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ABSTRACT

In recent years, there has been an increasing number of mycobacterial infections caused by
nontuberculous mycobacteria (NTM) mostly associated with comorbidities such as HIV
infection, underlying pulmonary diseases or diabetes. Moreover, the urgency to fight
mycobacterial diseases is intensified by their drug resistance and lack of specific antibiotics
against NTM.

A major adaptive advantage of members of the Mycobacterium genus stems from the
composition and arrangement of their cell envelope that confers the ability to persist and survive
under adverse conditions, contributing to their virulence and pathogenicity. Additionally,
mycobacteria possess two unusual intracellular polymethylated polysaccharides (PMPS) of 6-
O-methylglucose (MGLP) and 3-O-methylmannose (MMP). These are distributed differently
through mycobacterial species, MGLP appears to be synthetized by all known mycobacteria
and MMP was only isolated from rapidly growing mycobacteria (RGM). PMPS were proposed to
modulate mycobacterial fatty-acid metabolism and indirectly the assembly of cell envelope lipids
and glycoconjugates, but the importance of MMP for mycobacterial fitness in the environment
or during infection has raised important issues. Since PMPS are considered potential drugs
targets, it is crucial to expand the knowledge of their functions and details of their biosynthetic
pathways.

A biosynthetic pathway for MMP was proposed in 1984 where MMP polymerization would
occurs through alternating mannosylation and methylation reactions catalysed by a
mannosyltransferase and a methyltransferase, respectively. Recently, an alternative pathway
was proposed wherein mannosyltransferase activity would be independent of mannose
methylation, allowing the addition of successive mannose units prior to methylation. However,
the genes and enzymes involved in MMP biosynthesis are unknown.

In this work, a mycobacterial gene cluster, composed by four genes, was proposed to be
responsible for MMP biosynthesis. Of the four enzymes, three were biochemically characterized
as a MMP hydrolase (MmpH), as an o-(1—4)-mannosyltransferase (ManT) and as a 1-O-
methyltransferase (MeT1), strongly indicating their involvement in MMP biosynthesis. Moreover,
the three-dimensional structure of MeT1 was determined. The identification of these genes, the
features of each of the enzymes and their in vitro cooperation favour their commitment to the
MMP biosynthetic pathway herein described, which contributes to further the knowledge about
this polysaccharide. These results can now be used to better understand the physiological role
of MMP in mycobacteria as well as its possible involvement in growth, resilience and

pathogenesis.

Keywords:  Mycobacteria, methylmannose  polysaccharide  (MMP),  biosynthesis,

mannosyltransferase, hydrolase, methyltransferase, metabolism

[ =]



RESUMO

Ao longo dos ultimos anos tem-se verificado um aumento de infe¢cdes provocadas por
micobactérias nao-tuberculosas (NTM), principalmente associadas a comorbidades como infegdo
por HIV, doencas pulmonares subjacentes ou diabetes. Para além disso, a resisténcia das
micobactérias aos anti-micobacterianos existentes e a falta de antibidticos especificos para NTM
intensifica a necessidade de combater estas bactérias.

Uma grande vantagem adaptativa do género Mycobacterium deriva da composicao e
organizagdo da sua parede celular, conferindo-lhe a capacidade de persistir e sobreviver em
condicbes adversas e, assim, também contribuir para a sua viruléncia e patogenicidade.
Adicionalmente, as micobactérias possuem dois polissacaridos polimetilados intracelulares (PMPS)
raros de 6-O-metilglucose (MGLP) e 3-O-metiimanose (MMP). Os PMPS encontram-se distribuidos
de forma distinta pelas diferentes espécies de micobactérias, sendo que o MGLP parece ser
sintetizado por todas as micobactérias enquanto que o MMP apenas foi isolado de micobactérias de
crescimento rapido (RGM). A fungcao destes polimeros esta relacionada com a modulagéo do
metabolismo dos acidos gordos em micobactérias e, indiretamente, com a sintese de lipidos e
glicoconjugados do envelope celular. Contudo, a importancia do MMP na capacidade adaptativa
das RGM a condicdes ambientais desfavoraveis ou durante o desenvolvimento de infecdes tem sido
alvo de questdes importantes. Assim, os PMPS s&do considerados potenciais alvos terapéuticos,
sendo essencial expandir o conhecimento acerca da sua funcao e das vias de biossintese.

A via de biossintese dos MMP foi proposta em 1984, onde a polimerizacao ocorreria através de
reagdes alternadas de manosilacao e de metilagdo catalisadas por uma manosiltransferase e uma
metiltransferase, respetivamente. Recentemente, foi proposta uma via alternativa onde a atividade
de uma manosiltransferase seria independente da metilacao das manoses por uma metiltransferase,
permitindo adicionar sucessivamente unidades de manose antes da sua metilagdo. Todavia, néo
existem mais evidéncias acerca da sintese de MMP nem dos genes ou das enzimas envolvidas no
processo.

Neste trabalho propomos um conjunto de quatro genes que identificamos no genoma de
micobactérias e que é responsavel pela sintese de MMP. Das quatro enzimas, trés foram
caracterizadas bioquimicamente, designadamente uma MMP hidrolase (MmpH), uma a-(1—4)-
manosiltransferase (ManT) e uma 1-O-metiltransferase (MeT1), demonstrando-se assim o seu
envolvimento na biossintese do MMP. A estrutura tridimensional da MeT1 foi também determinada.
Assim, a identificacdo dos genes, a determinagdo das propriedades de cada enzima e a sua
cooperacao in vitro a favor da sintese de MMP aqui descritas contribuem para melhorar o
conhecimento sobre este polissacarido, fornecendo pistas cruciais para a compreensao da funcao
fisiolobgica de MMP bem como do seu possivel envolvimento no crescimento, resiliéncia e patogénese

das micobactérias que o sintetizam.

Palavras-chave: Micobactérias, polissacarideo de metimanose (MMP), biossintese,

manosiltransferase, hidrolase, metiltransferase, metabolismo
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Chapter 1: General Introduction

1. The mycobacterial world

The Mycobacterium genus was, until recently, a heterogenous group of bacteria comprised
by nearly two hundred species (http://www.bacterio.net/mycobacterium), including obligate
intracellular pathogens and environmental saprophytic species, commonly designated
nontuberculous mycobacteria (NTM) (Simner et al., 2016). Very recently, comparative genomic
analysis and molecular signatures identified different clades that were distributed by five novel
genera, namely an emended Mycobacterium genus with the "Tuberculosis-Simiae" clade,
including all major human pathogens (M. tuberculosis, M. bovis, M. africanum, M. microti, M.
caprae, M. pinnipedii, M. mungi, M. canetti, M. orygis and M. suricattae) that can cause
tuberculosis in humans and animals, and Mycobacterium leprae, the ethological agent of leprosy
(Esteban and Munoz-Egea, 2016; Nunes-Costa et al., 2016; Simner et al., 2016), as well as the
novel genera Mycolicibacterium, Mycolicibacter, Mycolicibacillus and Mycobacteroides in which
all other NTM species were now included (Gupta et al., 2018). These genera belong to the
suborder Corynebacterineae of the class Actinobacteria, being phylogenetically related to the
genera Corynebacterium, Nocardia, Gordonia and Rhodococcus, which are industrially,
clinically or environmentally relevant (Hartmans et al., 2006). NTM have been progressively
emerging as important opportunistic pathogens, especially in hosts where the immune system
surveillance is impaired as a consequence of HIV infection, lung disease or in the chronically ill
or in the elderly (Nunes-Costa et al., 2016; Wassilew et al., 2016; Claeys and Robinson, 2018).
Comparisons between mycobacterial genomes show an evolutionary divergence between NTM
and strict pathogens, while some studies propose that the latter derive from a common ancestor
with phenotypic similarities to M. canetti (Supply et al., 2013; Gagneux, 2018).

Mycobacteria are traditionally divided in two groups: the slowly growing mycobacteria (SGM)
and the rapidly growing mycobacteria (RGM). This classification is traditionally based on the time
required by each species to form visible colonies on solid medium. While RGM species need less
than seven days, SGM species require more than seven days, sometimes weeks, to form visible
colonies on agar plates (Nunes-Costa et al., 2016). The phylogenetic grouping based on 16S
rRNA gene sequences also corroborates this division, with some exceptions, and studies argue
that RGM are ancestors of SGM (Claeys and Robinson, 2018). Although SGM have always
received more attention as human pathogens, there is no proven relationship between growth
rate and pathogenicity, being that both SGM and RGM are capable of causing serious
opportunistic infections. Indeed, SGM such as M. avium, M. kansasii, M. haemophilum, M.
xenopi and M. marinum, as well as RGM such as M. abscessus, M. chelonae and M. fortuitum
are among the most common causes of NTM diseases (Simner et al., 2016; Wassilew et al.,
2016; Brown-Elliott and Philley, 2017).
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Hence, SGM are now distributed across the genera Mycobacterium, Mycolicibacter and
Mycolicibacillus (Gupta et al., 2018). On the other hand, the Mycobacteroides genus aggregates
the RGM strains of the abscessus-chelonae clade, while the remaining RGM species now
included in the Mycolicibacterium genus, e.g., Mycolicibacterium smegmatis, Mycolicibacterium

vanbaalenii and Mycolicibacterium hassiacum (Gupta et al., 2018).

1.1. Tuberculosis

Tuberculosis (TB) is still a disease estimated to latently infect a quarter of the world’s
population. In 2017, TB was responsible for about 1.3 million deaths (WHO, 2018).

The persistence of TB is associated to an easy dissemination of its etiological agent,
Mycobacterium tuberculosis (Mtb), by infected people that cough or sneeze and release
droplets carrying the bacilli (Ehrt et al., 2018). Inside the lungs, the immune system is activated
to phagocytize the invader that leads to the formation of a compact and organized structure
called granuloma, which is an hallmark structure of TB infection (Machelart et al., 2017).
However, Mtb manipulates the immune system to its own advantage, creating a protected niche
where it can persist and replicate, since it can inhibit vacuolar acidification in macrophages,
block phagolysosomal maturation and disrupt apoptosis and autophagy mechanisms (Ernst,
2018). The granuloma structure is capable of keeping Mtb inside the alveoli without clinical
symptoms, radiological abnormalities or microbiological evidences and this state is designated
as latent TB infection (LTBI) (Lee, 2016; Behr et al., 2018).

Human immunodeficiency virus (HIV) is a burden in LTBI progression to active TB and, in
recent years, there has been an increase in co-infection cases due to an impairment of immune
competence in acquired immunodeficiency syndrome (AIDS) patients and, consequently, a
decrease of the protective responses to TB (Procop, 2017). Diabetes and other chronic
diseases, malnutrition, smoke exposure (and smoking habits) and anaemia are also risk factors
that contribute for development of active TB (Bastos et al., 2018). The only vaccine approved
against TB was developed in the early 20" century from an attenuated strain of M. bovis, the
bacillus Calmette-Guérin (BCG) (Russell et al., 2010). However, BCG vaccine has a very limited
efficacy in adults, making it a poor solution on hopes of TB eradication. Once a first TB infection
is established, the treatment guidelines require two phases totalizing six months: an initial course
of isoniazid, ethambutol, rifampicin and pyrazinamide for two months, and the remaining four
months of treatment with isoniazid and rifampicin (Trofimov et al., 2017). Inadequate prescription
plans and incomplete treatment courses, as well as the lack of a rapid diagnosis leading to
ineffective initial responses to TB infection, have contributed for drug resistance (DR), hampering
disease eradication in many cases (Seaworth and Griffith, 2017; Hameed et al., 2018). Indeed,

three degrees of DR have been identified in TB: multi-drug resistant (MDR-TB), extensively-drug
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resistant (XDR-TB) and totally-drug resistant (TDR-TB). MDR-TB is characterized by Mtb
resistance to rifampicin and isoniazid, which requires second line injectable drugs (amikacin,
capreomycin or kanamycin) or fluoroquinolones (levofloxacin, moxifloxacin and gatifloxacin).
When resistance both to first-line drug and also to second-line drugs is detected, the strains are
designated XDR-TB (Seaworth and Griffith, 2017; Hameed et al., 2018). All drugs mentioned
above date from the 20™ century and only two new drugs, bedaquiline and delamanid, have
been approved recently (Seaworth and Griffith, 2017). Despite some initial controversy about
the associated severe side-effects (Field, 2015; Seaworth and Griffith, 2017), bedaquiline has
gained some importance and is currently recommended for the treatment of MDR- and XDR-TB
(Pontali et al., 2016).

1.2. NTM infections

NTM are frequently isolated from environments with which humans and animals frequently
contact namely soil, water and dust (Falkinham lIl, 2018). These mycobacteria are oligotrophs
(able to grow with very low concentrations of nutrients), have a high tolerance to extreme
temperatures and pH, are capable of forming biofilms and can easily adapt to adverse conditions
(Falkinham IlI, 2018). It was considered that one of the distinguishing features of NTM infection,
in relation to TB infection, was the lack of human to human transmission, however the first cases
of human to human transmission of M. abscessus were reported in patients with cystic fibrosis
(Martiniano and Nick, 2015).

NTM have gained attention, since they are opportunistic pathogens that can cause an array
of human diseases in immunocompromised patients, including those with HIV-AIDS or with other
chronic diseases that fragilize the immune system, namely diabetes, or in those undergoing
immunosuppressive therapy due to transplants. Underlying chronic lung diseases are also
predisposing factors for NTM infection, as is alcoholism, smoking or even pregnancy (Simner et
al., 2016; Wassilew et al., 2016; Brown-Elliott and Philley, 2017). Clinically, the most relevant
NTM are members of the M. avium complex, M. abscessus, M. kansasii, M. malmoense and M.
xenopi, because these are the most frequently associated to humans diseases (Falkinham Il
2009; Simner et al.,, 2016). However, NTM also cause diseases in immunocompetent
individuals, namely in women without evident immune defects but that seemingly have a
phenotypic predisposition to develop NTM lung disease (Chan and Iseman, 2010, 2013;
Mirsaeidi and Sadikot, 2015). This phenotype is more associated to thin and elderly
(postmenopausal) women with some thoracic abnormalities such as scoliosis and mitral valve
prolapse, possibly due to an alteration on adipokines (leptin and adiponectin), sex hormones

(oestrogen) and/or transforming growth factor beta (TGF-B) expression, which could affect its
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functional roles and increase their susceptibility to NTM infection (Chan and Iseman, 2010,
2013; Mirsaeidi and Sadikot, 2015).

Besides pulmonary TB-like infection, NTM can also cause extrapulmonary infections in skin,
bones and joints but infections of the central nervous system and ocular infections were also
reported (Brown-Elliott and Philley, 2017; Holt and Kasperbauer, 2018). Some of the
extrapulmonary infections are often associated to a nosocomial origin after surgeries and due to
inadequate sterilization and disinfection of equipment. The use of contaminated solutions,
syringes and catheters or reutilization of injection devices or haemodialysis filters are also
frequent vehicles of infections (Brown-Elliott and Philley, 2017; Sood and Parrish, 2017).
Mycobacterium chelonae, for example, is associated with skin, bone and soft-tissue infections
while M. ulcerans causes Buruli ulcer, the third most common mycobacterial disease worldwide
and an endemic disease in many developing countries but rare in western societies (Holt and
Kasperbauer, 2018)- This serious pathogen infects the cutis and produces a necrotizing toxin
that leads to destruction of skin and muscle, possibly also involving bone corrosion (O’Brien et
al., 2019).

The huge obstacles for control/eradication of NTM diseases are the identification of the
environmental source and the correct diagnosis and treatment due to symptom ambiguity and
lack of appropriate antibiotics (Raju et al., 2016; Wassilew et al., 2016; Basille et al., 2018).
Water is considered the main source of NTM infections, since mycobacteria are not eliminated
from drinking water distribution systems with standard water treatment strategies involving
chlorination. In fact, this strategy eliminates microbial competitors and naturally select for these
bacteria that are resistant to other disinfectants as well, allowing them to adapt to the
oligotrophic water distribution systems and to form and enrich biofilms. Furthermore, human
activity in agriculture such as discharging biocides, the overuse of antibiotics and disinfection
also select for and favours NTM survival (Sood and Parrish, 2017; Claeys and Robinson, 2018;
Falkinham I, 2018). For example, NTM are frequently identified in hospital water systems,
namely members of the M. avium complex, M. abscessus, M. chelonae, M. fortuitum and M.
mucogenicum (Simner et al., 2016). In addition to their resistance to chlorination, many NTM
are significantly heat-resistant and biofilms adhere to pipe surfaces, making recirculating hot
water plumbing systems, such as the ones usually found on hospitals, ideal habitats for high
numbers of NTM from where they can be easily aerosolized. It has been suggested that, for
better control of NTM numbers in water distribution systems, it is important to raise water heater
temperatures to at least 55 °C, to install filters to retain bacteria, to drain and refill hot water
heaters periodically and to frequently disinfect or replace showerheads (Falkinham Ill, 2015).

The clinical symptoms of NTM lung infection are similar to TB infection and, in cases of

extrapulmonary infections, the disease assumes a range of nonspecific or variable
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manifestations that are difficult to distinguish from other pathologies with similar clinical
presentation without molecular testing (Griffith et al., 2007). Since treatment plans for TB or
NTM infection are different and NTM are differently resistant to antibiotics, correct diagnosis and
antimicrobial susceptibility testing are essential. However, as molecular techniques underlying a
correct diagnosis and drug susceptibility testing (DST) are often time consuming, in order not to
delay the initial response to the detected infection, an empirical treatment plan is often initiated,
which may also represent a risk for development of drug resistance (Raju et al., 2016; Wassilew
et al,, 2016; Basille et al., 2018). Moreover, since NTM exhibit natural resistance to
antimicrobials, a delayed or incorrect diagnosis can lead to treatment failure (Wassilew et al.,
2016; Basille et al., 2018). Thus, it is urgent to develop direct, rapid and sensitive methods for
NTM detection, which will have a high impact in aiding first response and also in minimizing

resistance acquisition.

2. Cell envelope of mycobacteria

Mycobacteria have a remarkable lipid-rich cell envelope filled with complex carbohydrates
that is determinant to their antibiotic and disinfectant resistance phenotypes, contributing also
to pathogenicity and survival in inhospitable environments (Abrahams and Besra, 2018; Singh
et al., 2018). The mycobacterial cell envelope is a dynamic structure divided in three layers: a
capsule, a cell wall core and a plasma membrane (figure 1.1) (Jankute et al., 2015). The capsule
is the outermost layer and, consequently, provides the first interaction with the host, being
involved in immune modulation and mycobacterial virulence (van de Weerd et al., 2016). This
structure is constituted by polysaccharides and proteins, but the exact composition varies
between mycobacterial species, since the major constituents in Mitb capsule are
polysaccharides, whereas in M. smegmatis and M. phlei, the main capsule components are
proteins (Daffé, 2015; Jankute et al., 2015). The main polysaccharide of the Mtb capsule is an
a-D-glucan composed by a-(1—4) glucose residues branched every five or six units with o-
(1—6)-glucosylpyranose, sharing structural features with the intracellular glycogen (Daffé,
2015). The cell wall core extends from the plasma membrane outward in layers and is
constituted by peptidoglycan (PG), arabinogalactan (AG) and mycolic acids (MA), covalently
linked thus forming a strong impermeable complex, designated mAGP (Jankute et al., 2015).
The plasma membrane is a basic structure organized as a lipid bilayer similarly to other biological
membranes and is composed by phospholipids including phosphatidylglycerol,
diphosphatidylglycerol, cardiolipin, phosphatidylethanolamine and phosphatidyl-myo-inositol
(Pl), as well as a variety of mannosylated Pl (phosphatidyl-myo-inositol mannosides (PIM),
lipomannans (LM) and lipoarabinomannans (LAM) (Berg et al., 2007; Daffé et al., 2014; Daffe,
2015).
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2.1. Cell wall core

The cell wall core contains the major amount of lipids and the mAGP is associated to the
atypical mycobacterial resilience to hydrophilic drugs and to survival inside macrophages,
contributing to their pathogenicity and virulence (Abrahams and Besra, 2018).

The mycobacterial PG confers shape and rigidity to the mycobacterial cell, counteracting the
outer osmotic pressure, and contributes for a crucial balance in bacteria growth and survival
(Abrahams and Besra, 2018). This layer is composed by alternating units of N-
acetylglucosamine acid (GIcNAc) and N-acetylmuramic acid (MurNAc) linked via B-(1—4)
linkages, where some of these are hydroxylated into N-glycolylmuramic acid (MurNGly)
(Abrahams and Besra, 2018). This modification is present in all mycobacteria, providing them
an increase in PG robustness and a decrease in susceptibility to lysozyme degradation when
compared to other microorganisms (Jankute et al., 2015). AG is constituted by D-
arabinofuranosyl (Araf) and D-galactofuranosyl residues (Galf), forming a linear chain of Galf
units linked by alternating B-(1—5) and -(1—4) bonds and branched of the 8", 10" and 12"
Galf with D-arabinan chains comprised of 22 or 23 Araf units (Jankute et al., 2015).

MA form a mycomembrane of a-alkyl-B-hydroxyl fatty acids (Ceo-90) With asymmetric bilayer
organization, playing key roles in impermeability to drugs and disinfectants and in the ability to
form biofilms and to adapt the membrane fluidity in response to environmental conditions, which,
consequently, contribute to mycobacterial survival and virulence (Abrahams and Besra, 2018;
Ghazaei, 2018; Singh et al., 2018). About 60% of the mycobacterial cell wall dry weight is due
to MA that are classified in three distinct types: a-mycolates, keto-mycolates and methoxy-
mycolates, differing in the configuration of cyclopropane rings (Ghazaei, 2018; Singh et al,,
2018). The MA cyclopropane rings have great importance in the structural integrity of the cell
wall and they also contribute to bacterial protection inside the infected host, since a Mtb mutant
lacking the cyclopropane ring of keto-mycolates showed reduced growth within macrophages
(Takayama et al., 2005; Ghazaei, 2018; Singh et al., 2018). In the outermost leaflet, MA were
also found as free esters of trehalose, as part of structures called trehalose monomycolates
(TMM) and trehalose dimycolates (TDM), which are essential in infection processes and in the
modulation of mycobacterial resistance to antimicrobial drugs (Daffé et al., 2014; Nobre et al.,
2014; Ghazaei, 2018). Intercalated with MA esters, an assortment of free phenolic glycolipids
(phthiocerol dimycocerosate (PDIM/DIM)), lipoglycans (PIM, LM and LAM) and other trehalose-
esters (di- and poly-acyltrehaloses (DAT and PAT), sulfolipids (SL) and lipooligosaccharides
(LOS)) are also present in the outermost leaflet of the cell wall. Overall these components play
crucial roles in the maintenance of cell wall architecture, act as a permeability barrier and
modulate the pathogenicity and virulence of mycobacteria (Daffé et al., 2014; Gago et al., 2018;
Singh et al., 2018).
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Capsule

Outer membrane

Cell wall core (PG + AG + MA)

Periplasm
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Figure 1.1 — Schematic representation of the mycobacterial cell envelope. The envelope is divided in plasma
membrane, cell wall core and capsule, highlighting lipoglycans (PIM, LM and LAM) present in the periplasm and
in the outer membrane. The overall schematic and individual structures are not drawn to scale and the symbols
and colours used for carbohydrates were based on https://www.ncbi.nlm.nih.gov/glycans/snfg.html. MurNAc,

N-acetylmuramic acid; GIcNAc, N-acetylglucosamine acid.
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2.2. PIM, LM and LAM and key-mannosyltransferases in their biosynthesis

Lipoglycans were initially identified by Ballou and co-workers (Ballou et al., 1963; Lee and
Ballou, 1965), attracting increasing interest due to their antigenicity features and proposed
involvement in mycobacterial pathogenicity (Weber and Gray, 1979; Hunter et al., 1983; Cao
and Williams, 2010). PIM, LM and LAM are present in mycobacterial cell envelopes (figure 1.1)
(Ortalo-Magné et al.,, 1996) and, although all share a common lipid, the PI, they are
noncovalently anchored to the inner or the outer membranes, appearing to be embedded in the
cell envelope (Pitarque et al., 2008). PIM are simple but heterogeneously mannosylated
glycolipids comprising mannose residues attached to the myo-inositol ring of phosphatidyl-myo-
inositol. They exist as mono-, di-, tri-, tetra-, penta- and hexamannosides with different degrees
of acylation, having been identified four possible acylation sites: at positions 1 and 2 of the
glycerol, position 3 of myo-inositol and at position 6 of one of the mannoses (figure 1.2 A)
(Sancho-Vaello et al., 2017; Abrahams and Besra, 2018). These glycolipids play essential roles
in permeability, inner membrane integrity and control of cell septation and division (Parish et al.,
1997; Patterson et al., 2003; Morita et al., 2005). LM and LAM are extended forms of PIM and
possess a similar backbone constituted by 21 to 34 mannoses linked by a-(1—6) linkages and
branched in 5-10 units with a-(1—2)-mannose (figure 1.2 B and C) (Jankute et al., 2015;
Abrahams and Besra, 2018). Additionally, LAM are more complex structures, containing
ramifications of about 50-80 Araf units bound through a-glycosidic linkages and, depending on
the species, can also have a capping motif (figure 1.2 C) (Berg et al., 2007; Singh et al., 2018).
In pathogenic strains such as M. tuberculosis, M. leprae and M. marinum, LAM are capped with
1 to 3 mannoses bound by a-(1—2)-linkages (figure 1.2 C), whereas rapid growers such as M.
smegmatis and M. fortuitum show a Pl linked to the LAM terminals, despite the fact that some
species like M. chelonae do not exhibit any capped motif (Stoop et al., 2013). There is a relation
between the presence of LAM mannose caps and mycobacterial virulence, since they are
important in pathogenicity, having additional important roles in the maintenance of cell wall
integrity and a critical influence in growth (Fukuda et al., 2013; Stoop et al., 2013). However,
there is still some divergence about the actual effects of these lipoglycans in the inflammatory
response mounted by the immune system in macrophages and dendritic cells and some

experimental discrepancies make it difficult to reach define conclusions (Kallenius et al., 2016).
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in pathogenic species such as Mtb. (n) indicates variable number of residues according to species. Adapted

from Cao and Williams, 2010, Mishra et al., 2011 and Sancho-Vaello et al., 2017.
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The first biosynthetic studies regarding these lipoglycans (PIM, LM, LAM) were performed in
the 60’s (Brennan and Ballou, 1967, 1968). Not surprisingly, since they possess the same
backbone, the initial steps for the synthesis of the three polymers are similar and catalysed by
the same enzymes, having a branch-point where the synthesis diverges for the different
pathways (Guerin et al., 2007). The synthesis is initiated from Pl with addition of mannosy!
residues to positions 2 and 6 of the myo-inositol ring by PimA (a-(1—2)-mannosyltransferase,
Rv2610c) and PimB’ (a-(1—6)-mannosyltransferase, Rv2188), respectively, producing PIM;
(figure 1.3) (Kordulakova et al., 2002; Lea-Smith et al., 2008; Guerin et al., 2009). PimA and
PimB’ are essential for mycobacterial growth and the fact that a signal sequence is absent from
their amino acid sequences and that these enzymes use guanosine diphosphomannose (GDP-
mannose) as donor substrate (as opposed to membrane bound polyprenolphosphate), suggests
that these initial steps could occur in the cytoplasm or close to the inner leaflet of the plasma
membrane (Korduldkova et al., 2002; Morita et al., 2004; Lea-Smith et al., 2008; Guerin et al.,
2009). One of the acylation reactions was already identified and is catalysed by an
acyltransferase (AcylT, Rv2611c) that adds a palmitic acid to the C6 of the first mannose of the
myo-inositol ring (Kordulakova et al., 2003). However, this enzyme uses PIM; (intermediate
product of the PimA reaction) and PIM; as substrates, which leads to two possible pathways for
the initial steps of the biosynthesis: the Pl can either be mannosylated two times before being
acylated or, alternatively, the addition of palmitic acid occurs between both mannosylation
reactions (Kordulakova et al., 2003). Both pathways can co-exist in mycobacteria but the first is
favoured (figure 1.3) (Guerin et al., 2009).

The third mannosylation step was identified in Mtb CDC1551 and is carried out by the enzyme
PimC, an o-(1—6)-mannosyltransferase that transfers a mannosylpyranose unit from GDP-
mannose to AcsPIM,, forming AcsPIMs (Kremer et al., 2002). The absence of this gene in Mtb
H37Rv, allied to the fact that its disruption does not affect mycobacterial growth nor the total
amount of lipoglycans when compared to the wild-type (WT), suggests the presence of other
enzyme with compensatory activity (Kremer et al., 2002). The remaining acylations and the
fourth mannosylation were not identified yet, but AcPIM4/Ac.PIM4 is considered the synthesis
branch-point where PIM, LM or LAM biosynthesis diverges, because the subsequent mannoses
are added through different types of glycosidic bonds: the fifth and sixth mannoses of PIM are
bound by a-(1—2)-linkages, whereas LM and LAM are extended by a-(1—6)-bonds (figure 1.3)
(Patterson et al., 2003; Morita et al., 2004, 2006).
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To complete the PIM biosynthetic pathway an a-(1—2)-mannosyltransferase, PimE
(Rv1159), catalyses the fifth mannosylation reaction in the periplasmic side of the membrane,
and the mannose donor is polyprenol-phosphate-mannose (PPM) and not the cytosolic GDP-
mannose (figure 1.3) (Besra et al., 1997; Morita et al., 2004, 2006). The last step in PIM
synthesis leading to AcPIMes/Ac2PIMs has not been identified yet, although this form and
AcPIMo/AcsPIM; are the most abundant PIM forms in the mycobacterial cell wall (Morita et al.,
2006).

As mentioned above, LM and LAM biosynthesis progress from the branch point after the
production of AcPIM4/AcoPIM, (selected in pink in figure 1.3) in the periplasmic side of the
plasma membrane, using PPM as a donor group. Two a-(1—6)-mannosyltransferases elongate
the main backbone, MptA (Rv2174) and MptB (Rv1459c), which are responsible for the
synthesis of the distal and proximal ends of the mannan cores, respectively (figure 1.3) (Kaur et
al., 2007; Mishra et al., 2007, 2008). LM and LAM are branched with a single mannosy! unit,
catalysed by MptC (Rv2181), an a-(1—2)-mannosyltransferase that is also involved in the
addition of mannose to the capping motif of LAM in pathogenic mycobacteria, together with
CapA (Rv1635c), an a-(1—5)-mannosyltransferase (figure 1.3) (Dinadayala et al., 2006; Kaur
et al., 2006, 2008; Mishra et al., 2011). The arabinan domain of LAM is similar to that of AG.
One elongating enzyme identified in LAM biosynthesis is EmbC (Rv3793) that adds 12-16 Araf
residues with a-(1—5)-linkages, using decaprenylphosphoryl-D-arabinose (DPA) as donor
group, and AftC (Rv2673) that adds a-(1—3)-Araf units in specific steps of the pathway, allowing
the initiation of the branching in the structure of the LAM arabinan domain (figure 1.3) (Shi et al.,
2006; Birch et al., 2008; Alderwick et al., 2011). There have been speculations about other
enzymes potentially involved in the arabinan domain biosynthetic pathway, but the unavailability
of substrates hinders the identification and study of the complete enzymatic process (Abrahams
and Besra, 2018).

3. Mycobacterial intracellular glycans

Mycobacteria are able to synthesize several intracellular carbohydrates and derivatives,
including glycogen, trehalose and unique polymethylated polysaccharides, all of which are
involved direct or indirectly in the maintenance of cell envelope composition and structure, which
emphasizes their importance in mycobacterial growth and survival.

Glycogen is a large glucose polymer composed of a main chain of approximately 90%
a-(1—4)-glucopyranosyl residues and branched with a-(1—6)-linkages (Chandra et al., 2011).
This a-glucan is an energy source in many organisms and in mycobacteria shows structural

similarity to capsular a-glucan (Sambou et al., 2008). Trehalose is a glucose disaccharide
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synthesized by numerous species of the three domains of the Tree of Life, except in mammals,
and in addition to its metabolic roles as carbon source and as storage carbohydrate, it also
serves protective and adaptive functions as compatible solute (Murphy et al., 2005). In
mycobacteria, trehalose is the major free sugar in the cytoplasm, as well as a major structural
component of glycolipids in the cell envelope, e.g., trehalose monomycolates (TMM), trehalose
dimycolate (TDM), diacyltrehaloses (DAT) and pentacyltrehalose (PAT) (Murphy et al., 2005;
Nobre et al., 2014). The absence of biosynthetic pathways for this sugar in mammals make the
mycobacterial routes and their intervening enzymes attractive targets for antimycobacterial
therapeutics (Nobre et al., 2014). The importance of these carbohydrates in mycobacteria is
highlighted by the existence of three different biosynthetic pathways for trehalose, namely the
OtsA-OtsB, TreY-TreZ and TreS pathways (Nobre et al.,, 2014), and by related synthesis
mechanisms involving glycogen, trehalose and maltose, which despite functional redundancy,
reflect the crucial contribution of a-glucans in mycobacteria survival (Elbein et al., 2010;
Kalscheuer et al., 2010; Nobre et al., 2014).

3.1. Polymethylated polysaccharides: methylglucose lipopolysaccharide (MGLP) and
methylmannose polysaccharide (MMP)

Mycobacteria synthetize two intracellular polymethylated polysaccharides (PMPS): the
methylglucose lipopolysaccharide (MGLP) and the methylmannose polysaccharide (MMP).
These molecules were identified in the 1960s by Ballou and co-workers (Lee, 1966; Gray and
Ballou, 1971) and quickly raised a great deal of interest due to their particular composition and
features directly associated to the modulation of mycobacterial fatty acids (FA) metabolism (llton
etal, 1971).

MGLP is a glucan constituted by a main chain of glucose and 6-O-methylglucose units, some
of which differentially acylated with acetate, propionate, isobutyrate, succinate and octanoate
(Saier and Ballou, 1968a, 1968b). The MGLP reducing end is composed of glyceric acid linked
through an o-(1—2) linkage to the first glucose unit in the polysaccharide to form
glucosylglycerate (GG). GG is in turn linked to a second glucose through an a-(1—6) linkage,
initiating the main a-(1—4) MGLP chain. The 1%t and 3" glucoses of the a-(1—4) main chain are
branched with B-(1—3)-linked glucoses, whereas a 3-O-methylglucose unit represents the
nonreducing terminus of MGLP (figure 1.4) (Tuffal et al., 1998; Mendes et al., 2012; Maranha
et al., 2015).
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The MMP basic unit, 3-O-methylmannose, is a relatively rare molecule in nature and the first
monomers were identified in Streptomyces griseus (Candy and Baddiley, 1966), followed by
isolation and characterization of a polysaccharide composed of this methylated sugar from M.
phlei and M. smegmatis (Gray and Ballou, 1971; Maitra and Ballou, 1977). Mycobacterial MMP
is composed of 11 to 14 non-acylated 3-O-methylmannoses, forming an a-(1—4) linked linear
chain with the reducing end blocked by a methyl aglycon, whereas the nonreducing end
mannose is unmethylated (figure 1.5) (Maitra and Ballou, 1977). A striking difference between
the mycobacterial and the Streptomyces spp. MMP is that in the latter has esterified acetyl
moieties at position 6 of some of the 3-O-methylmannose residues, hence it was designated
acetylated MMP (AMMP) (Candy and Baddiley, 1966; Harris and Gray, 1977; Kari and Gray,
1979).
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Figure 1.5 — Chemical structure of mycobacterial MMP. Adapted from Mendes et al., 2012.

MGLP has been isolated from all examined mycobacteria (SGM and RGM) and several
related Nocardia species (Lee, 1966; Hunter et al., 1986; Pommier and Michel, 1986) whereas
MMP has only been detected in and purified from RGM species and from the related S. griseus
(table 1.1) (Gray and Ballou, 1971; Harris and Gray, 1977; Tian et al., 2000).
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Table 1.1 — PMPS distribution in mycobacteria and in strains of related genera.

Species Growth | MGLP | MMP Reference
M. tuberculosis + - (Lee, 1966; Stadthagen et al., 2007)
M. bovis + n.d. (Tuffal et al., 1998)
M. leprae SeM + n.d. (Hunter et al., 1986)
M. xenopi + n.d. (Tuffal et al., 1995)
M. smegmatis + + (Kamisango et al 1987; Bergeron et al. 1975)
M. phlei + + (Ilton et al., 1971; Weisman and Ballou, 1984b)
M. vaccae RGM + n.d. (Tian et al., 2000)
M. parafortuitum + + (Weisman and Ballou, 1984b)
M. aurum + + (Weisman and Ballou, 1984b)
M. chitae + + (Weisman and Ballou, 1984b)
Streptomyces griseus n.d. + (Candy and Baddiley, 1966)
Nocardia otitidis-caviarum + n.d. (Pommier & Michel 1986)
Nocardia brasiliensis + n.d. (Pommier & Michel 1986)
Nocardia farcinica + n.d. (Pommier & Michel 1986)
Nocardia kirovani + n.d. (Pommier & Michel 1986)

+: detected; -: not detected; n.d.: not determined

The first structural studies conducted regarding MGLP and MMP proposed that they would
adopt different conformations in solution, with MGLP likely assuming a helical structure and MMP
producing a cyclic form (Lee, 1966; Gray and Ballou, 1971). However, upon revision of MMP
structure, it was proposed that both would adopt a helical structure in solution with the methyl
groups facing the helix interior and the free hydroxyl groups exposed to the exterior, forming a
hydrophobic tunnel similar to cyclodextrins (Machida et al., 1973; Bergeron et al., 1975;
Yabusaki et al., 1979). Allied to this particular structural conformation, these molecules have
been demonstrated to form 1:1 complexes with FA, preferring the long-chain acyl-CoAs between
Cie22, being palmitoyl-CoA the favourite, in detriment of short-chain derivatives with Cqg.14 Or
non CoA FA such as palmitate (Machida and Bloch, 1973; Bergeron et al., 1975). Moreover,
binding of palmitoyl-CoA induced conformational changes in MMP that could be inferred from
techniques such as optical rotation, NMR ('H and '3C) and thermodynamics (Bergeron et al.,
1975; Yabusaki et al., 1979; Maggio, 1980; Ballou, 1981; Kiho and Ballou, 1988). Recently, one
study casted doubt about the conformation and mode of interaction of MMP with FA, suggesting
that MMP would not assumes a helical structure and that the 3-O-methyl groups would be
solvent exposed as well the hydroxyl groups with neither actually sequestering FA. NMR results
and molecular docking simulations support the existence of disordered complexes and a
significant role of carbohydrate-lipid interactions in stabilizing the MMP-FA complex (Liu et al.,
2016).
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Several studies have demonstrated that the presence of methyl groups is crucial to sequester
the long-chain acyl CoA derivatives, since the capacity to form complexes was hindered after
demethylation of MGLP and improved with methylation of a-cyclodextrins (Machida et al., 1973;
Bergeron et al.,, 1975). This inclusion and protection of FA by PMPS further allow the
polysaccharides to prevent acyl-CoA hydrolysis, protecting them from degradation by
cytoplasmic lipolytic enzymes (Yabusaki and Ballou, 1978, 1979).

PMPS were described as causing a stimulatory effect on FA synthesis, showing a reduction
of the K, of fatty acid synthetase (FAS) around nine-fold and four-fold for acetyl-CoA and
malonyl-CoA, respectively, when present in the reactions (lliton et al., 1971; Goren, 1972; Vance
et al.,, 1973). However, the stimulatory effect of PMPS was affected by acetyl-CoA
concentrations, being negligible at high acetyl-CoA concentrations (300 uM) but markedly high
at low acetyl-CoA concentrations (20 pM). MMP is more effective at stimulating FAS-I than
MGLP (Vance et al., 1973), allowing FA synthesis to occur at low acetyl-CoA concentrations.
This stimulatory effect toward FAS is associated with its ability to form complexes with the acyl-
CoA substrate. When binding long chain acyl-CoA, PMPS relieve the inhibition mechanism of
the enzyme caused by the end product, allowing its diffusion into the intracellular aqueous
environment and accelerating the overall of FA synthesis (Vance et al., 1973). After a huge initial
burst rate of FA synthesis, MMP allows maintenance of the high levels of production by FAS in
steady state, reducing significantly the K for acetyl-CoA and avoiding the rate-limiting step
verified in the absence of MMP (Banis et al., 1977; Wood et al., 1977). Moreover, MMP
influences the transacylation reaction that is the transfer of the CoA group to the acyl produced,
increasing ten-fold the production of long acyl chains (C2s-CoA), since in the absence of MMP
only C4e-CoA acyl chains or smaller are produced (Peterson and Bloch, 1977). Thus,
mycobacterial PMPS are associated to the large stimulation of de novo synthesis and elongation
of FA (Konrad, 1977).

3.1.1. Biosynthesis of MMP

The first steps towards elucidating PMPS biosynthesis initiated by Ballou and co-workers led
to the identification of some enzymatic activities involved in MGLP and MMP biosynthetic
pathways (Ferguson and Ballou, 1970). MGLP received substantially more attention, because it
is the only of two polysaccharides found in pathogenic mycobacteria such as Mtb, and as such
they could provide targets for therapeutic strategies (Jackson and Brennan, 2009; Mendes et
al., 2012). Hence, the pathway was studied in detail in the last years and at least five gene
clusters involved in MGLP synthesis were identified in Mtb H37Rv (Mendes et al., 2012). Some
genes and enzymes were extensively studied, their functions identified and characterized and,

in some cases, the three dimensional structures determined (Stadthagen et al., 2007;
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Empadinhas et al., 2008; Pereira et al., 2008; Kaur et al., 2009; Mendes et al., 2011; Alarico et
al., 2014; Maranha et al., 2015; Cereija et al., 2017). MGLP is a a-(1—4)-glucan sharing
similarities with other a-glucans mentioned above and, curiously, some of the biosynthetic
enzymes are related with glycogen biosynthetic enzymes, revealing compensatory activities
(Stadthagen et al., 2007; Sambou et al., 2008).

The biosynthetic pathway for MMP was initially proposed in 1984 by Ballou and co-workers,
suggesting that MMP polymerization would occurs through alternating mannosylation and
methylation reactions catalysed by a mannosyltransferase and a methyltransferase (MTase),
respectively (Weisman and Ballou, 1984a, 1984b). In this pathway, a mannosyltransferase
would catalyse the transfer of mannose from GDP-mannose to a terminal 3-O-methylmannose,
alternating with a MTase for the transfer of methyl groups from S-adenosylmethionine (SAM) to
the growing mannose chain (figure 1.6 A). In these studies, mannosyltransferase activity was
detected in cell membrane extracts of M. smegmatis and was active in the presence of
methylated tetra- to dodeca-mannosides (MetssMans-Mets sMans2) with a sharp decrease in
affinity over MetssMane (Weisman and Ballou, 1984b). This was not surprising since when
working in the isolation of M. smegmatis MMP, the smaller MMP intermediates found were
pentamannosides, suggesting that the early biosynthetic steps could involve mechanisms other
than elongation reactions (Yamada et al., 1979; Weisman and Ballou, 1984b). On the other
hand, MTase activity was detected in soluble extracts and showed broader activity, capable of
methylating oligomannosides ranging from two to eleven mannose residues, despite the fact that
the enzymatic extract was more active with smaller acceptors between tri and pentamannosides
(Weisman and Ballou, 1984a). These authors also proposed that MTase would be involved in
MMP termination with an unmethylated mannose, since the affinity towards the longer
mannosylated acceptors decreased progressively (Weisman and Ballou, 1984a). Furthermore,
the presence of palmitoyl-CoA could induce the formation of complexes with the newly formed
MMP molecule, diminishing the affinity of MTase to methylate the last mannose (Weisman and
Ballou, 1984a). All oligomannosides tested in these assays were obtained through Smith
degradation and methanolysis from a mixture of mature MMP11.14. Selected precursors had
different polymerization degrees but all of them had a methyl group at the 1-OH position
(Yamada et al., 1979; Weisman and Ballou, 1984a, 1984b).
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1984 proposed a mechanism with alternating mannosylation and methylation reactions. B) Xia and colleagues
suggested that mannosylation and methylation reactions are independent. ManT, mannosyltransferase; MTase,
methyltransferase. The mannose groups added by ManT are highlighted in red and the methylation reactions in

position 3 catalysed by MTase are in blue. Adapted from Xia et al., 2012.

Twenty-eight years later, an alternative pathway was postulated wherein ManT activity would
be independent of mannose methylation, allowing the addition of successive mannose units prior
to methylation (figure 1.6 B) (Xia et al., 2012). These authors were also able to detect an o-
(1—4)-mannosyltransferase (ManT) activity in the membrane fraction of M. smegmatis using
synthetic oligomannosides ranging from one to five mannoses (Man..s) with different degrees of
3-O-methylation (Xia et al., 2012). Independently of methylation, they observed ManT activity in
membrane extracts of M. smegmatis from trimannosides and considered the tetramannosides
as the preferential acceptors (Xia et al., 2012). To compare the influence of methylations, these
authors further synthesized an unmethylated tetramannoside, showing that ManT activity
decreased in the absence of methyl groups (Xia, 2013). The draft genome of M. hassiacum
(Tiago et al., 2012) allowed us to identify the cluster of genes for the synthesis of MMP, a
discovery that was the subject of a grant application funded by the Foundation for Science and
Technology that the same year (https://app.dimensions.ai/details/grant/grant.3534321). Shortly
thereafter, the manT gene identity in M. smegmatis was also reported based on bioinformatic
studies but the recombinant enzyme was not purified (Xia, 2013). Still, E. coli extracts containing
the M. smegmatis recombinant ManT were successfully used to confirm the enzyme’s substrate
specificity, showing that it mostly produced hexa- and heptamannoside from 3-O-methylated
tetramannosides (Xia, 2013).

Since this polysaccharide seems to be exclusively produced in RGM, it is crucial to
understand its physiological role and the likely important relation with FA metabolism, as well as

its importance on cell envelope dynamics and impact on mycobacterial growth rate.
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4. Objectives

Since the discovery of the mycobacterial MMP in the early 1970’s, this polysaccharide has
been isolated from environmental opportunistic NTM. Due to its absence from M. tuberculosis
and from closely related pathogens, MMP did not attract as much attention as its counterpart
MGLP, which appears to be produced by all mycobacteria, including the more pathogenic
species. However, in recent years, with the increasing number of NTM infections it was deemed
crucial to explore some of the particular features of these remarkable microorganisms and
interrogate the MMP function and its apparently scattered distribution, namely by examining if
the presence of both MGLP and MMP in some species can impact mycobacterial fitness in the
environment or during infection. Hence, the major aim of this work was to identify the genes for
the MMP biosynthetic pathway and to characterize the corresponding enzymes, which could be
used as targets for development of innovative therapeutics to replace the dated and largely
ineffective antibiotics in use against NTM diseases. Symbiosis between microbiology,
enzymology, synthetic chemistry and crystallography was essential for the development of the

activities in this thesis.
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1. Introduction

Mannose is a simple sugar and an epimer of glucose found in all organisms as a monomer,
in a glycan or as a glycoconjugate, and involved in several metabolic and cell recognition
processes (Ladeveze et al., 2017). Mannosyl units can be attached to the nitrogen of asparagine
residues or the hydroxyl oxygen of serine and threonine residues of proteins, forming N-glycans
or O-glycans, respectively (Ladeveze et al., 2017; Poole et al., 2018). This protein glycosylation
mechanism is present not only in eukaryotes, but also in bacteria, often associated to bacterial
pathogenicity and interaction with hosts (Poole et al., 2018). The outermost layers of fungal cell
walls possess several N-mannosylated proteins containing large amounts of mannosyl units,
about 100-150 in Candida albicans and 150 in Saccharomyces cerevisiae, linked by a-(1—6)
linkages and branched chains composed of a-(1—2), a-(1—3), o-(1—6) and -(1—2) bonds
(Shibata and Okawa, 2010; Ladeveze et al., 2017). These organisms also have O-glycoproteins
with mannose short chains with up to five units linked by a-(1—2) and a-(1—3) bonds (Buurman
et al., 1998; Ladeveze et al.,, 2017). In pathogenic fungal species, such as C. albicans,
mannoproteins are involved in host recognition and interaction processes such as adhesion,
immune-surveillance and immune-modulation, contributing to their virulence (Buurman et al.,
1998; Shibata and Okawa, 2010). Curiously, some archaea also have N-glycosylated proteins
in their outer surface: Methanothermus fervidus, for example, has a carbohydrate moiety
containing mannose and 3-O-methylmannose as well as N-acetylgalactosamine (Karcher et al.,
1993; Ladeveze et al., 2017).

O-glycoproteins containing mannosyl residues were also found in mycobacteria, such as
MPB83 (Mb2898) and Apa (Rv1860) that play roles of host adhesion and mycobacterial
pathogenicity (Dobos et al., 1995, 1996; Michell et al., 2003; Ragas et al., 2007; Chen et al,,
2012; Nandakumar et al., 2013). In these proteins, the mannosyl moieties are attached to
threonine residues in Pro-rich domains, but show different number of mannoses and types of
glycosyl bonds (Dobos et al., 1996; Michell et al., 2003). The Apa protein has one to three a-
(1—2)-mannosyl units attached to four threonines, whereas MPB83 of M. bovis possesses three
mannopyranose residues bound by a-(1—3)-linkages in two threonines (Dobos et al., 1996;
Michell et al., 2003). Furthermore, the O-mannosylation of Apa was already observed using cell-
free extracts from M. smegmatis (Cooper et al., 2002). Through bioinformatic tools, an O-
mannosyltransferase (Rv1002c) was identified (VanderVen et al., 2005) and a Mitb mutant
lacking a functional Rv71002c gene was highly attenuated in its pathogenicity and severely
impaired on in vitro growth, which showed that O-mannosylation is also essential for Mtb
virulence (Liu et al., 2013).

Mannose can also be organized in polymers designated mannans, which are found in

eukaryotes and prokaryotes. In the cell wall of plants, mannans are the main components of
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hemicellulose and are classified into four subfamilies according to their sugar composition: linear
mannans, glucomannans, galactomannans and galactoglucomannans (Moreira and Filho,
2008; Malgas et al., 2015). All these molecules have a B-(1—4)-linked main chain either
composed only by mannose or by a mixture of manno- and glucopyranose units and both can
be a-(1—6)-branched with galactose (Moreira and Filho, 2008; Malgas et al., 2015). Recently,
a polysaccharide was isolated from Oligotropha carboxidovorans with approximately 35-40 units
of 3-O-methylmannose linked by a-(1—2)-glycosidic bonds, but its function in this bacterium is
unknown (Komaniecka et al., 2017).

Actinobacteria are not an exception in having diverse extra and intracellular structures
containing mannopyranose units, namely the phosphatidylinositol mannosides (PIM),
lipomannans (LM), lipoarabinomannans (LAM) and methylmannose polysaccharide (MMP)
(Ballou et al., 1963; Lee and Ballou, 1965; Harris and Gray, 1977; Maitra and Ballou, 1977; Lea-
Smith et al., 2008; Cashmore et al., 2017). Mannosyl residues in PIM, LM and LAM are mostly
linked through a-(1—2) and o-(1—6)-glycosidic bonds (Guerin et al., 2010) but, curiously, the
mannose units in the intracellular polymethylated MMP are connected by unusual a-(1—4)-
linkages that, so far, have not been found in nature in other mannans (Maitra and Ballou, 1977,
Moreira and Filho, 2008). In addition, mannose is essential for mycobacterial growth and viability,
as demonstrated with a mutant lacking the phosphomannose isomerase gene (manA), which
caused an alteration of the mannose metabolism in the absence of exogenously added mannose
(Patterson et al., 2003). The enzyme encoded by manA catalyses the interconversion of
fructose-6-phosphate and mannose-6-phosphate, the unique pathway for de novo synthesis of
mannose (Patterson et al., 2003). This mutation had consequences on processes involved in
septation and cell division, hampering the growth rate of M. smegmatis, which could be rescued
in the presence of exogenous mannose (Patterson et al., 2003). Moreover, the synthesis rate of
the abovementioned mannose polymers also decreased when compared to WT M. smegmatis
(Patterson et al., 2003).

As mannosides are ubiquitous in nature, the existence of enzymes that can degrade them is
crucial and several have been isolated from the microbial world. Two types of mannoside-
degrading enzymes were identified: the mannosidases, which hydrolyse the nonreducing
terminal of a mannoside to release mannosyl units, and the mannanases (endo-mannanases or
endo-mannosidases) whose cleavage site in a mannan backbone is internal (Chauhan and
Gupta, 2017; Srivastava and Kapoor, 2017). These enzymes are part of the CAZY database of
glycosyl hydrolases (http://www.cazy.org/Glycoside-Hydrolases.html) with diverse types of both
a- and B-mannosidases, as well as different 3-(1—4)-mannanases, many of which identified in
bacteria and fungi (Cantarel et al., 2009; Chauhan and Gupta, 2017; Srivastava and Kapoor,

2017). However, the same is not true for the a-mannanases characterized thus far, which seem
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to be more restricted and were only characterized in Bacilllus circulans and Bacteroides
thetaiotaomicron (a-(1—6)-mannanases), in a strain of Flavobacterium (a-(1—3)-mannanase)
and in Bacteroides species and Shewanella amazonensis (a-(1—2)-mannanases) (Nakajima et
al., 1976, 1996; Maruyama and Nakajima, 2000; Matsuda et al., 2011; Thompson et al., 2012).
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2. Methods
2.1. Extraction and purification of MMP

MMP was isolated from M. smegmatis, following the protocols described in Tuffal et al.,
(1995) and Stadthagen et al., (2007) with some modifications. M. smegmatis was grown in a
glycerol-based medium at pH 7.0 (20 g/L glycerol, 5 g/L casamino acids (Difco), 1 g/L fumaric
acid, 1 g/L KoHPO4, 0.3 g/L MgSQOy, 0.02 g/L FeSO4 and 2 g/L Tween 80) (Brennan and Ballou,
1968) and total lipids, including the amphiphilic polymethylated polysaccharides (PMPS), were
extracted with chloroform:methanol (1:2) for three hours under constant agitation. After
centrifugation (8000 rpm, 30 min, room temperature (rt)), the supernatant was recovered and
evaporated, followed by another extraction step with chloroform:methanol (2:1). The aqueous
phase was retrieved, concentrated by evaporation and purified by reverse phase
chromatography on Resource RPC column (GE Healthcare). MMP was eluted with 30% (v/v)
methanol in water and fractions were analysed by thin-layer chromatography (TLC) using
chloroform:methanol:water (55:40:10, v/v/v) as the solvent system. The TLC plate was stained
by spraying with a-naphtol-sulfuric acid solution, followed by charring at 120 °C (Jacin and
Mishkin, 1965). Residual methanol from the RPC purification was evaporated in a centrifugal
vacuum concentrator (Thermo Fisher) and fractions containing MMP were pooled and further
purified on a HiPrep 16/60 Sephacryl S-200 HR column (GE Healthcare), equilibrated in water.
The fractions collected were analysed by TLC as described above, and those containing MMP

were pooled and lyophilized (Scanvac CoolSafe, Labogene).

2.2. Mass spectrometry analysis of MMP variants

The MMP sample was suspended and/or diluted in a solution containing 50% (v/v) acetonitrile
and 0.1% (v/v) formic acid and analysed in a Triple TOF™ 5600 or Triple TOF™ 6600 System
(Sciex) by direct infusion. The flow rate was set to 10 yL/min and the ionization source (ESI
DuoSpray™ Source) was operated in either the positive mode (ion spray voltage of 5500 V) or
negative mode (ion spray voltage of -4500 V) and set at 25 psi for nebulizer gas 1 (GS1), 25 psi
for the curtain gas (CUR). The acquisition was performed in full scan mode (TOF-MS mode) and
product ions were obtained using collision energy ramping. The samples were analysed by mass

spectrometry (MS) at the CNC/UC Proteomics Facility.

2.3. Identification of the MMP biosynthesis operon in M. hassiacum

Based on the proposed biosynthetic pathway for MMP (Weisman and Ballou, 1984a, 1984b;
Xia et al., 2012), we identified a 4-gene cluster in the M. hassiacum genome encoding a putative
glycosyltransferase, two putative S-adenosylmethionine (SAM)-dependent methyltransferases

and a protein of unknown function (Empadinhas et al., 2012; Tiago et al., 2012). The amino acid
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sequences of the four enzymes were retrieved from the M. hassiacum genome and used in
BLAST analysis (https://blast.ncbi.nim.nih.gov/Blast.cgi) in order to detect homology with other

species of mycobacteria and related organisms.

2.4. Recombinant expression and purification of MMP hydrolase (MmpH)

The protein of unknown function identified in the cluster was annotated at the NCBI database
as a putative prenyltransferase but bioinformatic analysis revealed that it possesses a glycosyl
hydrolase domain, hence we sought to investigate its function. For recombinant expression of
the gene, herein designated mmpH, we selected the sequence from M. hassiacum
(WP_110570796.1) and a synthetic sequence optimized for E. coli expression was obtained
(GenScript). The gene was cloned between the Ndel and Hindlll restriction sites of the
expression vector pET30a and the construction was transferred to E. coli BL21 star. E. coli cells
were grown in lysogeny broth (LB) medium supplemented with 30 pg/mL kanamycin at 37 °C
until ODego = 0.8, when the incubation temperature was decreased to 25 °C and recombinant
protein expression was induced by addition of 0.5 mM isopropyl 3-D-1-thiogalactopyranoside
(IPTG). After overnight growth, 3 L of cell culture were harvested by centrifugation (9000 rpm,
15 min, 4 °C), suspended in 20 mL buffer A (20 mM sodium phosphate pH 7.4, 0.5 M NaCl, 20
mM imidazole) and frozen at -20 °C.

After thawing the cell pellets, 20 ug/mL DNAse | and 5 mM MgCl, were added and the cells
were disrupted by sonication on ice with three 40 Hz pulses of 20 s (10 s pause between pulses)
per 7 mL of lysate. The supernatant was clarified by centrifugation (17000 rpm, 30 min, 4 °C),
filtered through a 0.45 um pore low protein binding filter (Millipore) and loaded onto a 5 mL
HisTrap HP column (GE Healthcare), previously equilibrated with buffer A. The protein of interest
was eluted with 200 mM imidazole in buffer B (20 mM sodium phosphate pH 7.4, 0.5 M NaCl,
500 mM imidazole) and its purity assessed by SDS-PAGE. Fractions containing recombinant
MmpH were pooled and concentrated using a 10 kDa molecular weight cutoff centrifugal
ultrafiltration device (Millipore). To further purify the protein, the sample was loaded onto a
HighPrep 16/60 Sephacryl S-200 and MmpH was eluted in 20 mM BTP pH 7.5 and 200 mM
NaCl. Following purity assessment by SDS-PAGE, the fractions containing pure recombinant
enzyme were pooled and concentrated as described above. The protein content was

determined with the Bradford assay kit (BioRad).

2.5. Substrate specificity of MmpH and analysis of reaction products

The substrate specificity of MmpH acting as a glycosyl hydrolase was determined using
maltotetraose, maltopentaose, maltohexaose, maltoheptaose, maltooctaose (Sigma), synthetic
4a-mannosides (see chapter 3, section 3.3), MMP, MGLP and deacylated MGLP (MGP)
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(obtained by Ana Maranha), 3-(1—4)-mannans (Megazyme) and the enzymes’ own reaction
products after purification (see below). The reaction mixtures containing pure MmpH (5.1 nM),
25 mM BTP pH 7.5 and 2.5 mM of different sugars were incubated at 37 °C during 2 h. Product
formation was initially monitored by TLC on silica gel 60 plates (Merck) with a solvent system
composed of chloroform:methanol:water (55:40:10, v/v/v) and revealed with a-naphtol solution
as described above. To analyse the formation of reaction products, assays with MMP were
performed in the same reaction conditions with different incubation times (5, 15, 30 min) at 37
°C and analysed by TLC.

The purification of MmpH products was performed by reverse phase chromatography using
a Resource RPC column. The products were obtained in 2 mL reaction with 50 mM BTP pH 6.5,
1.5 mM MMP and 15.8 nM MmpH at 45 °C for 4 h. The reaction was diluted in water and injected
in a RPC column and the products were eluted in 30-40% (v/v) methanol in water. The fractions
were analysed by TLC as described above and pure fractions containing the same sugar were
pooled and lyophilized (Scanvac CoolSafe, Labogene). The samples were analysed by MS at
the CNC/UC Proteomics Facility. Each sample was suspended and/or diluted with a solution
containing 50% (v/v) acetonitrile and analysed in Triple TOF™ 5600 or Triple TOF™ 6600 System
(Sciex) by direct infusion. The flow rate was set to 10 yL/min and the ionization source (ESI
DuoSpray™ Source) was operated in the positive mode (ion spray voltage of 5500 V) and
negative mode (ion spray voltage of -4500 V), 25 psi for GS1, 25 psi for the CUR. The acquisition
was performed in full scan mode (TOF-MS mode) and product ions were obtained using collision

energy ramping.

2.6. Biochemical characterization of MmpH

MmpH activity was characterized by a discontinuous method through a highly sensitive
reducing-sugar assay using p-hydroxybenzoic acid hydrazide (pHBAH), as previously described
(Lever, 1972; Mellitzer et al., 2012), which reacts with reducing sugars and allows their
quantification. The pHBAH stock solution 5% (w/v) in 0.5 M HCI was prepared and the working
solution was obtained by diluting the stock with 0.5 M NaOH 1:4 (v/v), prepared freshly each
day for measurement (Lever, 1972; Mellitzer et al., 2012). The assays were initiated by addition
of 1.3 nM MmpH to reaction mixtures containing the appropriate buffer and 1.5 mM MMP.
Cooling on ethanol-ice stopped the reaction and inactivation of the enzyme was achieved by
addition of 150 pL of pHBAH working solution, followed by addition of 25 yL of 100 mM BTP pH
7.5. The quantification mixture was incubated 5 min at 95 °C and absorbance at 415 nm
registered, after transferring the mixture to 96-well microtiter plates. The effect of pH was
determined at 45 °C in 50 mM MES (pH 5.5 to 6.5) or BTP (pH 6.5 to 8.5) buffers and the
temperature profile was determined between 25 and 65 °C in 50 mM BTP pH 7.5. The enzyme
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activity dependence of divalent cations was examined by incubating the reaction mixture with
the chloride salts of Mg?*, Mn?*, Ca?*, Cu?*, Fe?*, Co?" and Zn?* (2.5 mM) and without cations,
or in the presence of 10 mM ethylenediaminetetraacetic acid (EDTA) at 37 °C for 30 min. These
reactions were analysed by TLC as described above. All experiments were performed in

triplicate.

2.7. Kinetic parameters

The kinetic parameters for MmpH were determined under optimal conditions at 37 °C and 45
°C through a discontinuous method as described above. The Ky and Vma Vvalues were
determined for MMP in reaction mixtures containing 50 mM BTP pH 6.5 and 1.3 nM enzyme. All
experiments were performed in triplicate with appropriated controls. Kinetic parameters were

calculated with GraphPad Prism software (version 5.00).
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3. Results

3.1. Purification of MMP and analysis by mass spectrometry

The purification of MMP with a two-step chromatographic strategy allowed obtaining circa
3.5 mg of a pure MMP sample per litre of M. smegmatis cell culture. The sample was a mixture
of MMP with different polymerization degrees, at least three, as shown in TLC (three adjacent
spots at the bottom) (figure 2.1 A). This result matched a previous MMP extraction from M.
smegmatis, where heterogeneous MMP differing on one methylated mannose were isolated
(Maitra and Ballou, 1977; Yamada et al., 1979). To ascertain how many different degrees of
polymerization of MMP were present in solution, the sample was analysed by MS. The spectrum
acquired in positive mode showed four peaks of [M+2H]* ions that can be assigned to molecules
with a total of 11 to 14 mannoses with different methylation, corresponding to different
polymerization degrees of MMP (figure 2.1 B). In these ions, the mass/charge values of each

molecule are reduced by half, since two charges are added to the molecules (table 2.1).
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Figure 2.1 — MMP isolated from M. smegmatis. A) TLC plate with MMP separation by a two-step purification
strategy: lane 1 — MMP-containing fractions pooled after reverse phase chromatography; lane 2 — impurities of
MMP sample separated by gel filtration; 3 — pure MMP mixture obtained by gel filtration. B) ESI-TOF spectra of

pure MMP sample acquired in positive ion mode. [M-2H]" ions are in a red box.

Table 2.1 — Calculated exact masses and corresponding ions formed in MS analysis for MMP11.14.

Molecules Exact mass [M-2HT* Spectrum peak
(g/mol) (m/z) (m/z)
MMP+1 1954.77 978.39 978.42
MMP12 2130.84 1066.43 1066.46
MMP13 2306.91 1154.46 1154.51
MMP14 2482.98 1242.50 1242.57
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The molecular weights of these molecules correspond to MMP structures that Ballou and co-
workers described for a polysaccharide with a reducing end blocked with a methyl aglycon, a
main backbone of methylated mannoses, including the first mannose of the reducing end
methylated in positions 1 and 3, and a nonreducing end with an unmethylated mannose residue
(figure 2.2). As expected, each molecule detected differs in one methylated mannose, ranging
from MMP;1 with nine 3-O-methyl mannoses plus the reducing and nonreducing end terminal
mannoses, to MMP14 with twelve 3-O-methyl mannoses plus the terminal mannoses. We tried
to separate the MMP14.14 heterogeneous mixture resorting to several chromatographic methods
without success. However, the structural information resulting from MS analysis is restricted, not
confirming the correct position of methyl groups, and only allowing matching the molecular

weight to methylated mannose units (Zaia, 2004).

OH OH
OH on

OH OH
MeO

(o)
MeO
Nonreducmg end

Red ucing end

Figure 2.2 — Chemical structure of mycobacterial MMP. Reducing and nonreducing ends are identified. Adapted
from Mendes et al., 2012.

To aid validation of the ions identified during MS analysis and attributed to MMP, the
precursor ions of MMP+1.13 were subjected to MS/MS tandem fragmentation. Tandem MS breaks
down a selected precursor ion into product ions (fragments) and the resulting pattern of
fragmentation reveals certain aspects of the precursor ion chemical structure. In MS/MS of
protonated large saccharides, ions deriving from glycosidic bond cleavages are likely to
predominate, resulting in limited structural information. High-mannose oligosaccharides tend to
produce product-ions from successive losses of hexose residues, resulting in a uniform product
ion pattern (Zaia, 2004). Peaks corresponding to the loss of the nonreducing end mannose and
two to three methylated mannoses (figure 2.3 A, peak 1411) are visible in the fragmentation
spectra, as well is the successive loss of the glycosidic bond between the methylated mannoses
in MMP (figure 2.3 A, peaks 1265, 1089, etc.; difference of 176 u). During the fragmentation
process, the two charges (2H*) that MMP molecules acquired during ionization are lost and the
m/z displayed in the spectra are equal to the exact mass of the ion formed plus one proton, due
to acquisition on positive ion mode. The fragments identified for each MMP correspond to
mannosides containing the MMP reducing end and ranging from one to nine methylated
mannoses, which match MMP’s main backbone and corroborate the MMP proposed structure
(table 2.2 and figure 2.3).
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Table 2.2 — Calculated exact masses and corresponding ions formed in MS/MS analysis of MMP11.1.

Exact mass [M-H]* Spectrum peak
HEEEI G (g/mol) (m/2) (mi2)

Mets sMan 208.09 209.10 209.09
Mets sMan2 384.16 385.17 385.16
Mets sMans 560.23 561.24 561.22
Mets sMana 736.30 737.31 737.28
Mets sMans 912.37 913.38 913.34
Mets sMans 1088.44 1089.45 1089.40
Mets sManz 1264.51 1265.52 1265.46
Meti sMans 1440.58 1441.59 1441.52
Mets sMang 1616.65 1617.66 1617.58
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Figure 2.3 — MS/MS analysis of MMP+1 (A), MMP+2 (B) and MMP+3 (C) acquired in positive ion mode. The red
boxes identify the precursor [M-2H]* ions corresponding to MMP and the green boxes highlight the [M-H]" ions

of the fragment formed in MS/MS fragmentation.
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3.2. Identification of the MMP genetic cluster and the mmpH gene

A 4-gene cluster (figure 2.4) encoding a putative mannosyltransferase, two putative SAM-
dependent methyltransferases and a protein of unknown function was identified in several NTM
genomes (https://mycobrowser.epfl.ch/), some of which are known to produce MMP (table 1.1,
chapter 1) (Gray and Ballou, 1971; Weisman and Ballou, 1984b; Kamisango et al., 1987; Tian
et al., 2000). Similar clusters were detected in related actinobacteria, namely Streptomyces
griseus and Nocardia otitidiscaviarum, although the former produces an acylated form of MMP
and the latter has not been confirmed to synthesize MMP (figure 2.4). Although so far, the
presence of MMP has only been reported in rapidly growing mycobacteria (RGM), similar
clusters were detected in the genomes of several slowly growing mycobacteria (SGM), namely
in some strains of M. ulcerans and M. avium, as well as in M. xenopi (figure 2.4). MMP
biosynthetic gene clusters were not detected in genomes of members of the M. tuberculosis
complex, in agreement with previous reports of the absence of MMP from these pathogens
(Stadthagen et al., 2007).

pmeT orfA pmeT pmanT
% M. hassiacum DSM 44199

% M. smegmatis mc? 155 85 83 87 82

% M. vanbaalenii PYR-1 83 83 83 920

X M. vaccae 95051 84 84 84 88

@ M. xenopi DSM 43995 72 76 70 79

@ M. ulcerans subsp. shinshuense ATCC33728 70 77 70 77

@ M. avium subsp. avium strain DJO-44271 74 75 73 80
Streptomyces griseus subsp. griseus 58 52 58 53
NBRC 13350
Nocardia otitidiscaviarum NBRC 14405 67 67 72 73

Figure 2.4 — Genomic organization of the MMP cluster in Actinobacteria. Cluster constituted by four genes
(arrows) drawn to scale. pmeT (blue and yellow) are putative methyltransferases likely to add methyl groups in
the 1-OH and 3-OH positions of mannose units. orfA (pink) protein of unknown function with a glycoside
hydrolase domain. pmanT (green) putative mannosyltransferase. Black star, RGM; Black circle, SGM. The
percentage of amino acid identity in relation to the M. hassiacum protein sequences is indicated inside the

arrows.

The protein of unknown function identified in the 4-gene cluster was annotated as a
prenyltransferase but possessed a glycosyl hydrolase domain, which aroused our interest,
because a MMP hydrolase had never been reported. Thus, the enzyme encoded by the

corresponding 1077 bp M. hassiacum gene (accession number WP_018354040.1) was purified
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to homogeneity (figure 2.5) as a His-tagged recombinant protein from cell-free E. coli extracts

in bioactive form at approximately 3 mg protein per litre of culture.
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Figure 2.5 — SDS-PAGE analysis of the purified recombinant protein. Lane 1 — molecular weight marker;

lane 2 — purified recombinant MmpH from M. hassiacum.

3.3. Substrate specificity of MmpH and analysis of reaction products

The protein of unknown function hydrolysed the purified mixture of MMP into
oligomannosides and was thus designated MMP hydrolase (MmpH). The hydrolysis was
observed by TLC through the appearance of two spots migrating above the MMP substrate. In
these conditions, shorter substrates tend to migrate further in TLC, in relation to the point of
origin, than substrates with a higher degree of polymerization (figure 2.6). MmpH did not present
hydrolytic activity with B-mannans or other synthetic 4a-oligomannosides (chapter 3, section
3.3) or with its own reaction products (figure 2.7 B). Furthermore, the glucose counterparts of
MMP, the acetylated and deacetylated forms of MGLP were also tested as possible substrates,
as well as several maltooligosaccharides, but none of the glucose polysaccharides were
substrates for the enzyme. The reaction products obtained after MMP hydrolysis were purified
by reverse phase chromatography (figure 2.7 A). Despite several attempts to optimize the
separation, a better separation of the products only allowed to obtain pure products in very little
quantities after each purification round and most purification fractions were contaminated with

the subsequent purified product (figure 2.7 A).
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..

1 2 3 4 Ct

Figure 2.6 — TLC analysis of the hydrolytic activity of MmpH over time. Lane 1 — 5 min reaction; lane 2 — 15 min
reaction; lane 3 — 30 min reaction; lane 4 — 2 h reaction; lane Ct- — control without enzyme. Reactions containing

MmpH (5.1 nM), 25 mM BTP pH 7.5 and 2.5 mM MMP were incubated at 37 °C.

A _
& -
|Ib| .

S iad, 8 au

1 Elluted fractions 2 Ct- 3 Ct- 4 Ct- 5 Ct-

Figure 2.7 — A) TLC analysis of eluted fractions after purification of MmpH products. B) TLC analysis of MmpH
activity using with its own reaction products a to d as substrates. a to d correspond to the purest hydrolytic
products selected. Lane 1 — MmpH reaction with MMP for 2 h; lane 2 — MmpH reaction with product a; lane 3 —
MmpH reaction with product b; lane 4 — MmpH reaction with product ¢; lane 5 — MmpH reaction with product d;

lane Ct- — control without enzyme.
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The purest fractions of the four main hydrolytic products were selected for MS analysis (figure
2.7 A a-d), revealing oligosaccharides differing in the number of mannose units and
methylations. Product a (figure 2.8 A) corresponds to an oligosaccharide of four mannoses all
methylated at position 3 and one also at position 1, whereas mass of product b corresponds to
five methylated mannoses in the same position (figure 2.8 B). MS analysis of product ¢ revealed
an oligosaccharide constituted by seven mannoses in which six are methylated at position 3 and
the last one is an unmethylated mannose (figure 2.8 C). Product d is very similar to product ¢
with the addition of one methylated mannose at position 3 (figure 2.8 D). Despite several
purifications, it was not possible to analyse the remaining products either due to obtaining
insufficient product amounts or being unable to separate contaminants. It is important to
highlight again that the methylation positions of four oligomannosides were not confirmed by MS,
but were assumed from the original positions on the MMP structure proposed by Maitra and
Ballou (Maitra and Ballou, 1977).

The MS precursor ions for each of the oligomannosides correspond to their calculated exact
mass plus a Na* ion ([M-Na]*, table 2.3), which were fragmented by MS/MS in order to confirm
their proposed structures (figure 2.9 A-D). The fragmentation pattern observed for these
samples was compatible with the loss of glycosyl bonds with successive loss of hexoses, which
did not allow for the assignment of methylation positions but enabled interpretation of the general
structures of the products formed. The fragmentation spectra (figure 2.9 A-D) for products a
and b show successive loss of methylated mannoses, corresponding to a mass variation of 176
u, allowing to observe the m/z corresponding to the monosaccharide Mets sMan. In contrast, for
the products ¢ and d, we could detect ions that correspond to the loss of only the unmethylated
mannose (162 u) and progressive reduction of one methylated mannose (table 2.3), most

notoriously the monosaccharide MetMan.

Table 2.3 — Calculated exact masses and corresponding ions formed in MS/MS analysis of hydrolytic
products.

Spectrum Exact [M-Na]* Spectrum
peak Molecules mass (miz2) peak
(m/z) (g/mol) (m/z)

[M-Na]*
(m/z)

Molecules

Mets sMan 208.09 231.08 231.09 MetMan 194.08 217.07 217.08

MetisMan: 384.16 407.15 40717 MetMan: 370.15 393.14 393.16

Meti sMans 560.23 583.22 583.25 MetMans 546.22 569.21 569.23

Meti sMans 736.30 | 759.29 75930 | MetMan: | 72229 | 74528 745 31
(Product a)
Meti.sMans 912.37 | 935.36 93537 | MetMans | 898.36 | 921.35 921.39
(Product b)
Man-MetMans | 1,50 48 | 125047 | 125057 | MetMans | 1074.43 | 1097.42 | 1097.47
(Product ¢)
Man-MetManz | 4410 55 | 143554 | 143566 | MetMan, | 125050 | 127349 | 127356
(Product d)
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Figure 2.8 — MS analysis of purified oligosaccharide products after hydrolysis of MMP with recombinant MmpH.

A — D) ESI-TOF spectra acquired in positive ion mode of samples a to d. Identified in a red box for each sample

is the [M-Na]" ion. The chemical structure overlaid on spectrum correspond to the molecule identified in each

sample.
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Figure 2.9 — MS/MS analysis of hydrolytic products’ ions. A) Spectrum of product a. B) Spectrum of product b.
C) Spectrum of product ¢. D) Spectrum of product d. Spectra acquired in positive ion mode. The red boxes
indicate the precursor [M-Na]* ions and the green boxes highlight the [M-Na]* ions of each fragment formed

from MS/MS fragmentation.

[ ]



Chapter 2: A uniqgue MMP recycling mechanism by a novel hydrolase

Based on MS results, we can conclude that products a and b retain the reducing end of MMP
and products ¢ and d match the nonreducing end of MMP, suggesting that the cleavage
mechanism of MmpH is internal in regard to the MMP structure, acting as an o-(1—4)-
mannanase. However, the presence of different degrees of polymerization of MMP hamper
identification of the exact hydrolytic mechanism of MmpH, due to the possible formation of
multiple products. In order to try to discern the hierarchy of product formation, reaction
incubation time was decreased to 5 min, allowing to observe that product b was the first to be
produced and that during the reaction time ranging from 5 min to 2 hours, the production of b is
more pronounced than that of a, which is mirrored in the intensity of the spot of product b in
relation to product a (figure 2.6). This also indicates that the pentamannoside b seems to be
preferably produced and that eventually it might also be the preferentially produced in vivo. After
several purifications, the octamannoside d was consistently purified in higher quantity than

heptamannoside c.

3.4. Biochemical and kinetic properties of MmpH

Recombinant M. hassiacum MmpH was active between 25 and 65 °C, with maximum activity
observed at 45 °C (figure 2.10 A) and between pH 5.5 and 8.5, showing an activity peak at pH
6.5 in BTP buffer (figure 2.10 B). MmpH activity was independent of divalent metal ions, retaining
activity in the presence of EDTA.

The kinetic characterization of MmpH was performed with varying concentrations of
previously purified MMP at 37 and 45 °C, exhibiting Michaelis-Menten behaviour (figure 2.10 C
and D). The enzyme was more efficient at 45 °C than 37 °C, which was expected since this was
the temperature at which the enzyme was maximally active. The apparent K, was higher at 45
°C than at 37 °C, the calculated Vimax and enzyme turnover (kca) were half of those determined
at 45 °C (table 2.4). Catalytic efficiency was also higher at 45 °C.
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Figure 2.10 — Biochemical and kinetic properties of recombinant MmpH. A) Temperature profile. B) pH
dependence in the presence of MES (orange) and BTP (blue) buffers. C) Michaelis-Menten curve for MmpH
activity at 37 °C. D) Michaelis-Menten curve for MmpH activity at 45 °C. Error bars represent standard deviation
(A and B) or standard error of the mean (C and D).

Table 2.4 - Kinetic parameters of recombinant MmpH from M. hassiacum.

K Vinax Keatl K
MBS (mM) (umol/min/mg) (min-t.mM-)
37 0.32 +0.09 0.78 +0.05 0.68 + 0.04 2141063
MMP
45 0.39 +0.07 146 +0.07 127 £ 0.06 3.24 £ 0.60
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4. Discussion

PMPS were firstly isolated in the 1960’s from M. phlei and M. smegmatis (Lee, 1966; Gray
and Ballou, 1971; Maitra and Ballou, 1977; Kamisango et al., 1987) and so far MMP has only
been isolated from NTM, in contrast to MGLP that appears to be synthetized in all mycobacteria.
Bloch and co-workers proposed their involvement in lipid synthesis, directly modulating fatty
acids metabolism and thus indirectly involved in the assembling of cell wall lipids (Machida and
Bloch, 1973; Bloch and Vance, 1977). However, despite many attempts there is still a lack of
understanding of their in vivo functions and about the biological meaning of their differential
distribution among mycobacteria. The biosynthetic pathway for MGLP has been the subject of
many studies, since MGLP is present in strictly pathogenic mycobacteria such as M.
tuberculosis, and some enzymes are encoded by genes considered essential for growth
(Sassetti et al., 2003; Mendes et al., 2012). On the other hand, MMP has been overlooked for
a long time, but the increasing numbers of NTM infections prompted the study of this
polysaccharide in more detail, from the identification of the genes and enzymes involved to its
role in mycobacterial physiology and lifestyle (Wassilew et al., 2016; Claeys and Robinson,
2018). A few attempts to unravel its biosynthetic pathway were unsuccessful (Weisman and
Ballou, 1984b, 1984a; Xia et al., 2012; Xia, 2013). Herein, we have identified a 4-gene gene
cluster likely involved in MMP biosynthesis (figure 2.4). This cluster possesses genes for a
putative mannosyltransferase, for two putative SAM-dependent methyltransferases and a gene
coding for a protein with unknown function.

The enzyme of unknown function is annotated as a prenyltransferase, but its glycosyl
hydrolase domain led us to speculate that it could be involved in the hydrolysis of MMP with
production of a lower-order intermediate. Indeed, after a few unsuccessful attempts with a
number of oligosaccharides as possible substrates, MMP itself was tested and the MMP
hydrolase activity was uncovered. This MMP hydrolase, herein designated MmpH, was able to
hydrolyse the mixture of MMP purified from M. smegmatis, cleaving internally the
polysaccharides’ structure into oligomannosides that correspond to the opposing ends of MMP
and acting, therefore, as an a-(1—4)-mannanase (figure 2.8). This is, to our knowledge, an
unprecedented mannanase activity, which emphasizes its importance. This enzyme shows high
amino acid identity with homologues from other mycobacteria and related actinobacteria (figure
2.4). However, MmpH has low similarity with characterized a-mannanases or with 3-(1—4)-
mannanases, displaying 30-40% amino acid sequence identity and query score below 20% in
BLAST analysis, underlying its uniqueness.

MmpH was very specific for MMP mixture, lacking the ability to hydrolyse B-(1—4)-bonds of
the B-mannans or the a-(1—4)-bonds of the maltooligosaccharides tested. Moreover, the similar

polysaccharide MGLP, which in its deacetylated form possesses a glucose main chain with
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methylations in the 6-OH position instead of 3-O-methylmannoses, was also not a substrate.
Furthermore, this enzyme was not able to hydrolyse its own reaction products (figure 2.7 B) or
have a reverse activity that could re-establish the ligation between the oligomannosides
produced, as detected for other hydrolases in certain conditions (Lundemo, 2015). The
maximum activity in vitro was detected at 45 °C (figure 2.10 A), near the optimal temperature
for M. hassiacum growth (50 °C) (Tiago et al., 2012), and the pH range for activity was slightly
acidic (figure 2.10 B), which could suggest that this enzyme is active under stress conditions
(Roxas and Li, 2009).

Due to the heterogenous nature of the substrate utilized, it was difficult deciphering the
hydrolytic mechanism of MmpH, but different incubation periods allowed the formation of
reaction products over time (figure 2.6). In the first few minutes of the reaction, production of
oligomannoside b, the pentamannoside with a reducing end was favoured and, although both
the tetramannoside a and pentamannoside b were produced over time, b was continuously
favoured over a. Thus, although the two products with reducing ends have been isolated in vitro,
the pentamannoside b seems to be preferably produced and, hypothetically, its production might
be preferred in vivo. Yamada and Ballou reported that when isolating MMP and its precursors
the smaller precursor isolated was a pentamannoside (Yamada et al., 1979), which in light of
our results can lead to the hypothesis that these precursors are the result of MmpH activity.
However, because MmpH is also capable of producing tetramannosides that were until now
regarded as the first biosynthetic step in the MMP pathway, the primer for MMP biosynthesis in
vivo remains to be unequivocally identified (Weisman and Ballou, 1984b; Xia et al., 2012).
Regarding the oligomannosides with a nonreducing end, octamannoside d was always obtained
after several purifications of MmpH products and at higher levels than heptamannoside ¢, which
could reflect preference for octamannoside d production.

Although we cannot correlate peak intensity of the MS spectra (figure 2.1 B, 2.3 A-C, 2.8 A-
D and 2.9 A-D) with the abundance of each molecule analysed and we do not know are unsure
which MMP size is prevalent in our mixture, we can speculate that given the two predominantly
produced products (pentamannoside b and octamannoside d), MMPis is hydrolysed
preferentially. Moreover, the hydrolysis of other MMP sizes in solution is most likely occurring,
since combining product b plus ¢ equals MMP+, and the combination of tetramannoside a with
products ¢ or d gives rise to MMP1; or MMP12, respectively. Following the same logic, the
nonreducing oligomannosides containing six and nine mannoses could derive from hydrolysis of
MMP1; and MMP14, unfortunately these mannosides’ presence could only be tested by TLC due
to elution in the low purity fractions obtained during the purification of MmpH products (figure
2.7 A), which hindered their identification and/or analysis by MS. The ideal approach to establish

a correct correlation between each MMP size and the hydrolytic product produced by MmpH
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would have been to hydrolyse each size separately, but repeated unsuccessful attempts to
separate the different MMP did not allow performing individual assays.

The mechanism of the enzyme suggests that MmpH might have a crucial recycling role in
MMP biogenesis, where each “old MMP” is degraded into two smaller fragments that themselves
are used as substrates for elongation to produce new MMP polysaccharides.

Purification of MMP was essential for the identification and functional characterization of
MmpH and the method optimized in our laboratory will be crucial to finally discover if these
polysaccharides are indeed produced in SGM as M. avium and M. ulcerans, which possess
similar gene clusters for MMP synthesis. Although we were not able to obtain a homogenous
form of MMP, the purification of an endo-(1—4)-mannanase and the identification of the
oligomannoside products confirms that this enzyme was most likely misannotated as a

prenyltransferase.
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1. Introduction

Mycobacteria have a high content of carbohydrate either as components of their robust and
impermeable cell wall or as intracellular glycans, which depend on the existence of a huge diversity
of glycosyltransferases (GT) involved in the biosynthetic pathways of very diverse sugars such as
PG, AG, trehalose, glycogen, LAM, PMPS, among others (Berg et al., 2007). GT are grouped in
106 families based on amino acid sequence homology
(http://www.cazy.org/GlycosylTransferases.html) and are further classified according to their
different folds in three super families: GT-A, GT-B and GT-C (Berg et al., 2007; Cantarel et al.,
2009; Breton et al., 2012). GT-A and GT-B comprise mainly enzymes that use NDP-sugar and
transfer saccharides through inverting or retaining mechanisms (Lairson et al., 2008; Breton et
al., 2012; Liang et al., 2015), while GT-C contains transmembrane enzymes that use polyprenyl-
linked sugar donors (Lairson et al., 2008; Breton et al., 2012; Liang et al., 2015).

Capsular glucan, glycogen and the polymethylated polysaccharide MGLP are glucose
polymers with similar backbones linked by a-(1—4)-glycosidic bonds. A few years ago, two
glucosyltransferases, Rv3032 and GIgA (Rv1212c), were found to be involved in the elongation
step of these glucans (Stadthagen et al., 2007; Sambou et al., 2008). Despite acting upon
different substrates, the enzymes seem to have compensatory activity, since in a Rv3032 mutant
MGLP synthesis could not be totally abolished and in a GIgA mutant with diminished glycogen
synthesis, normal levels could be restored by an episomal copy of Rv3032 (Stadthagen et al.,
2007; Sambou et al., 2008).

Biosynthesis of mycobacterial mannoglycans such as PIM, LM and LAM involves at least eight
different mannosyltransferases (table 3.1). These mannosyltransferases differ essentially in the
type of glycosidic bonds created and in the donor group used, since mycobacteria have two
possible mannose donors, the cytoplasmatic GDP-mannose and the membrane bound
polyprenol-phosphate-mannose (PPM) (Yokoyama and Ballou, 1989; Berg et al., 2007; Guerin et
al., 2010).

Table 3.1 — Mannosyltransferases involved in PIM, LM and LAM synthesis.

Mannosyl- Type of Mannose Donor

transferases  glycosidicbond  GDP.mannose = PPM Reference
PimA o-(1—-2)-ManT v X (Kordulakova et al., 2002)
PimB’ o-(1—6)-ManT v X (Guerin et al., 2009)
PimC o-(1—6)-ManT v X (Kremer et al., 2002)
PimE a-(1—-2)-ManT X v (Morita et al., 2006)
MptA o-(16)-ManT X v (Kaur et aa:i.,’22%0077;)Mishra et
MptB 0-(1—6)-ManT X v (Mishra et al., 2008)
MptC o-(1—-2)-ManT X v (Kaur et al., 2006, 2008)
CapA o-(1—-5)-ManT X v (Appelmelk et al., 2008)
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MMP differs from the other mannosylated mycobacterial structures, because it is the only
known polysaccharide with a-(1—4)-linked mannoses, which unlike the hyper branched LM and
LAM, has a linear chain, rendering the key biosynthetic a-(1—4)-mannosyltransferase (ManT)
likely unique from the functional, mechanistic and possibly structural points of view. While
searching for the biosynthetic enzymes for MMP, the activity of ManT was detected in membrane
extracts of M. smegmatis and an elongation mechanism for MMP through alternating
mannosylation and methylation reactions was proposed (Weisman and Ballou, 1984b). In ManT
activity assays, some oligomannosides resulting from Smith degradation and methanolysis of
mature MMP were used, which gave rise to substrates with different sizes (Met;sMan;-
Met1 sMano, figure 3.1 A) all methylated at position 1-OH and 3-OH, confirming that the enzyme
used preferentially MetssMana but could also use longer substrates, while it was not active with
lower order mannosides (<Met; sMans) (Yamada et al., 1979; Weisman and Ballou, 1984b).

Recently, a different mechanism was suggested for MMP elongation, wherein mannosylation
activity would be independent of methylation reactions or of the methyl groups present on the
oligomannosides (Xia et al., 2012; Xia, 2013). ManT activity was tested in membrane extracts of
M. smegmatis using synthetic oligomannosides ranging from one to five mannoses, blocked at
position 1-OH with an octyl group and with different degrees of 3-O-methylations, some totally
methylated (ManisA, figure 3.1 B) and others with a terminal unmethylated mannose (Man1-sB,
figure 3.1 B) (Xia et al., 2012).

A B
OH oy
HO -0 OH OH x Man;_sA
MeO OH oH
OMe MeO 0
MeO
Met1,3Man1
QHon Man,_sB
HO -0 OH oH
11
OH oH HO 0 /x
HO O OH oH O7me0
MeO O O
OTmeo
OMe
OH OH Man,C
Met1,3Man12 OH OH

Figure 3.1 — Chemical structures of mannosides used to probe ManT activity with membrane extracts of M.
smegmatis. A) substrates used by Weisman et al. B) substrates used by Xia et al. (x) indicates the number of

mannoses, varying from 0 to 4. Adapted from Weisman et al., 1984b and Xia et al., 2012 and 2013.
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These authors verified that the ManT was active from trimannosides of both sets of
oligomannosides (MansA and MansB), independently of the methylations (Xia et al., 2012).
Although the activity in the presence of pentamannosides (MansA and MansB) had been similar
to the tetramannosides, MansA and MansB were considered as the preferential substrates and
observed that hexa- and heptamannosides were mostly produced from MansA while penta- and
hexamannosides were obtained from Man4B (Xia et al., 2012; Xia, 2013). They further synthesized
a Mans without methylations also blocked at position 1-OH with a octyl group (Man.C, figure 3.1
B) and, although ManT was active with this substrate, its preference was for the methylated ones
(Xia, 2013). These authors also identified the manT gene in M. smegmatis through bioinformatics
tools, but were faced with some difficulties in the purification process and were only able to analyse
the substrate specificity by overexpressed ManT in E. coli extracts (Xia, 2013). They used MansA
as substrate and confirmed the production of hexa- and heptamannosides, as previously
determined in membrane extracts (Xia et al., 2012; Xia, 2013). Hence, not only the elongation
mechanism but the ManT enzyme itself remained largely enigmatic due an inability to obtain the

enzyme in pure form.
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2. Methods

2.1. Identification of manT in the MMP cluster in M. hassiacum genome

The 4-gene cluster we proposed to be involved in MMP biosynthesis contains a putative
mannosyltransferase gene (manT), whose role in MMP synthesis we sought to investigate. The
amino acid sequence (WP_005631138.1) was initially retrieved from the draft M. hassiacum
genome before publication (Tiago et al., 2012). The ManT sequence was used as template for
BLAST searches in the available mycobacterial genomes (https://blast.ncbi.nim.nih.gov/Blast.cgi)
and amino acid sequences of ManT homologues were retrieved from the KEGG database

(https://www.genome.jp/kegg/).

2.2. Recombinant expression and purification of ManT

For recombinant expression of the manT gene, the sequence from M. hassiacum
(WP_005631138.1) was selected and a synthetic gene sequence optimized for E. coli expression
was obtained from GenScript. In a first approach, the gene was cloned between the Ndel and
Hindllll restriction sites of the expression vector pET30a. The stop codon was removed from the
reverse primer to allow translation of a C-terminal vector-encoded 6xHis-tag, followed by
transformation into E. coli BL21 Star. Cells were cultured in LB medium supplemented with 30
pg/mL kanamycin at 37 °C until ODsgo = 0.8, when the incubation temperature was decreased to
25 °C. Recombinant protein expression was induced by addition of 0.5 mM IPTG. Unfortunately,
after cell disruption by sonication as described below, it was not possible to obtain soluble protein
due to inclusion bodies formation. Faced with this, the 6xHis-tag was transferred to the N-terminus
using the same synthetic sequence optimized for E. coli expression and inserted between the Xhol
and EcoRl restriction sites of vector pET30a also transformed into E. coli BL21 Star. Cells were
cultured under the conditions described above and after overnight growth, the culture was
harvested by centrifugation (9000 rpm, 15 min, 4 °C), and suspended in 20 mL buffer A (20 mM
sodium phosphate pH 7.4, 0.5 M NaCl, 20 mM imidazole), followed by disruption through
sonication on ice with three 40 Hz pulses of 20 s (10 s pause between pulses) per 7 mL of lysate
in the presence of 20 pg/mL DNAse | and 5 mM MgCl.. The supernatant was clarified by
centrifugation (17000 rpm, 30 min, 4 °C), filtered through a 0.45 pm pore low protein binding filter
(Millipore) and loaded onto a 5 mL HisTrap HP column (GE Healthcare), previously equilibrated
with buffer A. The target protein was eluted with 350 and 500 mM imidazole in buffer B (20 mM
sodium phosphate pH 7.4, 0.5 M NaCl, 500 mM imidazole) and its purity assessed by SDS-PAGE.
However, the purified ManT was unstable and precipitated after a few hours on ice.

In close collaboration with the Biomolecular Structure and Function Group at IBMC/i3S/UP
(Porto), an alternative strategy was designed to clone the manT artificial gene between the Ncol

and EcoRl restriction sites of the expression vector pETM11, which allowed engineering a TEV
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protease recognition cleavage to allow removal of the histidine tag from the recombinant ManT
after its purification (by Jorge Ripoll-Rozada). The construction was transferred into E. coli BL21
(DE3) and cells were grown in LB medium supplemented with 50 ug/mL kanamycin at 37 °C until
ODeoo = 0.6, then the incubation temperature was decreased to 25 °C and recombinant protein
expression was induced by addition of 1 mM IPTG. After overnight growth, 3 L of cell culture were
harvested by centrifugation (9000 rpm, 15 min, 4 °C), suspended in 20 mL buffer C (20 mM
sodium phosphate pH 8, 0.5 M NaCl, 20 mM imidazole, 5 mM B-mercaptoethanol and 0.1% (v/v)
Triton X-100) and frozen at -20 °C. The cell pellets were disrupted by sonication on ice with three
40 Hz pulses of 20 s (10 s pause between pulses) per 7 mL of lysate followed by the addition of
0.3 mg/mL lysozyme, 20 pg/mL DNAse |, 5 mM MgCl, and 1% (w/v) PMSF. The supernatant
clarified by centrifugation (17000 rpm, 30 min, 4 °C) was filtered through a 0.45 ym pore low
protein binding filter (Millipore) and loaded onto a 5 mL HisTrap HP column (GE Healthcare),
equilibrated with buffer C. Bound proteins were eluted with 250 mM imidazole in buffer D (20 mM
sodium phosphate pH 8, 0.5 M NaCl, 500 mM imidazole, 5 mM B-mercaptoethanol and 0.1%
(v/v) Triton X-100) and their purity assessed by SDS-PAGE. Fractions containing recombinant
ManT were pooled and concentrated, using a 30 kDa molecular weight cutoff centrifugal
ultrafiltration device (Millipore). The histidine tag was removed by digestion with Tobacco etch
virus (TEV) protease through overnight dialysis at 4 °C against 20 mM sodium phosphate pH 8,
0.5 M NaCl, 0.5 M EDTA, 1 mM dithiothreitol (DTT) and 0.1% (v/v) Triton X-100. After the second
affinity chromatography with the HisTrap column, the enzyme was loaded into the same column
under the conditions mentioned above, showing that tag had not been removed, possibly,
because the recognition sequence (ENLYFQ/S) was inaccessible to TEV. To increase enzyme
purity, the sample was loaded onto a HighPrep 16/60 Sephacryl S-200 and ManT was eluted in
20 mM sodium phosphate pH 8, 0.5 M NaCl, 1 mM DTT and 0.1% (v/v) Triton X-100. Fractions
containing recombinant ManT were pooled and concentrated as abovementioned, flash frozen in
liquid nitrogen and stored at -80 °C. The protein content was determined with the Bradford assay
kit (BioRad).

2.3. Chemical synthesis, purification and NMR analysis of 4a-oligomannosides

Due to the very specific nature of these substrates and their commercial unavailability, it was
necessary to chemically synthesize the putative acceptor substrates, which we accomplished in
collaboration with the Bioorganic Chemistry Group at the ITQB NOVA (Oeiras). In total, four
mannosides with different polymerization and methylation degrees were synthetized: propyl 40-
mannotriose (sMans), propyl 3,3,3"-tri-O-methyl-4a-mannotriose (sMetMans), propyl 4o-

1

mannotetraose (sMans) and propyl 3,3’,3”,3"’-tetra-O-methyl-4a-mannotetraose (sMetMan.).
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In most chemical reactions, the products were purified through preparative flash columns
chromatography using silica gel Merck 60H and the analytical TLCs were performed in aluminium-
backed silica gel Merck 60 F254 and eluted with the adequate eluent for each reaction, mentioned
below for each synthetic compound. Reagents and solvents were purified and dried according to
the literature (Armarego and Chain, 2003). All "TH-NMR spectra were obtained at 400 MHz in
CDCls, MeOH or DO with chemical shift values (d) in ppm downfield from tetramethylsilane in the
case of CDCls, and ®C-NMR spectra were obtained at 100.61 MHz in CDCl;, MeOH or DO.
Assignments are supported by 2D correlation NMR studies. The specific rotations ([a]2’) were
measured using an automatic polarimeter. The chemical schemes are illustrated in detail in
schemes 1-4 of section 3.2 and all data about the compounds’ characterization ([a]3°, NMR, MS

and FTIR) are described in Annex 1, including the NMR spectra.

Allyl a.-D-mannopyranoside (5)

D-mannose (20.00 g, 0.111 mol) was dissolved in distilled allyl alcohol (133.4 mL, 1.96 mol)
and camphorsulfonic acid was added (133.4 mg, 0.58 mmol). The mixture was maintained under
reflux, overnight. The solvent was removed under vacuum and the crude product was purified by
flash column chromatography (9:1 CH2Cl>:MeOH, v/v) to afford compound 5 (19.4 g, 80%, a

anomer) as a colourless oil.

Allyl 4,6-O-benzylidene-a-D-mannopyranoside (6)

To a solution of 5 (18.9 g, 86 mmol) in dry THF (62.5 mL), benzaldehyde dimethyl acetal (25.8
mL, 172 mmol) and camphorsulfonic acid, in a catalytic amount, were added. The mixture was
stirred and refluxed for 5 h. The mixture was quenched with a saturated aqueous NaHCOs3 solution
(30 mL) and extracted with AcOEt (3x30 mL). The combined organic layers were dried with
Na»SO,, filtered and concentrated under vacuum. The residue was purified by recrystallization
(9:1 hexano:ethyl acetate (Hex:AcOEt), v/v) to afford the compound 6 (18.7 g, 75%, a anomer)

as a white solid.

Allyl 2,3-di-O-acetyl-4,6-O-benzylidene-a-D-mannopyranoside (7)

To a solution of 6 (6.2 g, 19.4 mmol) in dry pyridine (30 mL) at 0 °C, acetic anhydride (5.6 mL,
58.2 mmol) and a catalytic amount of DMAP were added. The mixture was stirred at 0 °C for 5
min and warmed to room temperature (rt). After 2 h, the mixture was quenched with water (30
mL) and extracted with AcOEt (3x30 mL). The combined organic layers were dried with Na,SOu,
filtered and then concentrated under vacuum. The crude product was purified by flash column
chromatography (7:3 Hex:AcOEt, v/v) to afford compound 7 (6.7 g, 88%, a anomer) as a

colourless oil.
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Allyl 2,3-di-O-acetyl-6-O-benzyl-a-D-mannopyranoside (8)

To a solution of 7 (6.69 g, 17.05 mmol) in dry THF (61 mL) at 0 °C, NaBHs;CN (13.8 g, 0.2 mol)
was added. The mixture was stirred at 0 °C and a solution of HCl in dry Et,O (64 mL, 2M) was
added dropwise until the reaction was completed by TLC. The solvent was removed under
vacuum, re-dissolved in water (20 mL) and extracted with CH2Cl, (3x20 mL). The combined
organic layers were dried with anhydrous Na,SOy., filtered and concentrated under vacuum. The
crude product was purified by flash column chromatography (7:3 to 1:1 Hex:AcOEt, v/v) to afford

compound 8 (5.95 g, 88%, a anomer) as a colourless oil.

Allyl 2,3-di-O-acetyl-6-O-benzyl-4-O-tert-butyldimethylsilyl-a-D-mannopyranoside (9)

To a solution of 8 (5.81 g, 14.73 mmol) in dry dichloromethane (80 mL) at O °C and dry DIPEA
(7.17 mL, 41.16 mmol) and TBDMSOTf (6.7 mL, 29.4 mmol) were added sequentially. The
mixture was stirred for 20 min at 0 °C. TLC (7:3 Hex:AcOEt, v/v) indicated that the reaction was
completed. The mixture was washed with an aqueous solution of NaHCOs3; (saturated) and
extracted with CH2Cl,. The organic layer was dried with Na,SQ., filtered and concentrated.
Purification of the reaction crude by flash column chromatography (eluent from 100% Hex (v/v) to

9:1 Hex:AcOEt, v/v) afforded 9 (4.13 g, 55%, a anomer) as a colourless oil.

2,3-di-O-acetyl-6-O-benzyl-4-O-tert-butyldimethylsilyl-a-D-mannopyranoside (10)

To a solution of 9 (3.96 g, 7.77 mmol) in dry methanol (36 mL), PdCl, (0.275 g, 1.55 mmol)
was added. The mixture was stirred at rt for 2 h and then the mixture was filtered through celite
and washed with methanol. The filtrate was concentrated under vacuum and purified by flash
column chromatography (7:3 to 1:1 Hex:AcOEt, v/v) to afford compound 10 (2.28 g, 63%, a

anomer) as a colourless oil.

2,3-di-O-acetyl-6-O-benzyl-4-O-tert-butyldimethylsilyl-a-D-mannopyranosyl trichloroacetamidate
(11)

To a solution of 10 (2.28 g, 4.85 mmoal) in dry CH.Cl, (30 mL) at 0 °C, DBU (0.32 mL, 2.13
mmol) and trichloroacetonitrile (2.4 mL, 24.3 mmol) were added. The mixture was stirred for 10
min at 0 °C, warmed to rt and stirred for 2h. The solvent was evaporated under vacuum and the
crude product was purified by flash column chromatography (7:3 Hex:AcOEt, v/v) to afford

compound 11 (1.94 g, 65%) as a colourless oil.

Allyl  2,3-di-O-acetyl-6-O-benzyl-4-O-tert-butyldimethylsilyl-a-D-mannopyranosyl-(1—4)-2,3-di-
O-acetyl-6-O-benzyl-a-D-mannopyranoside (12)

A suspension of 11 (1.88 g, 3.07 mmol), 8 (1.21 g, 3.07 mmol) and 4A MS in CH.Cl (30 mL)
was stirred at rt for 30 min. TMSOTf (0.556 mL, 3.07 mmol) was added at -20 °C and the mixture

was stirred until 0 °C. After 30 min, saturated NaHCO3 aqueous solution (30 mL) was added and
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the mixture was extracted with CH»>Cl» (3x10 mL). The combined organic phases were dried with
anhydrous Na SOy, filtered and concentrated under vacuum. The crude product was purified by
flash column chromatography (7:3 Hex:AcOEt, v/v) to afford compound 12 (0.174 g, 7%, a

anomer) as a colourless oil.

Allyl  2,3-di-O-acetyl-6-O-benzyl-a-D-mannopyranosyl-(1—4)-2,3-di-O-acetyl-6-O-benzyl-a-D-
mannopyranoside (13)

A suspension of 11 (1.88 g, 3.07 mmol), 8 (1.21 g, 3.07 mmol) and 4A MS in dry CH.Cl, (30
mL) was stirred at rt for 30 min. TMSOTf (0.556 mL, 3.07 mmol) was added at -20 °C and the
mixture was stirred until 0 °C. After 30 min, saturated NaHCO3; aqueous solution (30 mL) was
added and the mixture was extracted with CH»Cl, (3x10 mL). The combined organic phases were
dried with anhydrous Na,SOsu, filtered and concentrated under vacuum. The crude product was
purified by flash column chromatography (7:3 Hex:AcOEt, v/v) to afford compound 13 (1.88 g,

84%, a anomer) as a colourless oil.

Allyl 2,3,4-tri-O-acetyl-6-O-benzyl-a-D-mannopyranosyl-(1—4)-2,3-di-O-acetyl-6-O-benzyl-a-D-
mannopyranoside (14)

To a solution of 13 (0.98 g, 1.34 mmol) in dry pyridine (8 mL) at 0 °C, acetic anhydride (194
uL, 2.05 mmol) and a catalytic amount of DMAP were added. The mixture was stirred at 0 °C for
5 min and warmed to rt. After 2 h, the mixture was quenched with water (5 mL) and extracted
with AcOEt (3x10 mL). The combined organic layers were dried with anhydrous Na>SQOyg, filtered
and the concentrated under vacuum. The crude product was purified by flash column
chromatography (7:3 Hex:AcOEt, v/v) to afford compound 14 (0.92 g, 89%, a anomer) as a

colourless oil.

2,3,4-tri-O-acetyl-6-O-benzyl-a-D-mannopyranosyl-(1—4)-2,3-di-O-acetyl-6-O-benzyl-a-D-
mannopyranoside (15)

To a solution of 14 (0.92 g, 1.19 mmol) in dry methanol (17.5 mL), PdCl, (42.2 mg, 0.238
mmol) was added. The mixture was stirred at rt for 2 h and then the mixture was filtered through
celite and washed with methanol. The filtrate was concentrated under vacuum and purified by
flash column chromatography (7:3 to 1:1 Hex:AcOEt, v/v) to afford compound 15 (0.778 g, 89%,

0 anomer) as a colourless oil.

2,3,4-tri-O-acetyl-6-O-benzyl-a-D-mannopyranosyl-(1—4)-2,3-di-O-acetyl-6-O-benzyl-a-D-
mannopyranosyl trichloroacetamidate (16)

To a solution of 15 (0.693 g, 0.945 mmol) in dry CH2CI2 (6 mL) at 0 °C, DBU (62 pL, 0.416
mmol) and trichloroacetonitrile (0.474 mL, 4.73 mmol) were added. The mixture was stirred for

10 min at 0 °C, warmed to rt and stirred for 2 h. The solvent was evaporated under vacuum and
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the crude product was purified by flash column chromatography (6:4 Hex:AcOEt, v/v) to afford

compound 16 (0.666 g, 80%) as a colourless oil.

Allyl 2,3,4-tri-O-acetyl-6-O-benzyl-a-D-mannopyranosyl-(1—4)-2,3-di-O-acetyl-6-O-benzyl-a-D-
mannopyranosyl-(1—4)-2,3-di-O-acetyl-6-O-benzyl-a-D-mannopyranosyl-(1—4)-2,3-di-O-
acetyl-6-O-benzyl-a-D-mannopyranoside (17)

A suspension of 16 (0.597 g, 0.68 mmol), 13 (0.497 g, 0.68 mmol) and 4A MS in dry CHCl,
(15 mL) was stirred at rt for 30 min. TMSOTf (0.123 mL, 0.68 mmol) was added at -20 °C and the
mixture was stirred until 0 °C. After 30 min, saturated NaHCO3; aqueous solution (10 mL) was
added and the mixture was extracted with CH»Cl, (3x10 mL). The combined organic phases were
dried with anhydrous Na,SOsu, filtered and concentrated under vacuum. The crude product was
purified by flash column chromatography (7:3 Hex:AcOEt, v/v) to afford compound 17 (0.798 g,

80%, a anomer) as a colourless oil.

Allyl 6-O-benzyl-a-D-mannopyranosyl-(1—4)-6-O-benzyl-a-D-mannopyranosyl-(1—4)-6-O-
benzyl-a-D-mannopyranosyl-(1—4)-6-O-benzyl-a-D-mannopyranoside (18)

To a solution of 17 (0.798 g, 0.55 mmol) in MeOH (7 mL), MeONa (17.8 mg ,0.33 mmol) was
added. After complete conversion of the starting material, previously activated Dowex H* resin
was added until neutral pH. After filtration with MeOH, the solvent was removed under vacuum to

give compound 18 (0.561 g, quantitative, a anomer) as a colourless oil.

Propyl a-D-mannopyranosyl-(1—4)-a-D-mannopyranosyl-(1—-4)-a-D-mannopyranosyl-(1—-4)-
a-D-mannopyranoside (1)

Compound 18 (0.520 g, 0.51 mmol) in AcOEt/EtOH (2:1 — 3 mL) was hydrogenated at 50 psi
in the presence of Pd/C 10% (0.25 equiv). After 7 h, the reaction mixture was filtered through
celite and the solvent was removed under vacuum to afford compound 1 (0.179 g, 52%, a

anomer) as a viscous colourless foam.

Allyl 2,3,4-tri-O-acetyl-6-O-benzyl-a-D-mannopyranosyl-(1—4)-2,3-di-O-acetyl-6-O-benzyl-a-D-
mannopyranosyl-(1—4)-2,3-di-O-acetyl-6-O-benzyl-a-D-mannopyranose (19)

A suspension of 11 (78.8 mg, 0.13 mmol), 13 (94 mg, 0.13 mmol) and 4A MS in dry CH.Cl>
(3 mL) was stirred at rt for 30 min. TMSOTTf (23.3 pL, 0.13 mmol) was added at -20 °C and the
mixture was stirred until 0 °C. After 30 min, saturated NaHCO3; aqueous solution (10 mL) was
added and the mixture was extracted with CH>Cl, (3x10 mL). The combined organic phases were
dried with anhydrous Na»SO,, filtered and concentrated under vacuum. The crude product was
purified by flash column chromatography (7:3 Hex:AcOEt, v/v) to afford compound 19 (92 mg,

67%, a anomer) as a colourless ail.
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Allyl 6-O-benzyl-a-D-mannopyranosyl-(1—4)-6-O-benzyl-a-D-mannopyranosyl-(1—-4)-6-O-
benzyl-a-D-mannopyranoside (20)

To a solution of 19 (70 mg, 0.108 mmol) in MeOH (2 mL), MeONa (2.12 mg, 39.3 pymol) was
added. After complete conversion of the starting material, previously activated Dowex H* resin
was added until neutral pH. After filtration with MeOH, the solvent was removed under vacuum to

give compound 20 (46 mg, 87%, a anomer) as a colourless oil.

Propyl-a-D-mannopyranosyl-(1—4)-a-D-mannopyranosyl-(1—4)-a-D-mannopyranoside (2)
Compound 20 (46 mg, 56.4 ymol) in AcOEt/EtOH (2:1 — 3 mL) was hydrogenated at 50 psi in

the presence of Pd/C 10% (0.25 equiv). After 7 h, the reaction mixture was filtered through celite

and the solvent was removed under vacuum to afford compound 2 (30 mg, quantitative, a

anomer) as a viscous colourless foam.

Allyl 4,6-O-benzylidene-3-O-methyl-a-D-mannopyranoside (21)

To a solution of 6 (7.2 g, 23.4 mmol) in dry methanol (30 mL), dibutyltin oxide (6.7 g, 26.9
mmol) was added. The mixture was stirred under reflux for 3 h and the solvent was removed under
vacuum. The crude product was re-dissolved in dry DMF (45 mL) and iodomethane (7.3 mL, 117
mmol) was added and the mixture was heated at 50 °C, overnight. The solvent was first removed
under vacuum, then the mixture was re-dissolved in CH2Cl, (30 mL) and the white solid formed
was filtered. The solvent was removed under vacuum and the reaction mixture was purified by
flash column chromatography (7:3 to 1:1 Hex:AcOEt, v/v) to afford compound 21 (4.83 g, 58%,

a anomer) as a yellow oail.

Allyl 2,4-di-O-acetyl-4,6-O-benzylidene-3-O-methyl-a-D-mannopyranoside (22)

To a solution of 21 (4.39 g, 13.6 mmol) in dry pyridine (30 mL) at 0 °C, distilled acetic anhydride
(1.93 mL, 20.4 mmol) and a catalytic amount of DMAP were added. The mixture was stirred at 0
°C for 5 min and warmed to rt. After 2 h, the mixture was quenched with water (30 mL) and
extracted with ACOEt (3x30 mL). The combined organic layers were dried with Na>SOs, filtered
and the concentrated under vacuum. The crude product was purified by flash column
chromatography (7:3 Hex:AcOEt, v/v) to afford compound 22 (4.52 g, 92%, o anomer) as a

colourless ail.

Allyl 2-O-acetyl-6-O-benzyl-3-O-methyl-a-D-mannopyranoside (23)

To a solution of 22 (4.5 g, 12.4 mmol) in dry THF (35 mL) at 0 °C, NaBH3sCN (9.36 g, 0.15 mol)
was added. The mixture was stirred at 0 °C, and a solution of HCl in dry EtoO (51 mL, 1M) was
added dropwise until the reaction was completed by TLC. The solvent was removed under
vacuum, re-dissolved in water (20 mL) and extracted with CH>Cl» (3x20 mL). The combined

organic layers were dried with Na,SO., filtered and concentrated under vacuum. The crude
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product was purified by flash column chromatography (7:3 to 1:1 Hex:AcOEt, v/v) to afford

compound 23 (3.54 g, 78%, a anomer) as a colourless oil.

Allyl 2-O-acetyl-6-O-benzyl-4-O-tert-butyldimethylsilyl-3-O-methyl-a-D-mannopyranoside (24)
To a solution of 23 (4.37 g, 11.9 mmol) in dry dichloromethane (0 mL) at 0 °C, dry DIPEA (5.8
mL, 33.3 mmol) and TBDMSOTf (3 mL, 13.1 mmol) were added sequentially. The mixture was
stirred for 90 min at 0 °C. TLC (7:3 Hex:AcOEt, v/v) indicated that the reaction was completed.
The mixture was washed with an aqueous solution of NaHCO3 (saturated) and extracted with
CHCl,. The organic layer was dried with Na>SQ4, filtered and concentrated. Purification of the
reaction crude by flash column chromatography (eluent from 100% (v/v) Hex to 9:1 Hex:AcOEt,

v/v) afforded 24 (3.65 g, 64%, a anomer) as a colourless oil.

2-O-acetyl-6-O-benzyl-4-O-tert-butyldimethylsilyl-3-O-methyl-a-D-mannopyranoside (25)

To a solution of 24 (3.2 g, 6.65 mmol) in dry methanol (30 mL), PdCl, (0.236 g, 1.33 mmol)
was added. The mixture was stirred at rt for 2 h and then the mixture was filtered through celite
and washed with methanol. The filtrate was concentrated under vacuum and purified by flash
column chromatography (7:3 to 1:1 Hex:AcOEt, v/v), to afford compound 25 (1.47 g, 50%, a

anomer) as a colourless oil.

2-O-acetyl-6-O-benzyl-4-O-tert-butyldimethylsilyl-3-O-methyl-a-D-mannopyranoside
trichloroacetamidate (26)

To a solution of 25 (0.714 g, 1.62 mmol) in dry CH2Cl, (7 mL) at 0 °C, DBU (110 L, 0.71
mmol) and trichloroacetonitrile (0.474 mL, 4.73 mmol) were added. The mixture was stirred for
10 min at 0 °C, warmed to rt and stirred for 2 h. The solvent was evaporated under vacuum and
the crude product was purified by flash column chromatography (8:2 Hex:AcOEt, v/v) to afford

compound 26 (0.54 g, 57%) as a colourless oil.

Allyl 2,4-di-O-acetyl-6-O-benzyl-3-O-methyl-a-D-mannopyranoside (27)

To a solution of 23 (1.72 g, 4.68 mmol) in dry pyridine (5 mL) at 0 °C, acetic anhydride (0.66
mL, 7.02 mmol) and a catalytic amount of DMAP were added. The mixture was stirred at 0 °C for
5 min, warmed to rt and stirred for 90 min. The mixture was quenched with water (20 mL) and
extracted with AcOEt (3x20 mL). The combined organic layers were dried with Na>SQOg, filtered
and concentrated under vacuum. The crude product was purified by flash column

chromatography (7:3 Hex:AcOEt, v/v) to afford 27 (1.26 g, 83%, a anomer) as a colourless oil.
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2,4-Di-O-acetyl-6-O-benzyl-3-O-methyl-(a/B)-D-mannopyranoside (28)

To a solution of 27 (1.23 g, 3.02 mmol) in dry methanol (10 mL), PdCl, (0.107 g, 0.604 mmol)
was added. The mixture was stirred at rt for 2 h and then the mixture was filtered through celite
and washed with methanol. The filtrate was concentrated under vacuum and purified by flash
column chromatography (7:3 to 1:1 Hex:AcOEt, v/v) to afford compound 28 (0.99 g, 89%, a

anomer) as a colourless oil.

2,4-Di-O-acetyl-6-O-benzyl-3-O-methyl-a-D-mannopyranosyl trichloroacetamidate (29)

To a solution of 28 (0.96 g, 2.6 mmoal) in dry CH>Cl, (10 mL) at 0 °C, DBU (0.171 mL, 1.14
mmol) and trichloroacetonitrile (1.3 mL, 13 mmol) were added. The mixture was stirred for 10 min
at 0 °C, warmed to rt and stirred for 2 h. The solvent was evaporated under vacuum and the crude
product was purified by flash column chromatography (7:3 Hex:AcOEt, v/v) to afford compound

29 (1.27 g, 70%) as a colourless oil.

Allyl  2-O-acetyl-6-O-benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-2-O-acetyl-6-O-benzyl-3-
O-methyl-a-D-mannopyranoside (30)

A suspension of 26 (0.51 g, 0.87 mmol), 23 (0.35 g, 0.87 mmol) and 4A MS in dry CH.Cl (30
mL) was stirred at rt for 30 min. TMSOTf (0.16 mL, 0.87 mmol) was added at -20 °C and the
mixture was stirred until 0 °C. After 30 min, saturated NaHCO3; aqueous solution (30 mL) was
added and the mixture was extracted with CH»Cl, (3x10 mL). The combined organic phases were
dried with anhydrous Na,SOsu, filtered and concentrated under vacuum. The crude product was
purified by flash column chromatography (7:3 Hex:AcOEt, v/v) to afford compound 30 (0.274 g,

48%, a anomer) as a colourless oil.

Allyl 2,4-di-O-acetyl-6-O-benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-2-O-acetyl-6-O-
benzyl-3-O-methyl-a-D-mannopyranoside (31)

A suspension of 29 (0.91 g, 1.77 mmol), 23 (0.65 g, 1.77 mmol) and 4A MS in CH,Cl, (10 mL)
was stirred at rt for 30 min. TMSOTf (319 L, 1.77 mmol) was added at -20 °C and the mixture
was stirred until 0 °C. After 30 min, saturated NaHCO3 aqueous solution (10 mL) was added and
the mixture was extracted with CH»Cl, (3x10 mL). The combined organic phases were dried with
Na,SOq, filtered and concentrated under vacuum. The crude product was purified by flash column
chromatography (7:3 Hex:AcOEt, v/v) to afford compound 31 (0.81 g, 65%, o anomer) as a

colourless ail.

2,4-Di-O-acetyl-6-O-benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-2-O-acetyl-6-O-benzyl-3-
O-methyl-a-D-mannopyranose (32)

To a solution of 31 (0.78 g, 1.09 mmol) in MeOH (5 mL), PdCl, (38.7 mg ,0.22 mmol) was
added. After 2 h at rt, the mixture was filtered through celite and washed with MeOH. The crude
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product was purified by flash column chromatography (1:1 Hex:AcOEt, v/v) to afford compound

32 (0.54 g, 73%, a anomer) as a colourless oil.

2,4-Di-O-acetyl-6-O-benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-2-O-acetyl-6-O-benzyl-3-
O-methyl-a-D-mannopyranosyl trichloroacetamidate (33)

To a solution of 32 (0.59 g, 0.87 mmol) in dry CH2Cl, (7 mL) at 0 °C, DBU (110 pL, 0.71 mmol)
and trichloroacetonitrile (0.474 mL, 4.73 mmol) were added. The mixture was stirred for 10 min
at 0 °C, warmed to rt and stirred for 2 h. The solvent was evaporated under vacuum and the crude
product was purified by flash column chromatography (8:2 Hex:AcOEt, v/v) to afford compound
33 (0.504 g, 68%) as a colourless oil.

Allyl 2,4-di-O-acetyl-6-O-benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-2-O-acetyl-6-O-
benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-2-O-acetyl-6-O-benzyl-3-O-methyl-a-D-
mannopyranosyl-(1—4)-2-O-acetyl-6-O-benzyl-3-O-methyl-a-D-mannopyranoside (34)

A suspension of 33 (0.304 g, 0.371 mmol), 30 (0.25 g, 0.371 mmol) and 4A MS in dry CH.Cl,
(8 mL) was stirred at rt for 30 min. TMSOTf (70 pL, 0.371 mmol) was added at -30 °C and the
mixture was stirred until 0 °C. After 30 min, saturated NaHCO3; aqueous solution (10 mL) was
added and the mixture was extracted with CH2Cl. (3x10 mL). The combined organic phases were
dried with anhydrous Na>SQsy, filtered and concentrated under vacuum. The crude product was
purified by flash column chromatography (7:3 Hex:AcOEt, v/v) to afford compound 34 (0.423 g,

86%, a anomer) as a colourless oil.

Allyl 6-O-benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-6-O-benzyl-3-O-methyl-a-D-
mannopyranosyl-(1—4)-6-O-benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-6-O-benzyl-3-O-
methyl-a-D-mannopyranoside (35)

To a solution of 34 (408 mg, 0.304 mmol) in MeOH (5 mL), MeONa (9.84 mg, 0.18 mmol) was
added. After complete conversion of the starting material, previously activated Dowex H* resin
was added until neutral pH. After filtration with MeOH, the solvent was removed under vacuum to

give compound 35 (285 mg, 84%, a anomer) as a colourless oil.

Propyl 3-O-methyl-a-D-mannopyranosyl-(1—4)-3-O-methyl-a-D-mannopyranosyl-(1—4)-3-O-
methyl-a-D-mannopyranosyl-(1—4)-3-O-methyl-a-D-mannopyranoside (3)

Compound 35 (246 mg, 219 umol) in AcOEt/EtOH (2:1 — 3 mL) was hydrogenated at 50 psi
in the presence of Pd/C 10% (0.25 equiv). After 7 h, the reaction mixture was filtered through
celite and the solvent was removed under vacuum to afford compound 3 (160 mg, quantitative, a

anomer) as a viscous colourless foam.
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Allyl 2,4-di-O-acetyl-6-O-benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-2-O-acetyl-6-O-
benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-2-O-acetyl-6-O-benzyl-3-O-methyl-a-D-
mannopyranoside (36)

A suspension of 30 (207 mg, 0.252 mmol), 23 (92.4 mg, 0.252 mmol) and 4A MS in dry CH.Cl,
(4 mL) was stirred at rt for 30 min. TMSOTTf (45.7 L, 0.13 mmol) was added at -30 °C and the
mixture was stirred until 0 °C. After 30 min, saturated NaHCO3; aqueous solution (10 mL) was
added and the mixture was extracted with CH2Cl, (3x10 mL). The combined organic phases were
dried with anhydrous NazSO., filtered and concentrated under vacuum. The crude product was
purified by flash column chromatography (7:3 Hex:AcOEt, v/v) to afford compound 36 (219 mg,

85%, a anomer) as a colourless oil.

Allyl 6-0O-benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-6-O-benzyl-3-O-methyl-a-D-
mannopyranosyl-(1—4)-6-O-benzyl-3-O-methyl-a-D-mannopyranoside (37)

To a solution of 36 (111 mg, 0.108 mmol) in MeOH (2 mL), MeONa (3.5 mg, 65 ymol) was
added. After complete conversion of the starting material, previously activated Dowex H* resin
was added until neutral pH. After filtration with MeOH, the solvent was removed under vacuum to

give compound 37 (70 mg, 76%, a anomer) as a colourless oil.

Propyl 3-O-methyl-a-D-mannopyranosyl-(1—4)-3-O-methyl-a-D-mannopyranosyl-(1—4)-3-O-
methyl-a-D-mannopyranoside (4)

Compound 37 (50 mg, 58.3 ymol) in AcOEt/EtOH (2:1 — 3 mL) was hydrogenated at 50 psi in
the presence of Pd/C 10% (0.25 equiv). After 7 h, the reaction mixture was filtered through celite
and the solvent was removed under vacuum to afford compound 4 (37 mg, quantitative, a

anomer) as a viscous colourless foam.

2.4. Substrate specificity of ManT

The substrate specificity of ManT was determined using guanosine diphosphomannose (GDP-
mannose), guanosine diphosphoglucose (GDP-glucose, Sigma), guanosine diphosphofucose
(GDP-fucose, Carbosynth), mannose-1-phosphate (M1P) and mannose-6-phosphate (M6P,
Sigma) as possible donors and D-glucose, D-mannose (Man), 3-O-methyl-D-glucose, methyl D-
glucose, methyl D-mannose (Sigma), maltose, maltotetraose, maltotriose (Carbosynth), 4o-
mannobiose (Many, Dextra), 3-O-methyl-mannose (sMetMan, synthesis described in chapter 4),
3,3’-di-O-methyl-4a-mannobiose (sMetMan,, synthesis described in chapter 4), 1,3,3’-tri-O-
methyl-4a-mannobiose (sMetssMan,, synthesis described in chapter 4), sMans, sMetMans,
sMans, sMetMan, (all synthesized at ITQB NOVA), 43-mannobiose (3-Man,, Carbosynth), 44-

mannotriose (f-Mans) and 4B-mannotetraose (B-Man., Megazyme) as possible acceptors groups.
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Biological substrates available were also tested: the polymethylated polysaccharide MGLP and its
deacylated form MGP (obtained by Ana Maranha) and the enzymatic products of MmpH (a-d,
chapter 2).

The reaction mixtures containing pure ManT (2.1 uM), 25 mM BTP pH 7.5, 5 mM of donor
substrates and 5 mM of acceptor substrates were incubated at 37 °C for 2 h. Product formation
was monitored by TLC on silica gel 60 plates (Merck) with a solvent system composed of
butanol:ethanol:water (4:4:2, v/v/v) and stained by spraying with a-naphtol-sulfuric acid solution,
followed by charring at 120 °C (Jacin and Mishkin, 1965).

2.5. Biochemical characterization

Biochemical properties of ManT activity were examined by a discontinuous method through
indirect quantification of the GDP released, as previously described (Mendes et al., 2010). A
series of discontinuous assays were performed to determine the pH and temperature profiles and
the effect of divalent cations, salt (NaCl) and detergent (Triton X-100) on ManT activity. The
assays were initiated by the addition of ManT (0.52 uM) to reaction mixtures containing the
appropriate buffer (50 mM), 1.5 mM sMetMany, 2.5 mM GDP-mannose, 5 mM MgCly, 0.1% (v/v)
Triton X-100 and 25 mM NaCl. Cooling on ethanol-ice stopped the reaction and inactivation of
the enzyme was achieved by sequential addition of 1.25 pL of 5 N HCl and 1.25 uL of 5 N NaOH.
After this, the quantification mixture containing 2 mM phosphoenolpyruvate (PEP), 2.5 mM KCI,
800 uM NADH (Sigma) and 1 unit (U) of pyruvate kinase and lactate dehydrogenase (PK/LDH,
Sigma) was added. The reactions were incubated at 37 °C for 15 min and the absorbance at 340
nm registered.

The effect of pH was determined at 37 °C in 50 mM BTP (pH 6.5 to 9.0) or CAPSO (pH 9.0 to
10.0) buffers and the temperature profile was determined between 20 and 55 °C in 50 mM BTP
pH 8.5. The effect of divalent cations on enzyme activity was examined by incubating the reaction
mixture with the chloride salts of Mg?*, Mn?*, Ca?*, Cu?*, Fe?*, Co?", Zn®** (5 mM) and without
cations, or in the presence of 10 mM EDTA, at 37 °C for 30 min. These reactions were analysed
by TLC as described above and ManT activity was quantified in the presence of MgCl, at
concentrations between 0.1 and 20 mM. The influence of NaCl and Triton X-100 on ManT activity
was measured with 0 to 50 mM NaCl and 0 to 0.5% (v/v) Triton X-100. All experiments were

performed in triplicate.

2.6. Kinetic parameters

The kinetic parameters for ManT activity were determined under optimal conditions at 37 °C
using a continuous method. The assays were performed in 96-well microtiter plates and reaction
mixtures were prepared with 50 mM BTP pH 8.5, 7.5 mM MgCl,, 5 mM NaCl, 0.1% (v/v) Triton
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X-100, 2 mM PEP, 800 uM NADH, 2.5 mM KCl and 1 U PK/LDH. Reactions were initiated by the
addition of enzyme (0.52 uM) and product formation was monitored by measuring the amount of
GDP released at 340 nm.

The K and Vmax values for GDP-mannose, sMetMans or sMans were determined using a fixed
saturating concentration of GDP-mannose donor (2.5 mM in assays with sMetMans and 5 mM in
sMany reactions) and of sMetMan, or sMan4 acceptors (1.5 mM for sMetMan, and 2.5 mM for
sMan.). All experiments were performed in triplicate with appropriate controls (reactions without
ManT or only with GDP-mannose) to ensure that the quantified GDP resulted of ManT activity and
not of substrate degradation. Kinetic parameters were calculated with GraphPad Prism software
(version 5.00).

2.7. Examining possible hydrolytic properties of ManT

In certain conditions, many glycosyltransferases can hydrolyse their own donor substrates
during the glycosylation reaction (Lairson et al., 2008). This ability was analysed in the presence
of ManT with reactions in the absence of acceptors and it was both qualitatively analysed by TLC
and quantified by continuous method, as described above. The substrates used were: GDP-
mannose, GDP-glucose, GDP-fucose, M1P and M6P.

2.8. Analysis of reaction products by MS

For the analysis of reaction products of MetMans and Mans by MS, compounds were
separated from the reaction components by TLC as previously described (Maranha et al., 2015).
The products were produced in 1 mL reactions with 50 mM BTP pH 8.5, 2.5 mM GDP-mannose,
1.5 mM sMetMans or 2.5 mM sMans, 7.5 mM MgCl, and 13 nM ManT, for 2 h at 37 °C. The
reactions were spotted on TLC plates and separated with a solvent system composed of
butanol:ethanol:water (4:4:2, v/v/v). After staining the marginal lanes of the TLC plates and
identifying the product spots, the corresponding region in the inner unstained lanes of the TLC
plate were scraped and each product extracted from silica gel using ultrapure water.

The isolated samples were analysed by MS at the CNC/UC Proteomics Facility. Each sample
was suspended and/or diluted with a solution containing 50% (v/v) acetonitrile and analysed in
Triple TOF™ 5600 or Triple TOF™ 6600 System (Sciex) by direct infusion. The flow rate was set
to 10 pyL/min and the ionization source (ESI DuoSpray™ Source) was operated in the positive
mode (ion spray voltage of 5500 V) and negative mode (ion spray voltage of -4500 V), 25 psi for
nebulizer gas 1 (GS1), 25 psi for the curtain gas (CUR). The acquisition was performed in full scan

mode (TOF-MS mode) and product ions were obtained by collision energy ramping.
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2.9. ManT activity with products of MmpH

Enzymatic activity of ManT was also quantified in presence of the biological oligomannosides
produced by MmpH activity (products a-d, chapter 2) and of the synthetic mannosides through
the continuous method described above. The assays were initiated by addition of enzyme (0.52
KM) to reaction mixtures containing 50 mM BTP pH 8.5, 1.5 mM acceptor substrate, 2.5 mM
GDP-mannose, 7.5 mM MgCl,, 5 mM NaCl, 0.1% (v/v) Triton X-100, 2 mM PEP, 800 uM NADH,
2.5 mM KCl and 1 U PK/LDH. Product formation was monitored at 340 nm, as described above.

All experiments were performed in triplicate with appropriate controls.
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3. Results

3.1. Identification of ManT in the MMP cluster in M. hassiacum genome

The gene cluster identified and proposed to be involved in MMP biosynthesis has a putative
glycosyltransferase gene, whose true function we here confirmed. The M. hassiacum 1233 bp
gene (WP_005631138.1), herein designated manT, encodes a rare a-(1—4)-
mannosyltransferase with a calculated molecular mass of 48.2 kDa and a theoretical isoelectric
point of 6.58.

ManT has high amino acid sequence identity with putative glycosyltransferases present in
other NTM (>75%) and related actinobacteria that may also synthetize a similar polysaccharide,
namely Streptomyces griseus (53%) and Nocardia otitidiscaviarum (73%), although MMP has not
been detected in the latter. On the other hand, this enzyme revealed low amino acid sequence
identity (<30%) with other mannosyltransferases involved in the synthesis of mannoglycans of the
mycobacterial cell wall. However, although these mannosyltransferases transfer mannose units,
they catalyse the formation of glycosidic bonds other than the a-(1—4) linkage formed by ManT
(table 3.1, section 1), which could be the reason for their low homology with ManT. Mycobacteria
possess other glycans very similar to MMP that are also mostly linear and contain o-(1—4)-
linkages, but these are composed of glucosy!l units, which can also explain the low amino acid
sequence identity (between 28 and 33%) with two other a-(1—4)-glycosyltransferases (Rv3032
and Rv1212c) identified.

The purification of soluble and bioactive recombinant ManT was difficult and required the
addition of reducing agents (B-mercaptoethanol or DTT) and of a detergent (Triton X-100) to all
buffers throughout the purification procedures. Although the strategy to produce an enzyme
without a histidine tag, resorting to TEV protease, has not resulted, this approach allowed to purify
soluble ManT instead of a precipitated form, possibly due to presence of detergent Triton.

Approximately 2 mg of pure recombinant ManT (figure 3.2) were obtained per litre of culture.
kDa
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Figure 3.2 — SDS-PAGE analysis of the purified recombinant protein through reducing conditions.

Lane 1 —molecular weight marker; lane 2 — purified recombinant ManT from M. hassiacum.
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3.2. Chemical synthesis of 4a-oligomannosides

Since 4a-oligomannosides are commercially unavailable, four mannosides sMans (1), sMans,
(2), sMetMany (3) and sMetMans (4), each differing in selective methylation in 3-OH position, were
synthesized in order to ascertain the substrate specificity of ManT (figure 3.3). For the synthesis
of any oligosaccharide, it is necessary to establish a glycosylation reaction between two
precursors: a glycosyl donor and a glycosyl acceptor (Davis and Fairbanks, 2002). The glycosyl
donor must have in its anomeric carbon a leaving group such as a halide, trichloroacetamidate,
thioglycoside, acetate, phosphite, etc., and the glycosyl acceptor must possess a free hydroxyl
group so that it can react with the anomeric carbon of the donor (Davis and Fairbanks, 2002). As
other sugars, mannose has several hydroxyl groups with very similar reactivity, difficulting the
regioselective reaction of only one of the hydroxyl groups. Thus, the synthesis of the
oligomannosides posed three main challenges: 1) selective methylation of the 3-OH position;
2) differentiation of position C-4 for selective construction of the a-(1—4)-glycosidic bond in the
glycosyl acceptor; and 3) differentiation of the anomeric position in the glycosyl donor for

subsequent activation.
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HO HO
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Figure 3.3 — Structures of synthetic oligomannosides: sManas (1), sMans, (2), sMetMans (3) and sMetMans(4).

The synthesis of the unmethylated mannoside 7 (scheme 1) was accomplished by a process
already described (Liao and Lu, 1996; Chen and Kong, 2003; Polakova et al., 2009; Ripoll-Rozada
et al.,, 2019). The selective opening of the benzylidene acetal was performed with sodium
cyanoborohydride, affording alcohol 8 (scheme 1), which will be used as the glycosyl acceptor in
the glycosylation reaction. To obtain the glycosyl donor, the 4-OH position of alcohol 8 was
protected with TBDMSOT( in dichloromethane, followed by the removal of the allyl group using
PdCl, in methanol and the synthesis of mannosyl trichloroacetamidate 11 (scheme 1). The

glycosylation reaction between donor 11 and acceptor 8, using TMSOTT, resulted in dimannoside
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12 (totally protected) and 13 (4-OH position is free) in 7% and 84% yield, respectively (scheme
1). Using the dimannoside 13 deprotected in 4-OH position, it was possible to convert it in the
donor dimannoside 16 for the next glycosylation reaction through acetylation of the C-4, followed
by the addition of trichloroacetamidate after removal of the allyl group at the anomeric position

with 65% vyield (scheme 1).

Scheme 1
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a) Allyl alcohol, reflux, 80%; b) PhCH(OMe)s, THF, reflux, 75%: c) Ac:O, DMAP, pyridine, 88%; d) NaBHsCN,
HCI.Et:O, 0 °C, 88%; €) TBDMSOTF, DIPEA, CH.Clz, 0 °C to rt, 55%; f) PdCl,, MeOH, rt, 63%: g) CClsCN, DBU,
CH:Cly, 0 °C to rt, 65%; h) TMSOTF, CH2Clo, 4A MS, -20 °C, 80%; i) Ac:0, DMAP, pyridine, 89%; j) PAClz, MeOH,
rt, 89%; k) CCI:CN, DBU, CHCls, 0 °C 1o rt, 80%.

To prepare the tetramannoside 17, another glycosylation reaction was performed using the
trichloroacetamidate 16 and acceptor 13 with a very good yield (80%), following sequential
deprotection reactions to obtain the final sMans 1 (scheme 2). This strategy also enabled the
synthesis of the trimannoside 19 through a glycosylation reaction between trichloroacetamidate
11 and acceptor 13 (scheme 3) and the sequential removal steps of protective groups resulted in

sMans 2 (scheme 3).
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a) TMSOTf, CHzClz, 4A MS, -20 °C, 67%; b) MeONa, MeOH, 0 °C to rt, 67%; c) Hz, Pd/C, AcOEt, 50 psi, quant.

The strategies for synthesis of the methylated mannosides are similar to the procedures
adopted for the unmethylated one, but the selective introduction of the methyl group at C-3 was
necessary, after protection of position C-1 with allyl and C-4 and C-6 positions with benzylidene
acetal (scheme 4) (Ripoll-Rozada et al., 2019). In monomer 6, the methyl group was added,
followed by the acetylation of the free 2-OH group and the selective opening of the benzylidene
acetal as described above, resulting in glycosyl acceptor 23 (scheme 4). To produce the glycosyl
donor, the sugar 23 was protected at the 4-OH position using two strategies: with TBDMSOTf
and with AcOEt (Ripoll-Rozada et al., 2019), affording the intermediates 24 and 27, respectively
(scheme 4). In both donors, the allyl group was removed and the mannosyl trichloroacetamidates

26 and 29 were synthesized (scheme 4).
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Scheme 4
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a) i. Bu2SnO, MeOH, reflux; ii. Mel, DMF, 50 °C, 58%; b) Ac20, DMAP, pyridine, rt, 92%; c) NaBHsCN, HCI.Et20,
0 °C, 78%; d) TBDMSOTT, DIPEA, CH2Clz, 0 °C to rt, 64%; e) PdClz, MeOH, rt, 50%; f) CCIsCN, DBU, CH2Clz, 0
°C to rt, 57%; g) Ac20, DMAP, pyridine, rt, 83%; h) PdCl2, MeOH, rt, 89%; i) CCIsCN, DBU, CH2Clz, 0 °C to rt,
70%.

The synthesis of methylated dimannosides 30 and 31 were performed separately, using the
same acceptor 23 and trichloroacetamidate 26 and 29, respectively, in the presence of TMSOTf
(scheme 5). For the synthesis of tetramannoside sMetMans 3 (scheme 5), the methylated
dimannoside 31 was converted in a glycosyl donor and the methylated tetramannoside 34 was
synthesized using the tricloroacetamidate 33 and the acceptor 30 with a very good yield (86%,

scheme 6), followed by the deprotection steps (scheme 6).
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a) TMSOTF, CHzClz, 4A MS, -20 °C, 48%; b) TMSOTf, CH2Clz, 4A MS, -20 °C, 65%; c) PdClz, MeOH, rt, 73%;
d) CCIsCN, DBU, CH2Clz, 0 °C to rt, 68%.
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To prepare the methylated trimannoside 36, a glycosylation reaction between the donor 30
and acceptor 23 was performed and the final structure trimannoside sMetMans 4 was obtained

after the deprotection reactions (scheme 7).

Scheme 7
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a) TMSOTf, CHzClz, 4A MS, -20 °C, 85%; b) MeONa, MeOH, 0 °C to rt, 76%; ¢) Hz, Pd/C, AcOEt, 50 psi, quant.

3.3. ManT is a rare o-(1—4)-mannosyltransferase

The M. hassiacum ManT was highly specific towards the polymerization degree of the acceptor
sugar, only using trimannosides (figure 3.4 A and C) and tetramannosides (figure 3.4 B and C),
from the range of oligomannosides tested. Differentially methylated mono- and dimannosides (1-
OH and/or 3-OH) were also tested as possible acceptors, but these were not used as substrates,
in accordance to what had been already described in earlier studies (Weisman and Ballou, 1984b;

Xia et al., 2012). Indeed, ManT was more active with tetramannoside sMetMan,, followed by
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trimannoside sMetMans and, lastly, with both the corresponding unmethylated mannosides,
revealing a substantially higher preference for methylated substrates. We determined that ManT
to be six-fold more active with methylated than with unmethylated substrates (figure 3.5).
Moreover, this enzyme was very selective for mannosyl acceptors, not using different sized
maltooligosaccharides, MGP or MGLP. The enzyme was also very specific for the a-configuration
the glycosidic bonds of mannosides and did not show activity with the B-(1—4)-mannosides (-
Man,, B-Mans and B-Man.) tested.

Regarding donor group utilization, GDP-mannose was the exclusive donor substrate identified
with no other sugars being transferred from other guanosine diphosphates tested. M1P and M6P
were also tested as possible mannose donors but the enzyme was unable to transfer mannose
from these compounds. However, other NDP-mannose donors such as UDP-mannose and ADP-
mannose were not tested, because they are not commercially available. The hydrolytic properties
of ManT in the presence of these donor groups and in absence of acceptors were also tested, but

the enzyme was unable to hydrolyse them.
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Figure 3.4 — TLC analysis of ManT activity with tri- and tetramannosides. A) Reaction with sMetManas. B) Reaction
with sMetMans. C) Reaction with unmethylated sMans and sMana. Lane 1 — standard sMetMans; lane 2 — GDP-
mannose; lane 3 —ManT reaction with sMetMans; lane 4 — Ct reaction without enzyme; lane 5 — Ct reaction without
GDP-mannose; lane 6 — standard sMetMang; lane 7 — ManT reaction with sMetMans; lane 8 — Ct reaction without
enzyme; lane 9 — Ct reaction without GDP-mannose; lane 10 — standard sMans; lane 11 — standard sMans; lane
12 — ManT reaction with sMans; lane 13 — Ct reaction without enzyme; lane 14 — Ct reaction without GDP-
mannose; lane 15— ManT reaction with sMansz; lane 16 — Ct reaction without enzyme; lane 17 — Ct reaction without

GDP-mannose.
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Figure 3.5 —ManT activity tested in the presence of different 3-O-methylated and unmethylated mannosides. ManT
activity was determined by a discontinuous method through indirect quantification of the GDP released, as

described previously (Mendes et al., 2010). Error bars represent standard deviation.

3.4. Biochemical and kinetic properties of ManT

Recombinant M. hassiacum ManT was active between 20 and 55 °C with maximum activity
observed at 40 °C (figure 3.6 A). The enzyme was active between pH 6.5 and 10, showing an
activity peak at pH 8.5 in BTP buffer (figure 3.6 B). However, because the relative activity at 37
°C was about 95% of maximum activity and mycobacterial infections occur at human physiological
temperature, characterization of ManT was performed at 37 °C. ManT activity was independent
of metal ions, showing activity in the presence of EDTA, although it was significantly (~ five-fold)
improved in the presence of 7.5 mM MgCl: (figure 3.6 C). Furthermore, Triton X-100 (0.1%, v/v)
enhanced ManT activity (figure 3.6 D), which is not surprising, since this detergent was essential
to stabilize the enzyme in solution throughout all purification procedures and, most likely mimics
the hydrophobic environment found in the membrane fraction where the enzyme activity was
previously detected (Weisman and Ballou, 1984b; Xia et al., 2012). The effect of NaCl in ManT
activity was also tested. The ManT activity increased in the presence of NaCl, possibly, because

it acts a stabilizing agent (figure 3.6 E).
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Figure 3.6 — Biochemical properties of ManT with the tetramannoside acceptor sMetMana. A) Temperature profile.
B) pH dependence examined in BTP (blue) and CAPSO buffers (yellow). C) ManT activity in the presence of
MgCl.. D) Effect of Triton X-100 on ManT activity. E) Effect of NaCl on ManT activity. Error bars represent standard

deviation.

Kinetic characterization of ManT performed with varying concentrations of GDP-mannose and
with both the unmethylated and 3-O-methylated tetramannosides at 37 °C revealed that
recombinant ManT exhibited Michaelis-Menten behaviour (figure 3.7). The K. obtained for
sMetMany (0.128 + 0.026 mM) was twenty-two times lower than the value for unmethylated sMans
(2.84 £ 0.56 mM) (table 3.2) and the Vmax value was also higher for the methylated sugar, which
suggests a higher affinity and, consequently, preference of the ManT for methylated substrates.
Indeed, this is corroborated by the catalytic efficiencies (kca’Km) and enzyme turnover (Kcat)
calculated for both acceptors (0.047 + 0.001 s for sMetMan4 and 0.025 + 0.001 s for sMan.),

evidencing once again a preference of ManT for sMetMana.
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Figure 3.7 — Kinetic properties of recombinant ManT at 37 °C. A and B) Michaelis-Menten curve of ManT activity
as a function of sMetMan4 and GDP-mannose, respectively. C and D) Michaelis-Menten curve of ManT activity as
a function of unmethylated sMans and GDP-mannose, respectively. Error bars represent standard error of the

mean.

Table 3.2 — Kinetic parameters of recombinant ManT from M. hassiacum.

Substrate (umol\//rr:i);l )
sMetMany 0.128 + 0.026 1.49 + 0.054 0.047 + 0.001 0.37 +0.07
GDP-mannose | 0.269 + 0.064 1.562 + 0.08 0.048 + 0.002 0.18 + 0.04
> sMang 2.84 +0.56 0.8 +0.053 0.025 + 0.001 0.009 + 0.002
GDP-mannose 0.45+0.11 0.56 +0.031 0.017 + 0.001 0.04 +0.01

3.5. Analysis of reaction products by MS

The TLC analysis of ManT reactions with synthetic tetramannosides revealed the synthesis of
three reaction products (RP1 to RP3) in the presence of sMetMan; (figure 3.8 A) and the formation
of only two products (RP4 and RP5) with unmethylated sMan. (figure 3.8 B). Each product was
isolated, purified and analysed by MS, confirming that ManT catalyses the sequential addition of
mannose units to its substrates. lons assigned to RP1, RP2 and RP3 products are in the [M+Na]*
form (figure 3.9 A-C and table 3.3) and correspond to oligomannosides with one, two and three

additional mannoses when compared to the original substrate (sMetMans), which confirms the
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formation of penta- (figure 3.9 A), hexa- (figure 3.9 B) and heptamannosides (figure 3.9 C).
Regarding the reaction products obtained with unmethylated sMans, it was only possible to
confirm the identity of the RP4 product by MS due to very poor ionization of the RP5 product. RP4
corresponds to the [M+Na]* ion, which coincides with the addition of one mannose to
unmethylated sMany, yielding a pentamannoside (figure 3.9 D). However, differences in one
mannose unit are easily distinguishable in TLC analysis (figure 3.8 B), especially by comparison
with the sequentially added mannoses at sMetMans. Thus, we can assume that the same
sequential mannose additions occur in the presence of sMans and, consequently, RP5 would be

the product of two added mannoses to sMans, forming a hexamannoside.
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Figure 3.8 — TLC analysis of ManT activity with the tetramannosides sMetMans and unmethylated sMana.
A) Reactions with sMetMana. B) Reactions with unmethylated sMana. Lane 1 — standard sMetMany; lane 2 — GDP-
mannose; lane 3 — ManT reaction with sMetMana; lane 4 — Ct reaction without enzyme; lane 5 — Ct reaction without
GDP-mannose; lane 6 — standard unmethylated sMana; lane 7 — ManT reaction with sMans; lane 8 — Ct reaction
without enzyme; lane 9 — Ct reaction without GDP-mannose. RP1 to RP5 correspond to ManT products obtained

in the presence of either synthetic tetramannosides.

Table 3.3 — Exact masses and corresponding spectra peaks and ions of ManT reaction products and MS/MS

fragmentation.

Exact . Spectrum Exact . Spectrum
Molecules mass ['\(/lr:;lzz;] peak Molecules mass ['\(Ar;y;] peak
(g/mol) (m/z) (g/moal) (m/z)
MetMan; 41219 | 43518 | 435.19 Ma”iﬁ'\ﬂ%t)'\"a”“ 1250.49 | 1273.48 | 1273.48
MetMans 588.26 611.25 611.26 Man:z 384.17 407.16 407.15
MetMana 764.33 787.32 787.33 Mansz 546.22 569.21 569.20
Ma“gg"lf}')v'a”“ 92638 | 94937 | 949.39 Mans 70827 | 73126 | 73125
Manz-MetMans Mans
(RP2) 1088.44 1111.43 1111.43 (RP4) 870.32 893.31 893.31

[ 7]



Chapter 3: A key a-(1—4)-mannosyltransferase for elongation of mycobacterial MMP

fed OH on

How OH oH
HO 0 /4

O9Zme0

.
b
=

SN

[
b
=

RP1

Intensity

o
o
=

@
F

[1=1]
A0 a0 780 800 350 300 90 1000 1060

MassChage, Da

OH oH

18000 H

16000 HHOOm OH oH

14000 o 0, OH oH

HO 0 /4

a0 OZme0 RP2
10000 O~ 111,407

8000
£000
4000
2000

0 l\:l n lL.Ll.Ium " n.“| i " (o ad - el l.m

850 §0 50 700 70 800 850 300 ) 0 1m0 1 1950
Mass/Charge, Da

4t}

Intens

30ed OH oH

HO O
30ed HO OH on

o 0
254 HO OH oH
o
206t HO

° OHoH
o /a4
o

Intensity

MeO

1504 O~
RP3

12734783

1.0ed

5.0ed

00ed

GO0 o0 800 500 1000 1100 1200 1300
Mazs/Charge, Da

Ted OH oy

Bt Hoﬁﬁ‘ Hon
# HO 0 /4
07 1o

Gied
(0] ~

Intensity
=
i
-

Jed
RP4
8333134

2ed

1ed

(e0 Ilaqwmmm;umuu-mumm

i E00 BA0 0 750 400 BA0 00 850
Mas2/Charge, Da

Figure 3.9 — MS analysis of purified products obtained after ManT activity with synthetic tetramannosides. A — D)
ESI-TOF spectra acquired in positive ion mode of samples RP1 to RP4. Identified in a red box for each sample is
the [M-Na]" ion. The chemical structure above each spectrum corresponds to the molecules identified in each

sample.

(7]



Chapter 3: A key a-(1—4)-mannosyltransferase for elongation of mycobacterial MMP

All ions identified as ManT reaction products were further confirmed by MS/MS fragmentation
and the spectra (figure 3.10 A-D) showed a successive loss of one mannose. In the spectra of
products RP1 to RP3, it is possible to identify the loss of unmethylated mannoses (loss of 162.05
u) and of methylated mannoses (176.07 u), whereas in product RP4 the sequential loss of 162.05

u corresponds to the loss of an unmethylated mannose (figure 3.10 A-D and table 3.3).
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3.6. ManT activity with the natural reaction products of MmpH

Recombinant M. hassiacum ManT is active with the four hydrolytic products a-d (figure 3.11
A) obtained with MmpH from purified MMP, as evidenced in a TLC with MmpH products being
consumed in the presence of ManT (figure 3.11 B). ManT preference for shorter mannosides was
examined in the presence of synthetic and biological substrates, using the chemically synthesized
mannosides (schemes 1-7) and the natural MmpH products (chapter 2). Although both sMetMans
and tetramannoside a have four methylated mannoses (figure 3.11 A), the enzyme had 20% lower
activity with tetramannoside a and obvious preference for the synthetic sMetMan, and the five
methyl mannose-containing product b (figure 3.12). Furthermore, ManT had low activity with

product d and similar low activity with the synthetic unmethylated substrates (sMan4 and sMans).

Tveo 1, 1 Ct+- 2 Ct- 3 Ct 4 Ct
Figure 3.11 — A) Structure of MmpH products a-d with MMP as substrate. B) TLC analysis of ManT activity with
MmpH products as substrates (a-d). Lane 1 — ManT reaction with product a; lane 2 — ManT reaction with product

b; lane 3 —ManT reaction with product c; lane 4 — ManT reaction with product d; lane Ct- — control without enzyme.
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Figure 3.12 — ManT activity with synthetic and biological (MmpH products) 4a-oligomannosides as substrates.

Error bars represent standard deviation.
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4. Discussion

A putative mannosyltransferase (ManT) is present in the gene cluster proposed to encode the
proteins responsible for MMP biosynthesis, which is, to the best of our knowledge, the only ManT
that catalyses the transfer of mannose residues with concomitant formation of C1-C4 a-glycosidic
bonds. This type of linkage between mannose units is rare in nature (Moreira and Filho, 2008),
since among the mannosides identified in plants the 3-(1—4) linkage prevails and in fungi and
bacteria mannan chains are essentially a-(1—2), a-(1—3) and a-(1—6) and branched, thus more
intricate than MMP (Shibata and Okawa, 2010; Malgas et al., 2015; Komaniecka et al., 2017).

Although the consensual definition of mannosyltransferase is an enzyme that transfers
mannose groups, the ManT identified here has low amino acid sequence identity with other known
mycobacterial mannosyltransferases as those involved in PIM, LM and LAM synthesis, which
highlights the uniqueness of the linkage described here. On the other hand, the enzymes Rv3032
and Rv1212c are a-(1—4)-glucosyltransferases known to be involved in MGLP and glycogen
biosynthesis (Stadthagen et al., 2007; Sambou et al., 2008; Kalscheuer et al., 2010) and they
transfer glucose units from NDP-glucose to an a-(1—4)-D-glucosyl nascent chain. Despite the
mechanistic resemblance, the amino acid sequence identity between these enzymes and ManT
is limited, most likely due to substantial differences in the structures of the acceptor groups
(Maranha et al., 2015). Moreover, donor group utilization is expectedly different, since ManT had
no activity with NDP-glucose, the substrate used by Rv3032 to elongate short chain maltosyl
substrates (Stadthagen et al., 2007). However, these were preliminary studies performed on cell
free extracts and there was no mention of the possible utilization of other NDP-sugars such as
GDP-mannose.

ManT transferred mannose groups from GDP-mannose to four synthetic mannosides tested,
preferentially using methylated substrates sMetMans and sMetMans. This preference was also
observed in a previous study with membrane extracts of M. smegmatis where the activity of
unmethylated tetramannoside and two tetramannosides with different methylation degrees was
compared (Xia, 2013). However, ManT was not active in the presence of mono- and
dimannosides with different combinations of methyl decorations at position 1-OH or/and 3-OH.
The kinetic parameters of enzyme activity (Km = 0.128 + 0.026 mM for sMetMan, and K, = 2.84
+ 0.56 mM for sMans) suggested a higher affinity for methylated sugars and showed that
sMetMany is in fact the preferred substrate, in accordance with previous works (Weisman and
Ballou, 1984b; Xia et al., 2012). Curiously, the biochemical properties of ManT determined in this
study were similar to those obtained by Weisman and Ballou in reactions using M. smegmatis
membrane extracts (Weisman and Ballou, 1984b), where the activity was optimal at pH 8.2 and
enhanced in the presence of MnCl,, MgCl, and CaCl, (10 mM). In our study with pure recombinant

ManT, maximum activity was obtained at pH 8.5 and it was also stimulated in the presence of 7.5
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mM of MgCl.. The addition of Triton X-100 to the purification buffers and to all enzymatic reactions
was a stabilizing element that significantly enhanced ManT activity. However, despite the fact that
the mannosylation activity had been associated to membrane extracts in previous studies
(Weisman and Ballou, 1984b; Xia et al., 2012), ManT was purified in soluble form from E. coli cell-
free extracts and used GDP-mannose as donor group, a substrate described as cytoplasmatic
mannose donor in mycobacteria (Yokoyama and Ballou, 1989). How does ManT transiently attach
to the plasma membrane remains unknown.

In addition to the synthetic substrates, this enzyme also had activity with four hydrolytic
products of MmpH, showing an equivalent relative activity with the pentamannoside b and with
synthetic sMetMan,, which was unexpected seeing that product a has the same number of
methylated mannoses and is the most similar to sMetMana. Curiously, the relative activity of ManT
with tetramannoside a was quite similar to that with sMetMans (figure 3.12). One possible reason
for these apparent discrepancies might be related to the presence of the propyl group at the
reducing end of the synthetic substrates, since this group could occupy the position of an
additional mannose inside the enzyme’s active site pocket for the acceptor, mimicking the
presence of one additional mannose. Thus, sMetMans would be recognized as a pentamannoside
by ManT and sMetMans as a tetramannoside, which would explain the similar relative activity that
pairs sMetMan, with product b and sMetMans with product a. However, the allyl group is essential
to block the reactive C1 during synthesis of substrates and despite several attempts, it was not
possible to remove it and produce deprotected tri- and tetramannosides at position 1-OH,
because sugars were cleaved possibly due to HCI production during this chemical reaction step.
This hypothesis for synthetic versus biological substrate utilization could be better understood with
the aid of the three-dimensional structure of ManT. ManT activity towards oligomannosides with
nonreducing ends, namely octamannoside d, was low and similar to the activity observed with the
synthetic unmethylated substrates sMansand sMans. The activity was not tested with product c,
because it was obtained in minute quantities, but we would expect that the result should be
identical to product d, as indicated by TLC analysis (figure 3.11 B). As these products are
biological, this approach was an attempt to mimic the in vivo activity of ManT and, despite the
unexpected preference for oligomannoside b, this result strengthens the hypothesis that this
hydrolytic product mediates a MMP recycling mechanism, in which ManT initiates the synthesis
of new MMP molecules from fragments of a pre-existing MMP hydrolysed by MmpH.

On the other hand, speculation about substrate recognition by ManT raises some questions
about the utilization of trimannosides as enzymatic acceptors in earlier studies. In the first assays,
Weisman and Ballou used a methylated trimannoside in both 1-OH and 3-OH positions and did
not verify ManT activity in membrane extracts of M. smegmatis with this compound (Weisman and

Ballou, 1984b). In a more recent study, Xia and colleagues could observe ManT activity with
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methylated trimannosides but these were synthetic substrates in which position 1-OH was
blocked by an octyl group (five extra carbons in relation to the propyl used in our study) (Xia et
al., 2012) that could also mimic one more mannose units inside the active site pocket, allowing
the enzyme to act in the presence of trimannosides. Xia and colleagues also tested a dimannoside
blocked with an octyl group that, by the same logic, could be recognized as a trimannoside,
however ManT was not active in the presence of this substrate (Xia et al., 2012). Whether this
means that a trimannoside is not a substrate for ManT, in agreement with the results of Ballou and
colleagues with membrane extracts of M. smegmatis, will require further confirmation with non-
blocked substrates more similar to the physiological mannosides and analysis of the three-
dimensional structure of the enzymes.

With MS and TLC analysis of ManT products, we observed that this enzyme can add up to
three mannoses to sMetMany, producing penta-, hexa- and heptamannosides, whereas in the
presence of sMans only two products were detected, the penta- and hexamannosides. Hence,
ManT catalyses the sequential elongation of its substrates and the its affinity towards methylated
substrate is also reflected by number of products synthetized with sMetMans. This difference in
reaction products was also observed when Xia et al. compared the products that resulted from
tetramannosides that differed only in one methylation, since when using a totally methylated
tetramannoside, it was mostly produced hexa- and heptamannosides, whereas with the
compound with a latter unmethylated mannose was formed penta- and hexamannosides (Xia et
al., 2012).

The results obtained in this study are in accordance with the mechanism recently proposed for
ManT elongation (Xia et al., 2012; Xia, 2013), where mannosylation reactions can also occur in
the absence of methyl groups at position 3-OH. However, the alternating mannosylation and
methylation hypothesis of Ballou (Weisman and Ballou, 1984a) cannot be discarded, because
ManT products longer than hexa- or heptasaccharide were not found and both oligomannosides
can be considered as precursors of MMP when compared to the eleven to fourteen mannose
units of mature MMP. Therefore, the progress of the synthesis may be dependent on methylation
of individual or a block of mannoses added, and it may be that in vivo the mannosylation reactions
are not completely dependent of methylation, but the methylation of oligomannosaccharides could
be necessary for continued ManT activity or, eventually, another mannosyltransferase could be
involved in the following elongation steps.

In summary, the second enzyme of the 4-gene cluster proposed to encode the enzymes
necessary for MMP biosynthesis was identified and characterized as a novel and unusual a-
(1—4)-ManT responsible for elongation of hydrolytic products of MmpH. Furthermore, this work
contributes to further our knowledge on MMP biosynthesis, highlighting a new mannosylation

reaction, hardly ever found in nature.
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1. Introduction

Methylation is a modification widely found in proteins, influencing protein-protein interactions,
stability, localisation and enzymatic activity and it is also commonly found in DNA and RNA
molecules, playing fundamental roles in epigenetic mechanisms such as imprinting, X-
inactivation, oncogenesis, inflammatory and immunological processes (Staudacher, 2012).
However, this modification is much less common in carbohydrates (Staudacher, 2012).

Complementing the panoply of different components of the mycobacterial cell wall, some
mycolic acids are methylated by S-adenosylmethionine (SAM)-dependent methyltransferases
(MTases) and this modification is critical for their function and structural diversity, being
associated with mycobacterial virulence (Barry lll et al., 1998). Furthermore, methylations also
occur in glycopeptidolipids (GPL) present on the cell wall, whose structural heterogeneity in
species, such as M. avium and M. intracellulare, is reflected in their colony morphology and
virulence levels (Naka et al., 2011; Staudacher, 2012).

In the Mtb H37Rv genome, circa 121 MTases were identified and about 70% of those are
SAM-dependent enzymes (Grover et al., 2016). SAM-dependent methylation represents a major
class of biological processes and includes methyl group transfer from SAM, yielding S-adenosyl-
L-homocysteine (SAH) and a methylated molecular target (Walsh et al., 2018). Twenty of the 61
MTases whose functions have been identified act on RNA or DNA, 10 are involved in the
methylation of mycolic acids and the remaining participate in diverse metabolic pathways
(Grover et al., 2016). Interestingly, opportunistic and non-pathogenic NTM possess 10-20% less
MTases than strictly pathogenic mycobacterial species (Grover et al., 2016).

Both intracellular PMPS are methylated but show different methylation patterns. In MMP, the
entire molecule is methylated in the 3-OH positions of each mannose, from the reducing end to
the main backbone, except the last mannosyl residue, and the first mannose that has an
additional methylation in the 1-OH position (Gray and Ballou, 1971; Maitra and Ballou, 1977).
MGLP is methylated in the 6-OH positions in the main backbone glucoses and also in the 3-OH
position of the last glucose (Lee, 1966; Gray and Ballou, 1971; Mendes et al., 2012). The
methylation of PMPS was proposed to be crucial for the function played by these
polysaccharides, since they were postulated to assume a helical conformation in solution,
forming a hydrophobic “tunnel” with inward facing methyl groups to stabilize the inclusion of
long-chain FA and hydroxyl groups on the exterior face (Bergeron et al., 1975). However, a
recent study suggested that, although MMP methylations are essential to bind FA, they can be
orientated to the same side as hydroxyl groups and, consequently, MMP may not assumes a
helical structure as proposed (Liu et al., 2016).

Two putative MTase genes from M. tuberculosis, Rv3030 and Rv3037c, were proposed to
be involved in MGLP biosynthesis and the disruption of the Rv3030 orthologue (MSMEG_2349)
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in M. smegmatis resulted in a phenotype with decreased MGLP levels, which confirmed its
involvement in MGLP biosynthesis. Due to the residual MGLP content found in the
AMSMEG_2349 mutant, it was postulated that a MTase compensatory activity must be present,
most likely encoded by Rv3037 (Stadthagen et al., 2007). In what concerns MMP synthesis, in
1984 Ballou and co-workers detected a MTase activity in M. smegmatis extracts and proposed
that the MMP termination of elongation was related to the decrease in affinity by the MTase to
increasingly longer substrates, giving rise to the terminal unmethylated mannose (Weisman and
Ballou, 1984a). In the cluster that we here propose to be responsible for MMP biosynthesis, two
putative MTases are present, which are possibly involved in methylation at the C3 positions in

the main backbone mannoses and at the C1 position of the MMP reducing end.
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2. Methods

2.1. Identification of genes for MTases in the MMP gene cluster

In the 4-gene cluster proposed to be responsible for the MMP biosynthetic pathway, two
putative MTases are present, both annotated as probable SAM-dependent MTases, which we
considered to encode a 1-O-methyltransferase (MeT1) and a 3-O-methyltransferase (MeT3).
Both amino acid sequences (WP_005631133.1 and WP_005631136.1) were retrieved from the

M. hassiacum genome and used in BLAST analysis (https://blast.ncbi.nim.nih.gov/Blast.cgi).

2.2. Expression and purification of the MTases

The genes encoding M. hassiacum MeT1 (WP_005631133.1) and MeT3
(WP_005631136.1) were selected for recombinant expression and the sequences were codon
optimized (GenScript) for expression in E. coli and cloned between either the Ndel and Hindlll
(for meT1) or Xhol and EcoRI (for meT3) restriction sites of the expression vector pET30a
(Novagen). Removal of the native stop codon yielded a C-terminal His6-tag MeT1, while MeT3
was expressed with a N-terminal His6-tag. Both were overexpressed in E. coli BL21 (DE3).
Briefly, E. coli cells were grown in LB medium supplemented with 50 ug/mL kanamycin at 37 °C
until ODego = 0.8, when the incubation temperature was decreased to 25 °C and recombinant
protein expression was induced by addition of 0.5 mM IPTG. After overnight growth, 3 L of cell
culture were harvested by centrifugation (9000 rpm, 15 min, 4 °C), suspended in 20 ml buffer A
(20 mM sodium phosphate pH 7.4, 0.5 M NaCl, 20 mM imidazole) and frozen at -20 °C. The cell
pellets with recombinant MeT1 were thawed (60 min on ice) in the presence of 5 pyg/mL
lysozyme, 5 ug/mL DNAse |, 5 mM MgCl,, 1 mM PMSF and EDTA-free protease inhibitor cocktail
(Roche). The cell pellets containing recombinant MeT3 were thawed on ice and 20 pg/mL
DNAse | and 5 mM MgCl, were added. The cells were disrupted by sonication on ice with three
40 Hz pulses of 20 s (10 s pause between pulses) per 7 mL of lysate. The supernatant was
clarified by centrifugation (17000 rpm, 30 min, 4 °C), filtered through a 0.45 um pore low protein
binding filter (Millipore) and loaded onto a 5 mL HisTrap HP column (GE Healthcare), equilibrated
with buffer A. The protein of interest was eluted with 200 mM imidazole in buffer B (20 mM
sodium phosphate pH 7.4, 0.5 M NaCl, 500 mM imidazole) and its purity assessed by SDS-
PAGE. Fractions containing the target protein were pooled and concentrated using a 10 kDa
molecular weight cutoff centrifugal ultrafiltration device (Millipore), flash frozen in liquid nitrogen
and stored at -80 °C. The protein content was determined with the Bradford assay kit (BioRad).
All MeT1 variants used in this study were produced and purified using the protocol followed for

the WT enzyme.
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2.3. Expression and purification of SahH

The enzymatic assay to monitor MeT1 activity (see below) was based on the activity of a
recombinant  S-adenosyl-L-homocysteine  hydrolase  (SahH) from M.  smegmatis
(MSMEG_1843) whose gene was amplified from genomic DNA previously purified with
SmartHelix DNAId Mycobacteria kit (Sekvenator, Slovenia) with KOD Hot-Start DNA polymerase
(Novagen) using forward primer 5’-TAGGATCCATGACCGAACTCAAGGCC and reverse primer
5-TATAAGCTTTCAGTAGCGGTAGTGCTCGGG that included BamH! and Hindlll restriction
sites (underlined), respectively. The amplification product was purified and cloned into pET30a
to allow translation of a N-terminal 6xHis-tagged recombinant SahH, which was produced in E.
coli BL21 (DE3) as described for MeT1. Cells were harvested 18 h post-induction by
centrifugation (9000 rpm, 15 min, 4 °C), suspended in buffer A containing 2 mg/mL DNAse |, 5
mM MgCl, and disrupted by sonication on ice with three 40 Hz pulses of 20 s (10 s pause
between pulses) per 7 mL of lysate, followed by centrifugation (17000 rpm, 30 min, 4 °C ) to
remove debris. The His-tagged recombinant SahH was purified with a 5 mL HisTrap HP column
as described for MeT1 and the purest fractions as assessed by SDS-PAGE were pooled,
dialyzed and concentrated by ultrafiltration and equilibrated with 10 mM BTP pH 7.5, 50 mM

NaCl. The protein content was determined with the Bradford assay kit (BioRad).

2.4. Chemical synthesis, purification and NMR analysis of mannosides

The synthesis of compounds 3-O-methylmannose (sMetMan), 3,3-di-O-methyl-4a-
mannobiose (sMetMan,) and 1,3,3’-tri-O-methyl-4a-mannobiose (sMets sMan,) were performed
in collaboration with M. Rita Ventura (Bioorganic Chemistry Group, ITQB NOVA, Oeiras) and
the chemical reactions and protocols required for their synthesis are described in Sequeira,
2015.

2.5. MeT1 substrate specificity

MeT1 specificity was examined using D-glucose, 3-O-methylglucose (Sigma), maltose,
maltotetraose and maltotriose (Carbosynth), D-mannose (Man), 4a-mannobiose (Man,, Dextra),
sMetMan, sMetMan, and sMet; sMan, (all synthetized at ITQB NOVA) as acceptor substrates
and S-adenosylmethionine (SAM) as donor group. Reaction containing pure enzyme MeT1 (7.9
uM), 25 mM BTP pH 7.5, 10 mM MgCl,, 3 mM SAM and 2.5 mM of each of the potential
acceptors were incubated at 37 °C for 1 h. Product formation was monitored by TLC on silica
gel 60 plates (Merck) with a solvent system composed of chloroform:methanol:water (55:40:10,
v/v/v) and stained with a-naphtol-sulfuric acid, followed by charring at 120 °C (Jacin and Mishkin,
1965).
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2.6. MeT3 substrate specificity

The substrate specificity of MeT3 was examined using Man (Sigma), Man, (Dextra), sMans
and sMans (section 2.3, chapter 3) as acceptor groups. The reaction mixtures containing pure
MeT3 (6.2 uM), 25 mM BTP pH 7.5, 5 mM MgCl,, 3 mM SAM and 2.5 mM of different sugars
were incubated 37 °C during 2 h. Product formation was monitored by TLC on silica gel 60 plates
(Merck) with a solvent system composed of chloroform:methanol:water (55:40:10, v/iv/v) and

revealed with a-naphtol solution as described above.

2.7. Biochemical characterization of MeT1 activity

MeT1 activity was measured with both discontinuous and continuous methods through
indirect quantification of released S-adenosylhomocysteine (SAH). A S-adenosylhomocysteine
hydrolase (SahH) (Lozada-Ramirez et al., 2006; Singhal et al., 2013), which was cloned and
purified as described above, converted SAH into adenosine and homocysteine and the latter
was quantified with Ellman’s reagent (Lozada-Ramirez et al., 2006) by monitoring product
formation with the increase of absorbance at 412 nm. This enzyme activity is dependent on
NAD* (Singhal et al., 2013) and has a residual activity with degraded SAM in solution. Thus, we
performed the appropriate control reactions, only with SahH, to avoid errors in enzyme activity
quantification.

A series of discontinuous assays were performed to determine the enzyme’'s pH and
temperature profiles. The assays were initiated by addition of MeT1 (3.9 uM) to reaction mixtures
containing the appropriate buffer (50 mM), 10 mM MgCl,, 2.5 mM sMetMan, and 3 mM SAM.
Cooling on ethanol-ice stopped the reaction and inactivation of the enzyme was achieved by
addition of 1.5 uL of 1 N HCI. The pH was stabilized with 50 pL of 100 mM sodium phosphate
pH 7.8, followed by addition of 500 uM NAD*, 500 uM DTNB (5,5"-dithiobis-2-nitrobenzoic acid,
Ellman’s Reagent), and 1.7 uM SahH. The reactions were incubated at 37 °C for 15 min and the
absorbance at 412 nm measured. The effect of pH was determined at 37 °C in 50 mM MES (pH
6.0 t0 6.5), BTP (pH 6.5 to 9.0), sodium phosphate (pH 7.0 to 7.8) and CAPSO (pH 9.0 to 10.0)
buffers. The temperature profile was determined between 25 and 70 °C in 50 mM sodium
phosphate pH 7.5. The influence of divalent cations on enzyme activity was examined by
incubating the reaction mixture with the chloride salts of Mg?*, Mn?*, Co?*, Fe?*, Ca®*, Cu?*, Zn?*
(2.5 mM) and without cations, or in the presence of 10 mM EDTA, at 37 °C for 1 h. The reactions
were analysed by TLC, as described above.

The MeT1 activity was quantified in the presence of MgCl, and MnCl, through a continuous
method, varying the cation concentration between 0.1-10 mM (MgCl,) and 0.1-1 mM (MnCly).
Due to the characteristic colour of Mn?* in solution, it was not possible to test equivalent

concentrations of MnCl, and MgCl.. The continuous assays were performed in 96-well microtiter
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plates and reactions mixtures were prepared with 50 mM sodium phosphate buffer pH 7.5, 2.5
mM sMetMan,, 3 mM SAM, 500 uM DTNB, 500 uM NAD" and 1.7 uM SahH. Reactions were
initiated by addition of enzyme (1.9 uyM) and product formation was monitored at 412 nm,
measuring the amount of SAH released. Control reactions were performed to account for
vestigial activity of SahH, without the presence of MeT1. All experiments were performed in

triplicate.

2.8. Kinetic parameters

The kinetic parameters for MeT1 were determined under optimal conditions at 37 and 50 °C
through continuous and discontinuous methods, respectively, due to limitations of the coupled
enzyme quantification assay (SahH) at high temperatures.

Reactions were performed in 50 mM sodium phosphate buffer pH 7.5 and 100 uM MnCl, and
initiated by the addition of MeT1 (1.97 uM at 37 °C and 0.98 uM at 50 °C). The Kmn and Vmax
values were determined for SAM and sMetMan,, using a fixed saturating concentration of each
substrate (1 mM of SAM for both temperatures and 3.5 mM and 6 mM of sMetMan, at 37 and
50 °C, respectively). All experiments were performed in triplicate with appropriated controls.

Kinetic parameters were calculated with GraphPad Prism software (version 5.00).

2.9. Analysis of reaction product by NMR

For NMR analysis of Mets sMan,, the product was obtained in 0.5 mL reactions with 50 mM
sodium phosphate pH 7.5, 100 uM MnClz, 2.5 mM sMetMan,, 2 mM SAM and 0.2 uM MeT1 at
37 °C with overnight incubation. The reactions were spotted on TLC plates and product
formation was monitored using a solvent system composed of chloroform:methanol:water
(565:40:10, v/v/v). After staining the marginal lanes of the TLC plates and identifying the product
spots, the products were obtained by scraping the corresponding region in the inner unstained
lanes of the TLC plate, followed by product extraction from the silica gel with ultrapure water
(Maranha et al., 2015). The sample was analysed by NMR in collaboration with M. Rita Ventura
(Bioorganic Chemistry Group, ITQB NOVA, Oeiras) and compared with the synthetic standard.

2.10. MeT1 activity with products of MmpH

The reaction products of MmpH were used as substrates of MeT1 activity and the results
analysed by TLC as described above (section 2.5). The products were obtained as previously
described (section 2.8, chapter 2) and the mixtures were prepared with 25 mM BTP pH 7.5, 5
mM MgCl,, 1.5 mM SAM, 2.5 mM of each hydrolytic product and 3.2 uM MeT1, incubating 2 h
at 37 °C.

[ =]



Chapter 4: Two methyltransferases of the MMP gene cluster

The activity was also quantified through a continuous method as described above (section
2.7), comparing the activity between synthetic and biological substrates. The assays were
initiated by addition of MeT1 (1.9 uM) to reaction mixtures containing 50 mM BTP pH 7.5, 1.5
mM acceptor substrate, 1 mM SAM, 100 uM MnCl,, 500 uM DTNB, 500 uM NAD* and 1.7 uM
SahH. Product formation was monitored at 412 nm, measuring the amount of SAH released. All

experiments were performed with appropriate controls.

2.11. Structure determination of MeT1 and analysis of the activity of MeT1 mutants

The structure determination of MeT1 was performed by members of the Macromolecular
Structure Group at IBMC/i3S/UP (Porto) and all procedures are described in Ripoll-Rozada et
al., 2019. To confirm the identity of the residues involved in the catalytic mechanism of the
enzyme, MeT1-E78A, MeT1-H79A and MeT1-H144A variants were created by Jorge Ripoll-
Rozada (IBMC/i3S, Porto). The activity of the three variants was analysed under the conditions
considered optimal for activity of the WT MeT1. Each reaction containing 50 mM sodium
phosphate buffer pH 7.5, 100 uM MnCl,, 3.5 mM sMetMan,, 1 mM SAM and 3.9 uM of enzyme
was incubated at 37 °C and 50 °C for 1 h. The results were monitored by TLC as described
above. The kinetic parameters were determined for the active variants H79A and E78A and
reactions were performed as described for the WT enzyme at 37 °C, using a fixed saturating
concentration of each substrate (1 mM of SAM for both variants and 2 mM and 2.5 mM of
sMetMan; for MeT1-E78A and MeT1-H79A, respectively). Reactions were initiated by adding of
enzyme (19.7 uM).

2.12. Size exclusion chromatography

The oligomeric state of WT MeT1 and of variants MeT1-E78A, MeT1-H79A, and MeT1-
H144A in solution was analysed by size exclusion chromatography (by Jorge Ripoll-Rozada,
IBMC/i3S/UP, Porto). Purified proteins (50 yL of a 40 uM solution) were loaded onto a Superdex
200 Increase 5/150 GL column (GE Healthcare) previously equilibrated with 10 mM BTP pH 7.5,
50 mM NaCl and eluted at a flow rate of 0.2 mL/min. The column was calibrated using four
molecular weight standards (GE Healthcare): ferritin (440 kDa), aldolase (158 kDa), ovalbumin
(43 kDa) and ribonuclease A (13.7 kDa).
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3. Results
3.1. Identification of the MTases in the MMP cluster

The two MTases present in the MMP cluster (blue and green genes in figure 2.3 of chapter
2) are annotated as SAM-dependent MTases and we hypothesized that these genes could
encode the enzymes involved in methylation reactions of MMP, one involved in methylation at
position 3 and the other in methylation at position 1. The first MTase gene considered to be a 1-
O-methltransferase, herein designated meT7, is a 654 bp gene (WP_005631133.1) that is
divergently oriented in relation to the other three genes in the M. hassiacum genomic cluster
(blue gene). The other MTase gene has 723 bp (WP_005631136.1) and is the third gene of the
cluster in the M. hassiacum genome (green) that was designated met3 for its anticipated
function (3-O-methylation). The enzymes were purified to homogeneity as His-tagged
recombinant proteins (figure 4.1) from E. coli cell-free extracts and MeT1 was obtained in
bioactive form, at approximately 150 mg protein per litre of culture, whereas MeT3 did not
display activity in any of the conditions tested (see below).

Both MTases have high amino acid sequence identity with other putative MTases from NTM
(>70%) and related actinobacteria, such as Streptomyces griseus and Nocardia otitidiscaviarum
(figure 2.3, chapter 2). However, they show only moderate amino acid sequence identity (30%)
with the two putative MTases, Rv3030 and Rv3037c, proposed to be involved in MGLP

biosynthesis in M. tuberculosis.
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Figure 4.1 — SDS-PAGE analysis of the purified recombinant proteins. A) Purified recombinant MeT1 from M.

hassiacum. B) Purified recombinant MeT3 from M. hassiacum. Lane M — molecular weight marker.
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3.2. Substrate specificity of MTases

The MeT3 activity was tested with unmethylated acceptors ranging from the monomers to all
tetramannosides available, but, unfortunately, this enzyme was unable to methylate the
substrates in the conditions tested (figure 4.2). Eventually, despite apparent successful
purification, this enzyme was not recovered in bioactive form, possibly because its correct folding
failed or it lacks some cofactors need for its activity (Schein, 1991). It is possible that this can
be solved through the use of other expression systems, such as expression in M. smegmatis,

since this is an organism closely related to the native M. hassiacum.

B

1.2 3 4 5 6 7 8 9 Ct10 Ct- 11 Ct- 1213 14 Ct

Figure 4.2 — TLC analysis of MeT3 activity. Lane 1 —Man; lane 2 — SMetMan; lane 3 — Many; lane 4 — SMetMan;
lane 5 — SMans; lane 6 — SMetMans; lane 7 — SAM; lane 8 — SAH; lane 9 — MeT3 reaction with Man; lane 10 —
MeT3 reaction with Manz; lane 11 — MeT3 reaction with SMans; lane 12 — SMans; lane 13 — SMetMana;

lane 14 — MeT3 reaction with SMana; lane Ct- — control without enzyme.

Regarding the other MTase in the cluster, MeT1, among the differentially methylated mono-
and dimannoside substrates tested (synthetized at ITQB NOVA figure 4.3 A), the enzyme was
very selective towards the specific position to which it transfers the methyl group. The enzyme
methylates the 1-OH position of sMetMan; yielding sMet; sMan. (figure 4.3 B, lane 8) in the
presence of SAM. The enzyme was not active towards un- or methylated monosaccharides nor
unmethylated disaccharides (figure 4.3 B), requiring the methylation at position 3-OH and at
least two mannoses to recognize the substrate. The methylation site was confirmed using

synthetic sMet; sMan; as standard by TLC as well as by '"H-NMR (figure 4.4).
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Figure 4.3 — A) Schematic representation of the structures of the mannosyl substrates synthesized at ITQB
NOVA. B) TLC analysis of MeT1 activity. Lane 1 — SMetManz; lane 2 — SMetssMang; lane 3 — SMetMan;
lane 4 — Mang; lane 5 — Man; lane 6 — SAM; lane 7 — SAH; lane 8 — MeT1 reaction with SMetManz;
lane 9 — MeT1 reaction with SMeti3sManz; lane 10 — MeT1 reaction with Many; lane 11 — MeT1 reaction with

Man; lane Ct- — control without enzyme.
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Figure 4.4 — "H-NMR spectra comparing the synthetic (red) and the natural (black) Met:,sManz synthesized by
MeT1. Figure prepared by M. Rita Ventura at ITQB NOVA and adapted from Ripoll-Rozada et al., 2019.

3.3. Biochemical and kinetic characterization of MeT1

Recombinant MeT1 displayed maximum activity between 50 and 55 °C (figure 4.5 A) and,
although MeT1 was active in vitro across a broad pH interval (pH 6.5 - 9.5), its activity peaked
at pH 7.5 with both buffers tested, BTP and sodium phosphate (figure 4.5 B). This enzyme is

dependent on divalent cations due to loss of activity in the presence of 10 mM EDTA and the
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activity is improved in the presence of 10 mM Mg?* and 100 uM Mn?* (figure 4.5 C). Inhibition is
an issue in the presence of 250 uM of MnCl, or higher, while in the presence of MgCl. it did not
show inhibition. Testing MnCl, concentrations above 1 mM was not possible, because the colour

of Mn?* at high concentrations precluded absorbance readings at 412 nm, affecting the

quantification assay.
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Figure 4.5 — Biochemical properties of recombinant M. hassiacum MeT1. A) Temperature profile. B) pH profile
with MES buffer (orange), BTP buffer (blue), sodium phosphate buffer (purple) and CAPSO (yellow). C) Effect
of divalent ions on MeT1 activity: in absence of added ions (black bar) and with MnCl2 (patterned red bars) and

MgCl2 (patterned black bars). Error bars in all graphics represent standard deviation.

The kinetic characterization of MeT1 was performed with varying concentrations of SAM and
sMetMan; at 37 and 50 °C, exhibiting a Michaelis-Menten behaviour (figure 4.5 A-D). From 37
to 50 °C, the values of Vmax and K increased seven- and six-fold, respectively, for both
substrates and the enzyme turnover at 50 °C is four-fold higher than at 37 °C. However, at both
temperatures the catalytic efficiencies (kca/Km) and enzyme turnover (kc.:) Obtained are very low
(table 4.1). This might be due to acceptor group used being a chemically synthetized compound

and probably slightly different from the enzyme’s biological substrate in vivo.
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Figure 4.6 — Kinetic properties of recombinant MeT1. A and B) Michaelis-Menten curve of MeT1 activity as a
function of sMetManz and SAM, respectively, at 37 °C. C and D) Michaelis-Menten curve of MeT1 activity as a

function of sMetMan2 and SAM, respectively, at 50 °C. Error bars represent standard error of the mean.

Table 4.1 — Kinetic parameters of recombinant MeT1 from M. hassiacum.

K K Kk /K
J. Substrate m max o °j‘/ "
(°C) (mM) (umol/min/mg) (min") (mM™".min")
sMetManz 0.25 +0.03 74.64 +2.37 0.037 + 0.001 0.15+0.02
37
SAM 0.06 +0.01 85.17 + 3.09 0.043 + 0.001 0.77 £0.14
sMetMan:2 1.561+0.19 584.7 £ 28.20 0.144 + 0.006 0.095 + 0.01
50
SAM 0.33+0.08 559.8 + 38.54 0.137 £ 0.001 0.42 +0.10

3.4. Structure of MeT1

MeT1 shows a dimeric structure in solution with a Rossmann-like fold, containing seven 3-
strands (1 to B7) that form a central predominantly parallel 3-sheet domain core, surrounded
by seven a-helices (oA to aG) (Ripoll-Rozada et al., 2019). These secondary structure elements,
mostly in an a-p-a arrangement, are connected by loops that form the exterior surface of the
protein. Through structural homology between MeT1 and other MTases, a putative catalytic
residue, His144, was identified, as well as two possible residues involved in substrate-
stabilization, His79 and Glu78. Hence, variants of each residue, MeT1-H144A, MeT1-H79A and
MeT1-E78A, were produced (by Jorge Ripoll-Rozada, IBMC/i3S, Porto) in order to validate their

functional importance. Although the H144A amino acid substitution did not alter the oligomeric
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state or secondary structure of MeT1, the catalytic activity was completely abolished (figure 4.7),
demonstrating that His144 acts as the active site base. For both MeT1-H79A and MeT1-E78A,
the amino acid substitutions led to significantly lower catalytic activity, about 85% and 87%
reduction, respectively (figure 4.7). The kinetic parameters of the mutants were also altered in
relation to the WT enzyme: the K became approximately three-fold higher for sMetMan; at 37
°C, underscoring their contribution to substrate affinity (figure 4.8 and table 4.2); and the affinity
for SAM was also affected in these variants, with a five-fold (MeT1-H79A) or nine-fold (MeT1-
E78A) decrease over MeT1 WT (figure 4.8 and table 4.2).
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Figure 4.7 — Effect of the three single amino acid substitutions on the catalytic activity of MeT1. Error bars

represent standard deviation.
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Figure 4.8 — Kinetic properties of MeT1-H79A and MeT1-E78A at 37 °C. A and B) Michaelis-Menten curve of
MeT1-H79A activity as a function of sMetMan. and SAM, respectively. C and D) Michaelis-Menten curve of
MeT1-E78A activity as a function of sMetMan2 and SAM, respectively. Error bars represent standard error of

the mean.

=]



Chapter 4: Two methyltransferases of the MMP gene cluster

Table 4.2— Kinetic parameters of MeT1-H79A and MeT1-E78A at 37 °C.

MeT1

: Substrat
variant ubsirate (mM) (umol/min/mg)
sMetMan; 0.78 +0.19 11.1+£1.08
H79A
SAM 0.005 + 0.001 9.74 + 0.41
sMetMan; 0.68 +0.25 9.35+0.68
E78A
SAM 0.033 £ 0.01 8.17 £ 0.58

3.5. MeT1 activity with reaction products of MmpH

Recombinant M. hassiacum MeT1 showed activity with only two of the four hydrolytic
products obtained with MmpH activity, the products ¢ and d as can be observed in figure 4.9.
An increase in hydrophobicity such as the addition of methyl groups makes substrates migrate
further on TLC. As can be seen in lanes 3 and 4, the migration pattern of the reaction of MeT1
using products ¢ and d as substrates is consistent with an increase in hydrophobicity when

compared to the negative control (figure 4.9 A).
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Figure 4.9 — A) TLC analysis of MeT1 activity with four MmpH hydrolytic products (a-d). B) Structure of four
products a-d obtained from MmpH activity upon MMP. Lane 1 - reaction of MeT1 with product a;
lane 2 — reaction of MeT1 with product b; lane 3 — reaction of MeT1 with product ¢; lane 4 — reaction of MeT1

with product d; lane Ct- — control without enzyme.
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As stated in chapter 2, the 1-OH position of products ¢ and d is unmodified (figure 4.9 B),
since MmpH hydrolysed the C1-C4 bond and the anomeric position is deprotected, while
products a and b possess the methyl-protected reducing end of MMP. Thus, MeT1 was able to
methylate products ¢ and d, while a and b are not used as substrates. The activity of
MeT1against synthetic sMetMan, and the two biological substrates were compared. The relative
activity of MeT1 was similar for the three compounds, with a slight preference for product d
(figure 4.10).
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Figure 4.10 — Relative activity of MeT1 in the presence of synthetic sMetManz and biological 4a-oligomannosides

obtained by MmpH hydrolytic activity. Error bars represent standard deviation.
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4. Discussion

Although MTase genes are abundant in mycobacterial genomes and several glycoconjugates
with important structural and functional roles are known to be methylated to variable extent,
several of the corresponding enzymes, including those required for MGLP and MMP
biosynthesis, await characterization. Considering the rareness of the glycosidic bonds and
methylation pattern of MMP, we sought to characterize both MTases present in the proposed
MMP genetic cluster, which are candidates for methylation of the 3-OH of the MMP main
backbone of and the 1-O-MTase required to block the MMP reducing end.

In this chapter, we identified and functionally characterized a unique MTase from M.
hassiacum, designated MeT1, which blocks the reducing end of MMP. MeT1 was able to
methylate the 1-OH position of sMetMan, but was not active towards un- or methylated
monosaccharides nor unmethylated disaccharides (figure 4.3), requiring at least two mannoses
and the methylation in position 3-OH to recognize the substrate.

The biochemical characterization of this enzyme revealed maximal activity at 50 °C (figure
4.5 A), in accordance with M. hassiacum being the most thermophilic of the known species in
this genus (Tiago et al., 2012). The activity was dependent on divalent ions and improved in the
presence of 100 uM Mn2* or 10 mM Mg?* (figure 4.5 C). The kinetic properties of the enzyme
confirmed higher affinities and reaction velocity at the highest temperature with Kn and Vinax Six
and seven-times higher when compared to 37 °C, respectively (figure 4.6 and table 4.1).
Catalytic efficiency with synthetic sMetMan, was low, probably due to slight differences in
relation to the enzyme’s biological substrate, but the minute quantities of biological products ¢
and d obtained did not allow to perform a full assessment of the kinetic parameters. Comparing
the enzymatic activity in the presence of biological products obtained from MMP hydrolysis
versus the synthetic substrate was fundamental to confirm the huge selectively of this enzyme
towards 3-OH methylated mannosides longer than two mannoses. MeT1 methylated products
¢ and d, the hydrolytic products of MmpH that have a free 1-OH group (section 3.3, chapter 2),
utilizing with very similar efficiency the biological substrates and the synthetic one. As expected,
this enzyme does not show activity with products a and b that after MMP cleavage retains the
polysaccharide’s reducing end (figure 4.9 A).

Comparison of MeT1 with its structural homologues suggested a catalytic base role for
His144 in the methyl transfer reaction. In agreement, the MeT1-H144A variant was devoid of
catalytic activity, but its affinity for the cofactor was essentially unchanged. On the other hand,
the significant impact of the MeT1-H79A and MeT1-E78A on enzymatic activity corroborate the
functional role of these residues in contributing to correct substrate orientation (Ripoll-Rozada
etal, 2019).

[101]



Chapter 4: Two methyltransferases of the MMP gene cluster

Unfortunately, the second MTase identified in the genetic cluster, MeT3, still lacks activity
confirmation, since it was purified in inactive form not able to methylate the acceptor substrates
tested. However, as MeT1 is specific for 3-O-methylated oligomannosides, a crucial possible
involvement of MeT3 in the addition of 3-OH methyl groups is anticipated.

In summary, the third enzyme of the 4-gene cluster for MMP biosynthesis was identified and

characterized as a unique 1-OH MTase responsible for blocking the reducing end of MMP.
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Tuberculosis is an ancient nightmare that remains the cause of many deaths (WHO, 2018).
Although in the last decades its prevalence has been attenuated in developed countries, in
recent years an increase of infections by opportunist nontuberculous mycobacteria (NTM) and
the synergy with diseases, such as HIV and diabetes, has intensified the urgency to fight not
only TB but all mycobacterial diseases (Behr et al., 2018; Claeys and Robinson, 2018).
Furthermore, drug resistant cases have also been increasing with some mycobacterial strains
already totally resistant to existing antibiotics (Hameed et al., 2018).

The mycobacterial cell envelope is one of the most peculiar features of these organisms that
with its meticulous arrangement of different components confers them resistance and survival
capacity in inhospitable environments, contributing to their pathogenicity and virulence (Singh
et al., 2018). Mycobacteria synthesize two unique and rare intracellular polymethylated
polysaccharides (PMPS) of 6-O-methylglucose (MGLP) and 3-O-methylmannose (MMP), which
were both proposed to modulate fatty acid metabolism and, indirectly, the assembly of cell
envelope lipids and glycoconjugates (Lee, 1966; Gray and Ballou, 1971; liton et al., 1971).
PMPS have a particular distribution across mycobacterial species: MGLP appears to be
synthetized by all known mycobacteria and MMP was only isolated from rapidly growing
mycobacteria (RGM) (Mendes et al., 2012). As such, some questions have emerged about the
importance of MMP and its possible contribution to mycobacterial fithess in the environment or
during infection. Furthermore, PMPS could be the target of new innovative therapeutic
approaches urgently needed to replace the dated and largely ineffective antibiotics in use
against NTM diseases.

The presence of MGLP in strictly pathogenic mycobacteria rendered its biosynthetic pathway
an attractive target of most studies, with some enzymes involved in the pathway already
identified through mutagenesis approaches, while others were also functionally and structurally
characterized (Stadthagen et al., 2007; Empadinhas et al., 2008; Pereira et al., 2008; Kaur et
al., 2009; Mendes et al., 2011; Alarico et al., 2014; Maranha et al., 2015; Cereija et al., 2017).
The enzymes also attracted increasing attention, because the corresponding genes had been
considered essential for M. tuberculosis growth (Sassetti et al., 2003; Griffin et al., 2011;
Mendes et al., 2012). The first studies on MMP synthesis date back from 1984 when it was
proposed that MMP polymerization would occur through alternating mannosylation and
methylation reactions, catalysed by a mannosyltransferase (ManT) and a methyltransferase
(MTase), respectively (Weisman and Ballou, 1984a, 1984b). In those studies, ManT activity was
detected in cell membrane extracts of M. smegmatis and in the presence of methylated tetra- to
dodeca-mannosides (MetssMans-MetisManq2) with a sharp decrease in affinity above
Mets sMang (Weisman and Ballou, 1984b), but smaller mannosides (<Met; sMans) were not used

as acceptors. This is not surprising, since when isolating M. smegmatis MMP the authors
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mentioned that the smallest precursors found were pentamannosides, suggesting the existence
of a separate mechanism for the early biosynthetic steps originating the MMP precursors,
different from the mechanism for the elongation (Yamada et al., 1979; Weisman and Ballou,
1984b). MTase activity was also detected in extracts, with broader activity when compared to
ManT, methylating oligomannosides ranging from two to eleven mannose residues long but more
active with the smaller ones (Weisman and Ballou, 1984a). Furthermore, these authors
proposed that the MMP termination reaction and the presence of the last unmethylated mannose
could be related with MTase activity. In this, the affinity towards the acceptors would decrease
with elongation of the mannose chain, in addition to the presence of fatty acyl-CoA, which could
induce the formation of a complex that would also lower the affinity of the MMP towards its
biosynthetic enzymes (Weisman and Ballou, 1984a). Seven years ago, another study where
ManT activity was also detected in membrane fractions of M. smegmatis suggested an
alternative biosynthetic pathway wherein mannosylations reactions would be independent of
methylations (Xia et al., 2012). These authors also identified the manT gene in M. smegmatis
using bioinformatic tools but were faced with difficulties to purify the enzyme (Xia, 2013).
However, using E. coli extracts with recombinant ManT they verified that this enzyme produced
hexa- and heptamannosides from a methylated tetramannoside as acceptor substrate (Xia,
2013).

In this work, we propose that a 4-gene cluster encoding a 1-O-methyltransferase (MeT1), a
MMP hydrolase (MmpH), an o-(1—4)-mannosyltransferase (ManT) and a putative SAM-
dependent 3-O-methyltransferase (pMeT3) is responsible for MMP biosynthesis (figure 5.1). The
functions of three enzymes were identified and characterized in this work, while a fourth enzyme
could not be characterized although we predict it to be the MTase for methylation of mannoses
at 3-OH positions. As would be expected, this cluster is detected in all RGM but, surprisingly,
also in genomes of several slowly growing mycobacteria (SGM) such as M. ulcerans, M. avium
and M. xenopi (figure 5.1). The PMPS isolation method optimized in our laboratory (by Ana
Maranha) should make it easier to investigate whether these SGM actually synthesize MMP. On
the other hand, in agreement with previous reports, this cluster is absent of the genomes of

members of M. tuberculosis complex (figure 5.1).
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Figure 5.1 — Genomic organization of the MMP cluster in mycobacteria and other actinobacteria after
identification and functional characterization of 1-O-methyltransferase (MeT1), MMP hydrolase (MmpH) and o-
(1—4)-mannosyltransferase (ManT) activities. Cluster with four genes (arrows) drawn to scale. meT17 (blue) 1-
O-methyltransferase gene. mmpH (pink) MMP hydrolase gene. pmeT3 (yellow) putative 3-O-methyltransferase
gene. manT (green) a-(1—4)-mannosyltransferase gene. Black star, RGM; Black circle, SGM. The percentage

of amino acid identity in relation to the M. hassiacum protein sequences is indicated inside the arrows.

In this work, we were able to extract a pure heterogeneous sample of MMP from M.
smegmatis, isolating MMP with four different polymerization degrees that range from MMP14,
with nine 3-O-methylmannoses plus the reducing and nonreducing ends, to MMP 14 with twelve
3-O-methyl mannoses and both terminal mannoses. This result was not unexpected, since it
was in agreement with previous results with M. smegmatis where heterogenous MMP differing
in one methylated mannose were isolated (Maitra and Ballou, 1977; Yamada et al., 1979). Our
extraction method was fundamental to identify the function of MmpH, revealing it as a unique
glycosyl hydrolase that cleaves internally the main backbone of MMP and acts as an a-(1—4)-
mannanase, releasing oligomannosides that match the opposing ends of MMP. The
oligomannosides identified were tetra- and pentamannosides with the MMP reducing end, as
well as hepta- and octamannosides possessing the nonreducing terminus. Due to the
heterogeneity of the purified MMP, it was difficult to describe in detail the hydrolytic mechanism
of this enzyme. However, the production of the pentamannoside with the reducing end and the
nonreducing octamannoside purified in higher amounts hint that these products may be
produced preferentially by MmpH. As the combination of these two products results in MMP13,
this also suggests that MMP13 is the form preferentially hydrolysed by MmpH. Curiously, the
shorter precursor isolated in earlier studies was a pentamannoside, which could be the result of
MmpH activity (Yamada et al., 1979).
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ManT characterized in this work transfers mannose residues from GDP-mannose and
catalyses the formation of unusual a-(1—4) glycosidic bonds, a type of linkage that has not been
reported among the mannans identified in nature (Moreira and Filho, 2008). The activity of this
enzyme was reported as being associated to membrane extracts of M. smegmatis (Weisman
and Ballou, 1984b; Xia et al., 2012). However, we could purify recombinant ManT in soluble
form from E. coli cell-free extracts and it used GDP-mannose as donor group, which is a
substrate described as a cytoplasmatic mannose donor in mycobacteria (Yokoyama and Ballou,
1989). We also found that ManT uses mannosides with three or more mannoses as substrates,
methylated or not at position 3, the former being preferred. However, the presence of 3-O-
methylation is not enough for ManT to display activity with mono and dimannosides, as was
already found in previous studies (Weisman and Ballou, 1984b; Xia et al., 2012; Xia, 2013). This
enzyme had activity with synthetic substrates, as well with the hydrolytic products of MmpH,
showing equivalent preference for the synthetic methylated tetramannoside (sMetMan4) and
biological pentamannoside b, despite the additional mannose. This fact can be related to the
presence of a propyl group at the 1-OH position of the sMetMana that can mimic one extra
mannose. The same artefact could occur with synthetic methylated trimannoside (sMetMans),
since ManT has shown similar activity with sMetMans and the biological tetramannoside a.
However, confirmation of whether ManT is actually active in the presence of trisaccharides or if
the low activity observed is an artefact resulting from the presence of an allyl group in the
reducing end is still missing. Regarding ManT activity with oligomannosides matching the MMP
nonreducing end (product ¢ and d), it was lower than with other biological substrates, but
corroborates the previous study where a decrease in activity using substrates longer than
hexamannosides was observed (Weisman and Ballou, 1984b).

MeT1 is a very specific enzyme that methylates the 1-OH position of deprotected 3-O-
methylated mannosides, both synthetic 3,3’-di-O-methyl-4a-mannobiose (sMetMan,) and
biological hepta- and octamannoside products of MmpH matching the MMP nonreducing end.
A unique feature of this enzyme is that the presence of 3-O-methyl groups and at least two
mannoses are required for a sugar to be recognized as substrate, since activity was not
observed in the absence of methylation or using differentially methylated mono- and
dimannosides. However, as expected, MeT1 was not active with oligomannosides matching the
1-O-methylated MMP reducing end (product a and b).

The identification and characterization of these three enzymes point to a unique mechanism
for MMP biogenesis, where MmpH seems to serve as a recycling enzyme, hydrolysing the
mature MMP chain into products that will be the precursors of new MMP chains polymerized by
ManT and blocked by MeT1 at position 1-OH. MmpH therefore appears to be able to promote

formation of new MMP chains from a pre-existing MMP without requiring mannose monomers,
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oligosaccharides smaller than four mannoses or its corresponding activated donors. In this
version of the biosynthetic pathway, the new MMP molecules are produced through the
combined activities of ManT, MeT1 and pMeT3 (figure 5.2 A). This hypothesis is sustained by
previous studies where the mannosylation activity was only detected in mannosides longer than
four units, independently of the presence or not of methyl groups, and also by the fact that the
smallest MMP precursor isolated from M. smegmatis was a pentamannoside (Yamada et al.,
1979; Weisman and Ballou, 1984b; Xia et al., 2012; Xia, 2013). Furthermore, a mechanism such
as this would allow the cell to spend less energy and to produce MMP faster, which would
probably contribute to the rapid growth of mycobacteria that possess this polysaccharide and
to the extreme versatility of mycobacteria under environmentally adverse conditions. Although
the extension of a trimannoside by ManT and methylation of a dimannoside sMetMan, by MeT1
in vitro as determined in this work, indicate a broader range for their activities than what would
be expected in light of the mechanism proposed, none of these observations excludes the
possibility of a MMP recycling mechanism, because the in vitro specificity of the enzymes is
usually much broader than in vivo (Maranha et al., 2015).

Although it is conceivable that the MMP recycling mechanism proposed in this thesis may
represent a regulatory mechanism integrated into a broader biosynthetic scheme (figure 5.2 B),
the activities encoded in the MMP cluster, three of them now experimentally confirmed, are
enough for biogenesis of a mature MMP from pre-existing MMP molecules (figure 5.2 A). The
identity of the MMP genes now disclosed will definitely allow deeper investigation of how this
polysaccharide is involved in survival or resistance of mycobacteria under environmental stress
or even during infection, which will also unequivocally put us closer to devise new strategies to

fight infections by these opportunistic pathogens.
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Figure 5.2 — Schematic representation of the proposed MMP biosynthetic pathways. A) Recycling mechanism
based on the MMP hydrolytic activity of MmpH, followed by the synthesis of new MMP chains by ManT, MeT1
and pMeT3. B) Proposed MMP biosynthetic pathway from an activated mannose unit where synthesis occurs
through the activity of at least four enzymes and in which MmpH acts as a regulatory enzyme. MmpH, MMP

hydrolase (pink); ManT, o-(1—4)-mannosyltransferase (green); MeT1, 1-O-methyltransferase (blue); pMeT3,
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This main biosynthetic pathway would hypothetically start from mannosyl units and require
the intervention of a second putative and unknown ManT (pManT) to establish the first mannose
linkages in an oligomannoside to which pMeT3 and MeT1 would add methyl groups at position
3-OH and 1-OH, respectively, forming Met1 sMany (figure 5.2 B). As the structure of Met; sMan4
is quite similar to the synthetic sMetMans and sMetMana, which are substrates for ManT, we
know that this enzyme would be capable of elongating the MMP backbone, together with pMeT3
that would add methyl groups at position 3-OH. The intervention of two different enzymes with
similar activity but at different moments of the pathway is common in the assembling process
and synthesis of other mannosides such as PIM, LM and LAM (Kremer et al., 2002; Kaur et al.,
2007; Mishra et al., 2007, 2008; Guerin et al., 2009). In this scenario, MmpH would play an
eventual regulatory role, acting as a secondary mechanism for de novo synthesis of MMP (figure
5.2 B). This enzyme could be active in situations, such as growth under stress or for adaptation
to unknown environmental conditions, regulating MMP synthesis, reducing cellular energy
expenditure and eventually, avoiding the consumption of mannose that could be essential to
other biosynthetic pathways.

To investigate the real contribution of MmpH to MMP biosynthesis in vivo, a knockout mutant
of MmpH would be a suitable initial approach. If MmpH indeed has a regulatory activity, expected
changes in MMP content will most likely be observed under stress conditions such as
temperature or pH variations or osmotic stress, while if the recycling mechanism relies solely on
MmpH as the key enzyme to produce new MMP molecules, the synthesis will be completely
abolished, since the precursors for ManT, MeT1 and pMeT3 activities will not be produced in
such mutant.

The new mechanisms for MMP synthesis proposed in this work complement previous
observations of other groups, not replacing but consolidating them with identification of a
dedicated 4-gene cluster and also with the characterization of three enzymes, MmpH, ManT

and MeT1, collectively introducing a new perspective on the MMP biosynthetic pathway.
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Characterization of all compounds synthesized in this work

Mannose carbon numeration:

OH
416 OH

5 |.
HO 0
HO 3 2 1
OH

Monomer's identification used on NMR description:

OR R .0
OR or RO -0 RO A OR oR

A
RO A OR oR o -0 RO OR or

Allyl a.-D-mannopyranoside (5)
FTIR (ATR): 3383.79 (O-H), 1647.0 (C=C), 1060.48 (C-O) cm™.

The NMR data for the a-anomer was in accordance to that described in the literature: M.
Poladkova, M.U. Roslund, F.S. Ekholm, T. Saloranta, R. Leino; Euro. J. Org. Chem. 2009, 870-
888.

Allyl 4,6-O-benzylidene-a-D-mannopyranoside (6)
FTIR (ATR): 3384.58 (O-H), 1647.06 (C=C), 1094.67-1027.72 (C-O) cm™.

NMR data for the a-anomer was in accordance to that described in the literature: M. Polakova,
M.U. Roslund, F.S. Ekholm, T. Saloranta, R. Leino; Euro. J. Org. Chem. 2009, 870-888.

Allyl 2,3-di-O-acetyl-4,6-O-benzylidene-a-D-mannopyranoside (7)
NMR data for the a-anomer was in accordance to that described in the literature: M. Polakova,

M.U. Roslund, F.S. Ekholm, T. Saloranta, R. Leino; Euro. J. Org. Chem. 2009, 870-888.

Allyl 2,3-di-O-acetyl-6-O-benzyl-a-D-mannopyranoside (8)
FTIR (ATR): 3467.5 (O-H), 1746.9 (C=0) cm™".

1H-NMR (CDCls): & 7.39 — 7.27 (m, 5H, Ar), 6.00 - 5.77 (m, 1H, OCH,CH=CH.), 5.39 — 5.15
(m, 4H, H-2, H-3 and OCH,CH=CH.), 4.84 (s, 1H, H-1), 4.62 (dd, 1H, J = 24.0 Hz, J = 12.0 Hz,
OCH.Ph), 4.23 — 3.97 (m, 3H, H-4 and OCH,CH=CH}), 3.91 — 3.72 (m, 3H, H-5 and H-6), 2.12
(s, 3H, OCOCH), 2.07 (s, 3H, OCOCHs) ppm.
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13C-NMR (CDCls): 5 170.8 (C=0), 170.1 (C=0), 137.8 (Cq), 133.2 (OCH.CH=CH), 128.4 (Ar),
127.8 (Ar), 127.7 (Ar), 118.0 (OCH,CH=CH,), 96.6 (C-1), 73.7 (OCH,Ph), 71.9 (C-3), 71.0 (C-
5), 70.0 (C-6), 69.8 (C-2), 68.3 (OCH.CH=CH}), 67.2 (C-4), 20.9 (OCOCHs), 20.9 (OCOCHs)
ppm.

Allyl 2,3-di-O-acetyl-6-O-benzyl-4-O-tert-butyldimethylsilyl-a-D-mannopyranoside (9)
FTIR (ATR): 1750.8 (C=0) cm".

1H-NMR (CDCls): & 7.40 — 7.19 (m, 5H, Ar), 5.95 — 5.83 (m, 1H, OCH,CH=CH,), 5.33 - 5.06
(m, 4H, H-2, H-3 and OCH,CH=CH,), 4.81 (d, 1H, J = 1.5 Hz, H-1), 4.62 (t, 2H, J = 12.7 Hz,
OCH,Ph), 4.20 (dd, 1H, J = 7.8 Hz, J = 5.1 Hz, 1XOCH,CH=CHy), 4.05 — 3.95 (m, 2H, H-4 and
1XOCH,CH=CH,), 3.84 — 3.79 (m, 1H, H-5), 3.70 (d, 2H, J = 3.4 Hz, H-6), 2.09 (s, 3H,
OCOCHs), 2.00 (s, 3H, OCOCHs), 0.79 (s, 9H, SIC(CHs)s), 0.07 (d, 6H, J = 6.7 Hz, Si(CHa)2)
ppm.

18C-NMR (CDCls): & 133.5 (OCH2CH=CH>), 128.3 (Ar), 127.9 (Ar), 127.5 (Ar), 127.4 (Ar), 117.
9 (OCH,CH=CH,), 96.4 (C-1), 74.9, 74. 6, 73.8, 73.3 (OCH:Ph), 72.7 (C-3), 72.5 (C-5), 69.9,
69.6, 69.1 (C-6), 68.2 (OCH,CH=CH,), 66.2 (C-4), 25.7 (SIC(CHs)3), 21.1 (OCOCHS), 20.7
(OCOCHs), -4.2 (Si(CHs)2) ppm.

2,3-di-O-acetyl-6-O-benzyl-4-O-tert-butyldimethylsilyl-a-D-mannopyranoside (10)
FTIR (ATR): 3419.1 (O-H), 1747.3 (C=0) cm".

1H-NMR (CDCls) § 7.41 — 7.25 (m, 5H, Ar), 5.33 — 5.28 (m, 1H, H-2), 5.22 — 5.15 (m, 2H, H-1
and H-3), 4.69 — 4.52 (m, 2H, OCH,Ph), 4.14 — 4.06 (m, 1H, H-5), 3.96 — 3.88 (m, 1H, H-4),
3.76 — 3.61 (m, 2H, H-6), 2.12 (s, 3H, OCOCHs), 2.03 (s, 3H, OCOCHs), 0.80 (s, 9H,
SiC(CHa)s), 0.05 — 0.01 (m, 6H, Si(CHs),) ppm.

13C-NMR (CDCl): § 170.2 (C=0), 137.7 (Ca), 128.47 (Ar), 128.0 (Ar), 127. 8 (Ar), 92.2 (C-1),
73.4 (OCH.Ph), 72.3 (C-3), 72.1 (C-5), 70.3 (C-2), 69.3 (C-6), 66.6 (C-4), 25.6 (SIC(CHs)s),
21.0 (OCOCHS), 20.9 (OCOCHs), -4.2 (Si(CHs)2) ppm.

2,3-di-O-acetyl-6-O-benzyl-4-O-tert-butyldimethylsilyl-a-D-mannopyranosyl
trichloroacetamidate (11)
[a]Z® +45.4 (c 0.5, CH.Cl).

FTIR (ATR): 3320.1 (N-H), 1754.5 (C=0) cm".

1H-NMR (CDCl): & 8.69 (s, 1H, OC(NH)CCls), 7.40 — 7.22 (m, 5H, Ar), 6.26 (s, 1H, H-1),
5.50 - 5.47 (m, 1H, H-2), 5.18 (dd, 1H, J = 6.3 Hz, J = 3.2 Hz, H-3), 4.61 (s, 2H, OCH.Ph), 4.19
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(t, 1H, J = 9.5 Hz, H-4), 4.00 (dd, 1H, J = 6.6 Hz, J = 2.9, H-5), 3.83 - 3.69 (m, 2H, H-6), 2.14
(s, 3H, OCOCHs), 2.03 (s, 3H, OCOCHs), 0.83 (s, 9H, SiC(CHs)3), 0.06 (d, 6H, J = 3.6 Hz,
Si(CHa)2) ppm.

13C-NMR (CDCls): & 170.0 (C=0), 169.8 (C=0), 160.1 (C=0), 138.3 (Cy), 128.3 (Ar), 127.5
(Ar), 127.4 (Ar), 95.1 (C-1), 75.7 (C-5), 73.3 (OCH.Ph), 72.3 (C-3), 68.4 (C-6), 68.1 (C-2), 65.4
(C-4), 25.7 (SIC(CHs)s), 21.0 (OCOCHS), 20.7 (OCOCHS), -4.3 (Si(CHa)2 ppm.

Allyl 2,3-di-O-acetyl-6-O-benzyl-4-O-tert-butyldimethylsilyl-a-D-mannopyranosyl-(1—4)-2, 3-di-
O-acetyl-6-O-benzyl-a-D-mannopyranoside (12)
FTIR (ATR): 1747.6 (C=0) cm".

1H-NMR (CDCls) § 7.39 — 7.21 (m, 10H, Ar), 5.96 — 5.84 (m, 1H, OCH.CH=CH,), 5.37 — 5.24
(m, 3H, H-2 B, H-3 B and 1xOCH.CH=CH,), 5.24 — 5.17 (m, 2H, H-2 A and 1xOCH.CH=CH,),
5.05—4.97 (m, 2H, H-1 A and H-3 A), 4.87 — 4.81 (m, 1H, H-1 B), 4.64 — 4.48 (m, 4H, OCH,Ph
A-B), 4.23 — 4.08 (m, 2H, H-4 B and 1xOCH,CH=CHy), 4.07 — 3.96 (m, 2H, H-4 A and
1XOCH.CH=CH ), 3.96 — 3.73 (m, 3H, H-5 A-B and H-6 B), 3.64 — 3.51 (m, 2H, H-6 A), 2.17
(s, 3H, OCOCHs), 2.11 — 2.03 (m, 6H, (OCOCHs)2), 2.00 (s, 3H, OCOCHs), 0.82 (s, 9H,
SiC(CHs)s), 0.03 (s, 6H, Si(CHs)2) ppm.

13C-NMR (CDCls): 8 170.1 (C=0), 170.0 (C=0), 169.8 (C=0), 138.5 (Cq), 138.2 (Cy), 133.2
(OCH,CH=CHy), 128.3 (Ar), 128.2 (Ar), 127.4 (Ar), 118.1 (OCH.CH=CH), 100.0 (C-1 A), 96.4
(C-1 B), 74.3 (C-4 B), 73.8 (C-5 A), 73.3 (OCH.Ph A or B), 73.2 (OCH.Ph A or B), 72.3
(C-3 A), 71.5 (C-3 B), 71.04 (C-5 B), 70.0 (C-2 A), 69.8 (C-2 B), 69.1 (C-6 B), 68.9 (C-6 A),
68.4 (OCH.CH=CH;), 65.9 (C-4 A), 25.7 (SiC(CHs)s), 21.0 (OCOCHs), 20.9 (OCOCHs), 20.8
(OCOCHs), 20.7 (OCOCHs), -4.3 (Si(CHs)2) ppm.

Allyl 2,3-di-O-acetyl-6-O-benzyl-a-D-mannopyranosyl-(1—4)-2,3-di-O-acetyl-6-O-benzyl-a-D-
mannopyranoside (13)
FTIR (ATR): 3479.7 (O-H), 1746.7 (C=0) cm™".

1H-NMR (CDCls): 5 7.39 — 7.20 (m, 10H, Ar), 5.90 (m, 1H, OCH,CH=CHy), 5.38 — 5.17 (m, 4H,
OCH,CH=CH,, H-2 B and H-3 B), 5.17 — 5.00 (m, 3H, H-1 A, H-2 A and H-3 A), 4.83 (d, 1H, J
= 1.5 Hz, H-1 B), 4.55 (d, 3H, J = 12.5 Hz, OCH,Ph A, 1xXOCH.Ph B), 4.44 (d, 1H, J=11.9 Hz,
1XOCH.Ph B), 4.29 — 4.07 (m, 2H, H-4 B and 1xOCH,CH=CH,), 4.07 - 3.70 (m, 6H, H-4 A,
1xCH2Ph, H-5 B, H-5 A and H-6 B), 3.68 - 3.62 (m, 1H, 1xH-6 A), 3.60 — 3.54 (m, 1H, 1xH-6
A), 2.13 - 2.03 (m, 12H, (OCOCHs)s) ppm.

13C-NMR (CDCls): 8 170.1 (C=0), 137.8 (Cy), 133.6 (OCH,CH=CHy), 128.4 (Ar), 128.3 (Ar),
127.7 (Ar), 127.4 (Ar), 118.2 (OCH,CH=CH,), 99.4 (C-1 A), 96.4 (C-1 B), 73.7 (OCH.Ph B),
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73.3 (C-4), 72.1 (OCH.Ph A),72.2 (C-5 A), 71.8 (C-3 B), 71.4 (C-2 A or C-3 A), 70.9 (C-5 B),
69.9 (C-2 A or C-3 A), 69.5 (C-6 A), 69.1 (C-6 B), 68.4 (OCH,CH=CHy), 67.1 (C-4 A), 20.9
(OCOCHs), 20.8 (OCOCHs) ppm.

Allyl  2,3,4-tri-O-acetyl-6-O-benzyl-a-D-mannopyranosyl-(1—4)-2,3-di-O-acetyl-6-O-benzyl-a-
D-mannopyranoside (14)
FTIR (ATR): 1747.1 (C=0) cm™.

1H-NMR (CDCL): 5 7.39 — 7.22 (m, 10H, Ar), 5.96 — 5.84 (m, 1H, OCH,CH=CH,), 5.38 — 5.05
(m, 8H, H-1 A, H-2 A-B, H-3 A-B, H-4 A and OCH,CH=CHb,), 4.84 (s, 1H, H-1 B), 4.54 (d, 3H,
J =13.1 Hz, OCHzPh A and 1xOCH,Ph B), 4.37 (d, 1H, J = 11.9 Hz, 1xXOCH,Ph B), 4.23 — 4.09
(m, 2H, H-4 B and 1xOCH.CH=CH.,), 4.06 — 3.82 (m, 4H, 1xXOCH,CH=CH,, H-5 A-B and 1xH-
6 B), 3.75 (d, 1H, J = 10.2 Hz, 1xH-6 B), 3.46 — 3.35 (m, 2H, H-6 A), 2.15 — 2.08 (m, 9H,
(OCOCHs)s), 1.98 (s, 3H, OCOCH;), 1.91 (s, 3H, OCOCHs) ppm.

13C-NMR (CDCls): & 170.0 (C=0), 169.7 (C=0), 138.4 (Cy), 133.2 (OCH.CH=CH), 128.3 (Ar),
128.3 (Ar), 127.9 (Ar), 127.7 (Ar), 127.4 (Ar), 118.2 (OCH,CH=CH,), 99.4 (C-1 A), 96.4 (C-1
B), 73.9 (C-4 B), 73.5 (OCH,Ph B), 73.3 (OCH:Ph A), 71.6 (C-3 B), 71.0 (C-5 B), 70.6 (C-5 A),
69.9 (C-2B), 69.8 (C-2 A), 69.1 (C-6 B), 68.9 (C-3 A), 68.7 (OCH,CH=CH,), 68.5 (C-6 A), 66.6
(C-4 A), 20.9 (OCOCH3), 20.8 (OCOCHS), 20.7 (OCOCHS:), 20.6 (OCOCHs) ppm.

2,3,4-tri-O-acetyl-6-O-benzyl-a-D-mannopyranosyl-(1—4)-2,3-di-O-acetyl-6-O-benzyl-a-D-
mannopyranoside (15)
FTIR (ATR): 3467.0 (O-H), 1746.9 (C=0) cm™.

1H-NMR (CDCls): 8 7.38 — 7.20 (m, 10H, Ar), 5.37 (dd, 1H, J = 6.2 Hz, J = 3.3 Hz, H-3 B), 5.35
~5.27 (m, 1H, H-4 A), 5.25 — 5.18 (m, 3H, H-1 B, H-2 B and H-3 A), 5.15 - 5.11 (m, 1H, H-2
A), 5.07 (d, 1H, J = 2.0 Hz, H-1 A), 4.59 — 4.49 (m, 3H, OCH-Ph A and 1xOCH.Ph B), 4.38 (d,
1H, J = 12.0 Hz, 1XOCH:Ph B), 4.19 — 4.04 (m, 2H, H-4 B and H-5 B), 3.94 — 3.87 (m, 1H, H-5
A), 3.85 - 3.79 (m, 1H, 1xH-6 B), 3.78 — 3.73 (m, 1H, 1xH-6 B), 3.40 (dd, 1H, J = 7.9Hz, J =
4.7 Hz, 1xH-6 A), 3.34 (dd, 1H, J = 7.9 Hz, J = 2.8 Hz, 1xH-6 A), 2.11 (d, 6H, J = 6.7 Hz,
(OCOCHLs)a), 2.05 (s, 3H, OCOCHs), 1.98 (s, 3H, OCOCHs), 1.92 (s, 3H, OCOCHs) ppm.

13C-NMR (CDCls): 5 170.1 (C=0), 170.0 (C=0), 169.8 (C=0), 169.70 (C=0), 138.2 (C,), 137.7
(Co), 128.3 (Ar), 127.9 (Ar), 127.7 (Ar), 127.6 (Ar), 127.6 (Ar) 99.4 (C-1 A), 92.1 (C-1 B), 74.1
(C-4 B), 73.5 (OCH:Ph B), 73.4 (OCH.Ph B), 71.17 (C-3 B), 70.8 (C-5 B), 70.7 (C-5 A), 70.1
(C-2 B), 69.8 (C-2 A), 69.4 (C-6 B), 68.9 (C-3 A), 68.5 (C-6 A), 66.6 (C-4 A), 20.9 (OCOCHS),
20.8 (OCOCHS), 20.7 (OCOCHs), 20.6 (OCOCHs) ppm.
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2,3,4-tri-O-acetyl-6-O-benzyl-a-D-mannopyranosyl-(1—4)-2,3-di-O-acetyl-6-O-benzyl-a-D-
mannopyranosyl trichloroacetamidate (16)
[a]2° +76.0 (c 0.33, CH.Cly).

FTIR (ATR): 3350.5 (N-H), 1748.2 (C=0) cm".

1H-NMR (CDCls): 8 8.71 (s, 1H, OC(NH)CCls), 7.36 — 7.23 (m, 5H, Ar), 6.26 (d, 1H, J = 1.5 Hz,
H-1B), 5.51 - 5.47 (m, 1H, H-2 B), 5.40 — 5.29 (m, 2H, H-3 B and H-4 A), 5.24 (dd, 1H, J = 3.1
Hz, H-3 A), 5.18 —5.13 (m, 2H, H-2 A and H-1 A), 4.59 — 4.50 (s, 3H, OCH:Ph A and 1xOCH.Ph
B), 4.34 (d, TH, J = 11.0 Hz, 1xXOCH:Ph B), 4.39 — 4.29 (m, 2H, 1xOCH.Ph B and H-4 B), 4.11
—4.05 (m, 1H, H-5 B), 3.99 — 3.89 (m, 2H, H-5 A and 1xH-6 B), 3.76 (d, 1H, J = 11.6 Hz, 1xH-
6 B), 3.45-3.35 (m, 2H, H-6 A), 2.15—2.11 (m, 6H, (OCOCHs)2), 2.06 (s, 3H, OCOCHs), 1.98
(s, 3H, OCOCHs), 1.90 (s, 3H, OCOCHs) ppm.

13C-NMR (CDCls): & 170.0 (C=0), 169.9 (C=0), 169.7 (C=0), 160.1 (Cy), 138.4 (Cy), 137.7
(Co), 128.3 (Ar), 127.9 (Ar), 127.7 (Ar), 127.5 (Ar), 99.4 (C-1 A), 94.8 (C-1 B), 74.0 (C-5 B),
73.5 (OCH.Ph B), 73.4 (OCH.Ph A), 72.5 (C-4 B), 71.2 (C-3 B), 70.7 (C-5 A), 69.7 (C-2 A),
69.0 (C-3 A), 68.7 (C-6 A) 68.5 (C-6 B), 68.1 (C-2 B), 66.5 (C-4 A), 20.9 (OCOCHs), 20.8
(OCOCHs), 20.7 (OCOCHs), 20.6 (OCOCH3) ppm.

Allyl  2,3,4-tri-O-acetyl-6-O-benzyl-a-D-mannopyranosyl-(1—4)-2,3-di-O-acetyl-6-O-benzyl-a-
D-mannopyranosyl-(1—4)-2,3-di-O-acetyl-6-O-benzyl-a-D-mannopyranosyl-(1—4)-2,3-di-O-
acetyl-6-O-benzyl-a-D-mannopyranoside (17)

FTIR (ATR): 1747.1 (C=0) cm"".

1H-NMR (CDCL): § 7.37 — 7.21 (m, 20H, Ar), 5.97 - 5.84 (m, 1H, OCH,CH=CH,), 5.36 — 5.02
(m, 16H, H-1 A-C, H-2 A-D, H-3 A-D, H-4 A-C, OCH,CH=CH5), 4.84 (d, 1H, J = 1.3 Hz, H-1 D),
4.63-4.30 (m, 8H, OCH,Ph A-D), 4.23 - 3.68 (m, 12H, H-4 D, H-5 A-D, 5xH-6, OCH.CH=CH,),
3.54 (d, 1H, J = 11.6 Hz, 1xH-6), 3.42 - 3.31 (m, 2H, H-6), 2.13 — 1.88 (m, 27H, (OCOCHs)s)
ppm.

BC-NMR (CDCls): & 170.0 (C=0), 169.9 (C=0), 169.8 (C=0), 169.8 (C=0), 169.7 (C=0),
138.5 (Cq) 138.4 (Cy), 138.3 (Cy), 137.7 (Cy), 133.2 (OCH.CH=CH>), 128.4 (Ar), 128.3 (Ar),
128.2 (Ar), 127.9 (Ar), 127.7 (Ar), 127.5 (Ar), 127.4 (Ar), 118.2 (OCH,CH=CH>), 99.4 (C-1 A
orBorC),99.2(C-1AorBorC),99.1 (C-1AorBorC),96.4 (C-1D), 73.9, 73.6 (CH.Ph A or
BorCorD), 73.5 (CH.PhAorBor CorD), 73.3 (CH.Ph AorBorCorD), 73.2 (CH2Ph A or
BorCorD),73.2,731,722,72.0,71.7,71.4,71.2,71.1,70.9, 70.6, 70.0, 69.9, 69.8, 68.9
(C-6), 68.6 (C-6), 68.4 (C-6), 66.7, 20.9 (OCOCHs3), 20.8 (OCOCH3s), 20.7 (OCOCHs3), 20.6
(OCOCHs3) ppm.
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Allyl  6-O-benzyl-a-D-mannopyranosyl-(1—4)-6-O-benzyl-a-D-mannopyranosyl-(1—-4)-6-O-
benzyl-a-D-mannopyranosyl-(1—4)-6-O-benzyl-a-D-mannopyranoside (18)
FTIR (ATR): 3396.0 (O-H) cm™.

"H-NMR (MeOD): 6 7.37 — 7.21 (m, 20H, Ar), 6.02 - 5.91 (m, 1H, OCH,CH=CH,), 5.34 - 5.17
(m, 5H, H-1 A-C and OCH,CH=CH), 4.80 (d, 1H, J = 1.7 Hz, H-1 D), 4.58 — 4.30 (m, 8H,
OCH.Ph A-C), 4.25 — 418 (m, 1H, 1xOCH,CH=CH,), 4.06 — 3.99 (m, 2H, H-4 A and
1XOCH,CH=CHy), 3.95 - 3.64 (m, 23H, H-2 A-D, H-3 A-D, H-4 B-D, H-5 A-D and H-6 A or B or
CorD), 3.57 (s,2H, H-6 Aor B or C or D) ppm.

BC-NMR (MeOD): & 138.2 (Cg), 134.0 (OCH.CH=CH>), 128.1 (Ar), 127.9 (Ar), 127.7 (Ar),
127.6 (Ar), 127.4 (Ar), 127.2 (Ar), 116.0 (OCH.CH=CHy), 102.1 (C-1 Aor Bor C), 101.7 (C-1
AorBorC)101.5(C-1AorBorC),99.2 (C-1D), 74.9,74.7,74.4,73.2 (OCH.Ph AorBorC
or D), 73.1 (OCH2Ph Aor B or C or D), 73.0 (OCH.Ph Aor Bor C or D), 72.8 (OCH.Ph A or B
orCorD),71.9,71.6,71.5,71.3,71.2,70.9, 70.6, 70.0 (C-6 Aor Bor C or D), 69.9 (C-6 A or
BorCorD),69.7 (C-6 AorBor CorD), 67.6 (OCH.CH=CHy), 67.4 (C-4 A) ppm.

Propyl a-D-mannopyranosyl-(1—4)-a-D-mannopyranosyl-(1—4)-a-D-mannopyranosyl-(1—4)-
a-D-mannopyranoside (1)
FTIR (ATR): 3350.6 (O-H) cm™.

"H-NMR (D20): 5 5.18 -5.13 (m, 3H, H-1 A-C), 4.78 (s, 1H, H-1 D), 4.00 — 3.91 (m, 3H, H-2 A-
C), 3.90 — 3.54 (m, 22H, H-2 D, H-3 A-D, H-4 A-D, H-5 A-D, H-6 A-D and 1xOCH>CH>CHz),
3.47 - 3.39 (m, 1H, 1XOCH2CH2CHs), 1.59 — 1.47 (m, 2H, OCH.CH>CHs), 0.84 (t, 3H,J =7.4
Hz, OCH.CH>CHs) ppm.

BC-NMR (D20): 6 101.4 (C-1 AorBor C), 101.3 (C-1 Aor B or C), 99.5 (C-1 D), 74.3, 74.1,
74.1,73.7,72.2,72.2,71.1,70.8, 70.7, 70.5, 70.3, 70.2, 69.6 (OCH.CH,CHj3), 66.5, 61.0 (C-
6AorBorCorD)60.9(C-6 AorBorCorD),60.8 (C-6 AorBorCorD), 21.9 (OCH2CH»CHj3),
9.9 (OCH2CH2CHj3) ppm.

HR-MS: calcd. for Co7Ha9O21 [M + H]*: 709.2761; found: 709.2763.
Allyl  2,3,4-tri-O-acetyl-6-O-benzyl-a-D-mannopyranosyl-(1—4)-2,3-di-O-acetyl-6-O-benzyl-a-

D-mannopyranosyl-(1—4)-2,3-di-O-acetyl-6-O-benzyl-a-D-mannopyranose (19)
FTIR (ATR): 3478.9 (O-H), 1747.2 (C=0) cm™".

1H-NMR (CDCls): 5 7.38 — 7.20 (m, 15H, Ar), 5.97 — 5.83 (m, 1H, OCH,CH=CH.), 5.36 — 5.28
(m, 3H, H-2 C, H-3 C, 1XOCH,CH=CHz), 5.24 — 5.17 (m, 3H, H-2 A ou B, H-3 A ou B,
1XOCH.CH=CH), 5.13 — 5.01 (m, 4H, H-1 A-B, H-2 A or B, H-3 A or B), 4.84 (d, 1H, J = 1.4
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Hz, H-1 C), 4.59 — 4.39 (m, 6H, OCH.Ph A-C), 4.24 — 4.08 (m, 3H, H-4 A ou B, H-4 C,
1XOCH,CH=CH}), 4.05 — 3.85 (m, 5H, H-4 A or B, H-5 C, H-6 A ou B, 1XOCH,CH=CH,), 3.80
~3.59 (m, 4H, H-5 A-B and H-6 C), 3.54 (dd, 2H, J = 10.1 Hz, J = 4.1 Hz, H-6 A or B), 2.11 —
2.00 (m, 21H, (OCOCHs)7) ppm.

13C NMR (CDCls): 8 169.8 (C=0), 133.2 (OCH2CH=CH,), 128.4 (Ar), 128.3 (Ar), 127.8 (Ar),
127.7 (Ar), 127.4 (Ar), 127.3 (Ar), 118.2 (OCH,CH=CH,), 99.5 (C-1 A or B), 99.1 (C-1 A or B),
96.4 (C-1 C), 74.0, 73.7 (OCH2Ph A or B or C), 73.3 (OCH:Ph A or B or C), 72.7, 71.9, 71.6,
71.4, 70.9, 70.0, 68.9, 68.4 (OCH,CH=CH,), 20.9 (OCOCH;), 20.8 (OCOCH,), 20.7
(OCOCHs3) ppm.

Allyl  6-O-benzyl-a-D-mannopyranosyl-(1—4)-6-O-benzyl-a-D-mannopyranosyl-(1—4)-6-O-
benzyl-a-D-mannopyranoside (20)
FTIR (ATR): 3401.1 (O-H) cm™.

1H-NMR (MeOD): 5 7.39 — 7.21 (m, 15H, Ar), 6.01 — 5.90 (m, 1H, OCH.CH=CH,), 5.34 — 5.16
(m, 4H, H-1 A-B and OCH,CH=CH_), 4.79 (d, 1H, J = 1.6 Hz, H-1 C), 4.56 — 4.36 (m, 6H,
OCH:Ph A-C), 4.21 (dd, 1H, J = 7.9 Hz, J = 5.1 Hz, 1xXOCH>CH=CH), 4.06 — 3.62 (m, 19H,
1XOCH,CH=CH,, H-2 A-C, H-3 A-C, H-4 A-C, H-5 A-C and H-6 A-C) ppm.

BC-NMR (MeOD): 6 138.3 (C,), 134.0 (OCH.CH=CHy,), 128.0 (Ar), 127.9 (Ar), 127.7 (Ar),
127.6 (Ar), 127.5 (Ar), 127.3 (Ar), 127.2 (Ar), 116.0 (OCH.CH=CH), 102.0 (C-1 A or B), 101.7
(C-1 AorB), 99.2 (C-1 C), 74.9, 74.8, 73.2 (OCH,Ph A or B or C), 73.0 (OCH,Ph A or B or C),
72.9,72.8 (OCH.,Ph AorBorC),71.8,71.5,71.3,71.2,71.1,70.8, 70.7, 70.0 (C-6 A or B or
C), 69.7 (C-6 AorBor C), 67.6 (OCH.CH=CHy), 67.3 ppm.

Propyl-a-D-mannopyranosyl-(1—4)-a-D-mannopyranosyl-(1—4)-a-D-mannopyranoside (2)
FTIR (ATR): 3306.5 (O-H) cm™.

1H-NMR (D20): & 5.16 (d, J = 1.9 Hz, 2H, H-1 A and B), 4.78 (d, 1H, J = 1.1 Hz, H-1 C), 4.00 —
3.91 (m, 2H, H-2 A-B), 3.88 — 3.54 (m, 17H, H-2 C, H-3 A-C, H-4 A-C, H-5 A-C, H-6 A-C and
1XOCH2CHzCHs), 3.47 — 3.39 (m, 1H, 1XOCH.CH2CHs), 1.59 — 1.47 (m, 2H, OCH,CH.CH),
0.83 (t, 3H, J = 7.4 Hz, OCH,CH,CHs) ppm.

BC-NMR (D»0): 6 101.4 (C-1 AorB), 101.3 (C-1 Aor B), 99.5 (C-1C), 74.3, 74.0, 73.7, 72.2,
71.1,70.8,70.7,70.5 (C-2 C), 70.3 (C-2 Aor B), 70.2 (C-2 A or B), 69.6 (OCH,CH,CH3), 66.5,
61.0 (C-6 AorBorC), 60.9 (C-6 AorBorC), 60.8 (C-6 AorBorC), 21.90 (OCH,CH>CHs),
9.84 (OCH2CH2CHs) ppm.

HR-MS: calcd. for C21H3sNaO1e [M + Na]*: 569.2052; found: 569.2056.
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Allyl 4,6-O-benzylidene-3-O-methyl-a-D-mannopyranoside (21)
FTIR (ATR): 3461.67 (O-H), 1646.98 (C=C), 1093.78-1034.83 (C-O) cm™.

NMR data for the a-anomer described according to the literature: W. Liao, D. Lu; Carbohydr.
Res. 1996, 296, 171-182.

Allyl 2,4-di-O-acetyl-4,6-O-benzylidene-3-O-methyl-a-D-mannopyranoside (22)
FTIR (ATR): 1746.45 (C=0), 1646.97 (C=C) cm™".

NMR data for the a-anomer described according to the literature: J. Ripoll-Rozada, M. Costa, J.
A. Manso, A. Maranha, V. Miranda, A. Sequeira, M. R. Ventura, S. Macedo-Ribeiro, P. J. B.
Pereira, N. Empadinhas; Proc. Natl. Acad. Sci. U. S. A. 2019, 116 (3), 835-844.

Allyl 2-O-acetyl-6-O-benzyl-3-O-methyl-a-D-mannopyranoside (23)
FTIR (ATR): 3467.07 (O-H), 1744.5 (C=0), 1646.98 (C=C) cm.

NMR data for the a-anomer described according to the literature: J. Ripoll-Rozada, M. Costa, J.
A. Manso, A. Maranha, V. Miranda, A. Sequeira, M. R. Ventura, S. Macedo-Ribeiro, P. J. B.
Pereira, N. Empadinhas; Proc. Natl. Acad. Sci. U. S. A. 2019, 116 (3), 835-844.

Allyl 2-O-acetyl-6-O-benzyl-4-O-tert-butyldimethylsilyl-3-O-methyl-a-D-mannopyranoside (24)
FTIR (ATR): 1747.5 (C=0) cm™.

1H-NMR (CDCls): & 7.38 — 7.23 (m, 5H, Ar), 5.98 — 5.86 (m, 1H, OCH,CH=CH,), 5.32 (s, 1H,
H-2), 5.28 (d, 1H, J = 1.4 Hz, 1XOCH,CH=CHz), 5.21 (d, 1H, J = 11.1 Hz, 1XOCH,CH=CH,),
4.86 (s, TH, H-1), 4.60 (q, 2H, J = 8 Hz, J = 12 Hz, CHzPh), 4.21 (dd, 1H, J = 7.6 Hz, J = 5.2
Hz, 1XOCH,CH=CH), 4.05 — 3.97 (m, 1H, 1xOCH,CH=CH,), 3.82 — 3.72 (m, 3H, H-4 and H-
6), 3.72 — 3.66 (m, 1H, H-5), 3.46 — 3.40 (m, 1H, H-3), 3.30 (s, 3H, OCHs), 2.10 (s, 3H,
OCOCHs), 0.87 (s, 9H, SIC(CHa)s), 0.03 (d, J = 21.1 Hz, 6H, Si(CHs)2) ppm.

13C-NMR (CDCls): 5 170.5 (C=0), 138.5 (Cq), 133.6 (OCH.CH=CH,) 128.4 (Ar), 128.3 (Ar),
127.9 (Ar), 127.7 (Ar), 127.4 (Ar), 117.8 (OCH,CH=CH,) 96.8 (C-1), 79.8 (C-3), 73.2 (CH,Ph),
72.8 (C-5), 69.6 (C-6), 68.2 (OCH,CH=CH,), 67.9 (C-4), 67.7 (C-2), 56.8 (OCHs), 26.0
(SIC(CHs)3), 21.0 (OCOCHs), -4.05 (Si(CHs)2) ppm.

2-O-acetyl-6-O-benzyl-4-O-tert-butyldimethylsilyl-3-O-methyl-a-D-mannopyranoside (25)
1H-NMR (CDCls): 8 7.40 — 7.26 (m, 5H, Ar), 5.35 (dd, 1H, J = 1.2 Hz, J = 2 Hz, H-2), 5.23 (s,
1H, H-1),4.70 - 4.61 (m, 1H, 1xOCHPh), 4.59 — 4.52 (m, 1H, 1xOCHPh), 4.05-3.99 (m, 1H,
H-5), 3.78 (dd, 1H, J = 8.4 Hz, J = 2 Hz, 1xH-6), 3.72 — 3.57 (m, 2H, H-4 and 1xH-6), 3.49 (dd,
1H, J = 6 Hz, J = 3.2 Hz, H-3), 3.32 (s, 3H, OCHjs), 2.12 (s, 3H, OCOCHzs), 0.82 (s, 9H,
SiC(CHs)s), 0.05 (m, 6H, Si(CHs)2) ppm.
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13C-NMR (CDCls): & 170.4 (C=0), 138.0 (Cy), 128.4 (Ar), 127.8 (Ar), 127.7 (Ar), 92.5 (C-1),
79.3 (C-3), 73.4 (OCH.Ph), 72.5 (C-5), 69.9 (C-6), 68.2 (C-4), 67.9 (C-2), 56.8 (OCHs3), 25.9
(SIC(CH3)3), 21.0 (OCOCH3), -4.1 (Si(CHs)2) ppm.

2-O-acetyl-6-O-benzyl-4-O-tert-butyldimethylsilyl-3-O-methyl-a-D-mannopyranoside
trichloroacetamidate (26)

"H-NMR (CDCls): 6 8.69 (s, 1H, OC(NH)CCls), 7.38 = 7.23 (m, 5H, Ar), 6.29 (d, 1H, J = 1.6 Hz,
H-1), 5.51 -5.48 (m, 1H, H-2), 4.59 (s, 2H, OCH.Ph), 4.00 - 3.91 (m, 2H, H-4 and H-5), 3.75
(d, 2H,J = 2.2 Hz, H-6), 3.47 (dd, 1H, J = 5.6 Hz, J = 2.8 Hz, H-3), 3.33 (s, 3H, OCH3), 2.13 (s,
3H, OCOCHS3), 0.84 (s, 9H, SiC(CHa)3), 0.05 (d, 6H, J = 19.5 Hz, Si(CHa).) ppm.

13C-NMR (CDCls): & 170.1 (C=0), 160.0 (C=0), 138.4 (C,), 128.4 (Ar), 128.2 (Ar), 127.8 (Ar),
127.7 (Ar), 127.6 (Ar), 127.4 (Ar), 95.4 (C-1), 79.9 (C-3), 75.8 (C-5), 73.2 (OCH,Ph), 68.9 (C-
6), 67.1 (C-4), 66.1 (C-2), 57.0 (OCHs), 26.0 (SiC(CHs)s), 20.9 (OCOCHS), -4.1 (Si(CHs)2) ppm.

Allyl 2,4-di-O-acetyl-6-O-benzyl-3-O-methyl-a-D-mannopyranoside (27)
FTIR (ATR): 1743.29 (C=0), 1647.14 (C=C) cm".

NMR data for the a-anomer described according to the literature: J. Ripoll-Rozada, M. Costa, J.
A. Manso, A. Maranha, V. Miranda, A. Sequeira, M. R. Ventura, S. Macedo-Ribeiro, P. J. B.
Pereira, N. Empadinhas; Proc. Natl. Acad. Sci. U. S. A. 2019, 116 (3), 835-844.

2,4-Di-O-acetyl-6-O-benzyl-3-O-methyl-(a/B)-D-mannopyranoside (28)
FTIR (ATR): 3419.51 (O-H), 1743.65 (C=0) cm™.

NMR data for the a-anomer described according to the literature: J. Ripoll-Rozada, M. Costa, J.
A. Manso, A. Maranha, V. Miranda, A. Sequeira, M. R. Ventura, S. Macedo-Ribeiro, P. J. B.
Pereira, N. Empadinhas; Proc. Natl. Acad. Sci. U. S. A. 2019, 116 (3), 835-844.

2,4-Di-O-acetyl-6-O-benzyl-3-O-methyl-a-D-mannopyranosyl trichloroacetamidate (29)
[a]Z® +38.8 (c 0.95, CH:Cly).
FTIR (ATR): 3316.9 (N-H), 1748.9 (C=0) cm™.

NMR data for the a-anomer described according to the literature: J. Ripoll-Rozada, M. Costa, J.
A. Manso, A. Maranha, V. Miranda, A. Sequeira, M. R. Ventura, S. Macedo-Ribeiro, P. J. B.
Pereira, N. Empadinhas; Proc. Natl. Acad. Sci. U. S. A. 2019, 116 (3), 835-844.
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Allyl 2-O-acetyl-6-O-benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-2-O-acetyl-6-O-benzyl-3-
O-methyl-a-D-mannopyranoside (30)
FTIR (ATR): 3468.2 (O-H), 1743.5 (C=0) cm™.

1H-NMR (CDCls): 5 7.38 — 7.20 (m, 10H, Ar), 5.98 — 5.83 (m, 1H, OCH,CH=CH), 5.36 (dd, 1H,
J=1.2Hz,J=2.0Hz, H-2 A), 5.34 - 5.27 (m, 2H, H-2 B and 1xOCH,CH=CH.), 5.24 (d, 1H, J
= 1.6 Hz, H-1 A), 5.21 (d, 2H, J = 1.6 Hz, 1xXOCH,CH=CH), 4.86 (d, 1H, J = 1.6 Hz, H-1 B),
4.60 — 4.44 (m, 4H, OCH.Ph A-B), 4.24 — 4.15 (m, 1H, 1xXOCH,CH=CH,), 4.05 — 3.98 (m, 1H,
1XOCH.CH=CH), 3.96 — 3.73 (m, 6H, H-4 A-B, H-5 A-B and H-6 B), 3.70 — 3.65 (m, 1H, H-3
B), 3.65 — 3.55 (m, 2H, H-6 A), 3.48 — 3.44 (m, 1H, H-3 A), 3.42 (s, 3H, OCHs A or B), 3.40 (s,
3H, OCHs A or B), 2.08 (d, 6H, J = 0.8 Hz, (OCOCHs)2) ppm.

13C-NMR (CDCls): 5 170.3 (C=0), 170.1 (C=0), 138.4 (C,), 138.1 (Cy), 133.4 (OCH,CH=CHb),
128.6 (Ar), 128.3 (Ar), 127.6 (Ar), 127.4 (Ar), 118.0 (OCH,CH=CH,), 99.7 (C-1 A), 96.7 (C-1
B), 80.1 (C-3 B), 79.1 (C-3 A), 73.6 (OCH:Ph A or B), 73.5 (C-4 B), 73.3 (OCHzPh A or B),
72.0 (C-5Aor B), 70.9 (C-5 A or B), 70.1 (C-6 A), 69.6 (C-6 B), 68.4 (OCH.CH=CHy), 67.6 (C-
4A), 67.6 (C-2B), 67.3 (C-2 A), 57.4 (OCHs A or B), 57.2 (OCHs A or B), 21.0 (OCOCHs) ppm.

Allyl 2,4-di-O-acetyl-6-O-benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-2-O-acetyl-6-O-
benzyl-3-O-methyl-a-D-mannopyranoside (31)
FTIR (ATR): 1746.63 (C=0), 1652.68 (C=C) cm.

NMR data for the a-anomer described according to the literature: J. Ripoll-Rozada, M. Costa, J.
A. Manso, A. Maranha, V. Miranda, A. Sequeira, M. R. Ventura, S. Macedo-Ribeiro, P. J. B.
Pereira, N. Empadinhas; Proc. Natl. Acad. Sci. U. S. A. 2019, 116 (3), 835-844.

2,4-Di-O-acetyl-6-O-benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-2-O-acetyl-6-O-benzyl-3-
O-methyl-a-D-mannopyranose (32)
FTIR (ATR): 3418.6 (O-H),1743.5 (C=0) cm™.

NMR data for the a-anomer described according to the literature: J. Ripoll-Rozada, M. Costa, J.
A. Manso, A. Maranha, V. Miranda, A. Sequeira, M. R. Ventura, S. Macedo-Ribeiro, P. J. B.
Pereira, N. Empadinhas; Proc. Natl. Acad. Sci. U. S. A. 2019, 116 (3), 835-844.

2,4-Di-O-acetyl-6-O-benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-2-O-acetyl-6-O-benzyl-3-
O-methyl-a-D-mannopyranosy! trichloroacetamidate (33)
[a]2° +28.8 (¢ 1, CHCl).

FTIR (ATR): 3302.9 (O-H), 1747.1 (C=0) cm"".
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1H-NMR (CDCls): & 8.74 (s, 1H, OC(NH)CCls), 7.35 — 7.21 (m, 10H, Ar), 6.29 (d, 1H, J = 1.6
Hz, H-1 B), 5.51 - 5.46 (m, 1H, H-2 B), 5.41 — 5.38 (m, 1H, H-2 A), 5.30 (d, 1H, J = 2 Hz, H-1
A), 5.19 (t, TH, J = 10.0 Hz, H-4 B), 4.60 — 4.36 (m, 4H, OCH.Ph A- B), 4.08 — 3.97 (m, 2H, H-
4 Aand H-5A), 3.91 - 3.82 (m, 1H, H-5 B), 3.82 — 3.73 (m, 2H, H-6 A), 3.71 (dd, 1H, J = 5.6
Hz, J = 3.4 Hz, H-3 A), 3.58 (dd, 1H, J = 6.4 Hz, J = 3.2 Hz, H-3 B), 3.49 — 3.40 (m, 5H, H-6 B
and OCHs A or B), 3.39 — 3.33 (m, 3H, OCHs A or B), 2.11 (d, 6H, J = 3.4 Hz, (OCOCHz)y),
1.97 (s, 3H, OCOCHs) ppm.

3C-NMR (CDCls): & 170.2 (C=0), 169.9 (C=0), 138.4 (Cy), 138.0 (Cy), 128.5 (Ar), 128.3 (Ar),
128.2 (Ar), 127.8 (Ar), 127.6 (Ar), 127.5 (Ar), 99.4 (C-1 A), 95.1 (C-1 B), 80.0 (C-3 A), 76.7
(C-3B), 73.9 (C-5 A), 73.5 (OCH.Ph A or B), 73.3 (OCH.Ph A or B), 72.6 (C-4 A), 70.8 (C-5
B), 69.3 (C-6 A), 69.2 (C-6 B), 68.2 (C-4 A), 67.7 (C-2 A), 66.0 (C-2 B), 57.6 (OCHs A or B),
57.2 (OCHs A or B), 21.0 (OCOCHs), 20.9 (OCOCHs), 20.8 (OCOCHs) ppm.

Allyl 2,4-di-O-acetyl-6-O-benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-2-O-acetyl-6-O-
benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-2-O-acetyl-6-O-benzyl-3-O-methyl-a-D-
mannopyranosyl-(1—4)-2-O-acetyl-6-O-benzyl-3-O-methyl-a-D-mannopyranoside (34)

FTIR (ATR): 1743.3 (C=0O) cm™".

1H-NMR (CDCls): & 7.40 — 7.17 (m, 20H, Ar), 5.98 — 5.85 (m, 1H, OCH,CH=CH,), 5.43 - 5.14
(m, 10H, H-1 A-C, H-2 A-D, H-4 A, OCH,CH=CH,), 4.86 (d, 1H,J = 1.6 Hz, H-1 D), 4.65 — 4.37
(m, 8H, OCH.Ph A-D) 4.21 (dd, 1H, J = 7.2 Hz, J = 5.6 Hz, 1XOCH.CH=CHz), 4.02 (dd, 1H, J
= 12.8 Hz, J = 6.2 Hz, 1XOCH.CH=CH}), 3.96 — 3.51 (m, 17H, H-3 A-D, H-4 A-D, H-5 A-D and
H-6 A-C), 3.47 — 3.27 (m, 14H, H-6 D and OCHsA-D), 2.16 — 1.95 (m, 15H, (OCOCHs)s) ppm.

BC-NMR (CDCls): 6 170.3 (C=0), 170.1 (C=0), 170.0 (C=0), 169.9 (C=0), 169.8 (C=0),
138.5 (Cq), 138.0 (Cq), 133.4 (OCH,CH=CHy), 128.5 (Ar), 128.4 (Ar), 128.3 (Ar), 128.2 (Ar),
128.1 (Ar), 127.8 (Ar), 127.7 (Ar), 127.6 (Ar), 127.5 (Ar), 127.4 (Ar), 118.1 (OCH.CH=CH),
99.7 (C-1AorBorC),99.6 (C-1AorBorC),99.4 (C-1AorBorC), 96.7 (C-1D), 79.9 (C-3
AorBorCorD),79.7 (C-3AorBorCorD),79.0(C-3AorBorCorD), 76.9(C-3AorBor
CorD), 74.7,74.2, 73.6, 73.5 (OCH2Ph A or B or C or D), 73.4 (OCH>Ph A or B or C or D),
73.3 (OCH2Ph AorBor CorD), 73.2 (OCH.Ph AorBorCorD), 71.9,71.8,71.1,70.8, 70.0
(C-6 AorBorCorD),69.9(C-6 AorBorCorD),69.8(C-6 AorBorCorD),69.4(C-6 Aor
B or C or D), 68.5 (OCH,CH=CH), 68.3 (C-4 A), 67.7 (C-2 AorBor CorD), 67.5(C-2A0rB
orCorD),67.4(C-2AorBorCorD),67.3(C-2A0rBorCorD),57.5(0OCHsAorBorCor
D), 57.2 (OCHsAorBorCorD),57.1 (OCHs AorBor CorD),57.0(OCHs AorBorCorD),
21.0 (OCOCHs), 20.9 (OCOCHs3) ppm.
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Allyl 6-O-benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-6-O-benzyl-3-O-methyl-a-D-
mannopyranosyl-(1—4)-6-O-benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-6-O-benzyl-3-O-
methyl-a.-D-mannopyranoside (35)

FTIR (ATR): 3422.7 (O-H) cm".

"H-NMR (MeOD): 6 7.41 — 7.16 (m, 20H, Ar), 6.03 — 5.92 (m, 1H, OCH,CH=CH), 5.32 (dd,
1H, J = 156 Hz, J = 1.6 Hz, 1xOCH,CH=CH,), 5.23 - 516 (m, 4H, H-1 A-C and
1xOCH,CH=CH>), 4.85 (s, 1H, H-1 D), 4.58 — 4.31 (m, 8H, OCH,Ph A-D), 4.23 (dd, 1H, J =8
Hz, J = 5 Hz, 1XOCH>CH=CH>), 4.17 — 4.00 (m, 5H, 1xOCH,CH=CH,and H-2 A-D) 3.97 — 3.64
(m, 15H, H-4 A-D, H-5 A-D, H-6 Aor Bor C or D), 3.57 (d, 1H, J = 4.1 Hz, 1IxH-6 AorBor C
or D), 3.55-3.49 (m, 2H,H-3 AorBor C or D), 3.49 — 3.38 (m, 14H, OCH3s A-D and H-3 A or
B or C or D) ppm.

BC-NMR (MeOD): 6 128.1 (Ar) 127.9 (Ar), 127.7 (Ar), 127.6 (Ar), 127.2 (Ar), 116.3
(OCH2CH=CH), 102.4 (C-1 Aor B or C), 102.0 (C-1 Aor B or C), 101.8 (C-1 A or B or C),
99.1 (C-1D),81.9(C-3AorBorCorD),81.5(C-3AorBorCorD),80.8(C-3AorBorCor
D) 73.6, 73.4, 73.3, 73.2 (OCH2Ph A or B or C or D), 73.1 (OCH-Ph A or Bor C or D), 73.0
(OCH2Ph AorBor CorD), 72.8 (OCH.PhAorBorCorD), 71.8,71.6,71.5,70.7, 70.0 (C-6
AorBorCorD), 699 (C-6 AorBorCorD), 67.8 (OCH,CH=CH,), 66.7 (C-2 Aor B or C or
D), 66.3 (C-2AorBorCorD), 66.1 (C-2AorBorCorD), 56.0(OCHsAorBorCorD), 55.3
(OCHs AorBor CorD)55.2 (OCHs AorBorCorD) ppm.

Propyl 3-O-methyl-a-D-mannopyranosyl-(1—4)-3-O-methyl-a-D-mannopyranosyl-(1—4)-3-O-
methyl-a-D-mannopyranosyl-(1—4)-3-O-methyl-a-D-mannopyranoside (3)
FTIR (ATR): 3306.2 (O-H) cm™.

1H-NMR (D,0): & 5.14 (s, 3H, H-1 A-C), 4.83 (d, 1H, J = 1.5 Hz, H-1 D), 4.20 — 4.04 (m, 4H,
H-2 A-D), 3.86 — 3.56 (m, 20H, H-4 A-D, H-5 A-D, H-6 A-D, 1xOCH,CH.CHs, H-3 A or B or C
or D), 3.48 — 3.32 (m, 14H, OCHs A-D, 1xOCH>CH,CHs and H-3 A or B or C or D), 1.59 — 1.46
(m, 2H, OCH,CH>CHs), 0.85 (t, 3H, J = 7.6 Hz, OCH,CH>CHs) ppm.

BC-NMR (D20): 6 101.3 (C-1 AorBor C), 101.2 (C-1 Aor B or C), 101.1 (C-1 Aor B or C),
994 (C-1 D), 81.0, 80.7, 79.7, 73.7, 72.6, 72.3, 72.2, 72.1, 71.0, 69.7 (OCH,CH»CHs), 66.1
(C-2AorBorCorD),66.0(C-2AorBorCorD), 658 (C-2Ao0rBorCorD), 654 (C-2Ao0r
Bor CorD), 60.9(C-6 AorBorCorD),60.8(C-6AorBorCorD), 56.1 (OCHs A-D), 21.9
(OCH2CH2CHs), 9.7 (OCH,CH>CHs) ppm.

HR-MS: calcd. for C31Hs7O021 [M + H]*: 765.3387; found: 765.3388.
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Annex 1

Allyl 2,4-di-O-acetyl-6-O-benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-2-O-acetyl-6-O-
benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-2-O-acetyl-6-O-benzyl-3-O-methyl-a-D-
mannopyranoside (36)

FTIR (ATR): 1743.8 (C=0) cm".

1H-NMR (CDCls): 5 7.36 — 7.21 (m, 15H, Ar), 5.99 — 5.83 (m, 1H, OCH,CH=CH.), 5.40 — 5.36
(m, 2H, H-2 A-B), 5.34 — 5.30 (m, 1H, H-2 C), 5.29 (d, 1H, J = 1.5 Hz, 1XOCH,CH=CH.), 5.24
(s, 1H, H-1 A or B), 5.23 = 5.21 (m, 1H, 1XOCH,CH=CH>), 5.17 (dd, 2H, J = 2 Hz, J = 4 Hz,
H-1 AorBand H-4 A),4.86 (d, 1H,J=1.7 Hz, H-1 C) , 4.66 — 4.38 (m, 6H, OCH.Ph A-C), 4.25
—4.18 (m, 1H, 1xOCH.CH=CHy), 4.02 (dd, 1H, J = 6.4 Hz, J = 6.4 Hz, 1XOCH>CH=CH>), 3.94
-3.54 (m, 12H, H-3 A-C, H-4 B-C, H-5 A-Cand H-6 Aor B or C), 3.49 - 3.31 (m, 11H, OCHs
A-Cand H-6 AorBor C), 2.12 - 2.04 (m, 9H, (OCOCHj3)s), 1.98 (s, 3H, OCOCHs) ppm.

BC-NMR (CDCls): 6 170.1 (C=0), 170.0 (C=0), 138.5 (Cq), 138.0 (Cy), 133.4 (OCH,CH=CHy>),
128.3 (Ar), 128.2 (Ar), 127.8 (Ar), 127.6 (Ar), 127.4 (Ar), 118.0 (OCH,CH=CH>), 99.7 (C-1 A
or B), 99.4 (C-1 AorB), 96.7 (C-1C), 79.9 (C-3AorBorC), 79.8 (C-3AorBorC), 76.8 (C-
3AorBorC),74.6,73.6,73.5(0OCH.Ph AorBorC), 73.4 (OCH.Ph AorBorC), 73.3 (OCH2Ph
A or Bor C), 719, 71.0, 70.8, 69.9 (C-6 A or B or C), 69.4 (C-6 A or B or C), 68.5
(OCH-CH=CH,), 68.3 (C-4 A), 67.7 (C-2AorBor(C),67.5(C-2AorBorC),67.4 (C-2A0rB
or C), 57.6 (OCHs A or B or C), 57.2 (OCHs A or B or C), 57.1 (OCHs A or B or C), 21.0
(OCOCHG5), 20.9 (OCOCHSs) ppm.

Allyl 6-0O-benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-6-O-benzyl-3-O-methyl-a-D-
mannopyranosyl-(1—4)-6-O-benzyl-3-O-methyl-a-D-mannopyranoside (37)
FTIR (ATR): 3415.7 (O-H) cm™.

"H-NMR (MeOD): 6 7.42 — 7.22 (m, 15H, Ar), 6.03 - 5.90 (m, 1H, OCH.CH=CH,), 5.43 —5.12
(m, 4H, H-1 A-B and OCH,CH=CH), 4.84 (d, 1H, J = 1.6 Hz, H-1 C), 4.69 — 4.35 (m, 6H,
OCH.Ph A-C), 4.26 — 4.16 (m, 1H, 1xOCH,CH=CH,), 4.15 — 3.99 (m, 4H, H-2 A-C and
1xOCH,CH=CHy), 3.95 - 3.61 (m, 12H, H-4 A-C, H-5 A-C and H-6 A-C), 3.59 — 3.36 (m, 12H,
OCHs; A-C) ppm.

BC-NMR (MeOD): 6 133.9 (OCH,CH=CH), 128.0 (Ar), 127.9 (Ar), 127.6 (Ar), 127.5 (Ar),
127.3 (Ar), 127.2 (Ar), 127.1 (Ar), 116.3 (OCH.CH=CH), 102.3 (C-1 A or B), 102.0 (C-1 A or
B), 99.1 (C-1C), 81.8 (C-3AorBorC),81.5(C-3AorBorC),80.7 (C-3AorBorC), 73.7,
73.5,73.2 (OCH.Ph AorBorC), 73.1 (OCH.Ph AorBorC), 72.9 (OCH.Ph AorBorC), 71.8,
70.8, 69.9 (C-6 A or B or C), 69.8 (C-6 A or B or C), 69.6 (C-6 A or B or C), 67.8
(OCH,CH=CHy), 66.7 (C-2 Aor B or C), 66.4 (C-2 Aor B or C), 66.1 (C-2 Aor B or C), 66.0,
55.9 (OCHs; A or Bor C), 55.3 (OCHs A or B or C) ppm.
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Propyl 3-O-methyl-a-D-mannopyranosyl-(1—4)-3-O-methyl-a-D-mannopyranosyl-(1—4)-3-O-
methyl-a-D-mannopyranoside (4)
FTIR (ATR): 3351.8 (O-H) cm™.

1H-NMR (Dz0): & 5.15 — 5.12 (m, 2H, H-1 A and B), 4.87 — 4.82 (m, 1H, H-1 C), 4.16 — 4.09
(m, 3H, H-2 A-C), 3.83-3.53 (m, 17H, H-3 A-C, H-4 A-C, H-5 A-C, H-6 A-C and OCH,CH,CHs),
3.47 —3.33 (m, 9H, OCHs A-C), 1.58 — 1.51 (m, 2H, OCH>CH2CHs), 0.85 (dd, 3H, J = 12.4 Hz,
J = 5.1 Hz, OCH,CH2CHs).

BC-NMR (D20): & 101.3 (C-1 Aor B), 101.2 (C-1 Aor B), 99.4 (C-1 C), 81.0, 80.7, 80.2, 80.0,
79.7, 73.7, 72.7, 712.3, 72.2, 71.0, 69.7 (OCH.CH>CH3z), 69.5, 66.1, 66.0, 65.8, 65.4, 60.9
(C-6 AorBorC),60.8 (C-6 AorBorC),56.2 (OCHs AorBorC),56.1 (OCHs A or B or C),
56.0 (OCHs A or B or C), 21.9 (OCH2CH2CHa), 9.9 (OCH2CH.CHs).

HR-MS: calcd for CosH44NaOqe [M + Na]*: 611.2522; found: 611.2521.

[146]



Annex 1

"H-NMR (400 MHz) spectrum of allyl 2,3-di-O-acetyl-6-O-benzyl-a-D-mannopyranoside (8)
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Annex 1

H-NMR (400 MHz) spectrum of allyl 2,3-di-O-acetyl-6-O-benzyl-4-O-tert-butyldimethylsilyl-a-

D-mannopyranoside (9)
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Annex 1

TH-NMR (400 MHz) spectrum of 2,3-di-O-acetyl-6-O-benzyl-4-O-tert-butyldimethylsilyl-a-D-

mannopyranoside (10)
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Annex 1

TH-NMR (400 MHz) spectrum of 2,3-di-O-acetyl-6-O-benzyl-4-O-tert-butyldimethylsilyl-a-D-

mannopyranosyl! trichloroacetamidate (11)
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Annex 1

H-NMR (400 MHz) spectrum of allyl 2,3-di-O-acetyl-6-O-benzyl-4-O-tert-butyldimethylsilyl-a.-

D-mannopyranosyl-(1—4)-2,3-di-O-acetyl-6-O-benzyl-a-D-mannopyranoside (12)
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Annex 1

TH-NMR (400 MHz) spectrum of allyl 2,3-di-O-acetyl-6-O-benzyl-a-D-mannopyranosyl-(1—4)-

2,3-di-O-acetyl-6-O-benzyl-a-D-mannopyranoside (13)
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Annex 1

TH-NMR (400 MHz) spectrum of allyl 2,3,4-tri-O-acetyl-6-O-benzyl-a-D-mannopyranosyl-

(1-4)-2,3-di-O-acetyl-6-O-benzyl-a-D-mannopyranoside (14)
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Annex 1

TH-NMR (400 MHz) spectrum of 2,3,4-tri-O-acetyl-6-O-benzyl-a-D-mannopyranosyl-(1—4)-

2,3-di-O-acetyl-6-O-benzyl-a-D-mannopyranoside (15)
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Annex 1

TH-NMR (400 MHz) spectrum of 2,3,4-tri-O-acetyl-6-O-benzyl-a-D-mannopyranosyl-(1—4)-

2,3-di-O-acetyl-6-O-benzyl-a-D-mannopyranosyl trichloroacetamidate (16)
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Annex 1

TH-NMR (400 MHz) spectrum of allyl 2,3,4-tri-O-acetyl-6-O-benzyl-a-D-mannopyranosyl-

(1-4)-2,3-di-O-acetyl-6-O-benzyl-a-D-mannopyranosyl-(1—4)-2,3-di-O-acetyl-6-O-benzyl-a-

D-mannopyranosyl-(1—4)-2,3-di-O-acetyl-6-O-benzyl-a-D-mannopyranoside (17)
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Annex 1

TH-NMR (400 MHz) spectrum of allyl 6-O-benzyl-a-D-mannopyranosyl-(1—4)-6-O-benzyl-a-D-

mannopyranosyl-(1—4)-6-O-benzyl-a-D-mannopyranosyl-(1—4)-6-O-benzyl-a-D-

mannopyranoside (18)
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Annex 1
"H-NMR (400 MHz) spectrum of propyl a-D-mannopyranosyl-(1—4)-a-D-mannopyranosyl-

(1—>4)-a-D-mannopyranosyl-(1—4)-a-D-mannopyranoside (1)
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Annex 1

TH-NMR (400 MHz) spectrum of allyl 2,3,4-tri-O-acetyl-6-O-benzyl-a-D-mannopyranosyl-

(1-4)-2,3-di-O-acetyl-6-O-benzyl-a-D-mannopyranosyl-(1—4)-2,3-di-O-acetyl-6-O-benzyl-a-

D-mannopyranose (19)
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Annex 1

TH-NMR (400 MHz) spectrum of allyl 6-O-benzyl-a-D-mannopyranosyl-(1—4)-6-O-benzyl-a-D-

mannopyranosyl-(1—4)-6-O-benzyl-a-D-mannopyranoside (20)
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Annex 1

TH-NMR (400 MHz) spectrum of propyl-a-D-mannopyranosyl-(1—4)-a-D-mannopyranosyl-

(1—>4)-a-D-mannopyranoside (2)
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Annex 1

"H-NMR (400 MHz) spectrum of allyl 2-O-acetyl-6-O-benzyl-4-O-tert-butyldimethylsilyl-3-O-

methyl-a-D-mannopyranoside (24)
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Annex 1

"H-NMR (400 MHz) spectrum of 2-O-acetyl-6-O-benzyl-4-O-tert-butyldimethylsilyl-3-O-methyl-

a-D-mannopyranoside (25)
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Annex 1

"H-NMR (400 MHz) spectrum of 2-O-acetyl-6-O-benzyl-4-O-tert-butyldimethylsilyl-3-O-methyl-

a-D-mannopyranoside trichloroacetamidate (26)
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Annex 1

"H-NMR (400 MHz) spectrum of allyl 2-O-acetyl-6-O-benzyl-3-O-methyl-o-D-mannopyranosyl-

(1—4)-2-0O-acetyl-6-O-benzyl-3-O-methyl-a-D-mannopyranoside (30)

mocc,c./

9£80'C
S580'C
956E'E
S6TH'E
STER'E
BIFP'E
86+ 'E
059’
TELP'E
9C19'E
TZcee
PECI'E
B0F3'E
£FS9'E
6299'E
PLLS'E
£589°E
BEZSLE
£99L'E
CTLLE
COLLE
8T8L'E
ZT6L'E
OZEB'E
8558’
ZT06'E
8FC6'E
el
608k 'k
TSES'k
9CPS'P

_@.mm,j.m

SCLS'h
0658 b1
ZE98'b
T11Z'S

9TZ'S

ZEET's

0ET'S

908251
braz's
b662'S
Ob0E'S
e 0F' S+
TZTE'S|
SEZE'S

:
f

e ze's
ezses
mhmm,i
009E'S
8r9e'sd
5052L
P19
[Sead
beLzl
z082L
9887,
1862°L
SE6TL
950£°E
ZHIEL
90€EL
T9EEL

e
”m
&
=

T
o
Q
=

2-0O-acetyl-6-O-benzyl-3-O-methyl-a-D-

allyl

MHz) spectrum of

(100.61
mannopyranosyl-(1—4)-2-O-acetyl-6-O-benzyl-3-O-methyl-a-D-mannopyranoside (30)

BC-NMR

0e96'0z—

VSET LS
mhmm,nmv
Fac b
058529
vomm,B%
£E0F'B9—

858CEL
6PLSEL

mﬁmo.mh
mmom.th
159008

PEOL 96,
59p0LE~
PFa9'66~"

PLEELTT
i
0Z09'L2T+
9 vm.mm.ﬁW
ZTSEBCT
PATPEET—

TEBD'BET
vmmemHV

08K DT~
PTEC'OLT

!

60

70

80

90

100

110

120

130

140

150

160

170

f1 (ppm)



Annex 1

"H-NMR (400 MHz) spectrum of 2,4-Di-O-acetyl-6-O-benzyl-3-O-methyl-a-D-mannopyranosy!-

(1—>4)-2-O-acetyl-6-O-benzyl-3-O-methyl-a-D-mannopyranosyl trichloroacetamidate (33)
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Annex 1

2,4-di-O-acetyl-6-O-benzyl-3-O-methyl-a-D-
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spectrum

(400 MHz)

H-NMR
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acetyl-6-O-benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-2-O-acetyl-6-O-benzyl-3-O-

methyl-o-D-mannopyranoside (34)
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Annex 1
benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-6-O-benzyl-3-O-methyl-a-D-mannopyranosyl-

TH-NMR (400 MHz) spectrum of allyl 6-O-benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-6-O-

(1-4)-6-O-benzyl-3-O-methyl-a-D-mannopyranoside (35)
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Annex 1

"H-NMR (400 MHz) spectrum of propyl 3-O-methyl-a-D-mannopyranosyl-(1—4)-3-O-methyl-a-

D-mannopyranosyl-(1—4)-3-O-methyl-a-D-mannopyranosyl-(1—4)-3-O-methyl-a-D-

mannopyranoside (3)
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Annex 1

2,4-di-O-acetyl-6-O-benzyl-3-O-methyl-a-D-

allyl

of

spectrum

(400 MHz)

H-NMR

mannopyranosyl-(1—4)-2-O-acetyl-6-O-benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-2-O-

acetyl-6-O-benzyl-3-O-methyl-a-D-mannopyranoside (36)
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Annex 1

TH-NMR (400 MHz) spectrum of allyl 6-O-benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-6-O-

benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-6-O-benzyl-3-O-methyl-o-D-

mannopyranoside (37)

9SZE'E:
mmmm.mw

szess
H00b'E]
990
98EL €
9UbbE
vESPES
990
2581 £
286+ '€
$905°€]
2175
p625'E]
z59'c
2999
s69'c]
TZ0L°E
zztLe
1624'E
£9eL'E
LbLE
654°E
6RL4'E
8584

.

]

STOR'E
9ELB'E
YBLE'E
LE06'E
0E0'b
SZ50'h
2650'%
50T+
PITT'b
Z8IT'b
85ZT'%
LT0F' b
8bTh'b
S0Ek'b
Shbbb
265k b
9T05'd
£525'h
19€5'H
9809't
9zhE'b
J-=T= R
S5L8'b
6281'S
£TEC'S
STET Ly

TTHE L
BLvEL
9E52'L
6592

8zLT L
088e L
TL6T'L
ZEIE L
EEZE LA

DOEE LA
PIEE L
£6vE L]
ovseed

I

1BC-NMR (100.61 MHz) spectrum of allyl 6-O-benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-

6-0O-benzyl-3-O-methyl-a-D-mannopyranosyl-(1—4)-6-O-benzyl-3-O-methyl-a-D-

mannopyranoside (37)
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Annex 1
"H-NMR (400 MHz) spectrum of propyl 3-O-methyl-a-D-mannopyranosyl-(1—4)-3-O-methyl-a-

D-mannopyranosyl-(1—4)-3-O-methyl-a-D-mannopyranoside (4)
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methyl-a-D-mannopyranosyl-(1—4)-3-O-methyl-a-D-mannopyranoside (4)
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