Radiation Facility (EBIR Grenoble.

During the collection the turns perpendicular te teamline, by several degrees depending

on the symmetry and the diffraction spots are ctdié by a couple charge detector (CCD).
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Depending on the beamlines (insertion device odinghmagnet) and the crystal symmetry,

a complete dataset may be obtained in no moredinagral minutes.

8 *

A crystal is the result of the translation of thetucell in all three dimensions. The unit cell is
the smallest volume that is a complete represestaind contains all the information of the
crystal. Each unit cell is defined in terms ofitpoints and by its lattice parameters which
are the length of the cell edges a, b and c andrnlées between them) and while the
positions of the atoms inside the unit cells akegiby the set of spatial coordinates (x, y and
z) measured from the lattice points. Only 14 défertypes of crystal lattices, called Bravais
lattices can be obtained in three dimensions. Symyno@erations can be applied to the unit
cell such as rotation, inversion or reflection.@&sible symmetry operations, combined with
the 14 Bravais lattices yield in 230 possible spgaips. However, the number of space
groups is limited to 65 in protein crystallograpldue to the fact that biological
macromolecules are chiral molecules which can oaotain inversion centre or mirror plane.
The asymmetric unit is defined as the smallest oubde unit that yields to the unit cell by
application of the symmetry operations, describgthle space group. Figure 20 shows the 14
Bravais lattices with their possible space growpsrotein crystallography.
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Figure 20: crystal systems and space groups. Tarer&4 possible lattice arrangements in three difoas,
named Bravais lattices and 65 possible space grfoujpsological macromolecules.
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Diffraction of X- rays is possible due to their wi-like behaviour. When -rays are scattered
by a crystal lattice, p&a can be observed when the waves combine to catist
interference. This phenomenon can be describedragds law. Bragg's law is defined
the following equation:
"% $% &

Where is the wavelength of the inciden-ray beamd is the disance of the atomic plan
in the crystal, is the angle of incidence arn is an integer. In other words, peaks
scattered intensity are observed, when the angleh@flence is equal to the angle
scattering and the pathlength difference is equan integer number of the wavelength. -
conditions for maximum intensity, contained in Byag law, allow to calculate the dete

about the crystal structure.

incident reflected
X-rays X-rays
\A\ ! s 0 /4./ atomic
N planes
d /20
\r \\uf'

Figure 2. schematic representation of Bragg's law

8!3

During data collectiona set of images with the position and intensitieseflections are
recorded. The position of the reflection pa provides information about the space gr
and unit cell geometry, while their intensities egkated to the distribution of etron density
in the asymmetric unit. The dataset is analysedgusomputer programs such as MOSF
(Leslie, 2007) or XDSKabsch 201(C which assigrMiller indices (h,k,)) and an intensit |

associated with an expmental erro | to each reflection point. The Miller indices debel

the coordinates of the atomic planes in reciprgpake. All reflections are then integratec
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the software and the intensitieare scaled and merged before conversion to steutdators
Fri using the CCP4 program suite (Winn et al. 2011).

To evaluate the quality of the experimental dath Hee parameters of completeness,
multiplicity and intensity error should be examinddue to symmetry relations, some
reflections are equivalent and should have the samensity. Because onlynique
reflections are necessary to obtain the distrilbutd electron density in the unit cell, the
calculatedcompleteness a percentage of the unique reflections measdieel ratio of total
reflections and unique reflections gives the vabfemultiplicity. The third important

parameter is the ratio between the Intensity @flection and its errav 1.

8#*

Each reflection is characterized by its amplitudel phase. To obtain the structure of a
diffracting motif, in this case the distribution efectron density in the asymmetric unit it is
necessary to calculate the Fourier transform ofstinecture factors. The structure factors

represent the reflection amplitudes and phasesandescribed as follows:
"or . ./01023487 8993 yc

The electron density(x,y,z)is therefore the inverse Fourier transform of strecture factor
Frna. The calculation of the electron density at thenp¢x, y, z)of a given cell with the
volumeV must be a summary of all waves diffracted by theneshkl. Their amplitudes

depend on the number of electrons in each plane.

./0103 —= Yo 5>67 .(89):9%;,3
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The electron density can be represented as a mbpggvave with its amplitude (« ?
which is proportional to the measured intensity amhase@)- . While the amplitude can be
calculated from the measured intensities, the ghase not known. The phases have to be
obtained experimentally by multiple isomophous aepment (MIR), single-wavelength
anomalous diffraction (SAD) or multi-wavelength ammous diffraction (MAD). If a

homologous structure of the protein is known, th@ges may be obtained by molecular
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replacement, where the phases of the known pragircture are used to calculate the

structure factors for the unknown protein.

81.

To use molecular replacement a structure of a hogaeis protein is needed which shares at
least 30% of sequence identity that can be useddraedel to estimate a first set of phases
and to calculate the structure factors. Howevequerce identity is not sufficient, since
structural similarity is the most important featfwe successful molecular replacement.

The position of the model protein in the unit delineeds to be determined. The Patterson
function is an inter-atomic vector map (Pattersapjnthat can be calculated independently

from phases with the following equation:

AOBOC3 —= ? . 265767 (DOESF3
<
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The resulting Patterson map contains a peak fdn atmm related to every other atom and
comparison of the Patterson map of the model aaduttknown protein allows correlating
their orientation in the asymmetric unit by deteration of the Euler angles (( 2, 3).
Having placed the model by rotation and translaiida the correct position within the new
asymmetric unit, its known phases can be used limuleée the structure factors for the
unknown protein and an initial electron density mhbpthis work, the program PHASER
(McCoy et al. 2007) was used.
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Once phases are obtained and the initial electemsity map is calculated, the atomic

positions have to be refined. While the initial nmapy not be sufficient to precisely position

all atoms, it usually allows for initial modellinghe new model is then used to calculate a
new set of phases and to obtain a new and imprdeesity map. The goal of the refinement
is to eliminate errors, which means to minimize thferences between the calculated

structure factor from the model and the observeactire factors. Refinement was carried

out using REFMAC (Murshudov et al. 2011), while thepection of the electron density

map and manual model building where done using ((misley & Cowtan 2004).

The correspondence between the model and the exgrgal data is described in the R-factor

with the following equation

Gy 2 -J 37 ?ywd 372
Gy i J 37

Besides the R-factor, a related parameter is usedlidate the accuracy of the refinement.
The Reefactor is calculated the same way but is used feet of reflections (5-10%) that are
omitted in the refinement process. For successfulement, R- and Re«factors should drop

or converge in parallel.
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This chapter presents two approaches to identifyelniectins inA. fumigatus New lectins
may be identified either by stepwise purificatisanh natural extraction or by searching the
genome for proteins with sequence similarity withes known lectins. The first approach
was tested using mycellial extracts froA fumigatusthat were provided from our
collaborators in Angers, where the extracts weepg@red and frozen, before being sent to
Grenoble. The extracts exhibited low hemagglutoratiactivity, which hampered the
identification and purification of lectins. Nonetess, a putative lectin, named AFL5 was
identified, recombinantly expressed, and purifiaéL5 showed positive hemagglutination
activity in PBS and HEPES buffers but not in TRI8Haining buffers and only a fraction of
the purified protein was active, as determined gaisigel-filtration followed by
hemagglutination assays. Furthermore, hemagglusimactivity showed drastic variations in
between expression batches, even though expreasdpurification were carried out using
the same protocol. The carbohydrate specificityhef active fractions was further analyzed
by hemagglutination inhibition assays. The glycopiro fetuin was able to inhibit
agglutination at a minimal concentration of 625 mg™, but none of the tested
monosaccharides (glucose, mannose, fructose, gadgctN-acetylglucosamine, N-
acetylgalactosamine) showed inhibition at conceioina lower than 100 mM.

The second approach to identify new lectins wasiezhrout by screening the translated
genome ofA. fumigatusfor proteins that show sequence similarity withestknown fungal
lectins. The BLAST algorithm (Altschul & Madden IB9was used to search the genome of
A. fumigatusstrains 1163 and af293. The resulting hits wedyaed by their bit score and
Expect (E) value; significant matches were furtineestigated by multiple alignments using
ClustalW (Thompson et al. 1994). Using this proceddour novel putative lectins were

identified, namely one R-type lectin and three oyarin homologs (CVNH) of type | and
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one of type Il, whereas one of the type | CVNH vemdy present in the 1163 strain. The
other type | CVNH was named AFL6 and its charaz#gion will be described in chapter IV.

Ce chapitre décrit deux approches visant a identife nouvelles lectines ch&z fumigatus

Les nouvelles lectines peuvent étre identifiées gai purification & partir d’extraits bruts
naturels soit par analyse du génome combinée écleerche de similarité de séquence avec
des lectines connues. La premiere approche a #ise@ita partir d’extraits de mycelium
d'’A. fumigatudournis par nos collaborateurs a Angers. Les dsttaiuts ont été préparés et
congelés a Angers, puis envoyés a notre laborafoi@renoble. lls présentent une faible
activité d'hémagglutination, ce qui a entrave fitfecation et la purification. Néanmoins, une
lectine potentielle, nommée AFL5 a été identifiéexprimée sous forme recombinante puis
a éeté purifiée. AFL5 a montré une activité d'héntagration dans le PBS et les tampons
HEPES mais pas dans ceux contenant du TRIS. Seeldraction de la protéine purifiée
semble active, d'apres les expériences de filtnatisur gel suivies de tests
d'’hémagglutination. En outre, l'activité d'hémagjghtion semble varier considérablement
entre les lots, alors que I'expression et la maiion ont été effectuées de facon identique. La
spécificité des fractions actives pour les monoaadhs (glucose, mannose, fucose,
galactose, N-acétylglucosamine et N-acétylgalaotasa) et pour les glycoprotéines a été
évaluée par des tests d'inhibition de I'hémaggitibn. La fétuine a été capable d'inhiber
l'agglutination & une concentration minimale de 6p% mI', mais aucun des
monosaccharides testés n’a montré d’inhibition pdes concentrations inférieures a
100 mM.

La seconde approche d’identification de nouveléxtimes cheA. fumigatusa été réalisée
en recherchant dans le génome traduit du champidesmprotéines présentant une similarité
de séquence avec des lectines fongiques connadgorithme BLAST a été utilisé pour une
recherche sur le génome des souches 1163 et af9udchigatusLes résultats obtenus ont
eteé analysés d’apres leur score et les valeursdatés associées (E-value); des alignements
multiples utilisant ClustalW (Thompson et al. 1994} été réalisés sur les séquences les plus
intéressantes. En utilisant cette procédure, quatravelles lectines putatives ont été
identifiées, dont une lectine de type ricin-B eigrhomologues de la cyanovirine (CVNH) de
type | et de type Il. La lectine CVNH de type |t&@ @ommée AFL6 et sa caractérisation fait
I'objet du chapitre IV.
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Identification of novel lectins from natural exttadias been traditionally carried out using
hemagglutination tests. Indeed, lectins were tirstovered by their ability to clot red blood
cells and described as agglutinins (Boyd & Shaplei@954; Stillmark 1888).
Hemagglutination tests are therefore the basiahgrnew discovery of lectins from nature.
Using red blood cells from different animals (empuse, rat, rabbit, chicken) and different
human blood types, offers an interesting tool forimitial characterization. Subsequently,
hemagglutination inhibition tests are performedgsaccharides or glycoproteins to provide
information about their binding patterns.

In mushrooms, lectins are often found in the fngitbody. Crude fungal extracts are obtained
by grinding and homogenizing the fruiting body prio re-suspension of the material in
phosphate buffered saline (PBS) to extract ledtifevagishi et al. 1994). For filamentous
fungi, such asAspergillus screening for lectins was carried out in cultstgernatant to
detect secreted lectins, and also in extracts froyoelium, hyphae and conidia. Furthermore,
the physiological stages of the fungi were taketo iaccount by analyzing resting and
swollen conidia as well as germ tubes (Singh e2@0D8; Singh et al. 2010; Tronchin et al.
2002).

The most effective way of purification can be cadriout by affinity chromatography using
sugar based gel matrix, which was first describgdbldstein and coworkers (Goldstein &
Agrawal 1965). Since then, most published purifaratmethods include a step of affinity
chromatography. Most commonly used affinity ligara® glycoproteins such as fetuin,
avidin and mucin, but saccharides such as manrabsgn and lactose are used as well
(Nascimento et al. 2012). Typically the ligands setected based on the lectin specificity, as
derived from hemagglutination inhibition assays.

Other purification protocols include an initial gtef concentration by salting out proteins
with ammonium sulfate, followed by chromatographsing ion-exchange, hydrophobic
interaction or gel filtration. A systematic revieat purification methods for 46 lectins from
plants, fungi, algae, marine sponges, mushrooms #&sld showed that affinity
chromatography and ammonium sulfate precipitati@renmost commonly used as a first
purification step. These first steps were thenofe#d by ion-exchange and hydrophobic
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interaction chromatography and the total numbegyurification steps varied between one and
five (Nascimento et al. 2012). Gel filtration wdeetleast frequently used chromatography
method and was never used as a first purificatiep 81 the analyzed publications. Overall
recovery yields were shown to be greatly dependarthe source of the lectin, but also the
number of purification steps appeared to be a oetémg factor. It could be observed that the
yields of recovered lectin diminished with increegspurification steps.

Besides chromatographic methods, recent advancenmave been made using magnetic
nanoparticles, coated membranes and affinity pratipn. Magnetic nanoparticles were
successfully used to purify the well known lection@ from castor bean, using glucose or
mannose coated iron oxide or maltose coated magnatioparticles (Slesiona et al. 2012;
Hubbuch et al. 2001; Banerjee & Chen 2007). Ditiérgalactose specific lectins were used
to develop a new technique using cellulose- baskitita membranes which were
functionalized with different affinity ligands (Boet al. 2006). Furthermore affinity
precipitation using macroligands combined with jpiarting methods, such as two phase
affinity extraction was successfully used to recoleetins from tomato, wheat germ and
potato (Teotia et al. 2006).

In this work we used classical chromatographic washas described above to recover a
previously described sialic-acid specific lectiorfr A. fumigatuswith a molecular mass of
32 kDa. This lectin was discovered in fungal exsaprepared from mycelia, resting or
swollen conidia and germ tubes. Even though thedsgspecific hemagglutination activity
was found in resting conidia, the purification wasried out from frozen mycelium because
relatively large amounts of starting material werecessary for purification. Successful
purification of the lectin was achieved by initigélfiltration, followed by ion-exchange
chromatography and hydrophobic interaction chrograiohy, Hemagglutination inhibition
tests using rabbit erythrocytes showed specifiéity sialic acid-rich glycoproteins and
Neu5Ac (Tronchin et al. 2002).

Our aim was to reproduce the purification from nigcextracts and identify the gene for
recombinant expression to provide biochemical @nectiral characterization of this sialic-

acid specific lectin fromf\ .fumigatus
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Recent advances in genome sequencing have madefawagxtensive bioinformatical
research concerning gene identification, annotadioth the search for homologous proteins.
With the availability of whole genome sequencesnfionportant pathogens, several lectins
were identified by this approach. In bacteria, itectfrom the pathogen Mycobacterium
tuberculosis had been successfully identified thoioinformatical approaches (Desh
Deepak Singh et al. 2007). In an extensive scrgeafn30 fully sequenced mycobacterial
genomes of 20 distinct species, 64 sequences norggiredicted lectin domains have been
identified (Abhinav 2013). In their effort to findovel lectins in mycobacteria, the authors
firstly annotated conserved domains within the opeading frames (ORF) using the
conserved domain database (CDD) web server at N®Brchler-Bauer et al. 2005) to
identify ORFs that contain carbohydrate binding dom, followed by a template based
homology modeling using PHYRE and I-TASSER. Thimicural based homology search
was completed by a sequence based homology seAfdtinav 2013). Bioinformatical
approaches were not only used to identify novetinecbut also to investigate origin,
evolution and biological role of carbohydrate birglimodules (CBM) in fungi and
oomycetes (Larroque et al. 2012). By screeningdbmplete genomes of 60 fungi from
different lineages and 7 oomycetes the authorstifgeeh 518 CBM1-containing proteins,
most of them associated with cellulose degraddtianroque et al. 2012). Phylogenic trees
were created based on bioinfomatical analysis ok2@wn fungal lectins and they were
categorized into three groups based on the carlrateytlinding domains (Kahn et al. 2011).
Furthermore, a siglec-like sialic acid binding damaas identified in an adenovirus capsid
protein, which showed no apparent sequence sityilawith sialic acid binding
immunoglobulin-like lectins (Siglecs). By identiig common recognition features in the
local area of the sialic acid recognition site igstal structures, a database screening process
found not only the Siglec like proteins but alse ftber knob protein of canine adenovirus-2
(Rademacher et al. 2012).

For genome screening iAspergillus species, the comprehensive web server Aspergillus
Genome Database (AspGD) is available with extensimeotations of ORFs, conserved
domains and identification of orthologs (Arnaucakt2012). BLAST searches can be carried
out in the translated genomes Adpergillusspecies and the genomesAffumigatus A.
nidulans A. niger and A. oryzae can be browsed by landmarks or regions of the

chromosomes. Using the BLAST tool of this web serids can be found with alignment,
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annotation and literature references, if availablerthermore, the presence of orthologs in
other Aspergillusspecies is indicated. Thisspergillusspecific website and its servers and
databases were used in this thesis for bioinfowabsearch of lectins sharing sequence
similarity with known fungal lectins. The search svdesigned with the guide of the
comprehensive CERMAYV 3D Lectin database under #iegory “yeast and fungal lectins”

in association with PDB and NCBI databases to alitee query sequences.

/

The vastAspergillls genus includes more than 180 species. While sointhem are
medically or commercially important, some of thera known to be opportunistic pathogens
that can infect humans and other animals. AmongAgpergillusspecies that are commonly
implicated in human or animal infections ake fumigatus andA. flavus.Studying lectins
from Aspergillusspp is therefore not only useful to understand-hmathogen interaction, but
also to identify possible tools for diagnostics amdtechnology. So far, 2Aspergillus
species other thafl. fumigatushave been screened for lectin activity using heghaigpation
assays, and among these, 13 exhibited lectin ciivimycelia grown in liquid and solid
cultures (Singh et al. 2008; Singh et al. 2010thkese screening attempts, classical methods
using hemagglutination assays were applied to ifyetite presence of lectins in culture
supernatant and mycelia from liquid and solid aeltlsing red blood cells (RBCs) from
different animals as well as different human blgydup combined with hemagglutination
inhibition assays, the apparent specificity of éhdsctins was determined. In the first
screening of 10 differenAspergillus species four species exhibited intracellular lectin
activity namelyA. niger, A. versicolor A. rugulosusand A. nidulans All of the identified
lectins were found to agglutinate human erythragytem all blood types as well as porcine
erythrocytes. Hemagglutination was inhibited bycglyorteins such as inulin, mucin and
asialofetuin as well as the carbohydrdteacetylglucosamine, melibiose, D-ribose, L-fucose,
D-arabinose, D-sucrose and D-mannitol (Singh et2808). In the second screening, 15
different Aspergillus species were analyzed and nine of them showedh lectivity in
mycelia with the ability to agglutinate rat, rabbtig and human red blood cells with no
preference for human blood groups. The speciedgixiy lectin activity wereA. sydowij A.
candidus A. allahabadi, A. terricola, A. ficuum, A. sparsiés, carneus, A. pulvinuandA.
aculeatus The lectins agglutinated all human RBC with tkemion ofA. pulvinus, which
showed specificity for type A and O RBCs. Lectineni all analyzed species showed

specificity to the glycoproteins mucin and asialoiie. The use of various sugars in
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hemagglutination inhibition tests showed that Lbamase was recognized by all lectins
except that fromA. carneusand that D-xylose was recognized by lectins filansydowii, A.
ficuum, A. sparsuandA. carnes. (Singh et al. 2010).
In A. fumigatustwo lectins have been identified so far (Troncktnal. 2002; Kuboi et al.
2013). As mentioned above , the first lectin wascovered in mycelia, resting and swollen
conidia and germ tubes and was partially charasdrin 2002. It showed an apparent
specificity for sialic acid containing glycoprotsinike mucin, fetuin, thyroglobin and
fibrinogen as well as sialic acid (Neu5Ac) (Trontkt al. 2002).
A fucose specific lectin named FleA was initialgentified in cell lysate fromA. oryzae
(Ishida et al. 2002) and its ortholog was discoddager in native culture dk. fumigatusand
named AfuFleA (Kuboi et al. 2013; Houser et al. 20IThese fucose specific lectins, show
sequence and structural homology with the lectinLAfom the fungusAleuria aurantia
(Wimmerova et al. 2003).
Structural and biochemical analysis of AfuFleA, noamed AFL, were carried out to
elucidate its possible role in host recognition smthvestigate the carbohydrate recognition.
AFL was found to be localized . fumigatusconidia, most probably on the surface. Thus it
may provide an interface with the host tissue fecognition of fucose- containing
glycoconjugates. Furthermore, it was shown that Akinulation of human bronchial cells
had an immunostimulating effect, suggesting a fbssole in virulence (Houser et al. 2013)
Like its homolog in the mushroomleuria aurantiaAAL, AFL is made up of six tandem
repeats, that form a six-bladeepropeller. Both lectins build homo-dimers. The birding
sites of AFL are located between two neighboriraglbs of the monomer. The binding motif
is comprised of conserved Arg and Glu/GIn resid@ssablishing polar contacts with the
hydroxyl O-3,0-4 and O-5 of fucose and a consefngdTyr residue that mediates a CH-
interaction with the ring ( C-3,C-4 and C5).
Interestingly, minor changes in the amino acid cosijon of the binding sites cause
differences in the binding pattern as shown by ystallization with Lewis. While binding
sites 1, 2 and 6 predominantly showed binding & th2 linked fucose, site 3 favored the
1-3 linked fucose and binding site 5 binds bothndgig site 4 was not big enough to
accommodate the whole tetrasaccharide. These changie binding pattern were only
observed in for large epitopes. The studies sugdest AFL is able to bind fucose is all
possible linkages, which can be found not only @amposing organic matter but also on
human tissues highlighting the possible role of ARLhost recognition and early stages of

infection (Houser et al. 2015).
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The studies on AFL represent the first detailedcstiral characterization of a lectin from a
pathogenic mold and are an important example ofitiportance of such investigations to
understand host-pathogen interactions for futurkibitor development and treatment
strategies.

7, 3

Fungal extracts fronAspergillus fumigatu<CBS 113.26-1 were kindly provided from the
group of Jean-Philippe Bouchara at the Universitiingers. They were sent on dry ice to

Grenoble where they were stored at -80° C untilfication.

- &

In a first attempt to purify the putative sialicig&specific lectin fromA. fumigatus,1 ml
fetuin-resin (EY laboratories) was packed into duem. Fetuin is a glycoprotein that
contains glycans with terminal sialic acids bot® @yd 2,6 linked. The resin was equilibrated
with PBS and 50 ml of the crude fungal extract aonhg 4-5 mg total protein was slowly
thawed in an ice cold water bath. It was centritugé 15000 x g and the supernatant was
applied to the column. The flow through was cokelcand the resin was washed with 10 ml
PBS. Elution was carried out in three steps. limsh $tep, the salt was increased to 1 M NaCl
and then to 1.4 M. The last elution step was cadro using 0.1 MN-acetylneuraminic acid

(NeuAc). 10 ul of each elution fraction was tedimdprotein content with Bradford reagent.

- &
The purification was carried out by adjusting thublshed purification method that led to the
discovery of a sialic acid specific lectin in 2008 the above mentioned collaboration
partners in Angers (Tronchin et al. 2002). The @rot comprises a stepwise purification
using ammonium sulfate precipitation, ion-exchaagd hydrophobic interaction. 50 ml of
frozen fungal extract fromspergillus fumigatu€BS 113.26 containing 4-5 mg total protein
was slowly thawed in an ice cold water bath andstmaples were kept on ice throughout the
purification procedure to minimize protein degraolat A sample of 50 pl was taken for
hemagglutination tests.
Ammonium sulfate was slowly added with thoroughtatépn to 80% (0.52 g i) saturation
and then incubated at 4 °C for 1h. The precipitgteteins were collected by centrifugation
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at 20000 x g for 20 min. The pellet was resuspemaé&d5 ml 20 mM TRIS buffer (pH 8.5)
and dialyzed against the same buffer for 24 h suenthe removal of ammonium sulfate for
the following ion exchange chromatography. A sampgf 50 pl was taken for
hemagglutination assay.

lon exchange chromatography was carried out withdinong anion exchanger HiTrap ®
QSepharose FF 1 ml (GE Healthcare) in 20 mM TRIS §b) and the elution was carried
out with a stepwise increase in NacCl to a finala@riration of 1 M; fractions of 1 ml were
collected and 50 pul of each fraction were testedh&magglutination activity.

Peak fractions were pooled and further purifiechiggrophobic interaction chromatography.
Ammonium sulfate was slowly added to a concentnabibl.4 M and insoluble proteins were
removed by centrifugation after 1 h incubation atCl The supernatant was loaded on
HiTrap® Phenyl[HP 1 ml column (GE Healthcare) edudied with 50 mM TRIS pH 8.5
containing 1.4 M ammonium sulfate. Elution was ieatrout by gradually decreasing the
concentration of ammonium sulfate to none. Frastiminl ml were collected and a sample of
50 pl was taken for hemagglutination assay. Sampke® furthermore analyzed by SDS
PAGE to visualize the purity and the molecular viagig

$

Hemagglutination assays were done using rabbithergytes (RBC) purchased from

Biomérieux, Lyon. A 2% solution in 150 mM NaCl wisshly prepared from the 50% stock
solution before each hemagglutination assay.

Inhibition tests were carried out with the monos$acwes glucose, fucose, mannose,
galactose, GIcNAc and GalNAc and the glycoprotatuih. The putative inhibitors were
diluted serially in two-fold manner with an initigbncentration of 400 mM and incubated
with the minimal concentration of rAFL5 that caus®BCs to agglutinate.

%&

After purification from fungal extract, the firstmano acids of the purified putative lectin
were determined by N-terminal sequencing. To beceotrated, the proteins were
precipitated by addition of 1 volume 100% trichlacetic acid (TCA) per 4 volumes of
protein solution. The pellet was resuspended im20 TRIS buffer pH 8.5 and SDS PAGE
loading buffer. Proteins were then subjected to $B&E and subsequently transferred onto
a membrane following the protocol provided by thetitutde Biologie Structurale Jean-
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Pierre Ebel(IBS, Grenoble). Briefly, the PVDF membrane wasvated in 100% methanol
for 1 min. and the semi dry western blot was cdroat in 10 mM CAPS pH 11 containing
10 % methanol. Protein bands were revealed withtanisg solution containing
0.1% Coomassie R250, 40% methanol and 1% acetic &be membrane was then sent to
the IBS and the first amino acids of the desireddbaere determined using standard Edman
degradation techniques.

The gene corresponding to the purified protein wdentified using tBLASTn (protein
sequence against translated nucleotide sequendbg dranslated genome Af fumigatus

& , %

The geneAfu8g00550 henceforth calledhFL5 was generated at GenScript with suitable
restriction sites and codon optimization for recamht expression itk. coli BL21 (DE3).
Molecular weight, theoretical Pl and extinction ffméents of rAFL5 were calculated using
the ExPasy tool ProtParam (http://web.expasy.ootgaram/).

Upon arrival of the plasmid, the lyophilized DNA sveecovered in 20 pl nuclease free water
and 1 pl was transformed via heat shock in calcaempetentE. coli XL-1 for plasmid
amplification. Purification of the plasmid was d¢ad out from 10 ml liquid LB culture with
Wizard ® SVMinipreps (Promega) according to théamslard protocol. 5-10 ug DNA were
digested with 1 U p§ DNA of eachNdel and Xhol fast digest enzymes from Thermo
Scientific in the universal green buffer. After 80n. incubation at 37C the samples were
loaded on 0.8% agarose gel containing 3 pl of titercalating dye GelRed (Thermo
Scientific). Electrophoresis was carried out in TBlfer at 80V for approximately 1 h until
the bands were separated. The band with the sgdéBZorresponding to the rAFL5 insert
was cut out with a scalpel and the DNA was extdétem the gel using Wizard ® SV Gel
and PCR Clean-Up System from Promega following rth&iandard protocol. The
concentration of the recovered DNA was measuredgudlanoDrop ND-1000 (Thermo
Scientific). The vector pET-TEV derived from pET28&aere the thrombin cleavage site was
replaced by a TEV cleavage site, was digested amidiqul the same way (Houben et al.
2007).

Vector and insert were combined in a 1:10 molaprand the total volume did not exceed
10 pl. Ligation was performed by adding an equdun® of TaKaRa Ligation Kit Mighty

Mix (Ozyme). After 1 h incubation at room temperatul0 pl were transformed into
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Calcium competenE.coli XL-1 for plasmid amplification. Cells were growivar night at
37 C on LB-Agar plates containing 30 pg hitanamycin for selective growth. The next day
10 ml of LB-broth with 30 pg il kanamycin were inoculated with single colonies aelis
were grown at 37C with agitation overnight. The plasmid was themified with Wizard ®
SV Minipreps (Promega) and digested with the retsbm enzymesNdel and Xhol as
described above to verify the presence of the inser

The plasmid pET-TEV containindFL5 was then transformed int&. coli BL21 (DE3)
strain. Cells were grown until Qg of 0.6 - 0.8 and protein expression was induceith wi
0.1 mM IPTG. The temperature was reduced fron?@B7%o 16°C and the culture was
incubated overnight. rAFL5 containing bacteria weegvested by centrifugation and the
pellet was frozen at -2 until protein purification.

The frozen pellet was resuspended in 15-20 ml Buffecontaining 20 mM TRIS/ HCI
pH 7.5, 500 mM NaCl and 10 mM imidazole. The cellsre disrupted at 1.9 kbar with the
One Shot Cell Disrupter (Constant Systems Ltd.) @mdrifugation at 45000 g separated the
cell debris, so that the supernatant containedréhembinant His-tagged rAFL5. Affinity
chromatography was carried out using Fast Protequit Chromatography (FPLC, GE
Healthcare) where the clear cell lysate was loadetd a 1ml His-Trap™ column (GE
Healthcare) for immobilized metal affinity chromgtaphy (IMAG). His-rAFL6 was eluted
with a linear gradient of 10-500 mM imidazole. Pé&alctions were pooled and concentrated
in a centrifugation- ultrafiltration unit (Vivaspirbartorius) to a concentration higher than 1
mg ml* for subsequent TEV cleavage. The His-tag was el@iff using the protease from
Tobacco Etch Virus (TEV) in Buffer A with the addih of 0.5 mM EDTA, 0.25 mM TCEP
and 1:50 TEV protease: His-rAFL5 ratio. After inatibn at 10 °C overnight the TEV
protease and uncleaved His-rAFL5 were separatedMAG and cleaved rAFL5 was
collected in the flow through. For crystallizatistudies, AFL5 was further purified by gel
filtration with a S75 16/60 column (GE Healthcare)20 mM HEPES pH 7.5, 100 mM
NacCl. For other studies, gel filtration was carread in PBS.

To verify the expression and purification of rAFBRd to monitor its purity, each step was
analyzed by SDS-PAGE using 12% gel. Samples of | Meue mixed with 4 ul 5x loading
buffer and denaturated at 95 C for 5 min beforaliog. As a reference for the molecular
weight Precision Plus Protein™ Standards Unsta{fd-Rad) was loaded alongside and
electrophoresis was carried out at 200V. The ged thian immersed in a Coomassie based

staining solution (InstantBlue, Expedeon) to reyeatein bands.
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All SPR experiments were carried out with a BIAcot200 and a CM5 chip from GE
Healthcare by immobilizing glycoprotein fetuin. rA% or fungal extracts was injected into
the flow channels. To immobilize the glycoprotein the CM5 chip, the surface was
activated by washing with 10 mM buffered sodiumtate at pH 4.5 at a flow rate of
5ul min? followed by injection with 1-ethyl-3-(3-dimethylanopropyl)-carbodiimide (EDC)
and N-hydroxysuccinimide (NHS) at the same flowerdtetuin was diluted in the same
buffer to a concentration of 50 pgfraind injected into flow channel 2 (fc2). Flow chahh
(fcl) serves as a reference channel to compensaten$pecific binding to the surface. The
response was monitored and injection was stoppeuh\8838.8 RU were reached. Both flow
channels were then washed with ethanolamine totigtlates the residual NHS groups on the
chip surface.

The chip was first tested with a known lectin frtime mushrooniPsathyrella velutingPVL)
which binds to NeuAc and GIcNAc residues, which giesent on fetuin. Then, the chip was

used to investigate AFL5 binding. In all experineemRVL was used as a control.

1* & ('*$)
To test the thermal stability of rAFL5, a rangeddferent buffers with pH ranging from 4.5
to 8.5 were tested. Buffer stocks were preparedO@t mM. To screen the conditions, a
mixture was prepared containing 70 ul rAFL5 at 3rd@ ml*, 7 pl 500x Sypro Orange
(Sigma) and 63 pl 0. 5 pl of this mix were combined with 12.5 ul 160M buffer and
7.5 ul O in each well. This leads to a final concentrat®B0 mM buffer and 0.31 mg fhl
rAFL5. The thermal shift assay was then performeth \Bio-Rad Real-time PCR system
MJIMini using the Bio-Rad CFX Manager software. Teenperature was gradually raised
from 20 C to 100 C. After the initial testing to determine the opal pH, further additives
were screened to test their influence of rAFL5 istgb Table 4 shows a list of tested
additives, most of them derived from the MD1-11 itide kit from Molecular Dimensions
Ltd. Tests were carried out in HEPES buffer at pplahd 7.5 respectively.
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To identify glycan structures that are recognizgdAi-L5, the lysine residues of the protein
were labeled with the succinimidyl ester (NHS) déxa fluor 488 (invitrogen). Labeling was
carried out according to the manufacturer’'s prdt@a labeled rAFL5 was sent to the

Consortium for Functional Glycomics (CFG) in theAIS

1- & ( 3/*)
Experiments of dynamic light scattering were cakrmait using the Zetasizer from Malvern
Instruments and a 40 pl quartz cuvette. The puarifieotein solution was centrifuged at high
speed for 20 min to remove bigger particles likstdtontaminants or aggregated proteins.
The supernatant was then transferred into the deartz cuvette which was carefully placed
into the machine. The Zetasizer software was ueedetup the parameters and start the

measurements.

8 * 2 $/# ,

For experimental phasing using multiwavelength a@oos dispersion (MAD), rAFL5 was
expressed in minimal M9 medium supplied with100 Bx.-selenomethionine per litre
culture. Feedback inhibition of the methionine maik in the expression straih coli BL21
(DE3) was achieved by addition of 100 mg lysinegmpHalanine and threonine and 50 mg
isoleucin, leucine and valine per litre culture dsef induction with 0.1 mM IPTG.

Purification and crystallisation was carried outlascribed above.

<

Crystallization was carried out by sitting drop gagliffusion on 24 well plates at 2C.
Initial crystallization screens were done with 1dal5 mg mil rAFL5, using Structure
Screen 2 and Morpheus from Molecular Dimensions YWten most of the drops were clear
after one week incubation, the concentration wagmamted to 20 mg ml rAFL5 and
Crystal Screen 1 from Hampton research was useethkslLarge crystals grew in TRIS pH
8.5 containing 2.0 M ammonium sulfate which werdleoted and cryoprotected in 80%
saturated lithium sulfate solution. In additionedkes were obtained, in TRIS buffer pH 8.5
containing 30 % PEG 4000, with either 0.2 M magmessulfate or 0.2 M lithium sulfate.
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Single needles were collected and frozen in liquicbgen. Cryoprotection was given by the
presence of 30% PEG 4000 in the mother liquor.

=92
X-ray data was collected at the beamline BM30A&t European Synchrotron Research

Facility (Grenoble) with a ADSC Q4 CCD. Indexing svearried using Mosflm (Leslie &
Powell 2007)

> % & ?
Besides the direct purification attempts from funegatracts, the available genome of
Aspergillus fumigatus(Nierman et al. 2005) was searched for sequencdasitmes with
other known fungal lectins. The CERMAV lectin 3Dtalaase (http://lectin3d.cermav.cnrs.fr)
was used to design the search. The lectin 3D dsg¢at@ntains an overview of all available
X-ray structures of lectins, and links to the PDEBbsite to obtain the structures in pdb
format (Bernstein et al. 1977). The amino acid seges from all lectins summarized under
the category “yeast and fungal” lectins were rggtefrom NCBI and were used to search the
A. fumigatusgenome. For the bioinformatical search the pupliaVailable Aspergillus
Genome Database (AspGD) website httd://www.aspergillusgenome.org/cgi-
bin/compute/blast_clade)pand the integrated Basic Local Alignment Searobl TBLAST)

was used. The search space was restricted tédgpergillus fumigatuggenomes from the
stains Af293 and A11630 to obtain a highly seneigearch.

Hits were further analyzed when their bit score waber than 30 and the E-value was lower
than 0.01. Furthermore, annotations were taken &doount: annotations as lectins or
carbohydrate binding domains were considered higidyificant whereas annotations in
carbohydrate metabolism and those of unknown fanctvere considered to be of low
significance. Hits with bit scores lower than 3@ dfvalues and/or annotations other than
carbohydrate binding domains were deemed insigmific

Hits with bit scores between 30 and 40 with appetprE values were then analyzed by
sequence alignment using Clustalw available from Pasy
(http://www.ch.embnet.org/software/ClustalW.hyml and NPS@ Https://npsa-
prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/ psan clustalw.htnl Secondary

structure prediction was carried out using APSSP  bsite

(http://imtech.res.in/raghava/apssphd assessment was carried out manually by cangpar

structure predictions with the known structuresngsthe PyMOL Molecular Graphics
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System, Schrddinger, LLC. Where necessary, thaemds of tandem repeats was analyzed
using RADAR, available from EMBL-EBI (http://www.ebc.uk/Tools/pfa/radar/). The raw
output of the BLAST search is shown in the suppletaetable 8, and significant hits are

summarized in table 7.

@3

The presence of a sialic acid-specific lectirAinfumigatusvas previously described and the
protein was partially characterized (Tronchin et 2002). Our aim was to reproduce the
purification of this lectin and to identify its gerfor recombinant expression and detailed
characterization of its three dimensional structawed carbohydrate specificity. Since
hemagglutination inhibition studies suggested dimigf for the glycoprotein fetuin, our first
purification attempt was based on affinity chronga#phy on a fetuin coupled resin.

The initial hemagglutination activity of the crudengal extract was measured to be 40
HAU ml™, which is 40 times less than the published agtivéven though a 2 fold higher
total protein concentration was used. Proteins \peesent in the flow-through of the fetuin
column but no hemagglutination activity was foundthe flow-through fractions. Stepwise
elution with increasing salt concentration (up t¢ M NaCl) and subsequent 0.1 M sialic
acid did not result in further protein elution agasured with Bradfort reagent (Bio-Rad)
followed by visual analysis.

It was concluded that the putative lectin may hstvengly bound to the column and could
not be eluted with high salt or sialic acid or thatould be absent from the extract. It may be
possible as well that the lectin did not bind te tesin and could not be detected in the flow

through due to dilution (data not shown).
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In the following purification attempts, a protocehs setup using conventional separation
methods including ammonium sulfate precipitatioan iexchange chromatography and
hydrophobic interaction chromatography. An inig@l-filtration step which was proposed in
the original protocol (Tronchin et al. 2002) was itved because the crude extracts may
contain pigments, oily components and other commekstances that may damage our
column. A total of 200 mg of protein from the crudetract were analyzed by
hemagglutination assay and showed 40 HAU'nile. 40 times less than the published
results, with a 4 fold higher initial protein com¢etion (data not shown).

The crude fungal extract was directly subjectedatomonium sulfate precipitation and
subsequent dialysis for ion exchange chromatograftmns concentration step did not
increase the hemagglutination activity (data noowsk). Elution of ion exchange
chromatography was carried out with a linear gnaidag increasing NaCl concentration and
the proteins eluted in one peak. Peak fractionsevasralyzed by 12% SDS PAGE and
Coomassie based staining. They showed severalippsyecies ranging in molecular weight
from 10 kDa to 75 kDa with an apparent concentratiba protein with a molecular weight
of ~ 30 kDa (figure 22), which may correspond te putative lectin with expected molecular
weight of 32 kDa. The fractions were pooled andyded for hemagglutination testing.

Hemagglutination activity however, did not increasel stayed at 40 HAU

Figure 22: lon- exchange chromatography of crudgdliextract. Chromatogram (A) and 12% SDS PAGE
(B). 1 ml HiTrap QFF (GE Healthcare) column wasikigated with 20 mM TRIS pH 8.5 before the crude
fungal extract was loaded. Elution was carriedwaith a linear gradient of NaCl with a final conceation of

1M. 20 pl samples of each fraction were analyzed29o SDS-AGE.
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Hydrophobic interaction chromatography wthen carried out using@ linear gradient ¢
decreasing ammonium sulfate concentration (starftiogn 1.4 M in accordance with th
initially published purification protocc(Tronchin et al. 2002).&veral peaks were elut and
12 % SDS PAGE revealed several faint bands in wiodte peak fractions wi an apparent
molecular weight higer than 50 kDa (blue circlesgure 23). In fraction 7 (red circle, figu
23) a protein band with an approximate moleculargiteof 30 kDa was identified. I
apparent size corresponds to the one of the expest#dic acid lectin. This fraction we
transferred to PVDF membrar(figure 24A) to identify the protein usin¢N-terminal
sequencing. Hemagglutination tests showed partial agglutination the first wel,
corresponding to <4BAU ml™. The exact hemagglutinatioiter could not be calculate
because of incomplete agglutination. The testingccoot be repeated due to small san

size.

Figure 23: hydrophobic interaction chromatograpblgromatogramA) and SDS PAGEB). 1 ml Hi Trap
Phenyl HP column (GE hehttare) was equilibrated with 20 mM TRIS buffer p3,71..4 M ammoniun
sulphate. Elution was carried ouith a decrease in ammonium su#. Fractions were analyzed by S

PAGE and several proteins (blue circles) with appamolecular weights higher tl 50 kDa could be
identified. Fraction 7 containedprotein with an apparemolecular weight of 30 kDa (red circl
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The N-terminal sequencing was carried out at the Institit Structural Biology (IBS) il
Grenoble where the first 18sidues ccld be identified (figure 24B Search of this sequen
in the translated genome Af fumigatu resulted in identification of the gelAfu8g0050 The
corresponding protein was annotated as putativéayttetinsferase involved in the hypo;

induced productin of the secondary metabolite pseuro (figure 24C).

Figure 24: Nterminal sequencing resuProtein transfer to PVDF (A) and tdfrminal sequencin(B) were
carried out at the IBS, Grenoble. The result waseseed by tBLASTn against the transd genome oA.
fumigatus The resulting gene was annotated as a putatileyitransferas (C)

As hemagglutination tests were rconclusivein the last purification step and the identif
protein was annotated as a putative methyltranséertn results needed confirmation a
the purification wagepeated using the same protocol. An overview ef ghrification is
shown in figure 25. Interestingly, the hydrophoiniteraction chromatography (HIC) show
different elution profile(figure 25 B). While the hydrophobic interaction chromatogra in
the first purification showed 5 pe: (figure 23A) the second one only showed 3 dist
peaks in the elution. The @les were analyzed by SDS PACfigure 25C lanes 4, 5 and ¢
The first peak in lane 4hsws three protein bands with tapparent molecular weight

24kDa, 37 kDa and 39 kDa respectively. Peak Il sh@sgeral bands with molecul
weights ranging from 75 kDa to 25 kDa. The thirédlpshows a smeared band at ~ 32

and several faint bands bel@b kDa.
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Hemagglutination tests confirmed the presence lettin in this peak with 40 HAU n?,
andN-terminal sequencing of the smeared band at ~32rkiz@aled the first 8 amino aci
(GHQPELLLRALDAT) with a low level of confidence dut low amounts of proteir

However, a search for the short sequence ilA. fumigatuggenome was inconclusiy

Figure 25: second attempt of purification of thégpire lectir AFL5 from crude fungal extracts. Ic
exchange chromatogram is shaoin panel Aand the chromatogram from hydrophobic interactsoshowr
in B. Fractions from both chromatographies were andlymel2% SDS PAG (C). The putative lectin witl

an apparent size of ~30 kDa is circled in

Taken together these findir suggest the presence of a proteith an approximate size
30 to 32 kDaand low hemagglutination activity in this fract.

The low hemagglutination activitis not surprising, given an initial activiiin the crude
fungal extract®f 40 HAU m™. This may be due tihe transport of the frozen fungal extrs
from Angers to Grenoble. Since limited amounts widal extracts were available furtt
purification attempts could not be carried outhes point. Even though the hemagglutinat
activity was below 40 HAUmI ** after hydrophobic interaction in the first purifin, a
protein of the approximately same size in the sdqaurification showed hemagglutinati
activity. The identified geneAfu8g0050 from the first purification was chosen 1
recombinant expssion and further investigation of this protein #&ode possible

carbohydrate binding activiti.
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The genéAfu8g0050from A. fumigatu was cloned into aexpression vector for recombine
expression of the correspond protein, henceforth called rAFL5. By introducinglaavable
6-histidines tag at thi-terminus of rAFL5 up to 20 mg n™* pure protein could be purifie
per 1 liter of bacterial culturdigure 26).The molecular weight was calculatedeéd®?B.5 kDe
and the theoretical Pl was calculated to be 5.8&.H1 was verified to be between 5 and ¢
isoelectric focusing electrophoresis (data not stjc The extinction coefficient we
calculated tde 23950 and was used to correctly estimate theiprooncentration of rAFL

Figure 26: purification of recombinant -tagged AFLS5 via Nickel affinity purification. Chraatogran of
crude extract (A) anturther purification after TEV cleavage ole Histag ( B) are shown.ractions were
analyzed by 12% SDS PAGE (C).
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Hemagglutination tests that were carried out wRKLS5 in TRIS Buffer pH 7.5 containin
100 mM NaCl were negative. Since the original pcation and helagglutination assay
were carried out in PBSIronchin et al. 200:, a comparison wasade of rAFL5 in TRIS
buffer and PBS over time f L #$ % & " % %

% () * C for
several weeks. rAFL5 was divided into two sampte® staying in TRIS buff. In the other
samplesthe buffer was exchanged to PBS (index a, figupeb®7concentration and dilutic
using membrane ultrafiltration (Vivaspin, SartoriL® kDa cutoff). All tests were carried ¢
with a starting concentration of 1 mg™ in the first well, srially twc-fold diluted in
150 mMNacCIl. A bacterial lectin from thBurkholderia cenocepacieomplex BclB was use
as a positive control and negative controls coethionly buffer (PBS and TRIS) or 150 nr

NaCl and red blood cells.

Figure 27: hemagglutination assdy9 of different purification batches of rAFL5. Thedex a indicates that the
protein is kept in PBS instead of TRIS buil The samples were analyzed by 12% SDSPAGE ( B)adtuate
their state of degradation.
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In the first samples 1 (TRIS) and la (PBS), AFL5itamed theN-terminal 6-histidine tag
and the sample shows some contamination as visiltlee 12% SDS PAGE (figure 27 B).
Both samples are unable to agglutinate red blodld. CEhe same result can be found for
samples 2 and 2a where the 6-his-tag was cleavedtw samples labelled 3 and 3a show
that hemagglutination is present when rAFL5 is kiepPBS over time at 4C. However,
samples 4 and 4a do not exhibit hemagglutinatiotivig indicating that prolonged
incubation of rAFL5 is not a determinating fact&amples 5a and 6a both agglutinate and
show higher activity that sample 3a. The fact ti@te of the rAFL5 samples that were kept
in TRIS buffer show hemagglutination activity mawlicate that the amine group present in
TRIS may have an inhibitory effect. Indeed, hematygation activity could be restored in
sample 3 after exchanging the buffer to 20 mM HER&Saining 200 mM NaCl. However,
it is noteworthy that hemagglutination activity,gfesent, remains low with 80 HAU hl
Further testing with different salts such as mammeschloride, calcium chloride and
potassium chloride added to the protein soluti@hrait restore hemagglutination activity. To
investigate the possibility that a carbohydrateriidy bound to rAFL5 during expression,
extensive dialyse against PBS was carried out befesting but this could not restore the

activity.

+

To further purify rAFL5 for crystallization studiesnd to investigate its state of
oligomerization, gel filtration chromatography waarried out. Since hemagglutination
studies suggested that TRIS buffer may have amtedie activity and PBS led to enhanced
degradation, gel filtration was carried out in 20MNHEPES buffer, containing 100 mM
NaCl. Figure 28 A shows that rAFL5 elutes in a mpeak at 65 ml corresponding to a
molecular weight of 30 kD4dl]. A shoulder ) of the main peak was analyzed separately by
hemagglutination testing (figure 28C). The chrorgeaon further shows that another small
peak is present in the late eluate at 110 &) All three samples were analyzed for
hemagglutination activity and by SDS PAGE. Hematgation activity could only be found

in that late peak (figure 28C). This active frantimay have bound to the sepharose matrix in
the gel filtration column and its elution is themef delayed. SDS PAGE (figure 28B) showed

the same size band of rAFL5 in all peaks, thusushoh the presence of other contaminants.
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Figure 28Gelfiltration chromatogranA). rAFL5 elutes in the maipeak at thexpected sizes
for a monomer. Thigain peak 1) has a shouldef) that was analyzed separately arthird
peak (3) in the late eluate. All three pewere analyzed by 12% SDS PAGE) and show a
band at 30 kDa, expected for rAFL5. Hemagination testing (C) showetthat only the lat:
peak B) is active.

It may be noted that the size of the late pe3) varied with different purification batche
even though expression conditions and purificatitethods were not changed. Prelimin
hemaglutination inhibition assays were carried outsamples from the late peak, wh

protein eluted in the main peel) was used for crystallization trials.
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As mentioned above, inhibition tests were carriel with the active fraction which was
separated by gel filtration. A range of monosaddearwere tested for their ability to inhibit
the agglutination of rabbit red blood cells. Glugomannose, galactose and fucose did not
inhibit the hemagglutination activity of rAFL5. G¥é&\c and GalNAc inhibited
hemagglutination only at the highest concentratibR00 mM which cannot be considered as
specific. The glycoprotein fetuin was tested pusifior hemagglutination inhibition (data not
shown) to a concentration of 625 ug’na concentration similar to the previously publishe

results for the putative lectin frof fumigatusextracts (Tronchin et al. 2002).

#+
rAFL5 was labeled with Alexa Fluor 488 for fluorest detection on glycan array. The array
was performed by the Consortium for Functional @hcs (CFG), where the labeled

protein was sent. Results of the glycan array hewevere inconclusive (data not shown).

#* &
Thermal stability of rAFL5 was tested with a thetnshift assay. In a first screen, the
influence of the pH with two different salt concextions was tested (table 4). rAFL5 was
found to quickly degrade at low pH with a meltirgriperature (Tm) of 28 independently
of salt concentration. With increased pH, the protgot more stable with melting
temperatures ranging from 43 at pH 5.6 to 49C at pH 7.0. The highest Tm of 50 was
found at pH 7.5 with 100 and 200 mM NaCl with ardgase in stability with higher pH. PBS
however showed a slightly lower Tm of 42 even though its pH and salt range were in the
optimal range. Further screening was carried ouh wlifferent additives like detergents,
glycerol, different salts as well as sialic aciddaetuin to investigate their influence on
thermal stability. Zinc and cobalt chloride weraird to greatly destabilize rAFL5 resulting
in melting temperatures of 30 and 25 respectively. All other additives had a minimal
impact on thermal stability but all melting temperas were slightly lower than the control
without additives.

84



Buffer system addition Tm addition ™m

(final (°C) (final concentration) (°C)
concentration)
Sodium acetate pH 4.5 +100 mMNaCl 23 +200 mMNacCl 23
Sodium citrate pH 5.6 +100 mMNaCl 43 +200 mMNacCl 44
Mes pH 6.0 +100 mMNaCl 43 +200 mMNacCl 43
NaCacodylate pH 6.5 +100 mMNaCl 46 +200 mMNacCl 46
HEPES pH 7.0 +100 mMNaCl 49 +200 mMNacCl 48
Phosphate (PBS) pH 7.4 48
HEPES pH 7.5 +100 mMNaCl 49 +200 mMNacCl 48
TRIS/HCI pH 8.0 +100 MMNaCl 48 +200 mMNacCl 48
TRIS/HCI pH85 +100 mMNaCl 48 +200 mMNacCl 48
Additive Final Tm (°C)
concentration

Potassium chloride 50 mM and 25 mM 48
Calcium chloride 10 uM 49
TECEP 25 mM 49
Na thiocyanate 10 mM 49
Taurine 10 mM 49

-octylglucoside 0.5% 47
Potassium iodide 100 mM 49
Cobalt ( 11) chloride 10 mM 25
Magnesium chloride 10 mM 48
Cadmium chloride 10 mM 41
Zinc chloride 10 mM 30
Glycerol 2% 49
Glycerol 10% 49
Sialic acid ( Neu5Ac) 5uM 48
Fetuin 0.1 mg mt* 49

Table 4: overview of various conditions and addisithat were tested with TSA
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To assess the purity of rAFL5 after gel-filtratiatynamic light scattering experiments were
conducted. The results showed a polydispersityxiraded.135 indicating that the solution of

rAFL5 is monodisperse and therefore suitable fgstadlization trials (data not shown).

8 <
The pure and monodisperse protein solution was ikep0 mM HEPES buffer pH 7.5 with
100 mM NaCl at a concentration of 20 mg’mllarge crystals were obtained in TRIS pH 8.5
containing 2.0 M ammonium sulfate that diffracted4 A resolution. Furthermore, thin
needles were obtained, also in TRIS buffer pH &5taining 30 % PEG 4000, with either
0.2 M magnesium sulfate or 0.2 M lithium sulfatewther screening was then carried out
varying salt and PEG concentrations. However, thaselitions did not result in further
improvement of crystal growth but needles grew RIS buffer pH 8.5 with 2.0 mM
ammonium sulfate. These needles were used forcddetion at the European Synchrotron
Radiation Facility (ESFR) and diffracted to 2.1dsolution at beamline BM30A.
Crystals of rAFL5 are tetragonal and belong toRdespace group with unit cell dimensions
a=b=46.26 A and= 116.1 A. Statistics of the data collection armmarized in table 2.

Figure 29: rAFL5 crystals and their diffration patis. Crystals were obtained with 20 mg'mAFL5 in 100
mM TRIS pH 8.5 containing 2 M ammonium sulfate. decrystals diffracted to 4 A (A), while thin neesl|
diffracted to 2.1 A (B).
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Unit Cell: 46.26 46.26 116.1 90 90 90 (Tetnaa)
Space group: to be determined

Resolution 36.18- 2.1 2.16-2.10
R merge ( within I+/1-) 0.064 0.360
total number of observations 64825 5119
Total number unique 14155 1140
Mean((1)/sd(1)) 17.1 4.0

Mn (1) half set correlations CC(1/2) 0.998 0.901
Completeness 99.6 99.7
Multiplicity 4.6 4.5

Table 5: crystallographic statistics

Single-wavelength anomalous diffraction (SAD) phgsattempts with sulfur in the native
rAFL5 were unsuccessful, because the anomaloualsigsulfur was not strong enough.
Phasing was then aimed to be done with multi-wangtle anomalous diffraction (MAD)
with the use of selenomethionyl-rAFL5. The selentmomyl-rAFL5 was successfully
expressed and purified. Thin needles grew in handmps containing 1ul 20 mM TRIS pH
8.5, 2 M ammonium sulphate and 1pl selenomethierf@.5 at 20 mg nif. However, the
thin needles did not diffract due to their smatlesiOptimization trials were carried out by
seeding mircocrystals into new drops with the abhoeationed crystallization conditions but

sufficiently large crystals could not be obtained.

- %
'

The carbohydrate binding properties of rAFL5 reradiguestionable after hemagglutination
testing. Therefore the more sensitive Surface RlasResonance (SPR) was used for further
investigation. Since inhibition studies showed apaaent specificity of rAFL5 for the
glycoprotein fetuin a chip was created where fetuas immobilized as ligand on the chip
surface. The chip was tested with a known lectomfrthe mushroonfPsathyrella velutina
(PVL), which binds to the glycan structures presemtthe glycoprotein fetuin. Figure 30
shows the sensorgram where the binding of PVL ésvehin green, indicating that the fetuin
was successfully immobilized on the chip surfadee injection of rAFL5 did not result in a
change in response suggesting that rAFL5 doesindttb immobilized fetuin.
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Figure 30: Surface Plasmon Resonance with rAFL&) @ad PVL (green) using a fetiun coupled CM5 chip.

Given the fact that rAFL5 showed inconclusive heghatination results and that no
interaction could be detected by SPR we conclutatithe identified protein corresponding
to the geneAfu8g0050from A. fumigatuswas not identical to the sialic-acid specific lect
described earlier (Tronchin et al. 2002). We thmefdecided to start another purification
attempt with new fungal extracts. Since the leatias described to bind to fetuin in
hemagglutination inhibition we decided to monitoe tpurification steps with SPR using the
fetuin chip, thus providing a more sensitive anfliased detection method.

We received two new batches of fungal extractsweat both analyzed by SPR. No binding
was found in the crude extracts. The extracts wega concentrated by ammonium sulfate
precipitation and dialyzed for SPR experiments &gdin, no binding could be detected.
Taken together these findings suggest that noa&ituin binding lectin was present in any
provided extracts. The freezing and thawing duthgtravel from Angers to Grenoble may
have been a contributing factor why it was not fadsgo purify the sialic acid specific lectin

from crude fungal extracts.

88



=*7

Sequence alignment studies with AFL5 using pro®iAST (Altschul & Madden 1997)
showed that the protein has high sequence simyilavith methyltransferases from other
filamentous ascomycetes such @sedosporium apiospermurMetharhizium anisopliae
(Figure 31),Fusarium oxysporumrlalaromyces stipitatuand others. However, it may be
worth mentioning that most of them are putative hgpothetical proteins identified by
sequence similarity and none of these proteindkan studies in further detail. In the case of
Afu8g00550 (rAFL5) its property is deduced from seqce similarity and gene clustering
(Maiya et al. 2007).

Figure 31: sequence alignment of AFL5 with a Silike Methyltransferase (MT) from the Ascomycdfia
anisopliae Alignment was carried out with ClustalW. Identicasidues are shown in red, similar residues in
green and blue.
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Sequence similarity occurs between homologous inoi@nd can therefore be exploited to
search for proteins of interest, in this case ssw@lible lectins in translated genomes.
A bioinformatical search using conserved domairabiases of thé. fumigatuggenome was
carried out by collaboration partners in the CzBapublic beforehand and resulted in the

identification of 9 potential lectins, summarizedable 6.

Name/ ORF location Similarity with known lectins

AFL 1/ Afu5gl14740 Fucose specific fungal lectin 6-bladepropeller
AFL2 / Afu7g00560 Fungal lectin Actinoporin-like

AFL3/ Afu5g00910 C-type lectin

Afu2g12590 C-type lectin

AFL4/ Afu2g01405 Cyanovirin homolog

pAFL11/ Afu2g16800 L-type lectin

pAFL10/ Afu29g12180 L-type lectin

Afud4g128050 Calnexin

Afu5g13830 R-type (and galactosidase domain)

Table 6: previously identified lectins & fumigatus

In this thesis the search was expanded by seardhmgranslated genome for putative
proteins that share sequence similarity with otteywn fungal lectins summarized in the
CERMAYV Lectin 3D database. A total of 27 lectin gegces from 20 fungal species were
used for screening th&. fumigatus1136 andA. fumigatusaf293 translated genome. The
guery lectins were categorized in 9 groups basethein structural fold as presented on the
Lectin 3D database. Using the BLAST tool on the poghensive AspGD website allowed a
highly sensitive bioinformatical search by restingtthe search space to only two genome
sequences. The results are therefore vast andnifisgnt results had to be sorted out
manually by evaluating the bit score and E- valsievall as the alignment data. Most of the
identified hits resulted in patchy alignments séothan 10 amino acids and had a bit score
lower than 30 and high Expect (E) values rangimgmfr9 to 1 indicating insignificant
sequence similarities due to the high sensitivityhe search. The raw data of the BLAST
Hits are shown in the supplemental table 8 in theea at the end of this chapter.
Furthermore, the results show redundancy becausendérity in the query sequences. For a
better overview of the identified ORFs encodingugapive lectin, names were assigned to the
ORF. pAFL stands for putativ&. fumigatudectin followed by consecutive numbering. The

results are shown in table 7.
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Name/ MW Similarity Similarity species bit Orthologs
accession (kDa) | type (Uniprot ID) Score/
number E-value
AFL 1/ 34.7 | 6-bladesh- | Aleuria. aurantia 125/ A. flavus/ A. oryzae
Afu5g14740 propeller (P18891) 2 E-29 | A. aculeatus
AFUB 062410
AFL2/ 14.0 | Actinoporin, | Agaricus. bisporus (Q00022) | 67/ A. fumigatus
AFUB_087150 Boletus. edulis (F2Z266) 2 E-6
Afu7g00560 Sclerotium rolfsii (D2D056)
Xerocomellus. chrysenteron
(Q8WZC9)
AFL4/ 12.1 Cyanovirin | Tuber borchii (Q5MK11) 84/ A. clavatus/ N.
AFUB_ 018490 homologs Neurospora crassa (Q7S6U4) 7 E-18 | fischeri
Afu2g01405 Gibberella zeae (F22242)
Magnaporthe. oryzae
(G4N991)
AFL6/ 11.8 | Cyanovirin | Tuber borchii (Q5MK11) 109/ A. nidulans
Afu1g02290 homologs Neurospora crassa (Q7S6U4) 2 E -25 | A. versicolour
AFUB_002680 Gibberella zeae (F22242) Q- g'jc\/ﬁ;lrils
(hg;aflﬁggf)rthe‘ oryzae A. sydowiilA. flavus
A. oryzae/A. terreus
A. niger
A. acidus
A. aculeatus
A. carbonarius
A. brasiliensis
pAFL7/ 12,8 Cyanovirin | Tuber borchii (Q5MK11) 56/ Only in A.fumigatus
AFUB_ 095010 homologs Neurospora crassa (Q7S6U4) 2 E-10 | 1163
Gibberella zeae (F22242)
pAFL8/ 36.6 | Cyanovirin | Tuber borchii (Q5MK11) 58/ A. nidulans/ A.
Afu7g04870/ homologs Neurospora crassa (Q7S6U4) 8 E-10 | oryzae/ A. niger
AFUB_090420 Gibberella zeae (F22242)
Magnaporthe. oryzae
(G4N991)
pAFL10/ 36.2 Legume like| Coprinopsis cinerea (ABN4Z2) 243/ A. nidulans/ A.
AFUB_027870/ Membrane 1 E-64 | versicolor/ A.
Afu2g12180 protein with sydowii/ A. flavus/ A.
signal oryzae/ A. tgrreus/ A.
peptide niger/ A. acidus/ A.
aculeatus/ A.
carbonarius/ A.
brasiliensis/ A.
clavatus/ N. fischeri
pAFL11/ 45.2 Legume like, Saccharomyces cerevisiae 51/ A. oryzael A.
Afu2g16800 Membrane | (E7TKFGS8) 3E-7 nidulans/ A. niger
(AFUB_032470 protein with
) signal
peptide
pAFL12 36.6 | Ricin B like | Coprinopsis. cinerea 495/ A. nidulans/ A.
AfU5901120/ (A8NCXO) 1 E-140 sydowii/ A. flavus/

AFUB_049600

oryzael A. terreus/ N.
fischeri/

Table 7:Summary of putative lectinsAn fumigatusidentified by sequence similarity with known fungal
lectins which have been structurally characterized.
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The representative of a 6-bladepropeller was AAL the lectin fromAleuria aurantia
Expectedly AFL was found with a high bit score @b1validated by a low E- value of 2 E-
29. In addition, a second protein (AFUB_075950/ pAFshowed similarity with a bit score
of 31 (E-value: 0.47), just above the cutoff andcoaserved domains were annotated in this
protein. The alignment with AAL (36 kDa) and AFL4(3 kDa) was inconsistent, which may
be due to the smaller size of AFUB_075950/ pAFL®.%1kDa). In contrast, alignment with
the bacterial lectin BamBL (9.4 kDa) of the samrmuctural family from Burkholderia
ambifaria showed 48% similarity. Further cluster alignmenthwAAL, AFL and BamBL
showed that conserved residues involved in fucoselify were not conserved in
AFUB_075950/ pAFL9. In addition, secondary struetprediction using Phyre and search
for tandem repeats using RADAR could not bring ewck that the putative protein
AFUB_075950 belonged to the lectin family of propeller (data not shown). It was
therefore concluded, that AFUB_075950/ pAFL9 canbetconsidered a lectin. Moreover
this investigation demonstrates that the chosenffcof a bit score of 30 ensures a high
sensitivity while securely cutting out insignifidalnits. In fact, insignificant hits were found
with bit scores around 30 usiigathyrella velutindectin with 7 blade -propeller fold. The

3 hits were annotated as esterase, demethylasexatateductase respectively and therefore

immediately identified as insignificant.
$ B ($/)

The significant hit (Afu7g00560) with the lowest Btore was a member of the actinoporin-
like lectin family confirming the previous seardchwas identified in all query lectins from
Agaricus bisporus, Boletus edulis, Sclerotium iblsd Xerocomellus chrysenteramith bit

scores ranging from 47 to 68.

In addition, the lectin fromAgaricus bisporusshowed similarity with a putative glycosyl
hydrolase and a putative galactosidase iA. fumigatus These hits were designated with a

low significance (table 8) as they are not lecbosinvolved in carbohydrate metabolism.
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Among the putative lectins, three new cyanovirimdmologs (CVNH) were identified from
this genomic analysis. Cyanovirin-N (CV-N) was ffitldentified from the cyanobacterium
Nostoc ellipsosporunfor its high antiviral activity (Boyd et al. 1997pince then several
homologs have been identified in fungi and seedtdasts (Koharudin et al. 2008). They
have been categorized in three types accordingein tomain structure. AFL4 and AFL6
belong to the type | CVNH, which contain eitheriagte or multiple CVNH domains but
belong to different subgroups. AFL4 had already nbedentified previously and its
characterization is underway in our laboratory. ARkas previously identified (Koharudin et
al. 2008) and its characterization was carriedithis thesis (see Chapter IV). pAFL7 with
the accession number AFUB_095010 is only presetiienl163 strain ofA. fumigatusand
belongs to the type | CVNH as well. pAFL8 (AFUB_@20)is a type Il CVNH and thus
contains arN-terminal domain of different function andCaterminal CVNH domain. Type I
CVNHs have not yet been characterized. The N- tmmdomain of pALF8 shows
similarities with an ATPase that is part of the @smmal sorting complex required for
transport (ESCRT) (Henne et al. 2013).

1 /2 ($/>$/)

The legume- like lectins pAFL10 (AFUB_027870/ Afu22180) and pAFL11 (Afu2g16800/

AFUB_032470) had been already identified in thevjmes bioinformatical search, carried

out by our collaboration partners. Both lectins @aat of highly conserved eukaryotic

intracellular cargo transport protein family. Thearbohydrate recognition domain which has
the same fold as L-type lectins binds high-manrigge oligosaccharides on N-glycosylated
proteins for transport from the endoplasmatic tdtim to the Golgi. Their carbohydrate

specificity may differ greatly while amino acid astlucture are highly conserved.

A2 C2 ($/)

pAFL12 (AFUB_049600) was found using a putativensB lectin (R-type) from the inky
cap fungusCoprinopsis. cinerealt is further associated with the pectin lyasdd fo
superfamily and contains three parallel beta-hedpeats indicative of glycosidase function.
It contains a signal peptide and is a secreteckprot

Examples for low-significance hits in this familyrea a member of the pectin
methyltransferase family (AFUB_080500), a glycoselanvolved in the cellulose catabolic
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process (AFUB_077630) and a putative exo-beta-lu@Gagase (AFUB_001500), that show

low similarity with - trefoil lectins.

! B

In an attempt to identify novel lectins from thepoptunistic pathogeA. fumigatuswe used
two different approaches, namely purification frdongal extracts and identification by
sequence similarity. In the first approach, we rafieed to purify a presumed sialic acid
specific lectin from crude fungal extracts. Theragts were prepared in Angers and sent to
our facilities in Grenoble. During this transpdretaccompanying freezing/ thawing process,
lectin activity may have decreased as we obsenvelde first sample a 40 times reduction in
hemagglutination compared to what was describdteriterature (Tronchin et al. 2002). In
the second sample batch, a complete lack of activits observed. With this low activity in
starting material the successful purification of thctin was greatly hindered. Nevertheless,
we were able to identify and partially character&z@rotein that showed hemagglutination
activity with a low titer. Its carbohydrate bindiradpility however could not be conclusively
proven and the project was abandoned when no atienawas found using the highly
sensitive SPR- technique. Further research shoeldnitiated with fresh fungal extracts
where freezing should be avoided. To investigatetindr AFL5 (Afu8g00550) has indeed
methyltransferase activity, assays could be cawigdvith its natural ligands pseurotinA and

its derivatives, which are commercially available.

The second approach was made possible thanks tav#iability of the sequenced genome
of A. fumigatuswhich allowed searching for sequence similaritieth wther known fungal

lectins. Although lectins had been already idesdifivith this method we were able to further
present four novel putative lectins. While moreadet bioinformatical research is needed
for most of the identified lectins, one cyanoviNhhomolog was already identified in a
previous study (Koharudin et al. 2008). This lectsn henceforth called AFL6 and its

characterization can be found in the following dieap
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Structural Query Species UniProtK  Similarity in Bit E-value Name/ Significance
fold B/ Swiss-  A. fumigatus score Annotation
Prot Af293 (A11630)
Query
6-blades Aleuria aurantia  P18891 Afubg14740 125 2 E-29 AFL1 (FleA)/ high
-propeller (AFUB_0602410) L-fucose specific lectin
Afu6g09890 31 0.47 hypothetical protein/ uncharacterized low
(AFUB_075950) ORF
7-blades Psathyrella Q309D1 Afulg03170 88 0.16 Putative esterase/ uncharacterized OF none
-propeller velutina (AFUB_003580)
Afu5g03430 31 0.83 Histon demethylase activity/ none
(AFUB_051950) uncharacterized ORF
Afu7g06420 28 5.1 Putative NADH- dependent flavin none
(AFUB_091980) oxidoreductase/ verified ORF
Actinoporin-  Agaricus bisporus Q00022 Afu7g00560 47 2 E-6 AFL2/ high
like (AFUB_087150) Characterization underway
Afu3g01660 27 2.5 Putative glycosyl hydrolase/ low
(AFUB_046730) uncharacterized ORF
Afu5g14550 26 5.2 Putative - galactosidase/ low
(AFUB_062230) uncharacterized ORF
Afu6g08570 26 5.9 Putative DNA damage repair protein/ none

(AFUB_074530)

uncharacterized ORF
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Afulg02820 26 6.1 Pst2/ Putative NADH-quinone none
(AFUB_003200) oxidoreductase/ verified ORF
Boletus edulis F2Z266 Afu7g00560 57 39E-9 AFL2/ high
(AFUB_087150) Characterization underway
Afu2g09960 30 21E1 Ssc70/Putative mitochondrial Hsp70 none
(AFUB_025800) chaperone/verified ORF
Afu3g14500 30 2.2E-1 Predicted catalytic activity and role in  none
(AFUB_034730) metabolic process (Isochorismatase
family)/ uncharacterized ORF
Afu8g07110 28 8.8 E-1 Putative alanyl-tRNA synthetase/ none
(AFUB_080690) uncharacterized ORF
Afu2g12700 26 4.9 Predicted zinc ion binding (HET none
(AFUB_028340) domain)/ uncharacterized ORF
Afu2g08650 26 5.9 Predicted zinc ion binding (RING fingemone
(AFUB_024570) membrane protein)/ uncharacterized
ORF
Sclerotium rolfsii  D2D056 Afu7g00560 67 20E-12 AFL2/ high
(AFUB_087150) Characterization underway
Afu2g08650 29 74 E-1 Predicted zinc ion binding (RING fingenone
(AFUB_024570) membrane protein)/ uncharacterized
ORF
Afu6g04390 28 1.6 Putative ubiquitinationc protein (Brel)/ none
(AFUB_093900) uncharacterized ORF
Afu5g04170 25 8.2 Hsp90 molecular chaperone Mod-E/ none
(AFUB_052690) verified ORF
Afu6g03260 25 7.9 Apl(pepAb) putative aspartic none
(AFUB_095040) endopeptidase/ uncharacterized ORF
Xerocomellus Q8WzC9 Afu7g00560 58 1.0E-9 AFL2/ high
chrysenteron (AFUB_087150) Characterization underway
Afu2g08650 31 1.7E-1 Predicted zinc ion binding (RING finge none
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(AFUB_024570) membrane protein)/ uncharacterized

ORF
Afu8g07110 28 1.6 Putative Alanyl-tRNA synthetase/ none
(AFUB_080690) uncharacterized ORF
-trefoll Clitocybe B2ZRS9 Afu3g10060 27 2.2 Putative protein/ predicted Golgi none
domain nebularis (AFUB_039120) transport complex/
Uncharacterized ORF
Coprinopsis B3GAO02 Afu5g08190 27 1.7 Putative protein of unknown function/ none
cinerea(CCL2) (AFUB_055720) Uncharacterized ORF
Afu8g05740 26 3.1 Putative RTA1 protein/ predicted none
(AFUB_081810) hydrolase activity/ uncharacterized OF
Afu8g07250 26 5.7 Pectin methylesterase family protein/ low
(AFUB_080500) uncharacterized ORF
Afu3g09500 26 6.1 Putative aryl-alcohol oxidase; vanillyl- none
(AFUB_039670) alcohol oxidase/ uncharacterized ORF
Afu2g06150 25 7.7 pdiA/ protein disulfide isomerase/ none
(AFUB_023230) verified ORF
Coprinopsis ABNCXO0 Afu5g01120 499 1 E-141  Putative protein of unknown function/ high
cinerea (AFUB_049600) Uncharacterized ORF
(ricin B)
Coprinopsis E3VWO05 Afu6g11610 31 15E-1 cbhB/ Probable 1,4-beta-D-glucan low
cinerea (AFUB_077630) cellobiohydrolase B/ uncharacterized
(CCL1) ORF
Afu6g00370 28 15 Putative aminotransferase/ none
(AFUB_097150) uncharacterized ORF
AFUB_ 044190 26 4.7 Putative protein of unknown tiomo none
Uncharacterized ORF
Laetiporus Q7Z8V1 Afu8g03900 30 1.2 Putative RING finger domain/ none

sulpherus (AFUB_083680) uncharacterized ORF




Afu6g09620 29 2.8 Predicted acyl- transferase activity/  none
(AFUB_075670) uncharacterized ORF
Afu6g13270 27 9.9 Putative Exo-beta-1,3-glucanase/ low
(AFUB_001500) uncharacterized ORF
Afu6g07300 28 5.3 Putative mRNA splicing factor (Prp17)/none
(AFUB_073270) uncharacterized ORF
Marasmius Q8X123 n.a n.a n.a n.a n.a
oreades
(agglutinin)
Marasmius [7HA471 Afu5g09190 29 3.4 Putative ABC bile acid transporter/  none
oreadegmannose (AFUB_056730) verified ORF
lectin) Afu2g13260 26 2.5 medA transcriptional regulator/ none
(AFUB_028890) verified ORF
Afu5g00230 26 3.0 Unknown protein of unknown fuanti none
uncharacterized ORF
Afu5g12870 25 4.9 Putative NAD+ kinase/ uncharacterize none
(AFUB_060580) ORF
Afulg08860 25 9.1 Putative Meiotic recombination protein none
(AFUB_008280) Ski8/Rec14/ uncharacterized ORF
Polyporus. Q75WT9  Afu6g02000 29 2.5 NCS1 allantoate none
squamosus (AFUB_096340) transporter/\uncharacterized ORF
Sclerotinia ATXUK7 Afu5g09190 29 3.4 Putative ABC bile acid transporter/  none
sclerotiorum (AFUB_056730) verified ORF
Afu2913260 26 2.5 medA/transcriptional regulator/ none
(AFUB_028890) verified ORF
Afu5g00230 26 3.0 Unknown protein of unknown fuanti none
uncharacterized ORF
Afu5g12870 25 4.7 Putative NAD+ kinase/ uncharacterize none
(AFUB_060580) ORF
Afulg08860 25 9.1 Putative Meiotic recombinationtpm  none
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(AFUB_008280)

Ski8/Rec14/ uncharacterized ORF

Cyanovirin-N  Tuber borchii Q5MK11 Afulg02290 66 3.0 E-12 AFL6/ characterization underway high
homolog (AFUB_002680)
AFUB_095010 47 2.0 E-06  Putative protein of unkndwmction/ high
uncharacterized ORF
Afu2g01405 43 2.0 E-05 AFL4/ characterization underway high
(AFUB_018490)
Afu7g04870 42 6.0 E-05  Putative glutamine-serine-proline rich high
(AFUB_090420) protein/ uncharacterized ORF
Afu6g01970 27 1.4 GATA transcriptional activator AreA/  none
(AFUB_096370) verified ORF
Afu3g10550 25 4.4 Putative protein of unknown function/ none
(AFUB_038610) uncharacterized ORF
Afu3g10820 25 4.3 Putative Ferric-chelate reductase/ none
(AFUB_038310) uncharacterized ORF
Neurospora Q7S6U4 Afulg02290 109 2.5E-25  AFL6/ characterization underway high
crassa (AFUB_002680)
Afu2g01405 69 4.0 E-13  AFL4/ characterization underway high
(AFUB_018490)
AFUB_ 095010 56 2.0 E-09 Putative protein of unkndumction/ high
uncharacterized ORF
Afu7g04870 41 8.0 E-05 Putative glutamine-serine-proline rich high
(AFUB_090420) protein/ uncharacterized ORF
Afu4g03090 28 49 E-01  Putative protein of unknown function/ none
(AFUB_100040) uncharacterized ORF
Afu4g04660 27 1.1 Putative none
AFUB_098340 proteasome regulatory particle subunit
Rpt6/ uncharacterized ORF
Afu8g06360 26 2.9 Putative alpha-1,3-glucanase low
Gibberella zeae F2z242 Afulg02290 92 3.0 E-20 AFL6/ characterization underway high
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(AFUB_002680)

Afu2g01405 84 7.0 E-18  AFL4/ characterization underway high
(AFUB_018490)
Afu7g04870 58 8.0 E-10  Putative glutamine-serine-proline rich high
(AFUB_090420) protein/ uncharacterized ORF
AFUB_ 095010 56 2.0 E-09 Putative protein of unkndumction/ high
uncharacterized ORF
Afulgl181 26 2.2 Putative protein of unknown function/ none
(AFUB_011260) uncharacterized ORF
Magnaporthe G4N991 Afu7g04870 49 6.0 E-07  Putative glutamine-serine-proline rich high
oryzae (AFUB_090420) protein/ uncharacterized ORF
Afulg02290 43 4.0 E-20 AFL6/ characterization underway high
(AFUB_002680)
Afu2g01405 39 8.0 E-04  AFL4/ characterization underway high
(AFUB_018490)
Afu4g11690 27 3.3 RNA polymerase Il transcription factor none
(AFUB_068700) related protein/ uncharacterized ORF
Afu2g11760 26 4.9 Putative Signal transduction protein  none
(AFUB_027510) BroA/ uncharacterized ORF
Galectin Agrocybe Q6WY08  Afu5g07390 27 2.3 Putative none
aegerita (AFUB_054940) 60S ribosome biogenesis protein Sqtl
uncharacterized ORF
Afu5g14380 27 3.4 Alpha-glucuronidase aguA/ verified  low
(AFUB_062100) ORF
Afu7904670 26 4.1 F1FO0 ATP synthase assembly protein none
(AFUB_090210) Atpll
Afu5g13190 25 8.4 Kinesin-like protein/ none

(AFUB_060900)

Uncharacterized ORF
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Coprinopsis Q06100 Afu7g01160 25 9.6 Putative Cytochrome P450 alkane none
cinerea(CGL1) (AFUB_087740) hydroxylase/ uncharacterized ORF
Coprinopsis Q9P4R8 Afulg15130 25 7.5 Putative GPI anchored transmidase/ none
cinerea(CGL2) (AFUB_014680) uncharacterized ORF
Coprinopsis. Q20675 Afu2g15610 26 4.8 DNA-directed RNA polymerase/ none
cinerea(CGL3) (AFUB_031260) uncharacterized ORF
Ig like Flammulina P80412 Afu2g13520 28 7.9 E-01 Putative fermentation associated protaione
velutipes (AFUB_029160) (Csfl)/ uncharacterized ORF
(Immunomodulat Afu2912860 27 1.1 DUF726 domain protein/ none
ory protein FIP- (AFUB_028480) uncharacterized ORF
Fve) Afulg04260 27 1.5 Endo-1,3-beta-glucanase Engll/ none
(AFUB_004590) uncharacterized ORF
Afu3g02900 25 3.7 Oxidoreductase, short chain none
(AFUB_045350) dehydrogenase/reductase family/
uncharacterized ORF
Afu4g00290 25 4.2 PutativeSuccinyl-CoA synthetase betanone
(AFUB_100820) subunit/ uncharacterized ORF
L-type Saccharomyces E7KFG8 Afu2g16800 51 3 E-07 Putative Lectin family integral high
cerevisiae (AFUB_032470) membrane protein/ uncharacterized O
(Emp46p) Afu5g06870 27 6.5 Putative protein of unknown function/ none
(AFUB_054430) uncharacterized ORF
Afu5g03120 26 9 5'-3' exoribonuclease 1/ none
(AFUB_051630) uncharacterized ORF
Coprinopsis A8BN4Z2 Afu2g12180 243 1E-64 Putative Lectin family integral high
cinerea (AFUB_02787) membrane protein/ uncharacterized ORF
Afulgl14680 40 1 E-03 DNA directed RNA polymerase/ none
(AFUB_014220) uncharacterized ORF
Afu2g16800 36 2.2E-02  Putative Lectin family integral high

(AFUB_032470)

membrane protein/ uncharacterized ORF
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Afu2913450 36 2.8 E-02 Putative dynactin/ uncharacterized Ok none
(AFUB_029090)
Afulg11450 33 25E-01 Putative myosin class Il heavy chain none
(AFUB_010880) (MHC)/ uncharacterized ORF
Afu3g08500 32 6.2 E-01 Putative morphogenesis protein (Msbl none
(AFUB_040590) uncharacterized ORF
Afulg02730 31 7.8 E-01  Putative mitochondrial phosphate carrieone
(AFUB_003120) protein (Ptp)/ uncharacterized ORF
Afu3g05630 30 2.0 E-01 Putative phospholipase D1 (PLD1)/  none
(AFUB_043370) uncharacterized ORF
Yeast adhesin Candida glabrata Q6VBJO Afu2g10820 31 5.2 E-01 Putative DEAD/DEAH box helicase/ none
(AFUB_026600) uncharacterized ORF
Afulgl10950 27 8.2 Putative Vesicle-mediated transport  none
(AFUB_010370) protein Vid24/ uncharacterized ORF
Saccharomyces. P38894 n.a n.a n.a n.a n.a.
cerevisiae

genome of twdAspergillus fumigatustrains. Annotations are marked if available dregignificance of the hits is indicated.

Table8: supplemental table containing the raw ftata the bioinformatical search. Aminoacid sequenftem selected known fungal lectins were BLASTgdiast the
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In this Chapter, we present the biochemical andcttral characterization cAspergillus
fumigatuslectin 6. The lectin had been identified from gemodata analysis as a member of
the recently discovered cyanovirin—-N homolog (CVNidmily (Koharudin et al. 2008).
After recombinant expression i&. coli, affinity and size exclusion chromatography was
carried out to obtain pure and homogenous pro@mmercially available crystal screening
kits were used for crystallization trials and caystof AFL6 were obtained. Diffraction data
was collected at the European Synchrotron Radidtaaility (ESRF) in Grenoble. The
structure was solved to high resolution in absesfcthe ligand. Attempts to determine the
specificity of the lectin were performed using femimal titration calorimetry and glycan
array.

Dans ce chapitre, nous présentons la caracténshibechimique et structurale de la lectine 6
d’Aspergillus fumigatus Cette lectine a été identifiee lors de Il'analyde données
génomiques comme étant un membre de la famillehdesologues de la Cyanovirin—N
(CVNH) qui a été récemment découverte. Apres ladypeton de la protéine sous forme
recombinante chek. coli, une purification par chromatographie d’affinité \8ai d’'une
chromatographie d’exclusion par taille a été réalimfin d’obtenir une protéine pure et
homogeéne. Des essais de cristallisation ont étisésaet ont permis d’obtenir des cristaux
d’AFL6. Des données de diffraction ont été collestéau synchrotron a Grenoble et ont
permis de résoudre a haute résolution par la métithd remplacement moléculaire, la
structure d’AFL6 en absence de ligand. Des essaiisgeterminer la spécificité de la lectine
ont été conduits par titration calorimétrique igsthe et par du criblage & haut débit avec des

puces a sucre.
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Cyanovirin—N (CV-N) is a small soluble 11 kDa lectrom the cyanobacterium (blue- green
algae)Nostoc ellipsosporumit was first identified in 1997 by its potent atal activity
(Boyd et al. 1997). CV-N was found to be non tokic the host cells even at high
concentratiorand its biological activity was highly resistantglysicochemical denaturation,
making it an excellent candidate for a microbicittewas shown that CV-N inactivated
several laboratory strains and primary isolatethefhuman immunodeficiency virus HIV-1
and 2 as well as simian (SIV) and feline (FIV) stsaand other enveloped viruses, such as
Ebola (Barrientos et al. 2003). Furthermonme,vitro fusion assays of infected and non
infected cells showed that CV-N prevented intetdatl HIV transmission (Boyd et al. 1997).
The antiviral property of CV-N is mediated by itstaraction with the viral envelope
glycoprotein gp120.The infection of HIV is initi@tdy adhesion of the virus to the host cell.
Lectins are at the interface of these interactidits. example, the C-type lectin DC-SIGN
recognizes high-mannose glycans on the viral epeelglycoproteins gpl120. The virus
hijacks the dendritic cells presenting DC-SIGN ttsg in increased efficiency of infection
of secondary lymphoid organs and their target Céslls (da Silva et al. 2011). Figure 32
shows an overview of HIV infection in the dendritiell.
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Figure 32:0verview of HIV infection pathways in dendritic tlThe infection is mediated |
binding of gp120 to D-SIGN and CD4. Picture adapted fr@iremblay 201C

The finding that CWN interacts with the virus envelope glycoproteipsd 20 and gp4.and
blocks their interacdbn with the host receptors, spurred great interest in thentfic

community towards the development of a topical kPévention(Esser et al. 1999; Dey

al. 2000; Bolmstedt et al. 20(. The viral surface of HI\f's covered with heterodimers of t
heavily glycosylated glycoproteins gp120 and gp4l. Gpl20 amntenore than 20 -

glycosylation sites and Nkcan:, that includehigh mannose typend complex type
oligosaccharideaccount for about half its molecular wei (Zhu et al. 200(.
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Figure 33: schematic representation of Man9, a highnose type N-glycan present on
gp120.Picture reproduced from (Bewley & Otero-Qeint2001)

The anti HIV activity of CV-N is due to its high fafity binding to 1-2 mannosides
presented at the non- reducing end of the D1 anc&f® of high mannose type glycans
(figure 33). The structural base of the carbohyregcognition and thermodynamical
parameters of CV-N has been studied intensely (Bg\W&l Otero-Quintero 2001; Bolmstedt
et al. 2001; Shenoy et al. 2001; Fujimoto & Gre®aZ2 Botos et al. 2002; Dey et al. 2000).
CV-N is a small protein, comprising 101 amino aca&lsd is made up of two pseudo-
symmetric domains A and B that share 32% sequeatastiiy. Each domain contains one
carbohydrate binding site. Isothermal titrationocamhetry experiments with gp120 and gp41l
showed high affinity binding with a gof 37 nM and a stoichiometry of 5:1 that is 5
molecules of CV-N bind to 1 glycoprotein. While bdiinding sites A and B are specific for
Man 1-2Man motifs, they differ in their affinity. Their@ling site on domain A shows a
lower affinity with a Ko around 3 UM compared to the binding site on dontiwhich
shows affinity in the nanomolar range (Bewley et2802). NMR structures of CV-N with
Man 1-2Man confirmed that the morphology of the two ding sites is different; with
binding site A being a semicircular cleft that paly surrounds the disaccharide. The high
affinity binding site B on the other hand was shdwive a deep pocket that nearly envelopes
the disaccharide thus providing structural evidefazethe observed difference in affinity
(Bewley & Otero-Quintero 2001).
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The overall solution structure of monomeric CV-Nshhe shape of an elongated ellipsoid,
about 55 A in length with a maximum width of ab@®& A. Secondary structure elements
consist of 10 - strands and four short helical turns (Bewley 1et1898). Interestingly, in

crystal structures, CV-N can be observed as a doswapped dimer, where domain A of

one monomer interacts with domain B™ from the othenomer (figure 34).

Figure 34: 3 dimensional structures of CV-N complitxvith oligosaccharides. Domain swapped dimer
(A) complexed with the D3 arm of oligomannose -®B? 3GXZ). The two monomers are colored in
red and blue respectively.The CV-N monomer in caxplith 1-2dimannoside is shown in panel B

(PDB: 111Y) where domains A and B are coloured iar@e and green respectively,
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This domain swapped state however, does not rgsaliditional intramolecular interaction
and does not affect HIV inhibition. It is much ma@enetastable, kinetically trapped structure
resulting from crystallisation conditions and CVAdll thought to be monomeric in its
naturally occurring state (Yang et al. 1999; Banos et al. 2002). However, it has recently
been shown, that CV-N oligomers designed to exhifd@tdomain swapped form in solution,
not only displayed enhanced HIV neutralization mete active against a broader spectrum
of different HIV strains (Keeffe et al. 2011). Takéogether, the intense studies of the
interactions between CV-N and its carbohydratenlitgaenabled researchers to develop HIV
entry inhibitors that can be used as topical micides for vaginal and possible rectal
application. For pharmacological evaluation of swdtucides, cost effective large scale
production of CV-N is of utmost importance. Reconanit expression ifk. coli has been
successful in the periplasm but yields are low (Maral. 1998). CV-N is often misfolded
and purification from inclusion bodies and subsequefolding is cost- and time consuming
(Colleluori et al. 2005). The most promising atteémpexpression ire. coliincluded using a
SUMO (Small-Ubiquitin-like Modifier) tag that is kmvn to facilitate correct protein folding.
A yield of 150 mg [* culture of recombinant CV-N in a fed-batch fernueris reported for
this system (Gao et al. 2009). Furthermore, otteatdrial expression systems, including
Steptococus gorondéandLactobacillus jenseniishow promising applications (Giomarelli et
al. 2002; Brichacek et al. 2013). Eukaryotic systdmve been exploited as well, including
the yeasPichia pastorisbut glycosylation inactivated the protein and yseldere low (Mori

et al. 2002; Xiong et al. 2010). Even though lagsgale production is still a challenge for this
lectin, it has been proven to be an excellent @atdifor a future HIV prevention that is

desperately needed.

% 2D

Besides the investigation towards a microbicideetdasn CV-N, bioinformatical research
revealed that the CV-N lectin fold is an evolutiopnaonserved family of proteins that are
mainly found in fungi and some seedless plants. &Bklongs to this recently discovered
family of cyanovirin-N homologs. First indicatiorthat the cyanovirin-N is part of an
evolutionary conserved motif were found in 2005tueadani and co-workers conducted a
gene expression profiling study in the ascomycetwuffle Tuber borchiiand found a
nutrient regulated mRNA (M5G11) that showed sigaifit similarities with other

hypothetical proteins in filamentous fungi and dessl plants. Further bioinformatical
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analyses revealed a significant similarity with GV-All of the identified proteins had an
internal tandem repeat with an average internailaiity of 30% and the conserved amino
acids matched those in CV-N that were mainly logt@iethe hydrophobic core region, which
is important for the structural integrity of theopgin. Taken together, these findings led to the
creation of the term cyanovirin-N homolog (CVNH)mAang the identified family members
of CVNH were several hypothetical proteins fragkspergillusspp includingA. flavus A.
nidulans A. nigerand later, when the whole genome was availghléimigatugPercudani

et al. 2005; Koharudin et al. 2008). Based on tlemain organization the CVNH family has
been grouped into three types (figure 35).

Figure 35: Schematic overview of the domain stmectn the three types of CVNH
Picture reproduced from (Percudani et al. 2005)

In type | CVNH, one or multiple CVNH domains areufa at the N-terminus of the protein
sequence. Type | CVNH are the most studied andtsires are available from the truffle
Tuber borchii (TbCVNH), the moldNeurospora crass§NcCVNH), the underwater fern
Ceratopteris richardii(CrCVNH) (Koharudin et al. 2008) and the wheatcbaght fungus
Gibberealla zeadGzCVNH) (Matei et al. 2011). Type Il CVNH encodigenes have been
found inAspergillusspecies, where the CVNH domain is preceded by 88 kbding region
of unknown function. To our knowledge no type Il BM has been structurally characterized
yet. In type 1l the CVNH domain is interrupted lbylysin motif (LysM) in between the
repeats. NMR solution structures and carbohydnateraction studies of a type Il LysM
CVNH are available for the rice blast fungdagnaporthe oryzaéKoharudin et al. 2011).
Type | CVNH remains the most intensely studied tgp€VNHSs, and AFL6 is a member of
this type. Thus the focus will be directed towatks description of type | CVNH lectins.
Based on multiple sequence alignments type | CVNiH be subcategorized into three

groups. Group | contains CV-N itself and microvirfhVN), from the cyanobacterium
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Microcystis aeruginosdKehr et al. 2006) as well as CVNH from fern anddi. The other
groups are entirely composed of CVNH polypeptidesmf filamentous Ascomycetes
(Koharudin et al. 2008). The cladogram shows thatiosms among the different organisms
and is depicted in figure 36. Among them, a ledtom A. fumigatus,henceforth called

AFL6 was identified, belonging to the group Il C¥AN

Figure 36: Cladogram of 39 predicted polypeptidgusaces that are CVNH family members. Picture
adapted from (Koharudin et al. 2008)

3D structures for one member of each type | CVNbugrare available (depicted in green,
blue and yellow in figure 37). Apart from their smmved CV-N fold, they share carbohydrate
specificity for 1-2 linked mannosides in high mannose type glycilwsvever, only one
binding site appeared to be active in CVNH frdimber borchii(TbCVNH, group II) and
Neurospora crasséNcCVNH, group 1ll) as discovered B{4-"N HSQC spectroscopy. On
the other hand, the representative of group | floenfernCeratopteris richardii(CrCVNH),
the closest relative of CV-N, showed two activedmg sites. Further investigations toward
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carbohydrate specificity using glycan array showeat TbCVNH interacted with linear
glucose sugars, and a combination of glucose, waa@nd N-acetylglucosamine containing
glycans as well as sucrose (Glg2Frc) (Koharudin et al. 2008). These findings tedhe
design of a chimeric CVNH, consisting of the actilmnain A from TbCVNH and the active
domain B of NcCVNH. This chimera binds Mdr2Man with very low affinity with kK
values in the millimolar range. It also binds ssereeven though in the parent NcCVNH
sucrose binding could not be detected (Koharuded.e2009). In this chapter, we present the

biochemical and structural characterization of AFA&VNH fromA. fumigatus

7, 3
$/1 77

For recombinant expression kcoli, the gene comprising 321 bp was ordered at GgpiScri
(USA) with codon optimization and appropriate resion sites. It was provided in a pUC57
vector and sub-cloned into the expression vect&®PpEV (Houben et al. 2007) and pET-
TEVDbiot (figure 37) usindNde landXho | FastDigest™ restriction enzymes from Fermentas.
The resulting recombinant AFL6 protein contained\aterminal 6-Histidin tag for affinity
purification which can be cleaved off by TobaccalYirus (TEV) protease produced in the
laboratory. After cloning into pETTEVbiot the reBaofy AFL6 contained an additional N-
terminal avi-tag, which encodes the sequence GLEBIBKIEWHE for in vitro
biotinylation.

Figure 37: Plasmid maps for pET-TEV (left) and pEEVbiot (right). The N-terminal HisTag can be
cleaved of by TEV-protease. The plasmids contaistance to kanamycin (KanR) for selective growth.
MCS: multiple cloning site.
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The Ligation was carried out using DNA Ligation Kllighty Mix (TaKaRa) and the ligated
plasmid was amplified i.coli XL-1 cells. Colony-PCR was carried out to idenfifysitive
clones using Taq Ozyme Purple Mix (OZYME) and Tinmrs. The plasmid DNA of
positive clones was purified using Wizard® SV Mim@dp DNA Purification System
(Promega). The appearance of a band at 321 bpricmdfithe correct insertion of the insert
after control restriction with the same enzymese plasmid was then send to GATC were
sequencing was carried out using T7 primers anddnect sequence of the optimizA&t6

gene was confirmed.

& $/1
1 ul of Afl6 pET-TEV 28a was transformed into tBe coli expression strain BL21 (DES3)

from Novagen. The day before expression a presailief 15 ml LB liquid medium
containing 30 pg mil kanamycin was inoculated with several colonieE.ofoli BL21 (DE3)
containing the above mentioned AFL6 plasmid. Thequiture was used to inoculate a 1 L
of liquid LB medium containing 30 pg fhlkanamycin. Bacteria were grown until an &
of 0.6- 0.8 and protein expression was induced With mM IPTG and performed 16 C
overnight. Cells were then harvested by centrifiegaat 6000 g for 20 min. The pellet was
frozen and stored at -20 C until purification.

- & $/1

The frozen pellet was resuspended in 15-20 ml Bffeontaining 20 mM Tris/ HCI pH 7.5,
500 mM NaCl and 10 mM imidazole. The cells wergupted at 1.9 kbar with the One Shot
Cell Disrupter (Constant Systems Ltd.) and cergation at high speed separated the cell
debris, so that the supernatant contained the regicamt His-tagged rAFL6. Affinity
chromatography was carried out using Fast Protequit Chromatography (FPLC, GE
Healthcare) where the clear cell lysate was loaolet a 1 ml Nickel-NTA His-Trap™
column (GE Healthcare) for immobilized metal affynchromatography (IMAG). His-rAFL6
was eluted with a linear gradient of 10 — 500 mMdiazole. Peak fractions were pooled and
concentrated in a centrifugation- ultrafiltrationitu(Vivaspin, Sartorius) to a concentration
higher than 1 mg i for subsequent cleavage. The His-tag was cleaffedsing TEV
protease in Buffer A supplemented with 0.5 mM EDTA25 mM TCEP and a ratio 1:50
TEV protease: His-rAFL6. After incubation at 10 Gvesnight the TEV protease and
uncleaved His-rAFL6 were separated by IMAG andwaearAFL6 was collected in the flow
through. For crystallization studies AFL6 was ferthpurified by gel filtration using a
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Superdex S75 16/60 column (GE Healthcare) in 20Mis& or Citrate Buffer at pH 6.0 with
150 mM NacCl.

To verify the expression and purification of rAFR&d to monitor the purity, each step was
analyzed on 18% SDS-PAGE. Samples of 16 pul weredwith 4 pl 5x loading buffer and
denaturated at 95 C for 5 min. before loading. recision Plus Protein™ Standards
Unstained (BioRad) and InstantBlue (Expedeon) wsed as molecular weight marker and

gel staining solution respectively.

1 4
Hemagglutination tests were carried out in U-shapédvell plates using rabbit red bold
cells (RBC) from Biomérieux, Lyon. 50 ul were sdéiawo-fold diluted in PBS and the
same volume of 2% RBC in 150 mM NaCl was added. Adraagglutination was incubated

for 1h at room temperature and the results wengalisanalyzed.

#' * %
To test the thermal stability of AFL6, a range dfedent buffers with a pH ranging from 4.5
to 8.5 were tested. Buffer stocks were preparelD@tmM. To screen these 24 conditions a
mix was prepared containing 70 pl AFL6 at 2.7 mg,nl pl 500x Sypro Orange and 63 pl
H,0. In each well 5 pl of this mix were combined witR.5 pl 100 mM Buffer and 7.5 pl
H,O. This leads to a final concentration of 50 mM fBufand 0.27 mg il AFL6. The
thermal shift assay was then performed with Bio-Rahl-time PCR system MiniOpticon
using the Bio-Rad CFX Manager software. The tentpegavas gradually raised in 1°C steps
from 20°C to 100°C.

1/& $/1 &

In vitro biotinylation was carried out in according to theanufacturer's protocol using
rAFL6avi and NHS-linked biotin (Sigma). Brief, 2% of 100 mM biotin in DMF was slowly

added to a solution of 10 mg ™bf AFL6avi in PBS pH 7.2 and incubated for 30 rain

room temperature with gentle agitation. Biotinythjgrotein was then purified with a 5 ml
polyacrylamide desalting column (Thermo Scientifit0 mM MES buffer pH 6.0 with 150
mM NacCl and fractions of 500 pul were collected. idlentify biotin-labeled fractions 2.5 pl
of each fraction were spotted on a nitrocellulosemorane which was blocked with 1%
Bovine serum albumin (BSA) in TRIS buffered saltmntaining 0.1 % Tween-20 (TBST)
and subsequently incubated with peroxidase-labedizdptavidin (Sigma). Colorimetric

detection of the peroxidase reporter was perforossag 1-Step UltraTMB Blotting Solution
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(Thermo Scientific) and fractions containing bigtated rAFL6avi appeared as blue spots on
the membrane.

The biotinylated rAFL6avi was then sent to the Qutism for Functional Glycomics (CFG)
in the USAwhere it was analyzed on their printegcgh array version 5.2 containing 609
glycans in replicates of 6. For fluorescent detextiCyan-5-streptavidin was provided by the
CFG.

8 (")

Calorimetric measurements were carried out usiegMictrocal iTC 200® calorimeter from
GE Healthcare. In a typical experiment, 0.4 pltigg30 mM) were injected in 120 second
intervals from a 40 ul syringe into the rapidlyrsd (1000 rpm) sample cell containing
200 pl of 60 uM AFL6. Control experiments involvigection of ligand into buffer without
AFL6. Titrations were carried out at 26 in 20 mM sodium citrate buffer pH 6.0 containing
150 mM NacCl. The isotherms were fit using the QrigiC Analysis software according to
the manufacturer's protocols. The stoichiometry ¥izeesd to extract enthalpy and binding
affinities from the hyperbole binding curve. Thewlgnamic parameters were calculated
using G=-RT In Kaand G= H-T S.

; 3
Experiments of dynamic light scattering were carmeit using the Zetasizer Nano ZS from
Malvern Instruments Ltd and a 40 pl quartz cuveRdor to measurement, the purified
protein solution was centrifuged at high speed2fdmin. to remove bigger particles like dust

contamination or aggregated proteins.
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Crystallization trials were carried out by hangiip vapor diffusion on 24 well plates at
20 C. To screen initial crystallization conditiom®mmercially available screening Kkits
Structure Screen2 and Morpheus from Molecular Dsiers Ltd were used. Drops
comprised 1 pl 10 mg MIAFL6 and 1 pl mother liquor. Single needles westected and

cryo-protected in 80% saturated lithium sulfatausoh and frozen in liquid nitrogen.

= 92
X-ray diffraction data were collected at the EummpeSynchrotron Radiation Facility
(Grenoble) at beamline BM30A using an ADSC Q4 CC&edtor. Integration of the
collective data set was done using XDS (Kabsch RQAD further computation was made
using programs within the CCP4 suite (Winn et 8lLD).The space group as determined by
POINTLESS (Evans 2006) and the data was scalednarded with aimless (Evans &
Murshudov 2013). The number of molecules in theramgtric unit and the solvent content

was determined by Matthews (Kantardjieff & Rupp 200

The phases were obtained by used molecular reptatdensing the coordinates of the
chimeric CVNH (PDB: H3P8 (Koharudin et al. 2009ter modification using chainsaw
(Stein 2008) the phases was used to solve thesteudcCoy et al. 2007). After generation
of the initial model, the chain visualization andael building was done using Coot (Emsley
& Cowtan 2004). lterative refinement was carriedt day alternating between manual
rebuilding in Coot and automated refinement in Reffn(Murshudov et al. 2011%olvent
water molecules were added and 5% of the reflestivere kept aside for cross validation.

The last round of refinement was done using aropatrB-factors.
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Optimization of expression conditions resultedha production of rAFL6 exclusively in the
soluble fraction, indicating optimal conditions fekpression and protein folding (data not
shown). Large scale expressions were hencefortiedawut at these conditions and led to a
protein production of 8-10 mg per litre culture tthaas purified via Nickel-affinity

chromatography. Figure 38 shows the purificatiorootatogram and SDS PAGE analysis.

Figure 38: Elution profile and 18% SDS PAGE of rAFaffinity chromatography. The
protein eluted with 150 mM imidazole. UV absorptisrcoloured in blue and the
increase of imidazole is shown in green.

The Nickel affinity chromatogram shows the elutminHis-rAFL6 150 mM imidazole. The
height of the elution peak is dependent on the bsbeébance of the protein at 280 nm. Since
AFL6 only contains one tryptophan residue and nmosiye residue the absorbance is low,
resulting in an extinction coefficient of 5500'\Mm*. The his-tag was cleaved using TEV as
described above. Cleaved rAFL6 was found in thettioough of subsequent Nickel affinity
chromatography (data not shown).

Gel filtration chromatography was carried out téedmine the oligomerization state of AFL6
and to further purify the protein for crystallisati studies. AFL6 eluted at 83 mi
corresponding to an estimated size of 12 kDa whatesponds to the theoretical size of a
monomer with 11.7 kDa. This is in good accordancéh wpreviously published

characterizations of different CVNH which were désed as monomeric in solution
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(Koharudin et al. 2008). The homogeneity of thetgiro solution was investigated using
dynamic light scattering where no aggregation wdseoved (data not shown) and

monodisperse protein solution was used for cryzsdibn trials.

4

rAFL6 showed no hemagglutination activity at 1 mé*non rabbit erythrocytes (data not
shown). While CV-N shows hemagglutination activitlg fungal homologs NcCVNH and
TbCVNH are not able to agglutinate erythrocytes {&mdin et al. 2008). The lack of
hemagglutination activity may be due either to #Hisence of the putative carbohydrate
ligand on erythrocytes, or to the existence of amlg active binding site on AFL6 as it is the
case for NcCVNH and TbCVNH. Besides this, it maypossible that the binding site was
occupied by a tightly bound ligand during expressio

' &
Investigating the stability of rAFL6 in differenuffer conditions using varying pH and salt
concentrations is an important step on the way éberchine optimal crystallization
conditions. AFL6 shows a melting temperature Tnd0fC at a pH of 4.5 in acetate buffer,
which is independent of salt concentration. Augragon of the pH to 5.6 and 6.0 shows an
increase of Tm to 6CC with 100 and 200 mM NacCl.

Buffer system Tm °C +100 mM NaCl +200 mM NacCl
Tm°C

Sodium acetate pH 4.5 47 47 47

Sodium citrate pH 5.6 54 60 60

Mes pH6.0 55 60 60

Sodium Cacodylate pH 6.5 55 56 53

Hepes pH 7.0 53 54 51

Hepes pH 7.5 53 53 55

Tris/HCI pH 8.0 53 54 54

Tris/HCI pH 8.5 51 54 53

Table 9: overview of the conditions tested on TSA

For crystallization studies, AFL6 was kept in 20 mMWES buffer at pH 6.0 containing
150 mM NacCl. For ITC studies however, results westter when rAFL6 was kept in 20 mM

Citrate buffer at the same pH and salt concentratio
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Crystals of rAFL6 were obtained in 2.0 M ammoniuatpiate with 5% v/v 2-propanol at a

concentration of 10 mg mind resulted in a star of thick needles (figure B®fraction data

Figure 39: Crystal of AFL6 obtained in 2.0 M ammami sulfate
and 5% v/v 2-propanol with a concentration of 10mid AFL6
and a protein to mother liquor ratio of 1:1.Crystalals were
carried out with hanging drop vapor diffusion usBtgucture
Screen 2 from Molecular Dimensions. UV light wasdiso ensure
the crystal is made of protein and not salt molkesul

was obtained on single crystals
broken from such stars and
indicated an orthorhombic unit
cell belonging to space group
C222. The unit-cell dimensions
were a=42.74A, Db=43.85A,

c=86.7A with one molecule in the
asymmetric unit. Data collection
statistics are provided in Table
10. The crystal diffracted to
1.35A and the final model
showed clear electron density for

all amino acids after refinement. Refinement stia8sare given in table 11.

Unit cell: 42.74 43.85 86.7 90 90 90 (orthorhmibic)
Space group: C222

Resolution overall outer shell
43.38A-1.35A 1.385A-1.35A

R merge (‘within I+/I-) 0.049 0.449

total number of observations 103368 5132

Total number unique 18003 863

Mean((l)/sd(l)) 15.8 3.6

Mn (1) half set correlations CC(1/2) 0.999 0.908

Completeness 98.5 96.7

Multiplicity 5.7 5.9

Table 10: Crystallographic statistics for rAFL6

Rerys/Riree 15.3/19.7

Rmsd bonds (A) 0.014
Rmsd angles (°) 1.68

Protein atoms 841
B-factor ( A% 15.03
water molecules 107
B-factor (A% 26.78

Table 11 : refinement statistics
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The structure of rAFL6 can be described as an al@ubellipsoid with two domains. The two
pseudo-symmetric halves consist of domain A andegpectively. The two domains are
formed by strand exchange between the two tandpeats. The stand exchange is shown in

figure 40.

Figure 40: Cartoon representation and sequencé-b6AThe tandem repeats are shown in cyan and blue
respectively. The secondary structure featuresvetien in purple for domain A and magenta for damB.
The -hairpin of the first tandem repeat is part of donBand vice versa.

Domain A comprises residues 1-40 and 96-106 (5@lues) and domain B extends from
residue 41-95 (54 residues). Thus theairpin of the first tandem repeat is part of donia
and vice versa. Domain A contains two helical tufnk and 2), a three strandedsheet
( 1- 3) and a -hairpin ( 9 and 10) wherein the 10 consists only of 3 amino acids. Domain
B is composed likewise with two helical turns3(and 4), a triple stranded-sheet (6- 8)

and a small -hairpin ( 4 and 5) (Figure 41).
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Figure 41: Cartoon representation with secondangcse features of AFL6. Domain A and B are shown i
purple and magenta respectively

! $/1 D4

In agreement with other known CVNHs AFL6 is monomen crystal form as well as in
solution, as determined by gel filtration and DIC3/-N can exist both in monomeric form
and as a domain swapped dimer, where one of theaidsnis swapped between the two
dimer halves as observed in non-physiological doom such as the crystal state and at high
concentration in solution (Barrientos et al. 2082ng et al. 1999). In CV-N, the domain
swap is enabled by an unusual trans configuratiggraine 51 in the hinge region (34/Qso
Ps1 Ss2 Ns3) (Bewley et al. 1998; Barrientos et al. 2002). 8sequence variability is found
at this position in the CVNHSs since the prolineisXeplaced by a methionine in ToCVNH
(W50 Gs1 Ms, Qs3 Nsg) and a glycine in both NCCVNH (W Gs3 Gss Qss Nsg) and AFL6 (Wig
Dso Gs1 Vs2 Ds3). The sequence variation in AFL6 results in adtmal difference in this
area and domain swapping or dimerization has nanbebserved in the CVNHs
characterized so far.

AFL6 belongs to the group Il CVNH as identified lsgquence similarity. Interestingly,
molecular replacement worked best when the cooweknaf the chimera LKAMG
(PDB:3HP8) was used, which was designed from domdaiof ToCVNH (group Il) and
domain B of NcCVNH (group lll) (Koharudin et al. @9). AFL6 shares only 65% sequence
similarity (34% identical) with TOCVNH compared @% similarity with NcCVNH (52%
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identity) and the chimera LKAMG (43% identity). kiige 42 shows the multiple alignment
the two tandem repeats of AFL6 with the founi member CVN (group 1) and twc
members of each group namely TbCVNH and NcCVNH.alded structural analysis wi
focus on these two members of group Il and 11l eesipely in comparison with AFL

Firstrepeat: o B4 B5
-—_— —>
CVN —-LGKE VIENVDGSLKW
NCCVNH GSHMSE IIGNNDGHFQW
TbCVNH GSHMSY CIGNPNGFLGW
BAFL6 —-—-MSE CLGNDNGHFQW
s R - T
Second repeat a3 ) p10
> —>
CVN QPSNFI 1IANIDGTLKYE-
NCCVNH GGQNET [VENVNGE FQAKF
TbCVNH GMQNFS RIQNVNGRLVFQ-
AFL6 DGVDFS RIENINGEFVFH-
- % - X e¥% -

Figure 42 multiple sequence alignment of the tvandem repeats of CM-with homologs fron
N. crassaNcCVNH), T. borchii (TbCVNH) andA. fumigatugAFL6). Identical residues are colored
purple, similar residues are colored in blue. Gpe residues are colorgellow.

The overall structure of thelongated ellipsoid is conserved throughout the &- family.
Figure 43 shows the structural alignment with NcCV (figure 43A’ and TbCVNH
(figure 43 B) A great variability can be found in the-terminus, were the first-helix is not
structurally consemd in NcCVNH. The following 1 stand i much shorter than thel in
TbCVNH or NcCVNH where all -strands of the three strandegheet are about the sa
size Furthermore, differences in the structure arebun the loops connecting th-strands

1 and 2 in domain A. In NcCVNH, these loops are signifittg longer than in AFL6 an
in TOCVNH. Variations are observed in both the nembf residues and the orientation
the loops. In NcCVNH, thel strand is also elongated compared to AFL6, adaoyitior
significant structural differences in this area.eT$éame is true for the loop connectir-
strands 6 and 7. While th&’ stand is not elongated, its position is signiitba different
from 6 in AFL6. Indeed considerable variation of thispocan be ound in CV-N,
TbCVNH, NcCVNH as well as AFL6. In the model, used forlecalar replacement to sol
the structure of AFL6 this loop had to be removeeause of its flexibility throughout tl
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CVNH structures. In TbCVNH the-strands 7 and 8 are significantly smaller, allayumore

flexibility in the loop that connects thesestrands.

Figure 43: structural alignment of AFL6 (magentéhw A) NcCVNH (green PDB: 2JZL) and (B)TbCVNH
(blue, PDB: 2JZK). Structural differences can benfth in the N-terminal helical turn and the indichteops
connecting -strands.

Highly conserved amino acids are predominantly éoahthe domain interfaces, resulting in
the overall structural similarity. (Koharudin et aD08). In AFL6 these residues are F3, 112,
L18, L36 and L40 for domain A which correspond ¢sidues F4, 113, L18, L27 and 141 in
CV-N; Y3 L12, L19, L37, and 141 in TbCVNH and F321L21, L39 and 143 in NcCVNH.
For domain B the conserved amino acids comprise F63, L74, L92 and F103 in AFL6
which relate to residues F54, L63, L69, L87 andi®TV-N; F55, L64, L70, L88 and V92
in TOCVNH and F57, F66, L78, L96 and V100 in NcCVNFhese residues are shown as

stick representations in figure 44.

Figure 44: Cartoon representation of AFL6, wheneseoved amino acids of the hydrophobic core arevstas
stick representations. These residues are F3LIIR,L36 and L40for domain A ( purpl@ndF54, F63, L74,
L92 and F103 for domain B (magenta).
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One of the major differences between the bact&@MIN and its homologs in fungi and
plants are the disulfide bridges, which are forrhgdC8-C22 and C58-C73 in CV-N. While
these disulfide bridges are conserved in CVNH frim underwater ferrCeratopteris
richardii (CrCVNH), belonging to the same group than CV-ko(p I), no disulfide bridges
are found in CVNHs from groups Il (TbCVNH) and (NcCVNH). In NcCVNH, cysteines
are replaced by hydrophobic residues (A7/61 and825Koharudin et al. 2008). In AFL6,
these residues are conserved at positions A7/5822d8 and in both proteins, hydrophobic
interactions compensate for the covalent disulfiddges in CV-N and are thus important to
maintain the structural integrity. It may be notibet AFL6 contains one cysteine residue
(C39) equivalent to C40 in TbCVNH at the helicaintu2 which is replaced by isoleucine in
NcCVNH.

r= % % & &

As mentioned above CV-N and its homologs possesscaxbohydrate binding sites, one at
each domain at opposite ends of the ellipsoid. NlW&tion studies conducted on NcCVNH
and TbCVNH with Man1-2Man showed that the positions of the bindingssdare equivalent
to those in CV-N. In the Cyanovirin-N homologs hawe only one of the binding sites from
T. borchii (domain A) andN. crassa(domain B) is active and affinities are much lower
(Koharudin et al. 2008). Interestingly, the chimdtKAMG binds sucrose with both
domains, even though sucrose binding was only tegofor TOCVNH (domain A in
LKAMG) and not for NcCVNH (domain B in LKAMG) (Kohadin et al. 2009).
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In NcCVNH and TbCVNH, the binding site of domainifvolves residues located aie
helical turn 1, the loop that connects thestrands 2 and 3 and on the hairpin of strandd
and 10 as shown byH®NHSQC spectroscop(Koharudin et al. 200. Comparison of
these areas in AFL6 shows that for this proteinjs slightly shifted and the followingl is
much shorter allowing for more flexibility in 's area. The loop betweer2 and 3 is
structurally well conserved in all three lecting)(re 45). The hairpin of domain A compos
of 9 and 10 appears to be structurally conserved in AFL&&ishorter 9 strand. The lac
of activity in NcCVNH of thi: binding site may be explained by the flexibilitytbie first M

terminal residues which are not forming a stabkelix.

B-hairpin (f9,10)

Loop B2-B3

Figure 45:structural comparison of the putative binding sitedomain A. Residues involved in binding
located on 1, the l@p connecting 2 and 3 and on the hairpin comprising 9 and 10. Cartoor
representations are coloredpuarple, green and blue for AFL6, NcCVNH (PDBIZL) and TbCVNH
(PDB: 2JZK) respectivel). KAMG (PDB: 3HP8) is shown in orange and its suetmgand in grey
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Further evaluation of the amino acid that are imgdl in sucrose binding in the chimera
LKAMG show that hydrogen bonds are predominantlsnfed with backbone amide and
carbonyl groups. Those residues involve R24, NN®B, and S2, which are all conserved in
AFL6. However, the position of S2 is shifted in A&=LThe same shift can be found at residue
T6 in AFL6, where the side chain of the equival8etin LKAMG forms a hydrogen bond
with sucrose. Hydrogen bonds are also formed wielY Ewhich corresponds to E 96 in AFL6

(Figure 46).

Figure 46: Structural alignment of LKAMG (PDB: 3HP®8ith AFL6 (A). Stereo view of sucrose bindingesit
on domain A of LKAMG . Hydrogen bonds (dark greyg sormed with R24, N101, N99 and S2 backbone
atoms, all of which are conserved in AFL6. Sideichateraction involves residues S6 and E97. Siri®s
colored with yellow carbon atoms and LKAMG and AFa& colored in orange and magenta respectively.
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Binding of man 1,2 man in CV-N shows that hydrogen bonds are fdrmih the backbone
amide group of D95, which corresponds to N100 ar@P Nn AFL6 and LKAMG
respectively. Furthermore the hydrogen bond forimg&24 in sucrose binding is conserved
in CV-N, where E23 engages in hydrogen bonding withmannoside ligand figure 47.

Figure 47: Structural alignment of AFL6 and CV-ND@: 111Y) with man 1-2man ligand ( Panel A). Stereo
view of man 1-2man in binding site of domain A (Panel B). Hygen bonds (yellow) are formed with E 23
and D 95, both of which are conserved in AFL6. 8seris colored with grey carbon atoms and CV-N and

AFL6 with yellow and magenta respectively.
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