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Abstract 

The emergence and spread of antimicrobial resistance mechanisms, including against last-

line antibiotics, coupled with decades of disinvestment in the discovery and development of new 

antimicrobials to replenish our arsenal, is creating a perfect storm that threatens many of the 

achievements on which modern medicine relies. Despite being recognised as one of the most 

serious global health threats by the World Health Organisation, there is still a lot to be done to 

tackle this crisis, from intensifying basic research on the subject to adopting effective policies. 

From a basic research point of view, one group of bacteria, commonly called actinomycetes, 

stands out as particularly interesting to study since it comprises both prolific antibiotic 

producers, streptomycetes, and some of the most threatening antibiotic-resistant pathogens, 

mycobacteria. Since actinomycetes are a source of problems but can also offer solutions, 

understanding their physiology and metabolism is critical. Their glycobiology is of special 

interest, given that both the beneficial and pathogenic sides of actinomycetes are tightly linked 

to the unique sugar-containing molecules they produce. 

While pursuing the characterisation of a duplicate gene of the mycobacterial maltokinase, 

an enzyme involved in α-1,4-glucan biosynthesis through a non-canonical pathway which has 

attracted significant interest as a potential drug target in mycobacteria, we identified a novel 

family of actinobacterial glucosamine kinases (GlcNK). The phylogenetic distribution of the gene 

encoding this GlcNK was surprising and suggested links to secondary metabolism, leading us to 

focus on the homologue from Streptacidiphilus jiangxiensis, member of a prolific family of 

antibiotic producers. Its structural characterisation unveiled details of the catalytic mechanism 

of this novel family of glucosamine kinases, while bioinformatic analyses of the oddly structured 

biosynthetic gene cluster it belongs to revealed hints of its participation in the biosynthesis of a 

unique secondary metabolite with potential antimicrobial activity. Within the topic of α-1,4-

glucan biosynthesis in mycobacteria, another enzyme was also investigated, glucosyl-3-

phosphoglycerate synthase (GpgS), which catalyses the first committed step in the biosynthesis 

of the unique intracellular methylglucose lipopolysaccharides (MGLP). GpgS has been 

extensively studied and has garnered interest as a potential drug target, but high-resolution 3D 

structures, essential to guide rational drug design efforts, were still missing. After establishing 

Mycobacterium hassiacum as a genuine thermophilic species of mycobacteria and predicting it 

to be a source of stable mycobacterial proteins, high-resolution structures of its GpgS homologue 

were successfully obtained. These structures not only provided new insights into the active site 

of this important enzyme, but also suggested intriguing and yet unsuspected links with other 

crucial metabolic pathways, including the folate pathway, the target of many important 

antimicrobials. 

The results presented in this work demonstrate how studying the glycobiology of 

actinomycetes can, sometimes unexpectedly, open new avenues of research with the potential 

to spur the discovery of novel antimicrobial strategies. 
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Resumo 

O surgimento e disseminação de mecanismos de resistência antimicrobiana, incluindo 

contra antibióticos de última linha, juntamente com décadas de desinvestimento na descoberta 

e desenvolvimento de novos compostos antimicrobianos para reforçar o nosso arsenal 

terapêutico, estão a criar uma tempestade perfeita que ameaça muitas das conquistas em que a 

medicina moderna assenta. Apesar de reconhecida como uma das mais sérias ameaças à saúde 

global pela Organização Mundial de Saúde, ainda há muito por fazer para responder a esta crise, 

desde intensificar a investigação fundamental na área a adoptar políticas eficazes. No que 

respeita à investigação fundamental, um grupo de bactérias, os actinomicetos, destaca-se como 

sendo de interesse especial por conter tanto produtores prolíficos de antibióticos, os 

streptomicetos, como alguns dos mais ameaçadores e resistentes agentes patogénicos, as 

micobactérias. Sendo os actinomicetos uma fonte de problemas, mas também de soluções, é 

fundamental estudar a sua fisiologia e metabolismo e, em particular, a sua glicobiologia já que 

tanto os aspectos benéficos como os ligados à sua patogenicidade dependem em grande parte 

dos carboidratos únicos que produzem. 

Ao estudar um gene duplicado da maltocinase, uma enzima envolvida na biossíntese de 

α-1,4-glucanos através de uma via não-canónica que tem atraído interesse como potencial alvo 

terapêutico nas micobactérias, identificámos uma família nova de glucosamina cinases (GlcNK). 

A distribuição filogenética surpreendente do gene que codifica esta GlcNK sugeriu ligações ao 

metabolismo secundário, levando-nos a focar no homólogo de Streptacidiphilus jiangxiensis, 

membro de uma família prolífica de produtores de antibióticos. A sua caracterização estrutural 

mostrou detalhes do mecanismo catalítico desta nova família de GlcNK, e análises 

bioinformáticas do cluster biossintético a que pertence revelaram pistas da sua participação na 

produção de um metabolito secundário único e com potencial actividade microbiana. Também 

em relação à biossíntese de α-1,4-glucanos em micobactérias, investigámos a enzima glicosil-3-

phosphoglicerato sintase (GpgS), que catalisa o primeiro passo da via de biossíntese dos 

lipopolissacáridos de metilglucose (MGLP). Esta enzima tem sido amplamente estudada e tem 

despertado interesse enquanto potencial alvo terapêutico, mas até à data faltavam estruturas 3D 

de alta resolução para guiar esforços de desenho racional de fármacos. Após demonstrar que a 

micobactéria Mycobacterium hassiacum é um termófilo genuíno e prever que seria uma fonte de 

proteínas estáveis, foi possível obter estruturas de alta resolução da sua GpgS, que permitem 

conhecer melhor detalhes do local activo desta importante enzima e sugerem ligações intrigantes 

a outras vias metabólicas cruciais, incluindo a via de biossíntese do ácido fólico, conhecida por 

ser o alvo de importantes compostos antimicrobianos. 

Assim, os resultados apresentados neste trabalho exemplificam como o estudo da 

glicobiologia dos actinomicetos pode, por vezes de forma inesperada, abrir novos caminhos de 

investigação e estimular a descoberta de novas estratégias antimicrobianas.  
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3 General Introduction 

1. The threat of a post-antibiotic world 

A world without antibiotics was a reality less than a century ago. Before the discovery 

of antimicrobial compounds, physicians were faced with infected wounds or common 

infections such as pneumonia for which they could do little but wait and let the infection 

run its natural course. In a world without antibiotics, common infectious diseases could 

not be treated, any infected wound could become life-threatening, and even the simplest 

surgery could result in a deadly infection. Thus, it is no surprise that the discovery and 

introduction into clinical practice of these compounds resulted in a true medical 

revolution, contributing to a decrease in mortality and an unprecedented increase in 

average life expectancy (Hutchings et al., 2019). Two key scientific landmarks are 

acknowledged as starting points of this revolution: Ehrlich’s seminal work leading to the 

synthesis of the first antimicrobial agent, salvarsan, marketed in 1910 as the first effective 

treatment against syphilis (Bosch & Rosich, 2008); and the discovery and development of 

the first natural antibiotic, penicillin, between 1928 and 1945 by the combined work of 

Fleming, Florey, Heatley and Chain (Gaynes, 2017). 

Although Ehrlich’s work established the principles of chemotherapy and showed the 

potential of synthetic chemistry and compound screening as valuable tools in 

pharmacology, the discovery of penicillin was particularly important as it was also the 

discovery of a seemingly endless source of bioactive natural products, directly leading to 

what is called the “golden age” of antibiotic discovery that peaked in the mid-1950s 

(Hutchings et al., 2019). Antibiotics are secondary metabolites (SM) produced by bacteria 

and fungi to kill or inhibit the growth of other competing microorganisms within their 

natural environment. During this golden age of discovery, many novel antibiotics with 

varied spectrums of activity were isolated at a fast rate, allowing humanity to quickly 

harness a diverse and substantial arsenal of weapons to fight infectious diseases 

(Hutchings et al., 2019). 

Right at the beginning of the 20th century, Ehrlich discovered that microorganisms 

were able to acquire resistance to antimicrobial compounds through continued exposure 

(Bosch & Rosich, 2008). The same observation was made by Fleming with penicillin, 

leading him to end his Nobel acceptance speech with a warning that misuse of penicillin 

could render it useless due to the ease with which microbes were able to acquire resistance 

when exposed to low doses of the antibiotic (Fleming, 1945). However, and despite these 

early warnings, widespread antibiotic (mis)use and a decline in the rate of antibiotic 
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discovery and development has led, in recent decades, to an explosion of antimicrobial 

resistance, which threatens to render the antibiotics at our disposal obsolete and leave 

humanity once again at the mercy of once easily-handled infections. Indeed, the 

emergence of extensively drug-resistant and pan-drug-resistant pathogens indicates that 

we may be heading towards a post-antibiotic era (Theuretzbacher et al., 2020). The World 

Health Organization (WHO) has recognised this problem as a global health emergency 

that “threatens the very core of modern medicine” and which requires an “all-out effort” 

(WHO, 2015).  To promote a more focused approach, in 2017 the WHO established a 

priority list of pathogens towards which action needs to be urgently directed, attributing 

critical priority to Mycobacterium tuberculosis and drug-resistant gram-negative bacteria 

such as Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacteriaceae 

(Tacconelli et al., 2018). 

Currently, the antimicrobial development pipeline is weak and lacking in innovation 

(Theuretzbacher et al., 2020). Although it is crucial to invest into prevention and 

alternatives to antimicrobials, such as phage therapy or predatory bacteria (Gordillo 

Altamirano & Barr, 2019; Tyson & Sockett, 2017), leaving the pipeline to dry completely is 

an unacceptable risk. To find new replacement molecules that can enter the pipeline and 

replenish our antimicrobial arsenal, both Ehrlich’s and Fleming’s approaches remain valid 

avenues of research, which can now be re-invented in light of modern scientific advances, 

namely the unprecedented availability of genomic and structural data. Following Ehrlich’s 

footsteps, identification of novel drug targets and the detailed study of their structure now 

allows for synthetic chemistry to be guided by rational drug design and molecular docking 

strategies in order to discover and develop novel chemical compounds with therapeutic 

potential (Chernov et al., 2019). Following Fleming’s footsteps, genome sequencing and 

innovative cultivation strategies have revealed that fungi and bacteria still harbour many 

undiscovered SM which were missed during the “golden age” of antibiotic discovery, due 

to not being easily produced under the laboratory growth conditions used at the time 

(Belknap et al., 2020; Katz & Baltz, 2016; Ling et al., 2015). To answer WHO’s call for an 

all-out effort, all avenues of research should be pursued and combined to maximise our 

chances of finding urgently needed antimicrobials and avoid the worst scenarios of a post-

antibiotic world. 
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2. The class Actinomycetia 

Actinomycetia (formerly known as Actinobacteria) is the largest class within the 

phylum Actinobacteria, one of the largest lineages in the domain Bacteria (Salam et al., 

2020). The common name “actinomycetes”, meaning “ray fungi”, is often used to refer to 

members of this group, alluding to their typical mycelial growth (forming rays/threads) 

which led them to be initially classified as fungi (Wiliams, 1990). According to the most 

recent taxonomic update, this class now includes 34 orders and important families such 

as the Actinomycetaceae, Bifidobacteriaceae, Corynebacteriaceae, Gordoniaceae, 

Mycobacteriaceae, Nocardiaceae and Streptomycetaceae to name a few (Salam et al., 

2020). Highly diverse in terms of morphology, physiology and metabolic activities, 

members of this medically important class are generally characterised as gram-positive 

bacteria with a high G+C content (Gao & Gupta, 2012). 

Most species within Actinomycetia are environmental saprophytes and this group is 

well represented among microbial soil and water communities in both terrestrial and 

marine environments (Bhatti et al., 2017; Subramani & Aalbersberg, 2012). It also includes 

notorious pathogens responsible for well-known diseases such as tuberculosis 

(Mycobacterium tuberculosis) and diphtheria (Corynebacterium diphtheriae), important 

and ubiquitous members of the human microbiome such as Bifidobacterium species, and 

prolific antibiotic producers namely within the genus Streptomyces (Doroghazi & Metcalf, 

2013; O’Callaghan & van Sinderen, 2016). Standing as essential members of microbial 

ecosystems, as important players in plant and animal health, as a key source of antibiotics 

and other important SM, and as relevant agents of disease, actinomycetes are undoubtedly 

of great importance at many levels. Thus, there is an obvious interest in strengthening our 

understanding of both pathogenic and environmental species, discovering new enzymes, 

deciphering unique metabolic pathways, and gathering knowledge that may prove helpful 

in humanity’s ongoing struggle with infectious diseases. 

 

2.1.  Mycobacteria: the family Mycobacteriaceae 

One of the most clinically important families within Actinomycetia is the 

Mycobacteriaceae, better known for harbouring the etiological agents of tuberculosis (TB) 

and leprosy. Members of this family are described as aerobic to microaerophilic, rod-

shaped, nonmotile and non-sporulating bacteria with abnormal grain-stain and acid–

alcohol-fast properties attributed to a waxy, mycolic acid-rich cell wall (Gupta et al., 2018). 
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Despite these shared characteristics, mycobacteria are a diverse group of microorganisms 

with nearly 200 validly published species to date 

(https://lpsn.dsmz.de/genus/mycobacterium) and including not only obligate human 

pathogens, but also opportunistic bacteria with a broad range of clinical manifestations 

and environmental saprophytes inhabiting an impressive variety of environments (see 

sections 2.1.1, 2.1.2 and 2.1.3). Considering this diversity, mycobacteria have been 

traditionally divided into groups, as shown in Figure 1.1, and have also been the subject of 

a recent major taxonomic reclassification as discussed below. 

 

Figure 1.1. Members of the family Mycobacteriaceae. Representative species of mycobacteria are grouped 
according to growth rate and their association with disease. Bolded names represent true pathogens, 
underlined names represent opportunistic pathogens, and the remaining species are only rarely associated 
with disease. Adapted from Johansen et al., 2020. 

Other traditional divisions of mycobacteria have been based on the diseases they are 

associated with and on their growth rate and pigment production. Based on the disease 

caused, they can be divided into three groups: species that cause TB, comprising the 

Mycobacterium tuberculosis complex (Gagneux, 2018); species that cause leprosy, namely 

Mycobacterium leprae and “Mycobacterium lepromatosis” (Han & Silva, 2014); and 

nontuberculous mycobacteria (NTM, also called atypical or environmental mycobacteria), 

some of which can be opportunistic and cause pulmonary and other infections (Primm et 

al., 2004). Historically, NTM have been further divided into four groups according to the 

Runyon classification, introduced in 1959 by Ernest Runyon to facilitate their study upon 

recognition of their diversity and clinical significance (Runyon, 1959). Group I, II and III 



 

 

7 General Introduction 

are slowly growing mycobacteria (meaning they take longer than seven days to form 

visible colonies on solid media) which produce a yellow-orange pigment only when 

exposed to light (photochromogens, group I), regardless of exposure to light 

(scotochromogens, group II) or never produce pigment (nonchromogens, group III). 

Group IV are nonpigmented rapidly growing mycobacteria. While this classification is 

outdated, the division between slowly growing (SGM) and rapidly growing mycobacteria 

(RGM) is still in use and is generally supported by phylogenetic studies, which have 

revealed that rapid growers are more ancestral than slow growers, and that some species 

with intermediate growth belong to a clade that is interposed between the SGM and RGM 

species (Gupta et al., 2018; Tortoli, Fedrizzi, et al., 2017). The most pathogenic and well-

known species, M. tuberculosis and M. leprae, belong to the SGM group. 

Until recently, the family Mycobacteriaceae contained only one genus, 

Mycobacterium, accommodating all mycobacterial species described to date. A recent 

proposal by Gupta and co-workers proposed four novel genera within Mycobacteriaceae 

and emended the genus Mycobacterium to encompass only one of the five distinct 

mycobacterial clades, as supported by phylogenomics and comparative genomic studies 

(Gupta et al., 2018). Under this classification, SGM are divided into the genera 

Mycobacterium, Mycolicibacter and Mycolicibacillus, and RGM into the genera 

Mycolicibacterium and Mycobacteroides. Thorough analysis of the fundamental properties 

of cell morphology supports this separation into five distinct, monophyletic lineages 

(Yamada et al., 2020). However, the novel nomenclature has not been fully embraced and 

has been criticised by medical researchers for bringing unnecessary confusion and 

disruption into the healthcare setting, thus doing a disservice to clinicians and patients 

(Tortoli et al., 2019). It should be noted that both nomenclatures remain in use and are 

valid according to the principles and rules outlined in the Bacteriological Code. As such, 

the new genus and species names are heterotypic synonyms of the old names, in this case 

the basonym Mycobacterium (Tindall, 1999).  

 

2.1.1.  Tuberculosis and leprosy, millennia-old diseases 

Two of the oldest diseases to have plagued humankind, tuberculosis and leprosy, are 

caused by mycobacteria. Both can leave characteristic palaeopathological marks that make 

them recognisable in human and animal remains, which together with detection of DNA 

sequences and lipid biomarkers can be used to diagnose ancient infections (Donoghue et 
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al., 2017). Definitive evidence of TB has been found in human remains from the early 

phases of the Neolithic (8.000-10.000 years ago) and in a 17.000-year-old Pleistocene 

bovid (Baker et al., 2015; Hershkovitz et al., 2008; Lee et al., 2015; Rothschild et al., 2001). 

The oldest skeletons with evidence of leprosy are also pre-historical, dating from the Late 

Copper Age, and molecular evidence has been found in a 2200-year-old Egyptian mummy 

(Köhler et al., 2017; Neukamm et al., 2020). In agreement with archaeological evidence, 

genomic studies also suggest an ancient relationship between humans and these 

pathogenic mycobacteria, supporting a model of co-evolution with the human host 

(Gagneux, 2018; Han & Silva, 2014).  

In addition to being among the most ancient diseases known, they were also among 

the first to be recognised as being caused by bacteria. The etiological agent of leprosy, M. 

leprae or Hansen’s bacillus, was discovered in 1873 by Gerhard Hansen and it was the first 

bacterium to be identified as a cause of disease in humans (Hansen, 1874). However, its 

study was hindered by the inability to culture the bacterium in vitro, which remains a 

challenge to this day, and difficulty in finding a reliable animal model, which only 

happened almost a century later with the discovery that M. leprae could be successfully 

replicated in mice footpads and could cause disease in armadillos (Shepard, 1960; Storrs 

et al., 1974). M. leprae is an intracellular parasite with a downsized genome, known to 

infect tissue macrophages of the dermis and Schwann cells of the peripheral nerves (Cole 

et al., 2001; Scollard et al., 2015). This leads to extensive skin and nerve damage, which 

may be permanent and result in severe disability, disfigurement and the associated social 

stigma and discrimination (Suzuki et al., 2012). 

Less than a decade after Hansen’s discovery, in 1882, Robert Koch identified M. 

tuberculosis, or Koch’s bacillus, as the etiological agent of TB (Koch, 1882). Since then, 

other closely related species able to cause TB in humans and/or in animals have been 

found and are collectively known as the M. tuberculosis complex (Gagneux, 2018). The 

members of this complex diverge in terms of host species preference and geographical 

distribution, but all share a remarkable ability to survive and multiply within lung 

macrophages upon inhalation by ingeniously manipulating the cell’s phagocytic and 

signalling pathways (Cambier et al., 2014; Quigley et al., 2017). This strategy allows M. 

tuberculosis to persist in the infected host for decades in a latent asymptomatic stage. 

When M. tuberculosis is able to overcome this dormant state, either for reasons related 

with the virulence of the strain or with the immune status of the host, active pulmonary 

TB develops, with consequent host lung damage and dissemination to new uninfected 
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hosts (Ernst, 2012; Gengenbacher & Kaufmann, 2012; Lee et al., 2011). Although pulmonary 

TB is the most common presentation of the disease, M. tuberculosis has tropism for other 

organs besides the lung. TB can develop anywhere in body, originating cases of 

extrapulmonary TB and, when dissemination through the bloodstream occurs, of a serious 

condition called miliary TB (Peto et al., 2009; Sharma & Mohan, 2004; van Crevel et al., 

2002). 

Unfortunately, these millenary diseases still persist nowadays as important health 

problems worldwide. TB is still the leading cause of death by a single infectious agent and 

it is estimated that approximately 10 million people fell ill and 1.4 million died in 2019 with 

TB (WHO, 2020b). Leprosy has been eliminated as a public health problem since 2000 

but its incidence remains high in some countries, with around 200.000 new cases 

reported every year, and it represents a significant cause of preventable lifelong disability 

(Smith et al., 2017; WHO, 2020a). 

Many factors contribute to the difficulty in controlling these diseases, particularly 

among low socioeconomic status populations (Furin et al., 2019; Smith et al., 2017). Both 

have long incubation periods (from months to years) due to mycobacteria’s slow growth 

and therapeutic regimens are also long and involve the combination of multiple drugs, 

often with significant side-effects, which lower quality of life and can affect patient’s 

compliance with the treatment (Behr et al., 2018; de Andrade et al., 2019; Koo et al., 2020; 

Smith et al., 2017). Only one 100 year old vaccine is available to prevent mycobacterial 

infection and its effectiveness is suboptimal (Setia et al., 2006; Zwerling et al., 2011). 

Furthermore, mycobacteria are inherently resistant to most antimicrobials, due in part to 

their unique and impermeable cell envelope, and emergence of resistance against the few 

effective antimycobacterial drugs is a cause for worry (Gygli et al., 2017; Machado et al., 

2018). 

In leprosy’s case, first-line treatment consists of rifampicin, clofazimine, and 

dapsone for 6-12 months, and second-line treatment may include minocycline, 

clarithromycin and quinolone and have a duration of 18 months (WHO, 2017). Resistance 

to rifampicin, dapsone and quinolones has been emerging and the lack of investment in 

new therapies, due to its status as a neglected tropical disease, could hamper treatment 

and worsen its epidemiological status (Cambau et al., 2018). 

TB’s case is even more alarming, which is why this pathogen is considered by the 

WHO a priority for the development of new antimicrobials (Tacconelli et al., 2018). First-
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line TB treatment combines isoniazid, rifampicin, pyrazinamide and ethambutol, and 

several second-line drugs are available, but the emergence of multi-drug (MDR) and 

extensively drug-resistant (XDR) strains has led to almost impossible to treat cases of TB 

(Abubakar et al., 2013). After 40 years without discovering any new effective drug against 

TB, some progress has been made recently with the introduction of three new drugs, 

bedaquiline, delamanid and pretomanid, and promising clinical trials aiming to simplify 

the treatment of XDR-TB (Furin et al., 2019). However, toxicity and long treatment 

regimens remain a problem, and resistance to bedaquiline and delamanid has already been 

reported (Bloemberg et al., 2015; Polsfuss et al., 2019), so the quest for new and better 

therapies must continue. 

 

2.1.2. Nontuberculous mycobacteria, an emerging threat 

The obligate pathogens M. leprae and M. tuberculosis are the most infamous 

mycobacteria due to their pathogenicity. Nonetheless, they are far from being 

representative members of the Mycobacteriaceae family. The vast majority of 

mycobacteria are free-living saprophytes, ubiquitous in the environment, although not 

necessarily innocuous (Falkinham, 2009a). Thus, their lifestyle is closer to what is 

associated with typical soil and water-dwelling actinomycetes. Even rapidly growing 

mycobacteria grow much slower than most members of water and soil microbial 

communities, which could suggest they are poor competitors in some environments, but 

their remarkable ability to adapt to extreme stress conditions gives them an advantage 

when it comes to colonising and thriving in harsher environments (Falkinham, 2009b). 

Generally, NTM have a high tolerance to pH and temperature extremes, desiccation, 

low nutrient and low oxygen levels, and to the presence of organic pollutants, heavy 

metals, disinfectants and antibiotics (Burgess et al., 2017; de Carvalho et al., 2020; Harland 

et al., 2008; Kirschner et al., 1999; Le Dantec et al., 2002; Meissner & Falkinham, 1984; 

Nasiri et al., 2017; Norton et al., 2004; Schulze-Robbecke & Buchholtz, 1992; Smeulders et 

al., 1999; Wang et al., 2006). Consequently, some natural habitats where NTM seem to 

thrive are acidic and nutrient-poor environments such as peat-rich boreal forest soils and 

waters, acidic brown-water swamps, estuaries, coastal swamps and acidic hot springs 

(Falkinham, 2009b; Niva et al., 2006; Santos et al., 2007). Another ecological niche NTM 

are remarkably adapted to is tap water, where nutrient scarcity, high temperatures and 

chlorination provide a hostile environment for many microbes but not for oligotrophic, 
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thermotolerant and chlorine-resistant NTM (Le Dantec et al., 2002; Schulze-Robbecke & 

Buchholtz, 1992). Furthermore, the ability of NTM to form biofilms, due to their high 

surface hydrophobicity, allows them to attach strongly to surfaces and avoid being diluted 

and washed out by high water flow rates (Falkinham, 2021; Williams et al., 2009). As a 

result, NTM can stably colonize point-of-use water sources such as showerheads, forming 

biofilms that render them even more resistant to antimicrobials and disinfectants (Feazel 

et al., 2009; Gebert et al., 2018). Unfortunately, this means NTM can become enriched in 

water distribution systems, including in the healthcare setting, significantly increasing 

human exposure to these opportunistic pathogens and causing nosocomial outbreaks 

(Decker & Palmore, 2014). 

In developed countries with sophisticated water distribution systems, NTM 

infections are reported to be on a sustained rising trend, often surpassing the incidence of 

new TB infections (Johansen et al., 2020; Schildkraut et al., 2020). Their clinical 

manifestations can take many forms, including pulmonary disease, lymphadenitis, skin, 

soft tissue and osteoarticular infections and, in immunocompromised patients, 

disseminated infection (Swenson et al., 2018). As opportunistic bacteria, NTM disease is 

often associated with an underlying pathology affecting the immune system or the 

structure of respiratory airways, or with the colonisation of wounds and injuries (Swenson 

et al., 2018). Several hypotheses have been proposed to explain the rising trend of NTM 

infections in recent decades including: the increased overlap between human and 

mycobacterial habitats; NTM enrichment in water distributions systems due to 

disinfection regimens that favour their selection; greater prevalence of predisposing 

factors in the human population (e.g., aging, lowered immunocompetence, underlying 

lung disorders); and increased awareness by physicians, leading to more cases being 

diagnosed and reported (Nunes-Costa et al., 2016). These infections are notably difficult 

to treat due to NTM’s intrinsic antimicrobial resistance and poor correlation between in 

vitro susceptibility and in vivo response to antibiotics (Griffith, 2010). 

Although the large majority of NTM have been found in clinical samples, meaning 

that they are able to colonise or infect humans (Nunes-Costa et al., 2016), not all species 

are equally capable of causing disease. At the most pathogenic end of the spectrum is 

Mycobacterium ulcerans, responsible for the third most common mycobacterial disease 

after TB and leprosy, the tropical disease Buruli ulcer, which causes skin and bone lesions 

and can lead to permanent disability (Walsh et al., 2011). Tissue damage is mediated by 

mycolactone, a toxin produced only by M. ulcerans and closely related SGM, such as the 
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fish pathogen Mycobacterium marinum, also a common cause of cutaneous infections in 

humans (Yip et al., 2007). Pulmonary NTM disease, caused by the inhalation of 

aerosolized mycobacteria, is also common and frequently associated with members of the 

Mycobacterium avium complex, Mycobacterium kansasii, Mycobacterium szulgai, 

Mycobacterium xenopi and Mycobacterium malmoense (Glassroth, 2008; McGrath et al., 

2010; Prevots & Marras, 2015). NTM lymphadenitis is observed almost exclusively in 

children and HIV-infected patients and is mostly associated with M. avium complex, M. 

malmoense and Mycobacterium scrofulaceum (Griffith et al., 2007). Finally, the 

disseminated disease commonly observed in severely immunocompromised patients 

frequently involves M. avium complex and Mycobacterium genavense (Tortoli, 2009). All 

the species mentioned before are SGM belonging to the same clade as M. tuberculosis and 

M. leprae (Gupta et al., 2018). However, some RGM species are also commonly associated 

with both pulmonary and cutaneous disease, notably Mycobacterium abscessus 

(Mycobacteroides abscessus) and Mycobacterium fortuitum (Mycolicibacterium fortuitum) 

which have been a frequent cause of nosocomial outbreaks (Tortoli, 2009). 

Infections caused by M. abscessus are the most difficult to treat, with an average rate 

of treatment success below 50% (Johansen et al., 2020). This can be attributed to its 

unusually high intrinsic and acquired antibiotic resistance, conjugated with the frequent 

lack of correlation between in vitro susceptibility profiles and in vivo response to 

treatment, which has led it to be described as an antibiotic and clinical “nightmare” 

(Lopeman et al., 2019; Nessar et al., 2012). Due to the poor response to chemotherapy-

based treatments in some patients, resection surgery is often recommended to improve 

clinical outcomes (Griffith et al., 2007). Phage therapy has recently emerged as a 

promising therapeutic tool, after some successful outcomes in untreatable cases of M. 

abscessus infection in patients who received this treatment under compassionate use 

(Dedrick et al., 2019, 2022). However, no clinical trials have been conducted yet on the 

use of bacteriophages against mycobacteria (Senhaji-Kacha et al., 2021). Furthermore, 

while there has been a recent effort to invest into strengthening the TB drug pipeline, the 

NTM drug pipeline is nearly empty and mostly comprised of repurposed drugs and anti-

TB compounds (Johansen et al., 2020; Wu et al., 2018). However, it is common for NTM 

to not respond to classic TB drug regimens, and some of the new TB drugs show decreased 

activity against NTM (Wu et al., 2018). Bedaquiline, for example, is bactericidal against M. 

tuberculosis but only bacteriostatic against several NTM species, including M. abscessus 

and M. avium (Aguilar-Ayala et al., 2017; Dupont et al., 2017; Lounis et al., 2009). Thus, a 
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dedicated drug pipeline is essential to adequately manage the emerging threat of NTM 

infections. This is especially important since M. abscessus has a rapidly evolving genome 

with a low threshold for foreign DNA acquisition, suggesting it might easily acquire novel 

virulence factors and could potentially further evolve into a human-adapted pathogen 

(Choo et al., 2014). This evolution might already be in course, and it is worrying that 

studies suggesting human-to-human transmission of M. abscessus in cystic fibrosis 

centres are accumulating, challenging the long-held idea that NTM infections are 

exclusively acquired from the environment (Bryant et al., 2013, 2016; Ruis et al., 2021; 

Tortoli, Kohl, et al., 2017; Yan et al., 2020).  

Interestingly, the clinical relevance of NTM goes beyond their role as opportunistic 

pathogens. Indeed, some species, notably Mycobacterium vaccae (Mycolicibacterium 

vaccae) and Mycobacterium obuense (Mycolicibacterium obuense), have found use as 

therapeutic agents with a diverse range of applications (Stanford & Stanford, 2012). 

Attenuated and heat-killed preparations of these NTM show immunomodulatory 

properties which have been investigated in cancer therapy (Cananzi et al., 2013; Dalgleish 

et al., 2016; Fowler et al., 2014), in the prevention and treatment of leprosy and TB (Huang 

& Hsieh, 2017; Stanford et al., 1990) and in the management of conditions such as psoriasis 

and asthma (Balagon et al., 2000; Dalbeth et al., 2004; Jiang et al., 2020). Furthermore, 

and as discussed in the next section, environmental mycobacteria can serve as valuable 

surrogates to study their pathogenic counterparts. Thus, the in-depth study of NTM and 

their diversity is essential to provide insights that can guide interventions into multiple 

areas of human health. 

 

2.1.3.  Thermophilic mycobacteria 

As mentioned in the previous section, NTM are remarkably resilient bacteria able to 

tolerate, among other stress conditions, temperature extremes. A psychrotolerant species 

of mycobacteria capable of growth at 4°C has been described (Trujillo et al., 2004). Many 

species, including those frequently found in tap water and associated with community and 

healthcare-acquired infections, are heat-resistant (Schulze-Robbecke & Buchholtz, 1992). 

The thermotolerant Mycobacterium avium subsp. paratuberculosis, a common cattle 

pathogen that can be present in high numbers in raw milk and is suspected of being an 

etiological agent in human Crohn’s disease, has been detected in pasteurised dairy 

products, suggesting a disturbing ability to resist pasteurisation (Eltholth et al., 2009; 
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Peterz et al., 2016). This is interesting given that mycobacteria do not form spores, so their 

ability to resist heat is an intrinsic property of mycobacterial cells accomplished through 

mechanisms differing from those used by sporulating bacteria. Optimal growth at around 

45°C has been observed for some species, including M. xenopi, a common agent of NTM 

pulmonary disease (Griffith et al., 2007). A strain of Mycobacterium parascrofulaceum 

isolated from a hot spring was demonstrated to grow at 56°C (Santos et al., 2007). Finally, 

some species of mycobacteria are not only thermotolerant but also fit the definition of 

thermophilic since they grow optimally at or above 50°C (Vieille & Zeikus, 2001). This is 

the case for Mycobacterium thermoresistibile (Mycolicibacterium thermoresistibile) 

growing optimally at 52°C (Wolfe & Moore, 1992) and Mycobacterium hassiacum 

(Mycolicibacterium  hassiacum) growing optimally at 50°C and up to 65°C (Schröder et al., 

1997). 

What is remarkable about these thermophilic species of mycobacteria is that they 

are capable of colonising and infecting humans, albeit rarely, making them rare but 

genuine thermophilic opportunistic pathogens. M. hassiacum has been associated with 

cases of peritonitis, cystitis and pulmonary disease (Jiang et al., 2013; Salzer et al., 2020; 

Tortoli et al., 1998), while M. thermoresistibile has been implicated in cases of 

osteomyelitis and skin and lung infections (Suy et al., 2013). True thermophiles acting as 

pathogens is an extremely rare occurrence since they are in theory not well adapted to 

human body temperature. Although clinically relevant bacterial isolates able to grow at 

50°C were reported for the first time in 1985, they were not identified to the species level 

and research on this subject is scarce (Rabkin et al., 1985).  

An interesting feature of thermophilic mycobacteria is that many of their essential 

pathways and enzymes are remarkably similar to those of M. tuberculosis and other 

pathogenic species. At the same time, their thermophilic lifestyle means that their proteins 

are essentially thermostable versions of mycobacterial proteins, which comes with several 

practical advantages, namely the well-known propensity of thermotolerant proteins to be 

more amenable to biochemical and structural studies, since they are in general more 

soluble and stable in vitro (Edwards et al., 2012). Because there is a high degree of active 

site similarity between mycobacterial enzymes sharing over 55% sequence identity, it is 

possible to use the orthologues of thermophilic species as surrogates for the M. 

tuberculosis enzymes which are more difficult to obtain and study (Baugh et al., 2015). 

Therefore, thermophilic mycobacteria should be seen as more than just an oddity within 
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the field of mycobacterial research, and also as an invaluable tool in the study of essential 

mycobacterial pathways and novel drug targets. 

 

2.2. The family Streptomycetaceae 

Streptomycetaceae are another clinically important family within Actinomycetia, 

although for different reasons than Mycobacteriaceae. Unlike the latter, it doesn’t harbour 

important obligate pathogens, instead being known for the remarkable antibiotic-

producing abilities of some of its members, commonly called streptomycetes. Indeed, its 

most famous member is arguably Streptomyces griseus, the source of many antibiotics 

including the first antibiotic against TB to be discovered, streptomycin (Woodruff, 2014). 

Most species within this family belong to the genus Streptomyces, which includes 

nearly 700 validly published species to date (https://lpsn.dsmz.de/genus/streptomyces). 

It also comprises the genera Embleya, Kitasatospora, Streptacidiphilus and Yinghuangia 

(Salam et al., 2020). They are aerobic, non-motile, sporulating (unlike mycobacteria), 

gram-positive bacteria with a high G+C content and which form a highly branched 

substrate mycelium with aerial hyphae (Nouioui et al., 2018). Typically seen as soil-

dwelling microorganisms, streptomycetes are ubiquitous across terrestrial and aquatic 

ecosystems, inhabiting environments as diverse as sea water, marine sediments, arid 

desert soils, artic glaciers and volcanic sediments (Sivalingam et al., 2019). They have been 

found in close association with plants, algae, corals, insects and bats, highlighting their 

ecological importance (Braña et al., 2015; Hamm et al., 2020; Kaltenpoth et al., 2005; 

Schrey & Tarkka, 2008). Although undoubtedly a mostly beneficial group of 

microorganisms, some species are plant pathogens and some can be infrequent causes of 

human infection (Dunne et al., 1998; Li et al., 2019). 

The proficiency of streptomycetes as producers of bioactive compounds is arguably 

unmatched. They are not only the source of the majority of antibiotics, but also produce 

other clinically important compounds such as antifungal, anticancer, antiparasitic and 

immunosuppressive agents (Nett et al., 2009). Although by the 1990s frequent re-

discovery of known antibiotics suggested this prolific source had been exhausted, the 

availability of whole genome sequences has since revealed a yet unexplored hidden 

diversity even in extensively screened species, as well as validating the notion that 

discovery of new species increases the pool of novel compounds available for screening 

(“new bugs = new drugs”) (Ward & Allenby, 2018). 
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Additionally, some Streptomyces species are also important laboratory tools in the 

field of molecular biology, namely as heterologous hosts for recombinant protein 

production and for the cloning and overexpression of large biosynthetic gene clusters 

(BGCs) and consequent overproduction of their respective SM (Berini et al., 2020; Nah et 

al., 2017). This means that not only are streptomycetes a large reservoir of SM, but they 

also provide laboratory tools to obtain them in large enough quantities for screening and 

drug development studies. 

 

2.2.1.  The genus Streptacidiphilus 

The genus Streptomyces has been extensively screened for novel bioactive 

compounds, but other members of the family remain largely underexplored. This is the 

case for the closely related genus Streptacidiphilus, a genus of acidophilic streptomycetes 

described for the first time in 2003 (Kim et al., 2003) but whose biosynthetic potential 

has only very recently begun to be explored (Elsayed et al., 2020; Hwang et al., 2019; Malik 

et al., 2020). Currently, the genus comprises 15 known species, most of which have been 

isolated from acidic forest soils, although there is one single report of isolation of a new 

species from a human clinical specimen (Nouioui et al., 2019). 

A genome mining effort analysing 11 Streptacidiphilus genomes indicates that 

members of this genus possess unique BGCs that aren’t present in other streptomycetes 

and which could encode novel SM with potentially interesting bioactivities, ranging from 

antibacterial, antifungal, antimalarial and antitumor effects (Malik et al., 2020). The first 

Streptacidiphilus SM to be discovered were the acidiphilamides, five new modified 

tripeptides with autophagy inhibition activity (Hwang et al., 2019). This is a potentially 

relevant finding since there is a current interest in developing autophagy inhibitors for 

their use in cancer treatment (Dolgin, 2019). The only other report to date of 

Streptacidiphilus SM is the discovery of an unusual family of spirotetronate polyketides, 

the streptaspironates (Elsayed et al., 2020). With acidiphilamides and streptaspironates, 

this relatively new and underexplored genus has already contributed to enrich the known 

chemical space of natural products, only in the last three years. However, it is predicted 

that many more novel compounds remain to be discovered by studying these acidophilic 

streptomycetes (Malik et al., 2020). 
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3. The glycobiology of mycobacteria and related actinomycetes 

The glycobiology of Actinomycetia is a vast and diverse field of study with many 

ramifications. Indeed, sugar-containing molecules are involved in both the pathogenic and 

beneficial facets of these microorganisms, as well as in their ability to adapt to different 

ecological niches. Prominent examples are the glycoconjugates of the mycobacterial cell 

envelope which play a role in infection and in evading the host immune system, or the 

aminoglycoside antibiotics produced by Streptomyces species (ex., streptomycin) and 

which help fight infectious diseases such as TB. The importance of characterising the 

glycome, referring to the set of all glycans in an organism, is increasingly recognised 

particularly in the case of pathogens due to its ample involvement in bacteria-host 

interactions and the nearly infinite structural diversity it encompasses (Imperiali, 2019). 

Glycomic approaches have provided new insights into the mycobacterial glycome, for 

example with the recent discovery of a novel mycobacterial polysaccharide through the 

development of a new purification methodology (Larrouy-Maumus et al., 2015), or the 

systematic investigation of interactions between mycobacterial glycans and human cell 

receptors through the development of a synthetic glycan array (Zheng et al., 2017). 

Behind the immense chemical diversity found in the carbohydrates and 

glycoconjugates of actinomycetes is an equally impressive variety of biocatalysts that 

assemble, modify, recycle and degrade these molecules. Carbohydrate-active enzymes 

(CAZYmes), including but not limited to glycoside hydrolases and glycosyltransferases, 

are extremely important not only because of their crucial physiological roles with ample 

implications in human health, but also for their countless biotechnological applications 

(Chao & Jongkees, 2019). Consequently, the in-depth study of these enzymes and their 

reaction mechanisms yields opportunities for drug discovery (Yakovlieva & Walvoort, 

2020), expands our toolkit for chemical synthesis approaches that can answer the demand 

from pharmaceutical and chemical industries (André et al., 2014), and provides solutions 

for sustainable biomass conversion and biofuel production (Chettri et al., 2020), among 

others. 

The following sections do not offer a comprehensive overview of this vast area of 

knowledge, but they highlight its diversity while focusing on the microorganisms, 

pathways, enzymes and sugars that were the subject of the work carried out in the scope 

of this thesis. Specifically, the focus will be placed on mycobacteria and the carbohydrates 
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that make them unique, as well as in the resulting opportunities for biomedical 

applications in the field of infectious diseases. 

 

3.1.  Mycobacterial cell envelope glycoconjugates 

Actinobacteria, and thus actinomycetes, are often referred to as a gram-positive 

group of bacteria. While this is true for many members of this class, a remarkable 

exception evolved in the order Corynebacteriales, which includes mycobacteria. Instead of 

the typical monoderm cell envelope of gram-positive bacteria, these microorganisms have 

a diderm envelope that differs from that of gram-negative bacteria (Figure 1.2) (Rahlwes 

et al., 2019). The most distinguishing feature of this unique cell envelope is the presence 

of a layer of mycolic acids (MAs), among the longest fatty acids found in nature with up 

to 100 carbon atoms per molecule, and hence these bacteria are sometimes called the 

“mycolata” (Rahlwes et al., 2019). Notably, the thick, impermeable and complex nature of 

this envelope plays a role in the extraordinary resilience of mycobacteria to environmental 

stresses and their intrinsic resistance to many antibiotics and disinfectants (Bansal-

Mutalik & Nikaido, 2014). 

 

Figure 1.2. Schematic representation highlighting the differences in cell envelope architecture between gram-
negative, gram-positive and “mycolata” bacteria. Both gram-negative bacteria and mycobacteria possess two 
lipid bilayers, distinguished in the latter by the presence of mycolic acids (represented by “w” shaped lines) 
and unique glycolipids (represented by brown polar heads). The thickness of each layer is variable between 
species and not drawn to scale. 

The bacterial cell wall is a traditional target of many classes of antibiotics (Hutchings 

et al., 2019). In the case of mycobacteria, two of the four first-line drugs target the wall: 

isoniazid inhibits MA production and ethambutol blocks arabinogalactan (AG) synthesis 

(Dulberger et al., 2020). Furthermore, the outer layer of the cell envelope is the first point 
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of interaction between mycobacteria and the immune system of the host, and in 

pathogenic species its composition seems to be fine-tuned to ensure persistence and 

successful infection (Dulberger et al., 2020). 

The mycobacterial cell envelope can be divided into four layers: i) inner membrane 

(IM), ii) cell wall core, iii) outer membrane (OM) and iv) capsule, all rich in sugar-

containing molecules (Figure 1.3). The IM is composed of standard cytoplasmic membrane 

phospholipids, but it also contains phosphatidylinositol mannosides (PIMs) unique to 

mycobacteria and related actinomycetes (Rahlwes et al., 2019). These are glycosylated 

phosphatidylinositols with up to 4 fatty acids and up to 6 mannose units that seem to be 

confined to the IM, being its major component and likely contributing to the low 

permeability of the cell envelope (Bansal-Mutalik & Nikaido, 2014). They are also 

precursors of lipomannans (LMs), in which the mannan chain is extended reaching up to 

34 mannose units, and lipoarabinomannans (LAMs), containing an additional polymer of 

~70 arabinofuranose residues attached to the mannan chain of LMs (Rahlwes et al., 2019). 

The precise location of LMs and LAMs is still debated. Although they are synthesised from 

PIMs in the IM, share the same lipid anchors, and are present in actinomycetes that lack 

an OM, their presence in the OM of mycobacteria has been unequivocally demonstrated 

(Bansal-Mutalik & Nikaido, 2014; Minnikin et al., 2015). In any case, PIMs, LMs and LAMs 

are critical for cell wall integrity and strongly immunomodulatory, playing key roles in 

innate immunity evasion and granuloma formation (Mishra et al., 2011; Vergne et al., 

2004). 

The cell wall core consists of a covalently-bound complex of peptidoglycan (PG), AG 

and MAs, the mycoloylarabinogalactan-peptidoglycan (mAGP) complex. PG, composed of 

a linear glycan chain crosslinked by peptides, is conserved in all bacteria with a cell wall 

and is responsible for maintaining cell shape and protecting against osmotic pressure 

(Alderwick et al., 2015). The amino acids of the crosslinking peptide bridge vary across 

taxa, while the glycan chain is mostly conserved and consists of alternating β-1,4-linked 

N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) residues. However, 

a distinctive feature is found in the PG of mycobacteria and related actinomycetes, in 

which some muramic acid residues are glycolylated rather than acetylated, forming N-

glycolylmuramic acid (MurGly) (Raymond et al., 2005). It is not known precisely why this 

modification evolved, but it has been hypothesised that N-glycolyl groups strengthen the 

PG’s mesh-like structure through additional hydrogen bonding and that it may protect 

against lysozyme degradation (Alderwick et al., 2015). Some of the muramic acid residues  
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Figure 1.3. Schematic representation of the mycobacterial cell envelope highlighting its major glycan 
components. Not drawn to scale. The glycolipids represented in the inner membrane (IM) are: TMM, trehalose 
monomycolates; PIM2 and PIM6, phosphatidylinositol mannosides containing 2 and 6 mannose residues, 
respectively. The glycolipids represented in the outer membrane (OM) are: LOS, lipooligosaccharides; GMM, 
glucose monomycolates; LM, lipomannans; PAT, pentaacyl trehaloses; GPL, glycopeptidolipids; LAM, 
lipoarabinomannans; SL, sulfoglycolipids; TDM, trehalose dimycolates; and PGL, phenolic glycolipids. 
Arabinomannan, α-D-glucan and mannan are represented in the capsule layer. GlcNAc, N-acetylglucosamine; 
MurNAc, N-acetylmuramic acid; MurGly, N-glycolylmuramic acid; 6dTal, 6-deoxy-talose. Adapted from 
Bansal-Mutalik & Nikaido, 2014; Daffé et al., 2014; Minnikin et al., 2015; Rahlwes et al., 2019. 
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of the mycobacterial PG are covalently attached to a disaccharide linker unit formed by 

GlcNAc and rhamnose, the latter residue being bound to the galactan domain of AG 

(Alderwick et al., 2015). AG is composed of a galactan domain, a linear chain of ~30 D-

galactofuranosyl (Galf) residues with alternating β-1,5 and β-1,6 links, and an arabinan 

domain, consisting of 3 highly branched chains of ~23 D-arabinofuranosyl (Araf) residues 

per each galactan chain. Together, the PG and AG layers form a dense yet flexible macro 

polymer whose three-dimensional structure is not fully understood, but which must 

provide a platform to anchor the MAs that form both the final layer of the cell wall core 

and the inner leaflet of the OM (Minnikin et al., 2015). 

The mycobacterial OM, also called mycomembrane, is a lipid bilayer mainly 

consisting of high molecular weight MAs, which in mycobacteria contain 60-90 carbon 

atoms per molecule. Despite the length of their chains, MAs seem to adopt a folded 

conformation, explaining why electron microscopy studies indicate only a small difference 

in thickness between the inner and outer membranes (Groenewald et al., 2014; Hoffmann 

et al., 2008; Zuber et al., 2008). As mentioned above, some MAs are bound to AG, while 

others are free or esterified with polar molecules, including with trehalose with which they 

form trehalose monomycolates (TMM) and dimycolates (TDM). TMM is the precursor of 

TDM and also the source of the MA chains transferred to the AG. Inhibitors targeting the 

specific mycolyltransferases responsible for transferring MAs from TMM to both TDM and 

AG (Ag85 complex) and the membrane transporter that translocates TMM to the OM 

(MmpL3) are under investigation as promising new TB drug targets (Nobre et al., 2014). 

TDM (cord factor) is highly antigenic and plays a myriad of roles in the 

immunopathogenesis of TB, notably in intracellular survival (Welsh et al., 2013). Other 

trehalose-containing lipids found in the OM are diacyl, triacyl and pentaacyl trehaloses, 

sulfoglycolipids (consisting of sulfonated acyltrehalose), and lipooligosaccharides (LOS), 

all involved in virulence modulation (Nobre et al., 2014). LOS, absent from M. tuberculosis 

but present in many NTM species, consist of acylated trehalose linked to an 

oligosaccharide whose composition is species-dependent, and are involved in biofilm 

formation and immune modulation (Rahlwes et al., 2019). In addition to glucose, 3-O-

methyl-rhamnose, xylose and fucose, some unusual and unique sugars can be found in the 

oligosaccharides modifying the acylated trehalose core of LOS, such as N-acyl 

kansosamine in M. kansasii or caryophyllose and a 4,6-dideoxy-galactose substituted with 

a 3-hydroxy-3-methylated-pyrrolidone group in M. marinum (Hunter et al., 1984; Sarkar 

et al., 2011). 
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Glycopeptidolipids (GLPs) are another type of glycoconjugate found in the cell 

envelope of some NTM, but not in M. tuberculosis, and which are important virulence 

factors in pathogenic species such as M. avium and M. abscessus (Mukherjee & Chatterji, 

2012). The core structure of GPLs consists of a fatty-acyl tetrapeptide glycosylated with 6-

deoxy-talose and methyl rhamnose at two different residues of the peptide. 6-deoxy-talose 

can be further glycosylated and the monosaccharides can be methylated and acetylated 

giving rise to great structural diversity and serovar-specific GPLs. These can be more or 

less polar and thus modulate the hydrophobicity of the cell envelope, with consequences 

in biofilm formation, sliding motility and host-pathogen interactions (Gutiérrez et al., 

2018; Miyamoto et al., 2010; Mukherjee & Chatterji, 2012). The mycobacterial OM also 

harbours phenolic glycolipids (PGLs), present in M. tuberculosis, M. leprae and a few 

slowly growing pathogenic NTM, which play important roles in host-pathogen 

interactions (Arbues et al., 2014). They are derived from the highly apolar lipids 

phthiocerol dimycocerosates (PDIMs), but in which this lipid moiety is linked to a 

phenolic residue, further modified with a saccharide of variable length and composition, 

with methylated forms of rhamnose, fucose and glucose being encountered (Pérez et al., 

2004; Tabouret et al., 2010). Interestingly, M. tuberculosis secretes glycosylated p-

hydroxybenzoic acid methyl esters containing the same carbohydrate moiety found in its 

PGLs (Pérez et al., 2004). 

Finally, at the outermost layer of the mycobacterial cell envelope there is a loose 

capsule-like structure formed mainly by polysaccharides, but also by lipids and proteins 

with ratios, composition and thickness varying across species. In general, lipids are the 

minor component, although glycolipids (mostly species-specific GPLs and PGLs) are 

found in abundant quantities in the capsules of some species such as M. leprae and M. 

avium (Daffé et al., 2014). In other species, such as M. smegmatis, proteins are the major 

constituent and the capsule is thin, while in M. tuberculosis this structure is much thicker 

and mainly composed of polysaccharides (Daffé et al., 2014; Rahlwes et al., 2019). Three 

types of capsular polysaccharides are found in the mycobacterial capsule: α-glucan, 

arabinomannan, and mannan. The latter two are structurally identical to the carbohydrate 

moieties of LAM and LM and are presumed to derive from these glycolipids. α-glucan is 

the most abundant of the three and is structurally related to cytoplasmic glycogen but 

smaller in size, consisting of an α-1,4-glucose polymer with extensive α-1,6 branching 

(Rahlwes et al., 2019). As with most of the other unique elements of the mycobacterial cell 
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envelope, the capsule components have been shown to play important roles in 

pathogenesis and immunomodulation (Daffé et al., 2014).  

 

3.2. Free solutes: trehalose and glucosylglycerate 

Microbial resistance to environmental stress can be accomplished through several 

mechanisms. In mycobacteria, as mentioned, an impervious cell envelope is a key source 

of resilience, but other strategies are also present, including the accumulation of small 

solutes in response to specific environmental challenges. Accumulation of compatible 

solutes is a widespread microbial strategy to cope with abiotic stress agents like osmotic 

stress, heat, cold, oxidative stress, dehydration, desiccation and nutrient starvation (Elbein 

et al., 2003; Empadinhas & da Costa, 2011; Nunes-Costa et al., 2017). Two small 

carbohydrates are especially important in mycobacterial physiology and adaptation to 

stress: the disaccharide trehalose (α-D-glucopyranosyl-1,1-α-D-glucopyranoside) and the 

glycoside glucosylglycerate (α-D-glucopyranosyl-1,2-D-glycerate) (Figure 1.4). While both 

are precursors of vital macromolecules (see section 3.1 for trehalose and section 3.3 for 

glucosylglycerate), they are also accumulated in the cytoplasm in their free form under 

certain conditions. 

 

Figure 1.4. Chemical structures of glucosylglycerate (left, blue) and trehalose (right, dark orange). 

Free trehalose is ubiquitous in nature and an important molecule in plants, insects, 

fungi and bacteria, serving as an energy and carbon reserve, as a sensing compound and 

growth regulator, and as a stabiliser and protectant of proteins and membranes against 

temperature extremes, dehydration and oxidative damage (Elbein et al., 2003). In 

actinomycetes, its function is not strictly structural as part of cell envelope glycolipids. 

Indeed, several Streptomyces strains accumulate trehalose in their spores (for example, 

trehalose levels in spores of S. griseus can reach up to 25% of their dry weight) which is 

thought to stabilise macromolecules as cells lose their water content, and to provide 

energy during the first stages of spore germination (Bobek et al., 2017). Although 
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mycobacteria are non-sporulating, they can also resist desiccation and stressed 

mycobacterial cells are able to enter a dormant stage with reduced metabolic activity. It 

has recently been shown that M. smegmatis cells accumulate trehalose as they enter 

dormancy and its levels are associated with maintaining viability during this critical stage, 

and also that the breakdown of accumulated trehalose is involved in the early events of 

resuscitation (Shleeva et al., 2017). Thus, the function of free trehalose in mycobacteria 

seems to mimic what is observed for trehalose-accumulating sporulating microorganisms 

such as yeasts and streptomycetes (Bobek et al., 2017; Shleeva et al., 2017). 

Out of the five natural pathways that can contribute to trehalose biosynthesis, 

mycobacteria possess genes for at least three of them (Nobre et al., 2014). The OtsA/OtsB 

pathway produces trehalose through the sequential action of a trehalose-6-phospate 

synthase that condenses NDP-glucose and glucose-6-phosphate (OtsA) and a phosphatase 

that dephosphorylates trehalose-6-phosphate (OtsB). Alternatively, the TreY/TreZ 

pathway can synthetise trehalose from glycogen through the action of a 

maltooligosyltrehalose synthase (TreY) that isomerises a terminal maltose unit of a 

glycogen chain to trehalose, which is then cleaved by a maltooligosyltrehalose 

trehalohydrolase (TreZ) to release free trehalose. Finally, the enzyme trehalose synthase 

(TreS) is able to isomerise between maltose and trehalose (Figure 1.7) (Nobre et al., 2014). 

The three pathways were initially thought to be redundant, and indeed early evidence 

suggested that an M. smegmatis triple mutant with all pathways disabled could only grow 

when supplemented with trehalose, while each of the three pathways was able to recover 

the mutant (Woodruff et al., 2004). However, in M. tuberculosis the OtsA/OtsB pathway 

is essential for growth while the TreY/TreZ pathway is not, and TreS seems to be important 

during the late stages of pathogenesis in mice but not essential (Minato et al., 2019; 

Murphy et al., 2005). Furthermore, subsequent genetic studies complemented NMR 

analyses in M. smegmatis refuted its involvement in trehalose synthesis, suggesting that 

the metabolic flux through this enzyme in vivo is towards the production of maltose from 

trehalose (Miah et al., 2013). These results suggest that all three pathways play different 

roles in vivo and underline the vital importance of trehalose in mycobacterial physiology. 

Glucosylglycerate (GG) was originally identified over 50 years ago as a structural 

component of a unique mycobacterial polysaccharide, and later as a minor free solute in a 

few unrelated prokaryotes. Once thought to be a rare microbial metabolite, it is now 

known that accumulation of GG is a widespread microbial strategy to cope with salt-stress 

in nitrogen poor environments. Like trehalose, GG plays a role in actinomycetes as a 
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precursor of macromolecules, namely as the polar head of a glycolipid found in Nocardia 

otitidiscaviarum whose function, taxonomic distribution and biosynthetic pathway remain 

completely unknown, and attached to the reducing end of 6-O-methylglucose 

lipopolysaccharides (MGLP) (discussed in detail in section 3.3) (Nunes-Costa et al., 2017). 

Also similarly to what has been documented for trehalose, free GG has been shown to 

stabilise and protect proteins and nucleic acids, which could be of benefit to organisms 

under environmental stress conditions (Faria et al., 2008; Sato et al., 2014; Sawangwan et 

al., 2010). Its crucial role in mycobacteria as a free solute has only recently been 

discovered. Unlike what is commonly observed in other prokaryotes that accumulate GG 

as a response to osmotic stress when nitrogen levels are low, mycobacteria accumulate 

this glycoside in the absence of salt stress and in response to nitrogen starvation alone 

(Alarico et al., 2014; Behrends et al., 2012). In M. smegmatis, the key gene for GG 

biosynthesis was found to be up-regulated about 20-fold upon nitrogen restriction, 

leading to GG accumulation, and the corresponding mutant had defective growth under 

nitrogen-limited conditions (Behrends et al., 2012). Likewise, M. hassiacum was found to 

accumulate GG under nitrogen deprivation and to rapidly decrease its levels when 

nitrogen became available by up-regulating a GG-specific hydrolase (Alarico et al., 2014). 

These results suggest that tight control of free GG levels in rapidly growing mycobacteria 

is necessary for optimal cell fitness, with immediate mobilisation of accumulated GG 

presumably required to resume biosynthetic processes upon nitrogen replenishment 

(Nunes-Costa et al., 2017). It has not been investigated if free GG is also accumulated by 

slowly growing species such as M. tuberculosis, but the genomic absence of the specific 

GG-hydrolase identified in M. hassiacum indicates that the adaptation strategies of RGM 

and SGM to nitrogen starvation might be different (Nunes-Costa et al., 2017) 

 

3.2.1. GG biosynthesis in mycobacteria 

Three biosynthetic pathways yielding GG are presumed to exist in nature, but only 

one is known to be present in mycobacteria (Nunes-Costa et al., 2017). This is a two-step 

pathway involving a specific glycosyltransferase, glucosyl-3-phosphoglycerate synthase 

(GpgS), that condenses NDP-glucose and 3-phosphoglycerate (3-PGA) to form the 

phosphorylated intermediate glucosyl-3-phosphoglycerate (GPG) which is then 

dephosphorylated by a specific phosphatase, glucosyl-3-phosphoglycerate phosphatase 

(GpgP), producing GG (Figure 1.5). This route was first identified in the psychrotolerant 
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archaeon Methanococoides burtonii (Costa et al., 2006), but although by then it had been 

known for decades that mycobacteria produce GG, homologues to the archaeal enzymes 

could not be found in mycobacterial genomes (Nunes-Costa et al., 2017). Later, the 

identification of an ambiguous glycosyltransferase able to produce both GG and the 

related glycoside mannosylglycerate (MG) in the actinobacterium Rubrobacter 

xylanophilus led to the discovery of the divergent mycobacterial GpgS and other 

“actinobacterial-type” GpgS homologues (Empadinhas et al., 2008). In M. tuberculosis, 

GpgS is considered essential for growth (Minato et al., 2019) which quickly prompted the 

determination of its three-dimensional structure so as to provide an experimental scaffold 

for inhibitor design (Pereira et al., 2008). Since then, investigation of the structure and 

catalytic mechanism and dynamics of the mycobacterial GpgS has attracted significant 

interest, although high-resolution structures are still missing, hampering rational drug 

design efforts (Albesa-Jové et al., 2015; Albesa-Jové, Romero-García, et al., 2017; Urresti et 

al., 2012). 

 

Figure 1.5. Pathway for the biosynthesis of glucosylglycerate (GG) in mycobacteria. NDP-Glc, nucleoside 
diphosphate glucose; 3-PGA, 3-phosphoglycerate; GPG, glucosyl-3-phosphoglycerate; GpgS, glucosyl-3-
phosphoglycerate synthase; GpgP, glucosyl-3-phosphoglycerate phosphatase. 

Like with GpgS, the discovery of the mycobacterial GpgP was also not 

straightforward due to lack of sequence homology with typical GpgPs found in other GG-

accumulating bacteria and archaea. Indeed, while typical GpgPs belong to the 

dehalogenase-like hydrolase superfamily, the mycobacterial enzyme is part of the 

histidine phosphatase superfamily instead and was misannotated as a phosphoglycerate 

mutase (Mendes et al., 2011; Zheng et al., 2014). The phylogenetic distribution of this 

second family of GpgPs is rather limited, being restricted almost exclusively to the 

Corynebacterineae (Nunes-Costa et al., 2017). Unlike GpgS, this gene is not considered 

essential for M. tuberculosis growth, suggesting that other phosphatase(s) can 
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dephosphorylate GPG in the cell (Minato et al., 2019). Although in prokaryotes genes 

encoding enzymes involved in the same metabolic pathways are often grouped into 

operons to facilitate co-transcription, and this is often the case with gpgS and gpgP genes 

in some organisms, it is not always the case (Empadinhas & da Costa, 2011; Ma & Xu, 2013). 

In mycobacteria, the two genes are not associated in the genome and it has been proposed 

that this genomic arrangement may confer metabolic flexibility, with each enzyme 

participating in the same metabolic pathway but also possibly being independently 

regulated and additionally involved in different pathways (Nunes-Costa et al., 2017). 

In RGM, free GG levels are controlled not only by the two enzymes participating in 

the two-step pathway outlined above (Figure 1.5), but also by a specific GG hydrolase, GgH, 

which mobilises accumulated GG when nitrogen levels are re-established (see section 3.2) 

and whose three-dimensional structure has been recently unveiled (Alarico et al., 2014; 

Cereija et al., 2019). In SGM, the absence of a GgH homologue could indicate that they 

only use GG as a MGLP precursor or that an alternative non-homologous hydrolase is 

responsible for this activity, but evidence either way is still lacking. 

 

3.3.  Intracellular polysaccharides 

Three polysaccharides can be found in the cytoplasm of mycobacteria and related 

actinomycetes: glycogen, MGLP and 3-O-methylmannose polysaccharides (MMP). The 

last two macromolecules are collectively known as polymethylated polysaccharides 

(PMPS) due to being extensively methylated. Unlike the universal carbon and energy 

storage molecule glycogen, PMPS have a very limited phylogenetic distribution and their 

physiological function is still not fully understood (Mendes et al., 2012). 

Hints on the function of PMPS were provided by early studies showing their ability 

to bind long-chain fatty acids and form stable 1:1 complexes, as well as by their activating 

effect on fatty acid synthase I (FAS-I) (Machida & Bloch, 1973). These observations led to 

the proposal that PMPS had a regulatory role in fatty acid synthesis by simultaneously 

sheltering newly synthetised acyl chains from lipolytic degradation, preventing their 

accumulation in the cytoplasm from disrupting metabolism, and protecting FAS systems 

from end product inhibition by accelerating the rate of diffusion of newly synthetised acyl 

chains and promoting enzyme turnover (Bloch & Vance, 1977). Consequently, and since 

these fatty acids are also the precursors of MAs, an essential role in cell envelope assembly 

was anticipated for PMPS, but it has yet to be experimentally demonstrated. The first 
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attempt at studying their function in vivo was carried out in a M. smegmatis spontaneous 

mutant with reduced PMPS levels (50% of MGLP and 7% of MMP when compared to 

wildtype). No severe anomalies were observed, except for a slower growth rate and a shift 

in fatty acid composition towards higher levels of short-chain and lower levels of long-

chain fatty acids (Maloney & Ballou, 1980). The elucidation of some of the genes involved 

in MGLP biosynthesis allowed a more targeted approach, with the inactivation of specific 

genes in both M. tuberculosis and M. smegmatis, although total MGLP abolition was not 

achieved and fatty acid metabolism was not affected (Kaur et al., 2009; Stadthagen et al., 

2007). Nonetheless, these mutants’ impaired growth at supraoptimal temperatures gave 

further clues about the physiological role of MGLP, implying it in mycobacterial 

adaptation to thermal stress.  

The least investigated of these polysaccharides is by far MMP, possibly due to its 

absence from most pathogenic mycobacteria, including from species of the M. tuberculosis 

complex. Indeed, MMP has a scattered distribution across mycobacteria being typically 

associated with RGM (Mendes et al., 2012). It consists of a linear chain of 11–14 units of α-

1,4–linked 3-O-methyl-D-mannose, with an unmethylated mannose at the non-reducing 

end and the reducing end blocked by a methyl group (Figure 1.6). The methyltransferase 

responsible for blocking the 1-OH position of MMP’s reducing end was recently identified 

in a gene cluster likely encoding all the activities required for MMP synthesis (Ripoll-

Rozada et al., 2019). MMP is unique to mycobacteria, although an acetylated version has 

been found in Streptomyces griseus (Kari & Gray, 1979). In the genome of this species, as 

well as in some Nocardia genomes, the recently identified genes for MMP biosynthesis are 

present in a differently organised cluster (Ripoll-Rozada et al., 2019). 

Unlike MMP, MGLP (or highly conserved genes for its biosynthesis, see section 3.3.1) 

has been found in all mycobacteria investigated thus far as well as in some Nocardia strains 

(Mendes et al., 2012). Remarkably, even M. leprae produces MGLP despite its extremely 

reduced genome and massive gene decay, suggesting that this polysaccharide plays an 

indispensable role in mycobacterial physiology (Cole et al., 2001; Hunter et al., 1986). 

MGLP is composed of 15–20 glucose and methylglucose residues with a variable degree of 

acylation. Its backbone consists of α-1,4–linked glucoses and 6-O-methylglucoses, with a 

3-O-methylglucose at the non-reducing end and GG at the reducing end. GG is α-1,6-

linked to the backbone, and two branching glucoses are β-1,3-linked to glucoses 1 and 3. 

Acetate, propionate or isobutyrate are esterified to the methylglucose units close to the 

nonreducing end, succinate is esterified to both branching glucoses and an octanoate 
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moiety is esterified to glucose 1 of the backbone (Figure 1.6) (Maranha et al., 2015). The α-

1,4–linkages of the main chain result in stereochemical constraints that are thought to 

induce an helical conformation in solution, presumably with the methyl groups facing the 

inner cylindrical hydrophobic cavity to accommodate acyl chains (Jackson & Brennan, 

2009). It has also been suggested that the octanoyl group may have a specific effect in 

stabilising the polysaccharide’s helical conformation, as well as in anchoring MGLP 

intermediates to the cytoplasmic membrane (Hindsgaul & Ballou, 1984; Smith & Ballou, 

1973). However, experimental evidence to support all these hypotheses is still lacking. 

 

Figure 1.6. Scheme of the general chemical structures of MGLP from M. bovis BCG and MMP from M. 
smegmatis. The glucosylglycerate moiety of MGLP is coloured blue, methyl groups are coloured green and acyl 
groups (R) are coloured red. Adapted from Maranha et al., 2015; Mendes et al., 2012. 

3.3.1.  Biosynthesis of MGLP and other α-1,4-glucans 

There are three α-(1,4)-glucans found in mycobacteria: glycogen, capsular α-glucan, 

and MGLP. As discussed in sections 3.1 and 3.3, all three have important roles in 

mycobacteria and share a basic backbone. Additionally, and as expected from their similar 

structures, they also probably share some biosynthetic steps. 

The canonical pathway for glycogen synthesis in bacteria proceeds through the 

synthesis of ADP-glucose by the ADP-glucose pyrophosphorylase GlgC, the elongation of 

α-1,4-linked glucose chains by the glycogen synthase GlgA, which uses ADP-glucose as a 

substrate, and the generation of α-1,6-linked branches by the branching enzyme GlgB, 

which transfers oligoglucans from the non-reducing end of a linear α-1,4-chain to the C-6 
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hydroxyl group of a glucose residue within the chain. This classical pathway was thought 

to be present in mycobacteria, together with a second α-1,4-glucosyltransferase (Rv3032) 

partially redundant with GlgA and an alternative pathway, using maltose-1-phosphate 

(M1P) as the donor of glucose units (Bornemann, 2016; Sambou et al., 2008). The gene 

encoding Rv3032 was one of the first genes in M. tuberculosis H37Rv to be implicated in 

MGLP biosynthesis, but in one study disruption of this gene was found to decrease not 

only MGLP but also glycogen production, while capsular glucan levels were unaffected 

(Stadthagen et al., 2007). On the other hand, disruption of the M. tuberculosis GlgA 

homologue led to decreased levels of capsular glucan and wildtype levels of both glycogen 

and MGLP (Sambou et al., 2008). Complementation of the glgA mutant with a wildtype 

copy of rv3032 restored glucan production, and simultaneous deletion of both glgA and 

rv3032 was unsuccessful, leading the authors to suggest that the two enzymes could 

partially replace each other (Sambou et al., 2008). 

An alternative pathway was subsequently discovered to contribute to α-1,4-glucan 

biosynthesis in mycobacteria and other bacteria (Elbein et al., 2010; Kalscheuer et al., 

2010). The first step of this pathway is catalysed by TreS (initially thought to participate 

in trehalose biosynthesis, see section 3.2), which converts trehalose into maltose. Maltose 

is subsequently phosphorylated by maltokinase (Mak), producing M1P (Mendes et al., 

2010) which is then used by the maltosyltransferase GlgE to elongate α-1,4-glucan chains 

two glucoses at a time (Figure 1.7). The branching enzyme GlgB is common to both the 

classical and the GlgE pathway (Bornemann, 2016). Interestingly, recent evidence showed 

that there is an alternative route to M1P production and that the canonical pathway may 

after all not be present in mycobacteria, since the mycobacterial GlgA homologue was 

shown to have a different activity than what was initially assumed. Thus, this enzyme was 

renamed as GlgM and identified as a maltose-1-phosphate synthase which uses ADP-

glucose as a donor and glucose-1-phosphate (G1P), rather than a glycogen chain, as its 

preferential acceptor (Figure 1.7) (Koliwer-Brandl et al., 2016; Syson et al., 2020). Unlike 

previously reported, these authors found that Rv3032 does not contribute substantially to 

glycogen production, does not rescue glucan deficient mutants, and that disrupting 

Rv3032 and the GlgA homologue simultaneously is not lethal to M. tuberculosis (Koliwer-

Brandl et al., 2016). According to this revision of the metabolic network behind α-1,4-

glucan production in mycobacteria (Figure 1.7), Rv3032 would be involved in MGLP 

biosynthesis, and the GlgE pathway in capsular glucan and glycogen biosynthesis. 

However, the contribution of the GlgE pathway to MGLP production has not been directly 
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investigated. Given that rv3032 deletion in M. tuberculosis does not lead to complete 

abolition of MGLP production, it is possible that the GlgE pathway can also contribute to 

elongating the MGLP backbone (Stadthagen et al., 2007). Unlike Rv3032, GlgE is essential 

for M. tuberculosis and has been validated as a drug target, since its disruption leads to 

accumulation of M1P, a toxic metabolite (Kalscheuer et al., 2010; Veleti et al., 2014). It 

should also be noted that while Rv3032 has been undeniably implicated in MGLP 

biosynthesis and its sequence indicates it is a glucosyltransferase, its identification as an 

α-1,4-glucosyltransferase that elongates linear α-1,4-glucan chains was based on the 

observation that its inactivation affected glycogen levels, an observation that has since 

been disputed (Koliwer-Brandl et al., 2016; Stadthagen et al., 2007). Since this enzyme has 

not been biochemically characterised, its true activity and preferred substrates remain 

unknown. 

 

Figure 1.7. Pathways for the biosynthesis of α-1,4-glucans in mycobacteria and related actinomycetes. Two 
alternative pathways yield maltose-1-phosphate (M1P), one through TreS/Mak (depicted in orange) and the 
other through GlgM (depicted in green). Depicted in blue are the enzymes involved in α-1,4-glucan elongation 
and branching. The dashed line indicates a hypothetical enzyme activity. G6P, glucose-6-phosphate; G1P, 
glucose-1-phosphate; NDP-Glc, ADP-glucose or UDP-glucose; PgmA, phosphoglucomutase; GlgC, ADP-
glucose pyrophosphorylase; GalU, UDP-glucose pyrophosphorylase; OtsA/B, trehalose-6-phosphate synthase 
and trehalose-6-phosphate phosphatase; TreS, trehalose synthase; Mak, maltokinase; GlgM, maltose-1-
phosphate synthase; GlgE, maltosyltransferase; GlgB, α-1,4-glucan branching enzyme. Adapted from Koliwer-
Brandl et al., 2016. 

The chemical structure of MGLP is much more complex than that of glycogen and 

capsular glucan, therefore the shared biosynthetic steps are restricted to the elongation of 

its backbone. Some of the other enzymes involved in the MGLP biosynthetic pathway have 

been identified, but there are still several missing and hypothetical-only steps. The primer 

for MGLP biosynthesis is GG (Kamisango et al., 1987), and thus the enzymes GpgS and 
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GpgP (see section 3.2.1) participate in the first two steps of the currently accepted pathway 

(Figure 1.8). The third step seems to be the transfer of one glucose residue to GG to form 

glucosyl-α-1,6-glucosylglycerate (DGG), isolated from M. smegmatis cell extracts in 1987 

and identified as a MGLP precursor (Kamisango et al., 1987). Based on genomic context 

and sequence analysis, a gene coding for a putative glycoside hydrolase of the GH-57 

family of branching enzymes (Rv3031) found in the vicinity of Rv3032 was proposed to be 

involved in this step, but experimental evidence is still lacking (Stadthagen et al., 2007). 

Recently, a gene encoding an octanoyltransferase (OctT) able to transfer an octanoyl 

group to the C6 OH of DGG’s second glucose was characterised and proposed to mediate 

the fourth step of the pathway (Maranha et al., 2015). This discovery led to a revision of 

the accepted structure of MGLP, which previously displayed the octanoyl group esterified 

to glycerate (Jackson & Brennan, 2009). Surprisingly, OctT also octanoylated GG albeit to 

a lesser extent, and also in position 6 of glucose, which if occurring in vivo would block the 

transfer of the second glucose to GG and halt the MGLP pathway. Although a regulatory 

mechanism was proposed, the physiological importance of this activity has yet to be 

elucidated (Maranha et al., 2015). 

 

Figure 1.8. Pathway for MGLP biosynthesis. The initial steps are depicted in blue, late steps in grey and 
hypothetical regulatory steps in red. Dashed lines represent hypothetical or experimentally unconfirmed 
functions. UDP-Glc, UDP-glucose; 3-PGA, 3-phosphoglycerate; GPG, glucosyl-3-phosphoglycerate; GG, 
glucosylglycerate; DGG, diglucosylglycerate; GpgS, glucosyl-3-phosphoglycerate synthase; GpgP, glucosyl-3-
phosphoglycerate phosphatase; GgH, glucosylglycerate hydrolase; OctT, octanoyltransferase; GlgE, 
maltosyltransferase. 

How the pathway proceeds after the formation of octanoyl-DGG is unclear. Early 

studies with M. smegmatis and M. phlei extracts pointed towards a model of alternate 

glycosylation, acylation and methylation which is still accepted today (Grellert & Ballou, 

1972; Kamisango et al., 1987). The putative methyltransferase Rv3030, identified in the 
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operon of Rv3032, was confirmed to be involved in MGLP production since its inactivation 

in M. smegmatis led to decreased MGLP levels (Stadthagen et al., 2007). Also in the same 

genomic region, a gene encoding an additional putative methyltransferase (Rv3037c) and 

a putative acetyltransferase (Rv3034) were proposed to also participate in MGLP 

biosynthesis, but experimental evidence is lacking (Stadthagen et al., 2007). The timing 

and enzymes involved in the transfer of the two β-1,3-branching glucoses and their 

succinylation are unknown. 

Both MGLP and GG have been implicated in mycobacterial adaptation, albeit to 

different abiotic stresses: GG in the response to nitrogen starvation and MGLP in thermal 

adaptation (Nunes-Costa et al., 2017). Thus, mycobacteria, especially those known to 

accumulate GG, must dynamically tune GG and MGLP levels. Since the biosynthesis of 

both compounds is interconnected, regulatory mechanisms at the early stages of MGLP 

synthesis would theoretically be necessary to, for example, allow mycobacteria to rapidly 

and substantially increase GG levels without undesirable downstream effects on MGLP 

biosynthetic enzymes. How this is accomplished is also not known, although the activity 

of OctT on GG, blocking the C6 OH where the next glucose should be added, and the 

hydrolysis of GG by the specific hydrolase GgH (see section 3.2) have both been proposed 

as possible regulatory nodes (Figure 1.8) (Alarico et al., 2014; Maranha et al., 2015). 

 

3.4.  Amino sugar metabolism 

Amino sugars play many important roles in the biology of actinomycetes. They have 

a structural role as the building blocks of peptidoglycan, thus preserving cell integrity (see 

section 3.1). Furthermore, they are present in mycothiol which replaces glutathione as the 

major protectant against oxidative stress in Actinobacteria (Newton et al., 2008), as well 

as being part of a wide range of antibiotics produced by actinomycetes and other bacteria 

(Kudo & Eguchi, 2009; Nedal & Zotchev, 2004). Additionally, amino sugars can represent 

an important source of carbon, nitrogen and energy in actinomycetes inhabiting chitin-

rich environments and function as signalling molecules and regulators of both primary 

and secondary metabolism (Światek-Połatyńska et al., 2015; Światek et al., 2012). 
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3.4.1. Amino sugars in primary metabolism and in the 

biosynthesis of cell envelope components 

The pathway for amino sugar biosynthesis in bacteria starts with the conversion of 

the glycolysis intermediate fructose-6-phosphate (F6P) to glucosamine-6-phosphate 

(GlcN6P) by the enzyme glucosamine-6-phosphate synthase (GlmS). GlmS is composed 

of two domains, a sugar isomerase domain (SIS domain) and a glutaminase domain. The 

latter cleaves the amino group from glutamine, which is transferred to F6P producing 

glutamate and GlcN6P. This is an important metabolic node intersecting carbon and 

nitrogen metabolism and the first committed step in amino sugar biosynthesis, essential 

for PG production (Moraes et al., 2015). GlcN6P is converted by phosphoglucosamine 

mutase (GlmM) to glucosamine-1-phosphate (GlcN1P), the substrate of the bifunctional 

enzyme GlmU whose acetyltransferase domain catalyses the formation of N-

acetylglucosamine-1-phosphate (GlcNAc1P), and whose uridylyltransferase domain 

subsequently forms UDP-GlcNAc, a cell wall building block (Maitra et al., 2019). GlmU 

has been structurally characterised in M. tuberculosis (Zhang et al., 2009) and has 

garnered attention as a promising drug target due to: i) the absence of homologues in 

eukaryotes, which employ a slightly different pathway by acetylating GlcN6P and not 

GlcN1P; ii) the demonstration of its essential role in vitro as well as in ex vivo and in vivo 

models, where GlmU depletion was found to lead to pathogen clearance in infected 

murine lungs and bacillary load reduction in infected mice; and iii) the observation that 

both domains of GlmU are independently essential for M. tuberculosis growth, thus 

showing that inhibiting either domain would be effective and disrupting both domains 

would block two critical reactions at once (Soni et al., 2015). Interestingly, a recent report 

identified a possible alternative, GlmU-independent fate for GlcN1P in the actinomycete 

Rhodococcus jostii, with the discovery that a duplicated copy of the gene encoding UDP-

glucose pyrophosphorylase uses GlcN1P more efficiently than G1P, forming UDP-GlcN 

(Cereijo et al., 2021). The physiological relevance of this finding is so far unknown. 

As mentioned in section 3.1, the carbohydrate portion of PG consists of alternating 

GlcNAc and MurNAc, with MurGly replacing some MurNAc residues. The pathway 

described above accounts for the formation of UDP-GlcNAc, which is directly 

incorporated into PG by the N-acetylglucosamine transferase MurG (Maitra et al., 2019). 

Concomitantly, UDP-GlcNAc is also converted to UDP-MurNAc by the sequential action 

of MurA, which transfers the enolpyruvyl moiety of phosphoenolpyruvate (PEP) to UDP-

GlcNAc, and MurB, a NADPH dependent oxidoreductase that reduces the enolpyruvate 
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moiety to D-lactate (Maitra et al., 2019). MurA is the target of the broad-spectrum 

antibiotic fosfomycin, produced by some Streptomyces strains, however it has been found 

to be ineffective against M. tuberculosis due to a specific mutation in the active site of this 

enzyme, showing that the innate antibiotic resistance of mycobacteria is not exclusively 

traceable to the impermeably of the cell envelope (De Smet et al., 1999). A series of 

transferases, MurC-F, assemble the peptide bridge of PG directly onto UDP-MurNAc and 

a translocase finally transfers this assembly to the membrane where the remaining 

modifications happen, including the transfer of the GlcNAc residue (Maitra et al., 2019). 

The origin of the unique MurGly residues in the PG of all mycobacteria except M. leprae 

has been traced to the NADPH-dependent hydroxylation of UDP-MurNAc to UDP-

MurGly by the hydroxylase NamH (Raymond et al., 2005). 

 

Figure 1.9. Pathways for amino sugar biosynthesis and degradation in the context of central metabolism and 
cell wall assembly. Anabolic and catabolic steps and pathways are coloured yellow and pink, respectively. 
Dashed lines represent phosphorylation by the phosphotransferase system or intracellular kinases. F6P, 
fructose-6-phosphate; GlcN6P, glucosamine-6-phosphate; GlcN1P, glucosamine-1-phosphate; UDP-GlcNAc, 
UDP-N-acetylglucosamine; UDP-MurNAc, UDP-N-acetyl-muramic acid; GlcN, glucosamine; GlcNAc, N-
acetylglucosamine; MurNAc, N-acetyl-muramic acid; GlcNAc6P, N-acetylglucosamine-6-phosphate; 
MurNAc6P, N-acetyl-muramic acid-6-phosphate; PG, peptidoglycan.   

Another amino sugar found in the cell wall of some mycobacteria is galactosamine 

(GalN). Non-acetylated hexosamine residues are rather uncommon in prokaryotes, but 

the existence of GalN in the cell envelope of SGM (and apparent absence in RGM) such as 

M. tuberculosis is well documented (Draper et al., 1997). This GalN residue is α-linked to 

the branched arabinan domain of AG with a stoichiometry of one GalN residue per AG 

molecule (Peng et al., 2012). The complete pathway for its biosynthesis has not been 

established, but is likely to have as a precursor UDP-GlcNAc which can be converted to 
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UDP-GalNAc by a UDP-GalNAc 4-epimerase, which interconverts the two substrates. An 

enzyme with such activity has recently been characterised in M. tuberculosis (Pardeshi et 

al., 2017). Interestingly, this enzyme is located in close proximity to a polyprenyl-phospho-

N-acetylgalactosaminyl synthase (PpgS) that was implicated in the origin of the GalN 

residue through genetic studies and shown to utilise UDP-GalNAc (Škovierová et al., 

2010). The same study identified a membrane-associated glycosyltransferase likely 

responsible for the transfer to AG, given that its disruption led to the abolition of the 

production of galactosaminylated AG. A deacetylase is also predicted to be involved in this 

pathway, although it has not been identified. 

Amino sugars resulting from degradation and recycling of cellular components and 

from uptake from the external environment can be used as energy, carbon and nitrogen 

sources through catabolic pathways. PG turnover is an obvious and major source of amino 

sugars and most bacteria are able to fully recycle the GlcNAc and MurNAc residues 

released during this process (Borisova et al., 2016). GlcNAc, and GlcN to a lesser extent, 

can also be taken up from the environment by actinomycetes following the degradation of 

chitin, the abundant polysaccharide found in the cell walls of fungi and in the exoskeletons 

of arthropods, such as crustaceans and insects, and which represents a major nutrient for 

soil-dwelling streptomycetes (Światek et al., 2012). Catabolism of these monosaccharides 

begins with their phosphorylation, either during transport through specific 

phosphotransferase systems (PTS) or by intracellular kinases. Key enzymes directing these 

compounds back to central metabolism are MurQ, which cleaves the lactate group of 

MurNAc; NagA, a deacetylase that converts GlcNAc6P to GlcN6P; and NagB, a deaminase 

converting GlcN6P to F6P which can then enter the glycolytic pathway. As expected, 

environmental saprophytes such as Streptomyces spp. and M. smegmatis have a more 

complete set of metabolic genes compared to obligate pathogens such as M. tuberculosis 

(Moynihan et al., 2019; Światek et al., 2012; Titgemeyer et al., 2007). Indeed, M. 

tuberculosis lacks both MurQ and NagB homologues, unlike M. smegmatis, and is 

apparently unable to catabolise GlcNAc, although it possesses a hydrolase that cleaves the 

GlcNAc-MurNAc bond, and can utilise the lactate moiety of MurNAc for growth through 

the action of an as-yet unidentified enzyme (Moynihan et al., 2019). NagA, conserved in 

mycobacteria, has also been functionally and structurally characterised in M. tuberculosis 

(Ahangar et al., 2018). 
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3.4.2. Mycothiol 

Mycothiol (MSH) is the major low molecular weight thiol found in actinomycetes, 

consisting of D-glucosamine (GlcN) α-1,1-linked to myo-inositol (Ins) and amide linked to 

the carboxyl group of an acetylated cysteine reside (Figure 1.10). It is unique to 

Actinobacteria, and its primary role is to maintain intracellular redox homeostasis, 

paralleling the function of glutathione (Jothivasan & Hamilton, 2008). It serves as a 

cofactor in detoxification reactions and may also be involved in the biodegradation of 

recalcitrant xenobiotics (Rawat & Av-Gay, 2007). 

 

Figure 1.10. Structure and biosynthetic pathway of mycothiol (MSH). Structurally, mycothiol is composed of 
myo-inositol (purple), glucosamine (blue), cysteine (yellow) and an acetyl group (green). The dashed line 
represents a step catalysed by a yet unidentified enzyme. Adapted from Jothivasan & Hamilton, 2008. 

The MHS biosynthetic pathway was first investigated in mycobacteria, which gave 

the thiol its designation (Newton et al., 2008). The first step of this pathways is the 

conversion of glucose-6-phosphate (G6P) into myo-inositol-1-phosphate (Ins-P) by the 

inositol phosphate synthase. Subsequently, the glycosyltransferase MshA transfers the 

amino sugar moiety from UDP-GlcNAc to Ins-P forming the intermediate GlcNAc-Ins-P, 

which is then dephosphorylated by a yet unidentified phosphatase and deacetylated by 

the metalloprotein MshB to yield GlcN-Ins. Finally, the Cys-tRNA synthetase homolog 

MshC catalyses the ATP-dependent ligation of cysteine and the acetyltransferase MshD 

acetylates the amino group of cysteine using acetyl-CoA, yielding MSH (Figure 1.10). In 

general, the genes involved in this biosynthetic pathway are not arranged into operons, 

being scattered throughout the genome in the species investigated (Newton et al., 2008). 

Since M. tuberculosis likely depends on the protective role of MSH to survive the oxidative 
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environment encountered in macrophages, several steps of this pathway have attracted 

interest as potential drug targets (Newton et al., 2008). 

Interestingly, M. smegmatis mutants unable to produce MSH have been reported to 

actively transport MSH from the external environment to generate cellular levels 

compatible with those of the wild-type strain. Once transferred to a MSH-free medium, 

the degradation of MSH could be followed in these mutants revealing MSH’s catabolic 

fate, with all of its components eventually entering the glycolytic and Krebs cycle pathways 

(Bzymek et al., 2007). The only step of MSH degradation that could be attributed to a 

known enzyme was the cleavage of the amide bong linking the cysteine and GlcN residues 

by the amidase Mca, yielding acetyl-Cys and GlcN-Ins (Bzymek et al., 2007). The 

deacetylation of cysteine, cleavage of GlcN-Ins and likely phosphorylation of GlcN and 

oxidation of Ins are predicted but yet unassigned activities. 

 

3.4.3. Secondary metabolites and antibiotic production 

Secondary metabolism is one of the most remarkable aspects of the biology of 

actinomycetes and the incredible structural diversity associated with it is in no small part 

due to amino sugars (Kudo & Eguchi, 2009; Nedal & Zotchev, 2004). Amino sugars can 

be found modifying several classes of antibiotics and other bioactive compounds, the 

carbohydrate moiety often being essential for the bioactivity of the molecule (Křen & 

Řezanka, 2008; Weymouth-Wilson, 1997). This is the case for the important antibiotic 

streptomycin, the first antituberculous agent to be discovered, which includes a N-methyl-

L-glucosamine moiety (Figure 1.11) that has been observed by X-ray structural analysis to 

establish key interactions with streptomycin’s target, the 30S ribosomal subunit (Carter et 

al., 2000). 

Although the enzymes involved in the synthesis of the N-methyl-L-glucosamine 

moiety have not been characterised, a tentative pathway has been proposed based on 

sequence analysis of the genes present in the streptomycin BGC in the producers 

Streptomyces griseus and S. glaucescens. The proposed pathway begins with the activation 

of G1P by a cytidylyltransferase, yielding CDP-glucose, and subsequent modification of the 

nucleotide sugar, including amino and methyl transfer reactions, before transfer to the 

scaffold by a glycosyltransferase (Flatt & Mahmud, 2007). Streptomycin is an 

aminoglycoside antibiotic, a class known for containing unusual and unique amino sugars. 

Other aminoglycosides have better characterised pathways, as is the case for neomycin, 
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produced by S. fradiae and containing the unique amino sugar neosamine (2,6-diamino-

2,6-dideoxy-glucose) (Figure 1.11). In this biosynthetic pathway, a GlcNAc moiety is 

transferred from UDP-GlcNAc to the aminocyclitol scaffold (2-deoxystreptamine) by a 

specific glycosyltransferase, and is subsequently deacetylated, oxidised by a FAD-

dependent dehydrogenase, and aminated by an aminotransferase, all biochemically 

characterised enzymes (Kudo & Eguchi, 2009). Neomycin possesses a second neosamine 

residue which also originates from UDP-GlcNAc through the action of a second 

glycosyltransferase and is modified after transfer by the same deacetylase, dehydrogenase 

and aminotransferase acting on the first residue (Kudo & Eguchi, 2009). 

 

Figure 1.11. Structures of the aminoglycoside antibiotics streptomycin, neomycin B and kanamycin B with the 
amino sugar moieties highlighted in red. 

Neosamine is also found in the related aminoglycoside butirosin. Interestingly, a 

nucleotidylyltransferase capable of utilising GlcN1P to produce NDP-GlcN was identified 

in the butirosin BGC, suggesting a pathway using GlcN, rather than GlcNAc, as a precursor 

and dispensing with the deacetylation step described for neomycin (Kudo et al., 2005). 

Although butirosin is produced by the firmicute Bacillus circulans, homologues of this 

enzyme were also detected in the BGC of the aminoglycoside kanamycin in Streptomyces 

kanamyceticus and in the BGCs of the glycopeptides teicoplanin, balhimycin and 

chloroeremomycin produced by other actinomycetes (Kudo et al., 2005). Kanamycin 

represents an interesting example of how chemical diversity can be generated within a 

biosynthetic pathway. Containing two sugar moieties modifying the aminocyclitol ring, 

kanamycin is, like many other antibiotics, a mixture of compounds. The substrate 

promiscuity of the two glycosyltransferases involved in the pathway is in part responsible 

for generating the various forms of kanamycin, since the first glycosyltransferase can 

utilise both UDP-GlcNAc and UDP-Glc, while the second glycosyltransferase can use 

UDP-kanosamine (3-amino-3-deoxy-D-glucose, Figure 1.11) or UDP-Glc (Park et al., 2011). 
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The ability of each enzyme to use UDP-GlcN has not been reported, although the presence 

of the GlcN1P nucleotidylyltransferase in its operon suggests it may also be a possible 

substrate (Kudo et al., 2005). 

In addition to aminoglycosides, unusual amino sugars are also common structural 

components of many glycopeptide and macrolide antibiotics, as well as of the important 

anticancer drugs anthracyclines (Chen et al., 2000; Metsä-Ketelä et al., 2008; Nedal & 

Zotchev, 2004). The biosynthetic pathways for these carbohydrate substituents are 

compound-specific and too numerous to go into detail, however they generally follow the 

basic scheme outlined in the examples given above for some aminoglycosides. First, an 

activated sugar is generated from a phosphorylated hexose/hexosamine by a 

nucleotidylyltransferase. This intermediate NDP-sugar may (or may not) be modified by 

dehydrogenases, aminotransferases, methyltransferases, (de)acyltransferases, epimerases, 

isomerases among other tailoring enzymes before transfer by a pathway-specific 

glycosyltransferase. Once transferred to the SM scaffold, the sugar moiety can be (further) 

modified by the tailoring enzyme activities mentioned above, giving rise to great structural 

diversity. As a rule, biosynthetic genes involved in secondary metabolism tend to be in 

close proximity in the genome of the producing strain (associated into BGCs), and have a 

restricted and often scattered phylogenetic distribution. 

In addition to being the building blocks of many SM, amino sugars also act as key 

signalling molecules controlling antibiotic production and other important cellular 

processes. In streptomycetes, antibiotic production is known to correlate temporarily with 

important developmental events that coordinate the transition between vegetative growth 

and sporogenesis, according to nutrient availability (Bibb, 2005; van Bergeijk et al., 2020). 

Sporogenesis is a stress response and a key event in the lifecycle of sporulating bacteria 

that requires precise timing and perception of environmental cues (Dworkin & Losick, 

2005; González-Pastor et al., 2003). Committing to sporogenesis too late may mean that 

not enough nutrients are available to complete the developmental programme, but 

suspending vegetative growth too early means a lost opportunity for maximising biomass 

accumulation and thus increasing the number of spores released. GlcNAc is one of the 

main signalling molecules involved in this tightly controlled process in streptomycetes 

and has been observed to exert a dual effect on Streptomyces cultures: under nutrient-rich 

conditions, the presence of GlcNAc blocks antibiotic production and sporogenesis 

initiation, whereas under nutrient-scarcity GlcNAc elicits the onset of both (Rigali et al., 

2008). GlcNAc uptake and metabolism is under the control of the transcriptional 
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repressor DasR, also involved in the regulation of antibiotic production, development 

onset and primary metabolism pathways (Światek-Połatyńska et al., 2015). Notably, 

GlcN6P, resulting from GlcNAc metabolism and representing a metabolic node between 

primary and secondary metabolic pathways, acts as an effector molecule and inhibits DasR 

from binding to DNA, relieving the repression of BGCs involved in secondary metabolism 

(Rigali et al., 2006). 

In streptomycetes, uptake of exogenous GlcN monomers and oligosaccharides 

resulting from the extracellular degradation of chitin or chitosan has been suggested to 

contribute to the intracellular GlcN6P pool allowing its assimilation and incorporation 

into SM biosynthesis, but while the specific transporters have been identified, 

experimental evidence of actinobacterial GlcN kinases is still lacking (Viens et al., 2015). 
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4. Objectives 

Actinomycetes are a diverse group of bacteria which includes pathogens and 

antibiotic-providers, a source of problems and a source of solutions. Although often 

studied in separate, these two facets are such a fundamental part of the biology of these 

bacteria that research into one area may easily lead to the other when their metabolism 

is closely investigated. In the present work, we sought to investigate some unanswered 

questions relating to previously characterised mycobacterial enzymes considered 

essential for the growth of M. tuberculosis and for the environmental adaptation of 

opportunistic NTM. The two enzymes selected were Mak, involved in the biosynthesis 

of the backbone of mycobacterial α-1,4-glucans, and GpgS, responsible for the first 

committed step in GG and MGLP biosynthesis. Both have been proposed as potential 

new drug targets, since blocking their activity could have a deleterious effect on 

mycobacteria. Mak has been biochemically and structurally characterised, but our 

genomic surveys revealed that some mycobacteria carry a second copy of this gene, 

whose activity we sought to investigate through biochemical and structural studies. 

Strikingly, our preliminary results indicated that the two Mak paralogues did not have 

redundant activities and that the second copy might be involved in secondary and amino 

sugar metabolism in only a few species of actinomycetes. We deemed important to 

pursue this avenue of research given the multifold importance of amino sugars, 

especially in the context of secondary metabolism. In addition, and although GpgS has 

also been biochemically and structurally characterised and considered an attractive 

target for drug design efforts, high-resolution structures to guide rational drug design 

and provide deeper structural insights are still missing, reason why we explored the 

potential of thermophilic mycobacteria to fill this gap. Both avenues of research were 

successfully pursued through an approach intersecting the fields of microbiology, 

bioinformatics, enzymology and structural biology, and both gave rise to new and 

unexpected questions laying the foundations for future research avenues. 
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Abstract 

Secondary metabolites (SM) produced by members of the class Actinomycetia have 

long been the main source of antibiotics and other small molecules with therapeutic and 

industrial applications. Secondary metabolism in these microorganisms is tightly 

controlled by environmental and physiological factors and deeply intertwined with central 

metabolic pathways. Phosphorylation of exogenous glucosamine has been suggested as a 

mechanism for incorporation of this extracellular material into amino sugar-containing 

SM, as well as a source of the important signalling molecule glucosamine-6-phosphate, 

involved in SM biosynthesis regulation. However, experimental evidence of specific 

glucosamine kinases in Actinomycetia is lacking. Here, we present the discovery of a 

unique family of actinobacterial glucosamine kinases related to maltokinases and describe 

the structural and biochemical characterisation of one of its members, from the soil 

actinomycete Streptacidiphilus jiangxiensis, including structural evidence of phosphoryl 

transfer to glucosamine. Conservation of glucosamine-contacting residues across a large 

number of uncharacterised actinobacterial proteins unveiled a specific glucosamine 

binding sequence motif and global genetic context analysis revealed a link to biosynthetic 

gene clusters (BGCs) containing secondary metabolism-associated genes. The present 

work reveals a previously “hidden” family of sugar kinases and heralds the discovery of 

novel pathways and SM within the medically important class Actinomycetia. 

 

Introduction 

Actinomycetes, and particularly members of the genus Streptomyces, are still the 

largest natural source of antibiotics and other bioactive compounds used in medicine and 

industry today (Genilloud, 2017; Hutchings et al., 2019). In recent decades, and following 

a golden era of antibiotic discovery, interest and investment into natural product discovery 

fell abruptly as antimicrobial resistance escalated worldwide, limiting present and future 

treatment options for numerous infectious diseases (Brown & Wright, 2016; Hutchings et 

al., 2019). However, genomic-era advances revealed that many novel compounds remain 

to be unearthed, even among extensively screened antibiotic-producing strains, leading to 

genome mining efforts aimed at cryptic BGCs whose chemical products are unknown but 

predicted to be significantly novel (Belknap et al., 2020; Challis, 2008; Du & van Wezel, 

2018; Ward & Allenby, 2018). The chemical diversity associated with secondary 

metabolism is partly driven by the ability of enzymes to evolve and diversify their 
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functions, allowing the emergence of novel pathways and, consequently, novel bioactive 

compounds. One important source of metabolic innovation is gene duplication followed 

by neofunctionalisation, leading to the evolution of new enzyme families with divergent 

functions from a common ancestor (Díaz-Mejía et al., 2007; Scossa & Fernie, 2020). In 

addition to metabolic innovation within biosynthetic pathways, the complexity of 

secondary metabolism also requires the evolution of intricate signalling and regulatory 

mechanisms that can govern this important aspect of the biology of microorganisms (Liu 

et al., 2013; van der Heul et al., 2018). Indeed, SM play diverse roles in the organisms that 

produce them, being mainly associated with environmental interactions and adaptation 

responses such as nutrient acquisition (siderophores), protection from abiotic stresses 

(pigments, compatible solutes), interference competition (biocides) or signalling and 

communication (quorum sensing and interspecies cross-talk) (Cornforth & Foster, 2013; 

Hibbing et al., 2010; van Bergeijk et al., 2020). Consequently, SM production must be 

precisely tuned according to environmental stimuli, but also according to the metabolic 

status of the organism. 

In streptomycetes, two of the most important molecules known to be associated 

with SM biosynthesis are N-acetylglucosamine (GlcNAc) and glucosamine-6-phosphate 

(GlcN6P). In addition to serving as building blocks for many amino sugar-containing SM 

(Kudo et al., 2005; Kudo & Eguchi, 2009; Park et al., 2011), they regulate SM biosynthesis 

through a signalling pathway controlled by the transcriptional repressor DasR (Rigali et 

al., 2006, 2008; Światek-Połatyńska et al., 2015; Światek et al., 2012). GlcNAc, one of the 

major components of the bacterial cell wall and a primary source of carbon and nitrogen 

for actinomycetes inhabiting chitin-rich environments, has been found to have a dual 

regulatory effect on streptomycetes, blocking or eliciting SM biosynthesis depending on 

the nutritional status of the culture (Rigali et al., 2008). GlcNAc uptake and metabolism 

is under direct control of DasR, which is in turn a target for the effector molecule GlcN6P, 

able to bind this transcriptional repressor and prevent its binding to DNA, relieving the 

repression of BGCs involved in SM production (Rigali et al., 2006; Światek-Połatyńska et 

al., 2015). The crystal structures of DasR and of its ortholog NagR from Bacillus subtilis in 

complex with GlcN6P have been reported (Fillenberg et al., 2015, 2016). However, to date 

only two metabolic enzymes that lead to production of intracellular GlcN6P have been 

described in actinobacteria: NagA (EC 3.5.1.25), which deacetylates GlcNAc6P formed by 

phosphorylation of acquired extracellular GlcNAc by a phosphotransferase system 

(Ahangar et al., 2018), and GlmS (EC 2.6.1.16), which produces GlcN6P by transamination 
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of the glycolytic intermediate fructose-6P (Milewski, 2002). Homologues of these two 

enzyme classes are present in the genomes of several Streptomycetaceae. On the other 

hand, it was recently demonstrated that the csnR-K operon, conserved in Actinomycetia, 

controls the uptake of chitosan-derived D-glucosamine (GlcN) oligosaccharides and, at a 

lower scale, of monomeric GlcN (Viens et al., 2015). Phosphorylation of exogenous GlcN 

could thus constitute an alternative source of intracellular GlcN6P. Although GlcN kinases 

(GlcNK) (EC 2.7.1.8) have been identified in the gammaproteobacterium Vibrio cholerae 

(Park et al., 2002) and in the hyperthermophilic archaeon Thermococcus kodakarensis 

(Aslam et al., 2018), and their existence in actinobacteria has been anticipated (Viens et 

al., 2015), experimental evidence for this activity in this medically important phylum is 

still missing. 

Here, we identify and characterise a unique GlcNK from the soil bacterium 

Streptacidiphilus jiangxiensis, member of the family Streptomycetaceae and belonging to 

a genus whose secondary metabolism is an underexplored but promising source of novel 

bioactive compounds (Huang et al., 2004; Malik et al., 2020). This GlcNK is not a 

sequence homologue of the isofunctional enzymes from Vibrio or from archaea (Aslam et 

al., 2018; Park et al., 2002). Instead, its closest homologues are maltokinases (Mak), 

ubiquitous enzymes in the bacterial domain which phosphorylate maltose and have been 

implicated, particularly in mycobacteria, in glycogen metabolism and in the biosynthesis 

of essential α-1,4-glucans (Fraga et al., 2015). Like Mak, the GlcNK reported in this work is 

a member of the eukaryotic-like kinase (ELK) superfamily, which is distantly related to 

eukaryotic protein kinases (ePKs) and also includes other prokaryotic kinases acting on 

small molecules, such as aminoglycoside phosphotransferases (APH) and 

methylthioribose (MTR) kinase (Kannan et al., 2007). The crystal structure of the 

quaternary complex between this kinase and GlcN, ADP, inorganic phosphate, and Mg2+ 

provides unparalleled structural evidence of a transition state of the phosphoryl-transfer 

mechanism in this family. Additionally, the molecular determinants for GlcN 

phosphorylation, with high evolutionary conservation in several representative families of 

the class Actinomycetia, have been determined, unveiling a sequence motif for the 

classification of a large number of uncharacterised or misannotated phosphotransferases 

into this unique family of actinobacterial GlcNKs. 
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Methods 

Identification, sequence analyses and genomic context 

glcNK genes were initially detected as mak paralogues in the genomes of some 

mycobacteria and other actinomycetes and hypothesised to encode functionally 

redundant copies of the canonical Mak. Sequences of mak and mak paralogues were 

identified by BLAST searches using the sequences of characterised mycobacterial 

maltokinases (EC 2.7.1.175) as queries in the KEGG SSDB (https://www.kegg.jp/kegg/ssdb) 

and NCBI databases. These databases were also used for inspection of the genomic context 

of each mak homologue in genomes which returned two BLAST hits. Sequence Similarity 

Networks (SSN) were generated with the Enzyme Function Initiative’s Enzyme Similarity 

Tool (EFI-EST), which allows the visual segregation of homologous sequences into clusters 

based on sequence similarity and reveals potential functional divergence within an 

enzyme family (Zallot et al., 2019). To build the SSN, the amino acid sequence of the S. 

jiangxiensis GlcNK (SjGlcNK) was used to retrieve homologous sequences from the 

UniProt database using a negative log of e-value threshold of 5. A maximum sequence 

length restriction of 600 residues was applied to discard multidomain fusion proteins (in 

some organisms, mak and treS are fused in a single open reading frame) and an alignment 

score threshold of 35 was selected. Generated SSNs were visualised and edited with 

Cytoscape 3.8.2. Sequences belonging to unclassified taxa were manually removed. 

For genomic context analyses, the Enzyme Function Initiative’s Genome 

Neighbourhood Tool (EFI-GNT) was used to generate a Genome Neighbourhood Network 

(GNN) based on the edited SSN. This tool uses each sequence considered in an SSN to 

collect information about its neighbouring genes from the European Nucleotide Archive 

database, assigns each identified gene to a Pfam family, and calculates co-occurrence 

frequencies (Zallot et al., 2019). A neighbourhood size of 20 (number of neighbouring 

genes upstream and downstream of the query sequence) and a minimal co-occurrence 

percentage lower limit of 30% were set. The resulting GNN and the associated Genome 

Neighbourhood Diagrams (GND) were examined and some species were selected for 

further analysis with the antibiotics and secondary metabolite analysis shell, antiSMASH 

version 5.0 (Blin et al., 2019), using default parameters and enabling the ClusterBlast and 

MIBiG (Kautsar et al., 2020) comparison algorithm. 

Multiple sequence alignments for selected sequences were generated with Clustal 

Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) and edited with Aline version 
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1.0.025. Molecular weight predictions were estimated with the ProtParam tool 

(http://web.expasy.org/protparam/). The MsGlcNK model was built with Swiss-Model 

(https://swissmodel.expasy.org/) using the experimentally solved SjGlcNK structure as a 

template (PDB entry: 6HWL). 

Strains and culture conditions 

Streptacidiphilus jiangxiensis 33214 (DSM 45096), obtained from the Deutsche 

Sammlung von Mikroorganismen und Zellkulturen GmbH (Germany), was cultivated at 

28°C for 6 days in ISP2 agar medium at pH 5.5 (4 g/L yeast extract, 10 g/L malt extract, 4 

g/L glucose, 20 g/L agar). Mycobacterium smegmatis mc2155 (ATCC 700084), obtained 

from LGC Standards S.L.U. (Spain), was cultivated for 5 days at 30°C in a glycerol-based 

agar medium at pH 7.0 (20 g/L glycerol, 5 g/L casamino acids, 1 g/L fumaric acid, 1 g/L 

K2HPO4, 0.3 g/L MgSO4, 0.02 g/L FeSO4, 2 g/L Tween 80) (Brennan & Ballou, 1967). 

 Cloning and site-directed mutagenesis 

Chromosomal DNA from S. jiangxiensis and from M. smegmatis was isolated from 

cultures with the Microbial gDNA Isolation kit (NZYTech) and the quality and 

concentration of extracted DNA were evaluated in a Nanodrop 2000 (Thermo Scientific). 

The nucleotide sequences of the glcNK genes from S. jiangxiensis and M. smegmatis were 

retrieved from the PATRIC database (http://www.patricbrc.org/, genome ID 235985.3) 

and from the KEGG database (https://www.genome.jp/kegg/genome.html, genome ID 

T02191), respectively, and used for primer design. 

The S. jiangxiensis gene was amplified from chromosomal DNA by PCR with the 

forward primer 5’-ACATTTCTGCATATGACCCCGAACTGGT and the reverse primer 5’-

GATCAAGCTTGTCCTTCAGTCTTTCCG, designed to remove the stop codon and 

introduce NdeI and HindIII restriction sites (underlined), allowing in frame insertion into 

the pET30a(+) expression vector with transcription of its C-terminal hexahistidine tag for 

purification purposes. Amplification was carried out in 50 µL mixtures with KOD hot start 

DNA polymerase (Novagen) using 130 ng of template DNA and the annealing temperature 

was set as a gradient between 53-59°C for 7 mixtures prepared, to overcome initial 

difficulties finding the ideal annealing temperature. PCR mixtures were analysed by 

agarose gel electrophoresis, the bands corresponding to the PCR product of the expected 

size (~1300 bp, present at annealing temperatures 58.5°C and 58.9°C of the gradient) were 

excised from the gel, and the DNA was purified from agarose with the JETquick Gel 

Extraction Spin Kit (Genomed). The amplified gene and pET30a(+) (Novagen) were both 
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incubated with NdeI and HindIII restriction enzymes (New England BioLabs) and the 

digested products were purified with the JETquick PCR Product Purification Spin Kit 

(Genomed). The linearised vector was further dephosphorylated with Alkaline 

Phosphatase Calf Intestinal (New England BioLabs), to prevent self-ligation, and purified. 

The digested gene and the linearised and dephosphorylated vector were ligated with T4 

DNA Express LinkTM ligase (Invitrogen) and transformed into chemically competent E. coli 

DH5α cells using standard procedures. Recombinant plasmids were isolated from 

kanamycin-resistant colonies with the ZR Plasmid Miniprep™-Classic Kit (Zymo Research) 

and sequenced (GATC Biotech) to confirm the identity of the inserts. Constructs 

confirmed to carry a copy of the S. jiangxiensis glcNK gene were subsequently transformed 

into chemically competent E. coli BL21 StarTM(DE3) for protein expression. 

The M. smegmatis gene had been previously cloned and the procedure is described 

in detail in (Nunes-Costa, 2015). Briefly, the sequence was amplified from chromosomal 

DNA using the forward primer 5’-TAATATCATATGATCGAGCTCGACC and the reverse 

primer 5’- TATAAGCTTCGTGCTTGTCCC (restriction sites underlined). Amplification 

products were cloned into the NdeI and HindIII sites of pET-30a(+), in frame with the 

vector-encoded C-terminal hexahistidine tag. 

Single point mutations were introduced by site-directed mutagenesis using the 

QuikChange method (Stratagene). 

Protein expression and purification 

SjGlcNK used for enzyme assays was recombinantly expressed in E. coli BL21 

StarTM(DE3) cells grown in LB medium containing kanamycin (30 µg/mL) at 37°C in an 

orbital shaker at 130 rpm. Upon reaching mid-exponential phase (OD610≈0.8), growth 

temperature was gradually decreased to 20°C and gene expression was induced by adding 

IPTG to a final concentration of 0.5 mM. Cells were harvested 17 h later by centrifugation 

(9000 × g, 10 min, 4°C), resuspended in Buffer A (20 mM sodium phosphate buffer pH 7.4 

with 0.5 M NaCl and 20 mM imidazole) and frozen at -20°C. Before purification, cells were 

thawed in the presence of DNase I (10 μg/mL) and disrupted by sonication on ice with five 

60 Hz pulses of 45 s (15 s interval between pulses) per each 5 mL of cell suspension, with 

care to not let the suspension overheat. The lysate was centrifuged (15000 x g, 20 min, 

4°C) to remove cell debris and protein production was confirmed in 12% SDS-PAGE gels. 

The His-tagged recombinant SjGlcNK protein was isolated from filtered lysates (0.2 µm 

syringe filter) with a prepacked Ni-SepharoseTM High-Performance column (HisTrap™ HP 
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5 mL, GE Healthcare) equilibrated with Buffer A. After loading the extract onto the 

column, a washing step was performed by increasing the imidazole concentration to 44 

mM. Elution was subsequently carried out in the same buffer by increasing the imidazole 

concentration in steps to 92, 212, 356 and 500 mM and collecting 2 mL fractions. The 

purity of each fraction was evaluated by SDS-PAGE and the purest fractions were pooled, 

diluted 10-fold in 20 mM BTP buffer pH 7.5, concentrated by ultrafiltration in 30 kDa 

cutoff centricons (Amicon) and equilibrated with the same buffer containing 50 mM NaCl. 

Purity was evaluated by SDS-PAGE and enzyme concentration was determined by the 

Bradford assay (BioRad). The recombinant enzyme was dispensed in single-use aliquots, 

flash frozen in liquid nitrogen and stored at -80°C. 

MsGlcNK for enzyme assays was obtained with a similar protocol and is described 

in detail in (Nunes-Costa, 2015). 

Analysis of enzyme activity by thin-layer chromatography 

Kinase activity was assessed in 50 µl mixtures typically containing 50 mM BTP pH 

8.0, 10 mM MgCl2, 10 mM phosphate acceptor, 5 mM ATP, and 2 µg of pure recombinant 

enzyme incubated at 37°C, with equivalent mixtures without enzyme used as negative 

controls. Potential phosphate donors other than ATP were tested, namely UTP, GTP, ADP 

and inorganic phosphate. A wide range of phosphate acceptors were tested and are listed 

in Table 2.1. 

Table 2.1. Complete list of phosphate acceptors tested by TLC with SjGlcNK and MsGlcNK in the presence of 
ATP and MgCl2. 

Monosaccharides 

Hexoses: D-glucose, L-glucose, D-galactose, D-mannose, 

fructose, D-tagatose, D-allose 

Modified hexoses: D-glucosamine, D-galactosamine, D-

mannosamine, N-acetyl-D-glucosamine, N-acetyl-D-

mannosamine, N-acetyl-D-galactosamine, N-acetyl-D-muramic 

acid, glucuronic acid, 2-deoxyglucose, 1-O-methylglucose, 3-

O-methylglucose, 1-O-methylmannose 

Pentoses: arabinose, xylose 

Disaccharides 
maltose, isomaltose, trehalose, turanose, leucrose, saccharose, 

chitobiose 

Trisaccharides maltotriose, raffinose 

Glycosylated antibiotics 

Aminoglycosides: kanamycin, streptomycin, gentamicin, 

hygromycin B 

Others: clarithromycin, streptozotocin  

Other glycosides glucosylglycerate, glucosylglycerol 

Other molecules glycerate, glycolic acid, glutamine, mannitol 
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ATPase activity was assessed in the absence of a phosphate acceptor in 50 µl 

mixtures containing 50 mM BTP pH 8.0, 10 mM MgCl2 or 5 mM ZnSO4, 5 mM ATP, and 

2 µg of pure recombinant enzyme, incubated overnight at 37°C. 

Optimal pH and temperature, concentration of sugars and ATP, divalent cations and 

ideal incubation times were chosen based on the previous characterisation of MsGlcNK 

(Nunes-Costa, 2015) and on confirmation of each variable by thin-layer chromatography 

(TLC) analysis for SjGlcNK. Kinase activity was tested in the 5.5-9.5 pH range using 50 

mM BTP buffers and 50 mM MES buffer for the lowest pH value, with MgCl2 

concentrations of 2.5, 5, 10, 15 and 20 mM and at 30, 37 and 45°C. 

To visualise and qualitatively evaluate product formation, reaction and control 

mixtures were spotted on Silica 60 gel plates (Merck), 25 µL per spot, and developed with 

one of two solvent systems: acetic acid-ethyl acetate-water-ammonia 25% (6:6:2:1, vol/vol) 

or ethanol-water (7:3, vol/vol). Sugars and glycosides were visualized by spraying the dried 

plate with an α-naphthol–based staining solution (prepared by mixing 40.5 mL ethanol, 

10.5 mL α-naphthol 15% (w/v) ethanol solution, 4 mL distilled water and 6.5 mL 

concentrated H2SO4) and charring at 120°C (Jacin & Mishkin, 1965). For plates in which it 

was necessary to stain amino sugars without staining ATP and ADP, a ninhydrin-based 

staining solution (prepared by mixing 100 mL ninhydrin 0.2% (w/v) n-butanol solution, 

0.5 mL glacial acetic acid and 4.5 mL water) was used instead. 

Purification of GlcN6P and NMR analysis 

To confirm the identity of the SjGlcNK product when incubated with GlcN and ATP, 

a 2 mL reaction mixture (50 mM BTP pH 8.0, 20 mM MgCl2, 20 mM GlcN, 10 mM ATP, 

and 120 µg SjGlcNK) was incubated overnight at 37°C and separated by TLC. Reaction 

conditions were optimised to ensure all ATP was depleted after incubation. The mixture 

was spotted on Silica 60 gel plates (Merck), 50 µL per spot, and developed with a 

methanol-chloroform-acetic acid-water (4:1:1:1, vol/vol) solvent system which allows the 

separation of the phosphorylated product from the other components in the reaction 

mixture (Aslam et al., 2018). After drying, the marginal lanes of the TLC plates were 

stained to identify the spot corresponding to the SjGlcNK product, and the remaining 

unstained lanes were scrapped in the same region. The product was extracted from the 

silica with ultrapure water (2 extraction steps consisting of washing the silica with 6 mL 

ultrapure water for 20 min with agitation, followed by centrifugation to remove the silica, 

all steps at room temperature), lyophilised, and further purified on a Sephadex G10 
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column (GE Healthcare) with a water flow of 1 mL/min, followed by a second lyophilisation 

step before NMR analysis. All NMR spectra were acquired on an Avance III 400 

spectrometer from Bruker operating at a central proton frequency of 400.13 MHz 

equipped with a BBI(F)-z H-X-D (5-mm) probe at 25°C with presaturation of the water 

signal. 

Enzyme assays and Km estimation 

Quantification of G6P and ADP released by MsGlcNK was determined as previously 

described (Nunes-Costa, 2015). 50 μL reactions containing 50 mM BTP pH 8.0, 20 mM 

Glc, 5 mM ATP, 10 mM MgCl2 and 2 µg MsGlcNK, and controls without enzyme, were 

incubated at 37°C and stopped after 0, 5, 10 or 15 min by cooling on ethanol-ice, followed 

by enzyme inactivation with 5 µL of 5 N HCl and neutralisation with 5 µL of 5 N NaOH. 

For ADP quantification, the terminated reactions were mixed with 1 mL of a detection 

reagent containing 50 mM Tris-HCl pH 7.4, 2.5 mM MgCl2, 2.5 mM KCl, 3 U of pyruvate 

kinase/lactate dehydrogenase (Sigma-Aldrich), 0.3 mM NADH and 2.5 mM PEP and 

further incubated at 30°C for 10 min. NADH decrease, proportional to ADP release, was 

measured in 1 mL cuvettes at 340 nm using a UV-Vis Spectrophotometer (PerkinElmer). 

For G6P quantification, terminated reactions were mixed with 100 µL of a detection 

reagent containing 50 mM BTP pH 8.0, 5 mM MgCl2, 0.3 U of glucose 6-phosphate 

dehydrogenase from Leuconostoc mesenteroides (Sigma-Aldrich) and 1.5 mM NAD and 

further incubated at 30°C for 10 min. NADH formation, proportional to G6P release, was 

measured in 96-well microtiter plates at 340 nm using a SpectraMax® Plus 384 Microplate 

Reader (Molecular Devices). ADP standard curves were prepared in the 0-250 nmol range 

and G6P standard curves were prepared in the 0-100 nmol range. 

Km values for each sugar were estimated with the ADP-GloTM kinase Assay Kit 

(Promega) (Zegzouti et al., 2009). 

Crystallisation and structure determination 

Crystallisation and structure determination procedures are described in detail in: 

Manso JA*, Nunes-Costa D*, Macedo- Ribeiro S, Empadinhas N, Pereira PJB. 2019. 

Molecular fingerprints for a novel enzyme family in Actinobacteria with glucosamine 

kinase activity. mBio 10:e00239-19. https://doi .org/10.1128/mBio.00239-19. *equal 

contributions. 
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Results 

A rare Mak paralogue with a scattered phylogenetic distribution within Actinomycetia 

is associated with different BGCs 

In some mycobacterial genomes, BLAST searches using the amino acid sequences of 

characterised mycobacterial maltokinases returned two hits, while in other mycobacterial 

genomes such searches only returned one hit corresponding to the canonical Mak, often 

located adjacent to the treS gene. The co-occurrence of two copies of mak homologues 

was also observed for other genomes within the class Actinomycetia. In addition to 

genomic context, paralogues could be distinguished through analysis of SSNs (Figure 2.1). 

In each species, the sequence identity between the canonical Mak and its paralogue was 

approximately 30%. Common automatic annotations assigned to these genes across 

different databases were “maltokinase” and “aminoglycoside phosphotransferase”. 

 

Figure 2.1. SSN for the “maltokinase” family showing the existence of two clearly defined clusters within the 
family. Each circle (node) represents a sequence or group of sequences sharing ≥95% identity. Grey lines 
interconnect pairs of sequences with an alignment score ≥35. Nodes corresponding to functionally 
characterised proteins are represented by red diamonds and labelled, namely the maltokinases from M. 
smegmatis (MsMak) (Roy et al., 2013), M. tuberculosis (MtMak) (Mendes et al., 2010) and Actinoplanes 
missouriensis (AmMak) (Jarling et al., 2004), and the glucosamine kinases from S. jiangxiensis (SjGlcNK) and 
M. smegmatis (MsGlcNK) (present work). 

A BLAST search using the amino acid sequence of SjGlcNK as query against the 

UniProt database retrieved 1906 homologous sequences with less than 95% sequence 

identity between them and belonging to genomes with clear taxonomic assignment (i.e., 

sequences from metagenomic data and genomes with unclear or missing taxonomic 

classification to at least the genus level were removed). Of these, 1775 clustered together 

in the SSN with the functionally characterised Mak from M. tuberculosis (Mendes et al., 
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2010), M. smegmatis (Roy et al., 2013) and Actinoplanes missouriensis (Jarling et al., 2004). 

The other 131 sequences formed a separate cluster which included SjGlcNK and all the 

other orthologues identified in genomes which returned two BLAST hits when queried 

with a Mak sequence. This clear separation in the SSN suggested that these paralogues 

form a possible functionally divergent group within the Mak family (Figure 2.1). 

Furthermore, the SSN shows that GlcNK homologues have a much narrower distribution 

than Mak homologues and are present in only a few members of the class Actinomycetia, 

unlike the widespread Mak. The phylogenetic distribution of GlcNK homologues is also 

scattered, since for each genus orthologues are present in a few species and absent in most 

(Table 2.2). 

Table 2.2. Taxonomic distribution of detected GlcNK sequences. Some sequences pertain to genomes from 
isolates not yet assigned to species with a validly published name, so the universe of genomes searched is larger 
than the number of described species in each genus. However, the number of BLAST hits is consistently and 
significantly lower than the number of described species, showing that most species in each genus do not 
contain a GlcNK orthologue. 

Family Genus 
Number of 

detected GlcNK 
sequencesa 

Number of 
described species 

in the genusb 

Bogoriellaceae Georgenia 1 13 

Cryptosporangiaceae Cryptosporangium 1 8 
Frankiaceae Frankia 3 12 

Microbacteriaceae 

Agromyces 12 36 

Microcella 1 2 

Leifsonia 1 12 

Micrococcaceae Arthrobacter 3 54 

Micromonosporaceae 
Micromonospora 5 106 

Actinoplanes 1 47 

Mycobacteriaceae Mycobacterium 60 193 

Nocardioidaceae 
Mumia 3 3 

Nocardioides 3 124 

Streptomycetaceae 

Streptacidiphilus 1 15 

Streptomyces 1 680 

Kitasatospora 1 33 

Streptosporangiaceae 

Nonomuraea 16 64 

Planomonospora 1 6 
Sinosporangium 1 3 

Sphaerisporangium 1 12 

Streptosporangium 4 29 

Herbidospora 2 7 

Microbispora 6 12 

Acrocarpospora 3 4 

aOnly the sequences used to calculate the SSN were counted (less than 95% sequence identity between them). 
bNumber of species with a validly published and correct name according to the List of Prokaryotic names with 
Standing in Nomenclature, as of April 2021. 
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Genomic context analysis revealed a tight association with two other genes encoding 

putative enzymes, a putative sugar isomerase (SIS) of the AgaS superfamily 

(COG2222/PF01380) and a putative glycosyltransferase (GT) with homology to members 

of the GT1 family (PF00201), both with a co-occurrence ≥ 90% which indicates they likely 

participate in the same metabolic pathway (Figure 2.2A). A putative aldehyde 

dehydrogenase (PF00171) and a putative FAD-dependent oxidoreductase (PF01266) were 

also detected as frequent neighbours, but with a lower co-occurrence percentage. 

Interestingly, components of ATP-binding cassette (ABC) transporters were commonly 

found in the vicinity of the glcNK gene. None of the identified neighbours have been 

characterised to date, however, sequenced-based annotations in some genomes provided 

valuable clues to discover the function of the enzyme encoded by this mak paralogue. The 

presence of a GT and the homology with Mak suggested it to be a sugar kinase. 

Additionally, the putative sugar isomerase, SIS, has homology with the sugar isomerising 

domain of GlmS involved in GlcN6P biosynthesis. The dehydrogenase is often found 

annotated as “gamma-aminobutyraldehyde dehydrogenase”, the FAD-dependent 

oxidoreductase as “amino acid dehydrogenase (deaminating)”, and the ABC transporters 

as “spermidine/putrescine ABC transporter”. Although these automatic annotations are 

far from being reliable, they hint at a common theme involving amine functional groups. 

In several species, these genes were predicted to be included in larger BGCs by 

genome mining tools specialised in detecting SM gene clusters such as antiSMASH (Figure 

2.2B). This was the case for S. jiangxiensis, in which two other genes with possible sugar-

modifying activities are present in the cluster, annotated as a putative 

phosphoglucomutase (PGM) and a putative UTP–glucose-1-phosphate uridylyltransferase 

(UDPGP), thus completing a potential pathway for sugar activation and transfer. The 

scaffold to which this sugar is hypothetically transferred to might be produced by the 

cyclodipeptide synthase (CDPS) found in the same cluster.  A curious genomic 

organisation was also detected in some mycobacterial species, where the proximity of the 

glcNK gene to nonribosomal peptide synthetases (NRPS) and/or polyketide synthases 

(PKS) suggests it may be involved in the assembly of glycosylated peptides/polyketides. 

Since the S. jiangxiensis homologue was part of an apparently more complete set of sugar-

modifying genes and given the phylogenetic relationship of this organism with antibiotic-

producing Streptomyces, this gene was selected for biochemical and structural studies. A 

mycobacterial homologue, previously identified as a kinase with very low affinity for 

glucose, was also further investigated. 
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Figure 2.2. Genomic context of GlcNK homologues. (A) GNN for the SSN cluster corresponding to SjGlcNK 
orthologues. Genomic neighbours with over 30% co-occurrence within a window of 20 ORFs upstream and 
downstream of the glcNK gene are shown. Pfam families are shown in brackets and the size of each circle is 
proportional to the co-occurrence, shown in percentage below the Pfam family. (B) Genomic context diagrams 
for SjGlcNK and orthologues in other selected species, drawn according to antiSMASH results (not drawn to 
scale). glcNK is predicted to be within the borders of BGCs in all represented species except for M. smegmatis, 
which has a cluster homologous to M. rufum and M. aurum but with the sugar-modifying genes, including 
glcNK, located elsewhere on the chromosome. ORFs of unknown function are coloured white and putative 
enzymes whose annotation was omitted for simplicity are coloured light grey. ORFs responsible for scaffold 
biosynthesis are coloured dark blue, the remaining colours match those in panel A. SIS, sugar isomerase; GT, 
glycosyltransferase; TetR, TetR-family of transcriptional regulators; ALDH, aldehyde dehydrogenase; ABCT, 
ATP-binding cassette (ABC) transporter components; FOx, FAD-dependent oxidoreductase; PGM, 
phosphoglucomutase; UDPGP, UTP–glucose-1-phosphate uridylyltransferase; CDPS, cyclodipeptide synthase; 
NRPS, nonribosomal peptide synthetase; PKS, polyketide synthase (all putative functions). 

The M. smegmatis and S. jiangxiensis Mak paralogues encode sugar kinases active 

with GlcN and with different catalytic properties 

High-level expression in soluble form was achieved for the his-tagged recombinant 

enzymes from M. smegmatis and S. jiangxiensis, allowing the purification of both proteins 

as confirmed by SDS-PAGE (Figure 2.3). Gel migration suggests that the orthologue from 

S. jiangxiensis has a higher molecular weight, in accordance with ProtParam predictions 

(43.9 kDa and 48.2 kDa for recombinant MsGlcNK and SjGlcNK, respectively) The yields 

obtained were approx. 11 mg and 38 mg of recombinant protein per liter of E. coli culture 

for MsGlcNK and SjGlcNK, respectively. 
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Figure 2.3. SDS-PAGE analysis of purified recombinant GlcNKs. Lane 1: molecular weight marker; lanes 2 and 
3: 2 µg and 6 µg of purified recombinant GlcNK from M. smegmatis; lanes 4 and 5: 2 µg and 6 µg of purified 
recombinant GlcNK from S. jiangxiensis. 

In order to decipher the function of these enzymes, their sequences were aligned 

and compared with the closest characterised homologues, mycobacterial maltokinases 

(Figure 2.4). Despite a slightly shorter sequence when compared to Mak, the important 

catalytic, nucleotide-binding and magnesium-binding motifs are highly conserved in 

GlcNKs. These motifs include the nucleotide-positioning P-loop (117VDQTNESV124), which 

contains the residues interacting with the terminal γ-phosphate of ATP, the region 

containing the conserved phosphate-binding lysine residue (130AVVKW134), the catalytic 

(296DVHGDFHVGQI306) and magnesium-binding (317DFD319) loops, as well as the 

338DVV/A340 segment which together with the conserved histidine residue 230H forms an 

hydrogen network stabilising and interlinking the nucleotide and sugar binding pockets 

(Fraga et al., 2015) (sequences provided in brackets correspond to SjGlcNK, bolded 

residues are strictly conserved in the multiple sequence alignment shown in Figure 2.4). 

As expected from analysing motif conservation, both SjGlcNK and MsGlcNK were 

confirmed to display kinase activity, although they were unable to phosphorylate maltose 

in vitro (Figure 2.5A), indicating an incorrect annotation of their function and confirming 

the functional divergence suggested by SSN analyses (Figure 2.1). Phosphorylation of 

glucose by MsGlcNK had been previously demonstrated, however, determination of 

kinetic parameters revealed a high Michaelis constant (Km > 70 mM) indicating a very low 

affinity for this substrate (Nunes-Costa, 2015). Since glucose phosphorylation by SjGlcNK 

was found to be equally inefficient (Km > 100 mM) (Figure 2.5C), substrate specificity was 

evaluated using a wide range of possible phosphate acceptors (Table 2.1), including 30 

sugars. Due to clues obtained from genomic context analyses and database automatic 

annotations, several amino sugars were included in the screening as well as amino sugar-

containing antibiotics. Of all substrates tested, phosphotransfer activity was only detected  
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Figure 2.4. Multiple amino acid sequence alignment of SjGlcNK with representative orthologues and 
characterised maltokinases. Residues are coloured according to conservation (red: identical residues; orange 
to blue: decreasing conservation; white: dissimilar). Amino acid numbers, structural subdomains, and 
secondary structure elements are based on the SjGlcNK structure and are represented above the alignment. 
Subdomains are represented by coloured lines (green: N-terminal cap; blue: intermediate subdomain; 
magenta: linker; orange: C-lobe) and the main conserved motifs associated with phosphotransfer activity are 
labelled. Residues participating in GlcN and maltose binding are indicated below the alignment by green and 
yellow stars, respectively. UniProt entries for sequences used in the alignment: GlcNK – S. jiangxiensis 
(A0A1H7TQR5), M. smegmatis mc2155 (I7FJX8), M. cosmeticum (W9AJ24), M. aromaticivorans JS19b1 
(A0A064CHT8); Mak – M. tuberculosis H37Rv (O07177), M. vanbaalenii PYR-1 (A1TH50), M. smegmatis 
mc2155 (A0R6D9), Actinoplanes missouriensis (Q7WUM3). 



 

 

60 Chapter 2 

 

Figure 2.5. Substrate specificity and kinase activities of the M. smegmatis and S. jiangxiensis recombinant 
enzymes. (A) TLC analysis of maltose, Glc and 1-O-methylglucose phosphorylation by GlcNKs. Lanes 1, 4 and 
7: Mal, Glc and 1-O-MG control mixtures without enzyme; lanes 2, 5 and 8: Mal, Glc and 1-O-MG reaction 
mixtures with MsGlcNK; lanes 3, 6 and 9: Mal, Glc and 1-O-MG reaction mixtures with SjGlcNK; lanes 10-16: 
standards of ADP, ATP, M1P, G6P, Mal, Glc and 1-O-MG. Plates were developed in an ethanol-water (7:3, 
vol/vol) solvent system and stained with an α-naphthol-based solution. Control and reaction mixtures were 
incubated at 37°C for 2 h. Maltose is not phosphorylated by either enzyme. (B) TLC analysis of Glc and GlcN 
phosphorylation by GlcNKs. Lanes 1 and 4: Glc and GlcN control mixtures without enzyme; lanes 2 and 5: Glc 
and GlcN reaction mixtures with MsGlcNK; lanes 3 and 6: Glc and GlcN reaction mixtures with SjGlcNK; lanes 
7-12: standards of ATP, ADP, Glc, G6P, GlcN and GlcN6P. Plates were developed in an acetic acid-ethyl acetate-
water-ammonia 25% (6:6:2:1, vol/vol) solvent system and stained with a ninhydrin-based solution, which does 
not stain ADP and ATP as shown in lanes 7 and 8. Control and reaction mixtures were incubated at 37°C for 1 
h. The most efficient reaction was observed for SjGlcNK with GlcN. (C) Kinetics of SjGlcNK activity towards 
Glc and GlcN. ADP release was quantified with the ADP-Glo kinase assay and experimental data were fitted 
to the Michaelis-Menten equation. The measured Km for GlcN (black) is more than 10-fold lower than that for 
glucose (grey). Panel A and B show representative plates of at least 3 separate experiments. Panel C was 
prepared by José A. Manso and adapted with permission from Manso et al., 2019. 

for D-glucose, 1-O-methyl-D-glucose and D-glucosamine, using ATP as the phosphate 

donor (Figure 2.5A,B). Despite the ability of the Mak from M. tuberculosis to utilise UTP 

and GTP efficiently, phosphoryl transfer was not observed in the presence of these NDPs 

(data not shown). TLC comparative analysis indicated that for the S. jiangxiensis enzyme, 

the reaction with GlcN was more efficient than with Glc (Figure 2.5B). This was confirmed 

by estimating the Michaelis constant for GlcN (Km = 8±1 mM) which was found to be much 

lower than for Glc, suggesting that SjGlcNK is better described as a GlcN kinase (EC 2.7.1.8) 

(Figure 2.5C). The preference for GlcN was confirmed for the M. smegmatis enzyme (Km = 
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14 ± 2 mM), albeit this orthologue was found to be less efficient than the one from S. 

jiangxiensis under the in vitro conditions tested (Figure 2.5B).  

The identity of the MsGlcNK product when incubated with ATP and glucose had 

previously been identified as G6P (Nunes-Costa, 2015). To confirm if GlcN was also being 

phosphorylated at position 6, preparative scale purification of the SjGlcNK product was 

carried out, followed by 1H-NMR analysis (Figure 2.6). Separation of the phosphorylated 

product from the other reaction components was successfully achieved by TLC using an 

adequate mobile phase (Figure 2.6A). Comparison between the signals of the 1H-NMR 

spectra for the enzymatic product and for a GlcN6P commercial standard shows a perfect 

alignment, and spiking the sample with the standard revealed no new signals and a slight 

increase of those already present, thus confirming the identity of the enzymatic product 

as GlcN6P (Figure 2.6B). 

 
Figure 2.6. Separation and NMR analysis of the SjGlcNK product. (A) TLC plates showing the migration 
pattern of the reaction mixture used for product purification, when developed in a methanol-chloroform-
acetic acid-water (4:1:1:1, vol/vol) solvent system. The plate on the left was stained with an α-naphthol-based 
solution and the plate on the right was stained with a ninhydrin-based solution. The red box corresponds to 
the area that was scrapped in unstained plates used for product purification. Lanes 1-4: standards of ATP, ADP, 
GlcN and GlcN6P; lanes 5 and 7: control mixture without enzyme; lanes 6 and 8: reaction mixture (see 
methods); lane 9: GlcN6P standard. (B) 1H-NMR spectra of SjGlcNK product. 1: sample purified from TLC; 2: 
GlcN6P standard (Sigma-Aldrich) in D2O; 3: sample 1 spiked with an aliquot of standard 2. Inset: chemical 
structure of GlcN6P. NMR spectra figures were prepared by Pedro Lamosa at CERMAX, ITQB-NOVA (Oeiras, 
Portugal). 

We had previously observed the ability of MsGlcNK to hydrolyse ATP non-productively, 

even in the absence of a phosphate acceptor (Nunes-Costa, 2015). Employing ADP and 

G6P detection methods in parallel, it was possible to confirm that in the presence of 20 

mM glucose and 5 mM ATP there is approx. 30% more ADP being released than G6P 
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(Figure 2.7A). The same behaviour was observed by TLC analysis in the presence of GlcN, 

with GlcN6P production not matching ADP release (Figure 2.7C). Interestingly, the 

uncoupling of the hydrolysis and phosphotransfer activities was markedly exacerbated by 

Zn2+, and in the absence of a phosphate acceptor, Zn2+ was found to stimulate enzymatic 

ATP hydrolysis (Figure 2.7B). The S. jiangxiensis homologue, on the other hand, did not 

 

Figure 2.7. ATPase activity of MsGlcNK. (A) Quantification of ADP and G6P released by MsGlcNK in the 
presence of Glc. Reactions (50 mM BTP pH 8.0, 20 mM Glc, 5 mM ATP, 10 mM MgCl2, 2 µg MsGlcNK) were 
incubated for 15 min at 37°C. Plotted data are the mean of four separate experiments. (B) TLC analysis of ATP 
hydrolysis by MsGlcNK and SjGlcNK in the absence of a phosphate acceptor and in the presence of 10 mM 
MgCl2 or 5 mM ZnSO4 (ZnCl2 was also tested, with equivalent results – not shown). Reactions (50 mM BTP 
pH 8.0, 5 mM ATP, 2 µg MsGlcNK) and controls without enzyme were incubated overnight at 37°C. Lanes 1 
and 5: control mixtures containing Mg2+; lanes 2 and 6: reaction mixtures containing Mg2+; lanes 3 and 7: 
control mixtures containing Zn2+; lanes 4 and 8: reaction mixtures containing Zn2+; lane 9: standards of ATP 
and ADP. (C) TLC analysis of ADP and GlcN6P released by MsGlcNK in the presence of GlcN. Reactions (50 
mM BTP pH 8.0, 0-100 mM GlcN, 5 mM ATP, 10 mM MgCl2, 2 µg MsGlcNK) and controls without enzyme 
were incubated for 1 h at 37°C. The mobile phase used does not separate ADP and GlcN6P, which migrate 
within the boxed area, but the two staining solutions differentiate between them. The plate on the left was 
stained with α-naphthol which stains ADP and GlcN6P standards (last two lanes on each plate), while the 
equivalent plate on the right was stained with ninhydrin which stains GlcN6P but not ADP. Lane 1: control 
mixture without enzyme; lanes 2-5: reaction mixtures with 0, 10, 50 and 100 mM GlcN; lanes 6 and 7: standards 
of ADP and GlcN6P. The faint spots on lanes 1 and 6 of the α-naphthol-stained plate are due to non-enzymatic 
degradation of ATP to ADP and ADP to AMP, respectively, as confirmed in separate TLC runs (not shown). 
Plates shown in panels B and C are representative of at least 3 separate experiments. 
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hydrolyse ATP even when incubated overnight in the presence of Zn2+ (Figure 2.7B). 

Whether the M. smegmatis homologue can function as an efficient GlcNK in vivo or under 

yet-unknown in vitro conditions remains to be elucidated, as well as the molecular basis 

for the different properties observed for the two homologues. While these results are 

puzzling and difficult to understand from a physiological point of view, the existence of 

kinases with significant uncoupled ATPase activity in vitro has been reported before (Kim 

et al., 2006), which warrants future research on this enigmatic result.  

SjGlcNK displays a typical ELK fold similar to maltokinases and high conformational 

flexibility 

Crystallisation and structure determination of MsGlcNK was not successful, but the 

crystal structure of SjGlcNK could be solved at a resolution of 1.98 Å, revealing the same 

typical ELK fold observed in maltokinases (Fraga et al., 2015; Scheeff & Bourne, 2005). The 

overall structure consists of an N-lobe, formed by the N-terminal cap and intermediate 

subdomain, and a C-lobe, both separated by a linker, with a relative arrangement that 

results in an overall bean shape (Figure 2.8A). An acidic groove is formed between the two 

lobes, where the catalytic loop and magnesium-binding DFD loop can be found, close to 

the P-loop in the intermediate subdomain (Figure 2.8B). The N-terminal cap is composed 

of three long antiparallel β-strands (βA, βB and βC) which form a curved β-sheet enclosing 

the two α-helices, α1 and α2, and the shorter strand βD (Figure 2.4 and Figure 2.8C). The 

intermediate subdomain consists of a β-sheet composed of six strands (βF-βG-βH-βJ-βI-

βE) flanked by the helixes α3 and α4 (Figure 2.4 and Figure 2.8D). The C-lobe, connected 

to the intermediate subdomain by a seven-residue linker, comprises a two-stranded β-

sheet (βK-βL), two 4-helical bundles (α5-α6-α10-α11 and α7-α8-α12-α13) and an additional 

helix α9 downstream of the catalytic loop (Figure 2.4 and Figure 2.8E). While the 

intermediate subdomain and the C-lobe are almost identical to the corresponding 

subdomains in Mak (Figure 2.8D,E), the N-terminal cap is significantly different, being 

shorter and missing some secondary structure elements found in Mak (Figure 2.8C). In 

Mak, the function of the N-terminal cap subdomain is unknown, but it seems to be 

involved in the interaction with TreS, with which it forms a hetero-octameric complex, 

stimulating Mak’s kinase activity (Kermani et al., 2019; Roy et al., 2013). Indeed, Mak 

orthologues are found in some organisms fused to TreS, and the unique N-terminal cap 

subdomain of Mak is conserved in these bifunctional TreS-Mak units (Chandra et al., 

2011). Thus, the different N-terminal caps of Mak and GlcNK can be easily explained by 

their participation in distinct pathways. 
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Figure 2.8. Overall structure of SjGlcNK and comparison with MvMak. (A) Cartoon representation of the 3D 
structure of SjGlcNK with the N-terminal cap, intermediate subdomain, linker, and C-lobe labelled and 
coloured as in Figure 2.4. Arrows indicate the positions of the P-loop, DFD loop, and catalytic loop. (B) Solid 
surface representation of SjGlcNK coloured according to the electrostatic potential contoured from -8 (red) to 
8 (blue) kBTe-1 (kB, Boltzmann’s constant; T, temperature [K]; e, charge of an electron) highlighting the acidic 
nature of the active site located in the groove between the intermediate subdomain and the C-lobe. (C) 
Structural superposition of the N-terminal caps (two views rotated by 180° around y), (D) intermediate 
subdomains, and (E) C-lobes (two views rotated by 90° around y) of SjGlcNK (coloured as in panel A) and 
MvMak (light grey; PDB entry 4U94). Secondary structure elements are labelled as in Figure 2.4. (F) Ribbon 
representation of six crystallographic models of SjGlcNK, highlighting their different conformational states. 
Differences in the relative position of the two lobes (measured distance between the Cα atoms of A15 and H416 
is shown for each state) indicate conformational flexibility. The structures are labelled with Roman numerals 
and ordered from left to right, according to decreasing interlobe distance. All figures were prepared by José A. 
Manso and adapted with permission from Manso et al., 2019. 

SjGlcNK was crystallised in two different monoclinic (P21) forms, one containing two 

molecules in the asymmetric unit and the other containing four, making up a total of six 

individual molecules for which a 3D structure could be determined. Interestingly, the six 

monomers were found to correspond to six different conformations of SjGlcNK, in which 

the individual structures of each subdomain are highly conserved but the relative positions 

of the N- and C-lobes are strikingly different between conformers, suggesting an 

opening/closing movement with the seven-residue linker functioning as a hinge (Figure 

2.8F). Across the six conformers, the distance between equivalent atoms of each lobe 

varies from 31.7 Å (open conformation) to 20.6 Å (closed conformation), with four 

intermediate conformers providing snapshots of this transition (Figure 2.8F). The closed 

state likely corresponds to the active conformation of the enzyme, since the catalytic lysine 

K113, which in the open state sits far apart from the active site, approaches and establishes 

contacts with the catalytic aspartate D317 as the two lobes move towards each other. 
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Crystal structure of a productive complex of SjGlcNK reveals the mechanism of 

phosphoryl transfer 

Co-crystallisation of SjGlcNK with a molar excess of its substrates, ATP and GlcN, 

resulted in a crystal structure of a productive complex solved at a resolution of 2.15 Å 

(Figure 2.9A), providing a snapshot of the phosphoryl transfer reaction. Indeed, GlcN and 

the two hydrolysis products of ATP, ADP and inorganic phosphate (Pi), could be clearly 

identified in the electron density map at the active site of the enzyme, as well as two 

magnesium ion co-factors (Figure 2.9B). All components were caught midreaction, 

providing detailed mechanistic insights into how phosphoryl transfer is accomplished 

(Figure 2.9C). As expected, SjGlcNK displayed a closed conformation when complexed 

with its substrates, confirming that the closed state conformer corresponds to the active 

conformation (Figure 2.9A). In this structure, ADP is located in the cleft between the two 

lobes with the adenine group accommodated into a hydrophobic pocket within the hinge 

region, binding in a similar way to what was described for Mak (Fraga et al., 2015). In 

particular, adenine establishes hydrophobic contacts with Y187 and L188 at the hinge, with 

V131, P164, and V185 at the intermediate subdomain, and with L307 and V316 at the C-

lobe. Both the adenine and ribose moieties establish polar contacts with the main chain of 

A186 and L188 and with the side chain of D193, residues located at the hinge. This 

extensive network of contacts between lobes is likely involved in favouring the closed 

conformation of the enzyme upon nucleotide binding. In this complex, the catalytic lysine 

K133 is seen hydrogen bonding with the α and β-phosphate groups of ADP (Figure 2.9B,C), 

and the positive charge of this conserved residue increases the electrophilicity of the γ-

phosphate group of ATP, facilitating its hydrolysis as has been described for other kinases 

(Matte et al., 1998). The leaving phosphate, seen in this crystal perfectly oriented for 

transfer to position 6 of GlcN, is stabilised by D300 and by the two magnesium ions (Figure 

2.9B,C) whose octahedral coordination drives ATP breakdown similar to what is observed 

for the eukaryotic cAMP-dependent protein kinase (PKA) (Bastidas et al., 2013; Gerlits et 

al., 2015; Kovalevsky et al., 2012). The magnesium ions are coordinated by the catalytic 

residues D317 (in the DFD loop) and Q305 (in the catalytic loop), stabilising the observed 

transition state (Figure 2.9B,C). 
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Figure 2.9. The crystal structure of a productive complex of SjGlcNK unveils the mechanism of phosphate 
transfer. (A) Surface representation of the SjGlcNK-GlcN-ADP-Pi quaternary complex with subdomains 
coloured as in Figure 2.8A. The substrates in the active site are boxed. (B) Closeup of the enzyme active site 
in the quaternary complex with the electron density map (2mFo-DFc contoured at 1.0 σ) around ADP, Pi, 
GlcN, Mg2+ ions and Mg2+-coordinating water molecules shown as a blue mesh. Substrates are shown as sticks 
with oxygen atoms red, nitrogen dark blue, phosphorus orange, and carbon yellow (ADP) or blue (GlcN). Metal 
coordination and hydrogen bonds are indicated by black dashed lines. The protein is depicted in cartoon 
representation and colour coded as in Figure 2.8A. Catalytic residues K133, D300, Q305, and D317 are 
represented as sticks (carbon atoms coloured according to subdomain colour scheme). (C) Schematic 
representation of the transition state of GlcN phosphorylation by SjGlcNK. Magnesium ion coordination and 
polar interactions are shown as black dashed lines, labelled with the respective distances in Å. Magnesium 
ions and water molecules are shown as magenta and red spheres, respectively. Figure prepared by José A. 
Manso and adapted with permission from Manso et al., 2019. 

Since the 3D structure of MsGlcNK could not be experimentally determined, a 

structural model was obtained using the active conformation of SjGlcNK as a template 

(Figure 2.10). All the important binding and catalytic residues mentioned above are 

conserved in MsGlcNK except for V185 and V316, replaced by an aspartate and a threonine, 

respectively, and A186, replaced by a glutamate. These substitutions in residues lining the 

nucleotide binding pocket might contribute to an overall less hydrophobic and more 

acidic environment, as suggested by analysis of the surface electrostatic potential of the 

MsGlcNK model compared with that of the experimental structure of SjGlcNK (Figure 

2.10). However, it is not clear if this difference can affect the binding and stability of the 

nucleotide and contribute to the observed ATPase activity of MsGlcNK (Figure 2.7). The 

distinct catalytic properties of both enzymes may also be related to a difference in the 

mobility of the two lobes, and indeed the substitution of Gly190 in SjGlcNK for an 

aspartate in MsGlcNK at the hinge section suggests this region could be more flexible in 
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the S. jiangxiensis orthologue, but its true impact on subdomain movement is difficult to 

anticipate without molecular dynamic studies. The experimental determination of the 

structure of the M. smegmatis orthologue, particularly in complex with zinc ions, could 

also be valuable to elucidate this question. Notably, zinc cannot replace magnesium in 

driving phosphoryl transfer with either enzyme and has no effect on SjGlcNK kinase 

activity, but stimulates MsGlcNK-catalysed ATP breakdown. Furthermore, the magnesium 

binding residues, D317 and Q305, are conserved in both proteins (Figure 2.4 andFigure 

2.9) and do not offer clues regarding the different behaviour of each protein in the 

presence of different divalent cations. These observations suggest that zinc binds 

MsGlcNK and participates in catalysis in a manner that cannot be predicted from the 

SjGlcNK structure and must be experimentally elucidated.  

 
Figure 2.10. Solid surface representation of SjGlcNK and of a MsGlcNK model, highlighting the differences in 
electrostatic potential found in substrate-binding pockets. Surface is coloured according to the electrostatic 
potential contoured as in Figure 2.8B and shows a more acidic environment in the predicted ADP binding 
pocket of the M. smegmatis orthologue, particularly in the region predicted to interact with adenine. The 
MsGlcNK model was obtained with Swiss-Model using the SjGlcNK productive complex (PDB entry: 6HWL) 
as a template (target-template sequence identity = 43.32%; GMQE = 0.68; QMEAN = -3.03). The target model 
was superposed with the template and the ligands shown (yellow: ADP; purple: magnesium ions; orange: Pi; 
blue: GlcN) are positioned as in the template. GlcN and Pi could be modelled and their positions in the model 
match those in the template perfectly, but ADP could not (a ligand is considered for modelling if it has at least 
three coordinating residues in the protein and those residues are conserved in the target–template alignment). 
Figures were prepared with PyMOL version 2.4.1 using the APBS Electrostatics Plugin. 
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The molecular determinants for substrate specificity are highly conserved 

The overall structures of Mak and GlcNK are very similar and superposition of the 

C-lobes of MtMak and SjGlcNK in complex with their preferred substrates reveals that the 

sugar-binding pocket is located in the same region for both, framed by the catalytic loop 

and helices α5, α10 and α12, and lined by residues which are mostly conserved between 

the two enzymes. However, careful analysis of residue conservation in the regions relevant 

for sugar binding reveals the molecular determinants responsible for substrate specificity 

(Figure 2.11). Although six strictly conserved residues are involved in both maltose and 

GlcN binding (W195, D300, H302, E409, Y412, and W420), key differences could be 

identified and correlated with the structural and chemical differences between the two 

sugars. Namely, two residues interacting with the second glucose moiety of maltose in 

MtMak, Y370 and R438, are replaced by H348 and L417 in SjGlcNK, unable to establish 

equivalent contacts, which could explain the inability of this enzyme to phosphorylate 

maltose (Figure 2.5A). Additionally, MtMak maltose-contacting residues K426 and Y429 

are replaced by Q405 and R408 in all sequences of GlcNK homologues analysed (Figure 

2.11B). In SjGlcNK, R408 doesn’t establish direct contacts with GlcN but is involved in 

stabilising the conformation of Q405, positioning it to hydrogen bond with the amino 

group of GlcN (Figure 2.11A). This interaction between Q405 and GlcN also explains the 

preference for GlcN over Glc, which lacks an amino group. Indeed, when this glutamine 

residue was replaced by an adenine in an SjGlcNK mutant, the activity with GlcN was 

largely reduced but the activity with Glc was not affected (Figure 2.11C). These results 

suggest that Q405 does not interact with Glc, explaining the reduced affinity of the 

enzyme for this substrate (Figure 2.5C). 

Although conserved between Mak and GlcNK sequences, the glutamate residue in the 

sugar-binding pocket seems to also play a key role in GlcN binding. While in MtMak E430 

establishes a single hydrogen bond with a hydroxyl group of maltose, the equivalent E409 

in SjGlcNK can establish two hydrogen bonds, with the amino group and with one 

hydroxyl group of GlcN (Figure 2.11A). Furthermore, its negative charge contributes to the 

overall acidic environment of the sugar-binding pocket (Figure 2.10), which might also 

play a role in tethering GlcN given the mildly basic nature of its amino group (pKa 7.58 

(Bichsel & Von Gunten, 2000)). Thus, it is conceivable that GlcN is protonated in the 

enzyme’s active site resulting in a stronger interaction with the negatively charged E409 

and adding an additional electrostatic component to GlcN’s specific recognition by 
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SjGlcNK. In light of these observations, the region containing Q405, R408 and E409 is 

predicted to harbour an important motif of GlcN recognition. Close inspection of a 

multiple sequence alignment including 15 sequences of GlcNK homologues from several 

different families within the class Actinomycetia shows strict conservation of these 

residues and of Y412 and W420 (also conserved in Mak) as well as the non-contacting 

residues A413, L417 and P418 (Figure 2.11B). Notably, a BLAST search with the consensus 

Figure 2.11. Molecular determinants for substrate specificity in SjGlcNK. (A) Closeup view of the sugar binding 
sites of MtMak (PDB entry 4O7P) (left) and SjGlcNK (right). Amino acids involved in sugar binding and sugars 
are shown as sticks with oxygen atoms red, nitrogen dark blue, and carbon light grey (MtMak) or light orange 
(SjGlcNK) or yellow (maltose) or blue (GlcN). Residues interacting with maltose are labelled in black and the 
equivalent residues in SjGlcNK are indicated in orange parentheses. Residues interacting with GlcN are 
labelled in orange. The electron density map (2mFo-DFc contoured at 1.0 σ) around the bound GlcN molecule 
is shown as a blue mesh. Dashed black lines represent polar contacts. (B) Multiple amino acid sequence 
alignment of the regions involved in sugar binding. Mak sequences are labelled with the codes used in Figure 
2.4 and GlcNK sequences are labelled with the species name. Maltose and GlcN-contacting residues are 
coloured yellow and blue, respectively, and the other strictly conserved residues completing the proposed 
GlcNK consensus signature sequence (boxed) are coloured turquoise. Secondary structure elements for 
SjGlcNK are represented above the alignment. Residue numbers based on SjGlcNK and MtMak are given above 
the respective sequences. UniProt entries for additional GlcNK sequences (not used in Figure 2.4): 
Mycobacterium litorale (A0A1U9PBG4), Mycobacterium aurum (A0A448ITV9) Frankia inneficax (E3JA12), 
Streptosporangium roseum (D2ATB4), Nonomuraea solani (A0A1H6B4L3), Micromonospora narathiwatensis 
(A0A1A8ZPS6), Nocardioides psychrotolerans (A0A1I3PBM5), Cryptosporangium aurantiacum 
(A0A1M7H263), Georgenia sp. Z443 (A0A5B8CB00), Arthrobacter sp. Edens01 (A0A0P7GHY6), Microbispora 
tritici (A0A5D0NSI9). (C) Effect of the structure-based amino acid replacement Q405A on the activity of 
SjGlcNK with GlcN (top) and glucose (bottom). Data were fitted to the Michaelis-Menten equation. Figures in 
Panels A and C were prepared by José A. Manso and adapted with permission from Manso et al., 2019. Panel 
B was prepared with Aline. 
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sequence “Q-x(2)-RE-x(2)-YA-x(3)-LP-x-W” in the nonredundant protein sequence 

database identified 132 sequences, annotated as putative maltokinases, hypothetical 

proteins, or aminoglycoside phosphotransferases of unknown function, most of which 

corresponded to sequences that clustered with SjGlcNK in the SSN (Figure 2.1). This 

consensus sequence is therefore proposed as a signature motif to distinguish GlcNK 

proteins from their maltokinase homologues in the genomes of several actinomycetes. 

 

Discussion 

The impressive chemical diversity of SM has a genomic basis, with unique sets of 

enzymes being involved in their often-complex and unique biosynthetic pathways. One 

known path to metabolic novelty is gene duplication followed by functional divergence, 

which allows the evolution of different functions within an enzyme superfamily (Díaz-

Mejía et al., 2007; Scossa & Fernie, 2020). A notable example of protein evolution can be 

found in the protein kinase-like (PKL) superfamily, present in all three domains of life and 

which includes ePKs involved in cell signalling and regulatory pathways in eukaryotes, as 

well as ELKs which phosphorylate a vast array of substrates in prokaryotes, including 

proteins, antibiotics, sugars, lipids and amino acids (Kannan et al., 2007; Scheeff & 

Bourne, 2005). Kinases within this superfamily share the same structural fold and the 

biochemical function of ATP-dependent phosphoryl transfer, although they differ greatly 

in preferred substrates and display very low sequence identity between them (7-17%), 

revealing extensive modifications over long evolutionary timescales and an impressive 

functional plasticity (Kannan et al., 2007; Scheeff & Bourne, 2005). Early on, paralogue 

detection and sequence comparison methods were used to discover novel ELK families in 

bacteria and archaea (Leonard et al., 1998) and structural studies assigned to this 

superfamily then unsuspected members such as the APHs (Hon et al., 1997). In this work, 

we report for the first time glucosamine kinase activity in a member of this superfamily 

(Figure 2.5B,C), further expanding the array of substrates known to be phosphorylated by 

ELKs. This novel GlcNK was discovered as a paralogue of Mak, a bacterial enzyme which 

phosphorylate maltose in the context of a metabolic pathway involved in α-1,4-glucan 

biosynthesis (Elbein et al., 2010; Fraga et al., 2015; Kalscheuer et al., 2010). 

The PKL core fold consists of a bilobal architecture, with the N-lobe and C-lobe 

connected by a short hinge section, and with an exposed catalytic cleft between the two 

lobes where phosphoryl transfer takes place. The N-lobe is mainly composed of β-strands 
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and is responsible for positioning ATP, while the C-lobe is mainly helical in nature and 

recognises the phosphate acceptor substrate (Scheeff & Bourne, 2005). In addition to this 

basic kinase core, which we confirmed to be present in SjGlcNK (Figure 2.8A), other 

domains can be found in the different members of the superfamily, often involved in 

regulatory and signalling mechanisms or in protein-protein interactions (Pérez et al., 

2008; Walker et al., 1999). The N-terminal cap found in Mak is structurally similar to the 

cystatin family of protease inhibitors and has been proposed to act as an anchoring point 

tethering Mak and its metabolic partner TreS to the site of α-(1,4)-glucan biosynthesis 

(Fraga et al., 2015). Mak and TreS are fused in many organisms and form a hetero-

octameric complex that stimulates Mak activity in mycobacteria (Kermani et al., 2019; Roy 

et al., 2013). Interestingly, truncation of M. smegmatis Mak N-terminal cap substantially 

reduces maltokinase activity and affinity to TreS, showing its involvement in the TreS-Mak 

interaction (Kermani et al., 2019). SjGlcNK possesses an N-terminal cap topologically 

similar to the one found in Mak, but 10-14 residues shorter (Figure 2.8C). A possible 

functional role of this subdomain in GlcNKs and its involvement in putative interactions 

with other proteins participating in the same pathway requires further investigation. 

The high conformational flexibility of SjGlcNK (Figure 2.8F) is a noteworthy 

observation. This opening/closing movement has been described as essential for ePKs 

such as PKA to carry out their catalytic cycle, with ATP binding being the trigger that 

induces lobe closure (Cheng et al., 1998; Hayward, 2004). Likewise, small-angle X-ray 

scattering (SAXS) experiments demonstrated that adding ATP to SjGlcNK markedly 

increases the proportion of closed conformations of the enzyme in solution (Manso et al., 

2019), suggesting a similar ATP-induced closing movement. However, no evidence of such 

lobe movements has been found for ELKs closely related to GlcNK, including Mak (Fraga 

et al., 2015), APHs (Burk et al., 2001; Young et al., 2009) and MTR kinases (Ku et al., 2007). 

For these ELKs, crystal structures of the apo and nucleotide-bound enzymes consistently 

show minor differences in the relative positions of both lobes, suggesting conformational 

rigidity. This has often been ascribed to few direct contacts between the adenosine moiety 

and residues of the C-lobe (Fraga et al., 2015; Ku et al., 2007; Young et al., 2009). The 

single polar contact between the ribosyl moiety and SjGlcNK is through D193, located at 

the interface between the C-lobe and the linker, and is analogous to the equivalent 

glutamate residue in Mak (Figure 2.4, PDB entry 4U98) and to the glutamate considered 

to contribute to lobe closure in PKA (PDB entry 4XW4, Hayward, 2004). These residues 

are positioned in such a way as to possibly interact with both ribosyl hydroxyl groups. In 
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APH(3′)-IIIa, a serine residue from the C-lobe hydrogen bonds with one ribosyl hydroxyl 

group (PDB entry 1J7U) and in MTR kinase (PDB entry 2PUP) and APH(2’’)-IIa (PDB entry 

3HAV) no polar contacts are observed. The actual determinants of conformational 

flexibility remain to be confirmed, but our results go against the prevailing notion that 

ELKs display negligible lobe movement. 

The Km of 8 ± 1 mM towards GlcN estimated for SjGlcN (Figure 2.5C) is relatively 

high, which might raise questions about whether GlcN really is the physiological substrate 

of this kinase. However, it should be noted that it is similar to the Km of MvMak for 

maltose, 7.3 ± 0.9 mM (Fraga et al., 2015), although higher than in MtMak, 2.5 ± 0.4 mM 

(Mendes et al., 2010). Furthermore, it has been noted that enzymes involved in secondary 

metabolism, which we propose to be the case for SjGlcN (Figure 2.2), are often observed 

to display kinetic parameters indicative of a lower catalytic efficiency compared to 

enzymes involved in primary metabolism (Bar-Even et al., 2011). In any case, conditions in 

vivo can be very different from in vitro experiments with recombinant enzymes, especially 

when multienzyme complexes and other regulatory mechanisms are involved. While it 

cannot be ruled out at this point that a rare sugar that was not part of our screening (Table 

2.1) may be a better substrate for this kinase, the evidence from structural and mutational 

studies supports its assignment as a GlcNK. Indeed, the identification of the conserved 

residue Q405, which interacts with the amino group of GlcN, unveiled the main molecular 

determinant conferring specificity to GlcNK (Figure 2.11). Additionally, the consensus 

sequence 405Q-x(2)-RE-x(2)-YA-x(3)-LP-x-W420 found in helix α12 was identified as a 

signature of this family of glucosamine kinases, based on structural evidence and analyses 

of sequence conservation across a large number of sequences from actinomycetes 

containing a mak paralogue in their genomes. 

The orthologue from M. smegmatis, previously shown to phosphorylate glucose with 

a Km over 70 mM (Nunes-Costa, 2015), contains this consensus sequence and indeed, we 

confirmed that it also phosphorylates GlcN, albeit not as efficiently as SjGlcNK (Figure 

2.5B). Intriguingly, MsGlcNK displays uncoupled ATPase activity while SjGlcNK does not 

(Figure 2.7). Transfer of phosphate from ATP to water by kinases of the PKL family has 

been described before (Ahuja et al., 2017; Kim et al., 2006; Kovalevsky et al., 2012). For 

some APHs, this uncoupled ATPase activity is not only non-negligible in vitro, but it has 

been demonstrated to represent a burden in vivo for bacteria expressing these enzymes 

constitutively (Kim et al., 2006). In the presence of aminoglycoside antibiotics, bacteria 

benefit from the resistance conferred by these antibiotic-inactivating kinases and absorb 
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the cost of increased ATP turnover, while in their absence there is a stronger selective 

pressure to lose the plasmid containing the gene compared to a similar situation in which 

the resistance enzyme does not consume ATP superfluously. This example illustrates how 

enzymes with less than optimal and even seemingly deleterious properties can be kept by 

organisms if they confer specific selective advantages under certain conditions. In M. 

smegmatis, glcNK is found in the same operon as a gene encoding a putative Tet repressor 

protein (Figure 2.2B) and based on the observed genomic organisation, it is predicted to 

be co-transcribed with and to regulate its adjacent genes (Cuthbertson & Nodwell, 2013). 

This suggests that MsGlcNK may be under transcriptional repression, potentially a 

strategy that would mitigate the effect of its intrinsic ATPase activity on the organism’s 

fitness. Could this ATPase activity and its enhancement by zinc ions have a non-obvious 

physiological purpose or is it merely a trivial property of this specific enzyme? Further 

studies would be required to begin tackling this question, including structural analyses of 

MsGlcNK, particularly in complex with zinc, the characterisation of other mycobacterial 

homologues, and the identification of putative GlcNK interactors. These future studies 

could also help answering the question of why SjGlcNK is unable to efficiently transfer 

phosphate from ATP to water like MsGlcNK (Figure 2.7C). Careful analysis of the residues 

involved in catalysis and lining the nucleotide binding pocket revealed few amino acid 

substitutions whose main effect appears to be on the electrostatic potential of the ATP 

binding pocket, less hydrophobic in MsGlcNK (Figure 2.10). However, small differences in 

non-obvious residues distant from the active site can have a major influence in catalysis, 

as demonstrated by a PKA mutant in which a single amino acid substitution far from the 

catalytic site and causing no conformational changes to the protein’s structure turned out 

to have a profound effect on catalysis, disrupting the transfer of phosphate from ATP to 

the substrate (kinase activity) but not to water (ATPase activity) (Ahuja et al., 2017). 

Glucosamine kinase activity (EC 2.7.1.8) seems to have evolved independently at 

least three times, from unrelated fold superfamilies. Based on their sequences, the 

proteobacterial GlcN-specific kinase identified in Vibrio cholerae belongs to the ASKHA 

(acetate and sugar kinase/hsp70/actin) superfamily and is thus predicted to adopt the 

ribonuclease H-like fold (Cheek et al., 2002; Park et al., 2002), while the one found in the 

archaeon Thermococcus kodakarensis is an ADP-dependent kinase belonging to the 

ribokinase superfamily and predicted to adopt a Rossman-like fold (Aslam et al., 2018; 

Cheek et al., 2002). Neither is related to SjGlcNK, shown here to be a member of the PKL 

superfamily. In both V. cholerae and T. kodakarensis, these GlcN kinases were implicated 
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in the chitin degradation pathway of each organism. Chitin is an ubiquitous polymer of 

GlcNAc units which can be partly deacetylated by the action of extracellular chitin 

deacetylases produced by some organisms, yielding segments rich in GlcN residues 

(chitosan) (Zhao et al., 2010). GlcNAc and GlcN-rich segments are substrates for 

extracellular chitinases and chitosanases, respectively, and the resulting oligo, di and 

monosaccharides can be taken up by microorganisms and further hydrolysed and 

phosphorylated for use as sources of energy, carbon and nitrogen (Aslam et al., 2018; Park 

et al., 2002; Rigali et al., 2006; Viens et al., 2015). In actinomycetes, generally known as 

good chitin and chitosan decomposers, a highly conserved transcriptional regulator 

responsive to the presence of chitosan oligosaccharides and D-glucosamine (CsnR) has 

been identified, as well as an ABC transporter (CsnEFG) responsible for the uptake of these 

compounds (Dubeau et al., 2011; Lacombe-Harvey et al., 2018; Viens et al., 2015). A 

possible fate for the resulting intracellular GlcN monomers in some actinomycetes might 

be phosphorylation by the unique GlcNK described in this work, the first actinobacterial 

enzyme found to display this activity. Since this GlcNK has a limited and scattered 

distribution among actinomycetes, while CsnR and CsnEFG are widespread, an alternative 

route for GlcN phosphorylation is expected to exist especially in species lacking a GlcNK 

homologue. A likely candidate is present in the operon containing csnR, annotated as a 

putative sugar kinase (csnK) of the ASKHA superfamily but only very distantly related to 

the Vibrio enzyme (15% amino acid sequence identity). 

Experimental evidence to elucidate the physiological role of this novel family of 

kinases is still lacking, but some hypothesis can be postulated based on bioinformatic 

analyses. Although GlcNK activity, previously unreported in actinobacteria, potentially 

fills a gap in the chitin/chitosan degradation pathway of these organisms, its genomic 

context (Figure 2.2), rareness and sparse phylogenetic distribution (Table 2.2) suggest a 

different role, linked to secondary metabolism or the biosynthesis of species-specific 

molecules. Several lines of evidence support this hypothesis. First, the close proximity of 

a glycosyltransferase gene, co-occurring as a neighbour in 90% of the genomes analysed 

and found in the same operon, hints at a biosynthetic rather than catabolic gene cluster 

(Figure 2.2). This GT belongs to the GT1 family, a group which in bacteria is involved in 

the glycosylation of diverse chemical scaffolds such as polyketides, macrolides and 

glycolipopeptides, playing important roles in the biosynthesis of numerous natural 

products including antibiotics (Zhang et al., 2020). Interestingly, the gene cluster of S. 

jiangxiensis also harbours genes encoding a putative PGM, predicted to transfer a 
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phosphate group from carbon 6 to carbon 1 of a phosphorylated hexose, and a putative 

UDPGP, predicted to synthesise a sugar nucleotide from the PGM product that could be a 

substrate for a GT (Figure 2.12A). It is therefore tempting to speculate that the GT transfers 

an activated amino sugar to a specific scaffold. This sugar moiety might not be GlcN, since 

the putative sugar isomerase present in the operon could convert it into a different sugar. 

The phosphosugar recognition domain of this putative isomerase shows homology with 

the one found in GlmS, suggesting that GlcN6P, the product of GlcNK, could be its 

substrate. The second line of evidence linking GlcNK to secondary metabolism is the 

presence of genes putatively involved in the biosynthesis of natural product scaffolds that 

often serve as substrates for GTs of the GT1 family, which causes the cluster containing 

GlcNK to be detected by antiSMASH as a BGC in many genomes. In S. jiangxiensis, this 

scaffold would be a cyclodipeptide formed by the putative CDPS and P450 enzymes 

(Skinnider et al., 2018), while in mycobacterial genomes it would be a lipidic or 

peptidolipidic scaffold synthesised by the putative PKS and NRPS modules found in these 

clusters (Figure 2.2B). Unlike streptomycetes, mycobacteria are not known for their rich 

secondary metabolism and antibiotic production capabilities. Nevertheless, mycobacteria 

synthesise many species-specific unique molecules, particularly cell envelope components 

such as glycopeptidolipids and lipooligosaccharides, whose scaffolds are assembled by 

PKS/NRPS modules to which specific GTs transfer sugar residues (Doroghazi & Metcalf, 

2013; Etienne et al., 2009; Tatham et al., 2012). Finally, the phylogenetic distribution 

pattern of GlcNK is itself indicative of a role in secondary metabolism, since while genes 

involved in central metabolic pathways are often deeply conserved within a phylogenetic 

group, secondary metabolic pathways show a more divergent distribution, often being 

species or strain-specific (Choudoir et al., 2018; Doroghazi & Metcalf, 2013). Additionally, 

it should be noted that the product of SjGlcNK, GlcN6P, is an elicitor of SM biosynthesis 

through its direct interaction with the transcriptional repressor DasR (Rigali et al., 2006), 

potentially implicating the activity of this novel kinase in controlling the secondary 

metabolism of S. jiangxiensis at a higher-order level (Figure 2.12B). 

The presence of kinases in BGCs is often associated with self-resistance mechanisms, 

since phosphorylation is a common strategy to produce inactive forms of antibiotics and 

prevent autotoxicity, but they can also be involved in catalysing intermediate steps within 

the biosynthetic pathways of some SM (Draelos et al., 2021). The GlcNK identified in this 

work may allow the incorporation of GlcN from extracellular material (chitin/chitosan) 

into the secondary metabolism of some actinomycetes. Particularly, in S. jiangxiensis we 
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propose that GlcNK is part of a biosynthetic pathway for a glycosylated diketopiperazine 

(DKP) (Figure 2.12B). DKPs are structurally diverse molecules with a wide range of 

biological activities of pharmacological and industrial interest, including antibacterial, 

antifungal, antiviral, immunosuppressant, herbicidal, anticancer and neuroprotective 

effects (Borgman et al., 2019; Cornacchia et al., 2012). The presence of glycosyltransferases 

in BGCs containing a CDPS gene is a rare occurrence (Skinnider et al., 2018), of which the 

SjGlcNK cluster is an example, and no pathways associated with this type of BGC 

organisation have been characterised. In fact, until very recently no natural glycosylated 

DKPs had been reported, even though they had been synthetised in the scope of the 

development of novel antiparasitic drugs (Martins-Teixeira et al., 2013). To the best of our 

knowledge there has been a single report of a natural glycosylated DKP to date, a 

compound with broad antimicrobial activity isolated from a marine Streptomyces strain 

whose genome has not been sequenced (Chen et al., 2018). 

 

Figure 2.12. Putative role of GlcNK in Streptacidiphilus jiangxiensis. (A) SjGlcNK biosynthetic gene cluster. 
PGM, phosphosugar mutase; SIS, phosphosugar isomerase; GT, glycosyltransferase; TetR, TetR-family of 
transcriptional regulators; UDPGP, sugar-phosphate nucleotydyltransferase; ALDH, aldehyde dehydrogenase; 
P450, cytochrome P450; CDPS, cyclodipeptide synthase (all putative functions based on manual sequence 
homology analyses). (B) Predicted pathway for the biosynthesis of a glycosylated diketopiperazine (DKP) 
based on putative gene annotations. GlcN originating from the catabolism and uptake of chitin/chitosan is 
phosphorylated by SjGlcNK yielding GlcN6P, which binds the DasR receptor relieving the repression of BGCs 
involved in secondary metabolism pathways. Concomitantly, GlcN6P might be used as a precursor for the 
biosynthesis of a novel glycosylated DKP, whose scaffold is likely a cyclodipeptide aglycone synthetised by a 
CDPS enzyme from aminoacyl-tRNAs (AA-tRNAs). ALDH and P450 might be involved in tailoring reactions 
at undefined steps of the pathway. 
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In conclusion, the results presented here i) expand the array of substrates known to 

be phosphorylated by ELKs and reveal a level of conformational flexibility and interdomain 

movement previously unreported in members of this superfamily; ii) represent the first 

report of a GlcN-specific kinase in actinobacteria and identify a signature sequence motif 

that can be used for the reannotation of a large number of sequences into this novel ELK 

family; and iii) shed light into a BGC predicted to be responsible for the biosynthesis of a 

novel and rare natural product in an underexplored streptomycete, with potentially 

interesting biological activities.  
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Part of this chapter is published in: Alarico S*, Nunes-Costa D*, Silva A, Costa M, Macedo- 

Ribeiro S, Empadinhas N. 2020. A genuine mycobacterial thermophile: Mycobacterium 

hassiacum growth, survival and Gpgs stability at near-pasteurization temperatures. 

Microbiology 166(5):474-483. https://doi.org/10.1099/mic.0.000898. 

A paper describing the structural studies of GpgS from M. hassiacum, authored by Nunes-

Costa D*, Silva A*, Manso JA, Alarico S, Empadinhas N, Pereira PJB, Macedo-Ribeiro S, is 

in final preparation to be submitted for publication soon. 
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Abstract 

Mycobacterium hassiacum is so far the most thermophilic among mycobacteria as it 

grows optimally at 50°C and up to 65°C. Since this and other NTM thrive in diverse natural 

and artificial environments, from where they may access and infect humans, we deemed 

essential to probe M. hassiacum resistance to heat, a strategy routinely used to control 

microbial growth in water-supply systems, as well as in the food and drink industries. In 

addition to possibly being a threat in its own right in rare occasions, M. hassiacum is also 

a good surrogate for studying other mycobacterial species more often associated with 

infection. First, this thermophilic species is an ideal surrogate to validate thermal 

disinfection strategies, which should always take into account the unusual resistance of 

NTM and the threat they pose to human health. Secondly, M. hassiacum is predicted to 

be a source of stable proteins that may provide more detailed structures of potential drug 

targets. Here, we investigate M. hassiacum growth at near-pasteurization temperatures 

and at different pHs, demonstrating that it is indeed a genuine thermophile growing 

optimally under slightly alkaline conditions and able to withstand exposure to 70°C for 

several minutes. We also characterise its thermostable glucosyl-3-phosphoglycerate 

synthase (GpgS), an enzyme considered essential for M. tuberculosis growth and 

associated with both nitrogen starvation and thermal stress in different NTM species. We 

confirm the potential of M. hassiacum as a source of enzymes amenable to structural 

studies, since its GpgS orthologue yielded not only the first mycobacterial GpgS X-ray 

three-dimensional structure at near atomic resolution (1.11 Å), but also several high-

resolution structures under different pH conditions and in complex with different ligands. 

The results presented here provide new insights into the properties of this essential 

enzyme, hint at possible intersections between distinct metabolic pathways in 

mycobacteria, and explore new possibilities for the development of GpgS inhibitors. 

 

Introduction 

Members of the family Mycobacteriaceae share characteristics which grant them an 

unusual resilience to stress, even though each has evolved to adapt to strikingly different 

environments and lifestyles (Cole et al., 2001; Falkinham, 2009a; Galagan, 2014). This 

group includes obligate human pathogens such as Mycobacterium tuberculosis and 

Mycobacterium leprae, poikilotherm pathogens such as Mycobacterium marinum and 

environmental saprophytes ranging from psychrotolerant species able to grow at 4°C 
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(Santos et al., 2015; Trujillo et al., 2004) to genuine thermophiles growing optimally at 

50°C and up to 65°C (Santos et al., 2007, 2015; Schröder et al., 1997). Some environmental 

mycobacteria, commonly called nontuberculous mycobacteria (NTM), are thermotolerant 

species growing optimally around 45°C such as Mycobacterium xenopi, Mycobacterium 

thermoresistibile and Mycobacterium phlei, many of which can opportunistically infect 

humans, with M. xenopi being a particularly important etiological agent of NTM lung 

disease (Griffith et al., 2007; Karnam et al., 2011). Routine strategies to inactivate 

pathogens from foodstuffs and from water distribution systems often resort to high-

temperature treatments, namely pasteurization or superheat-and-flush methods that 

involve raising hot water temperature to 71–77 °C, so that temperature at the outlets 

reaches approx. 65 °C, and flushing at this temperature for 10–30 min (Whiley et al., 2017). 

Thus, the ability of some NTM to survive high temperatures is a probable factor underlying 

their ubiquity in artificial water systems (Gebert et al., 2018), which in turn are a source of 

both nosocomial and community-acquired NTM infections and outbreaks (Brown-Elliott 

et al., 2011; Falkinham, 2011; Schulze-Robbecke & Buchholtz, 1992; Wagner et al., 2019). 

Mycobacterium hassiacum is, to date, the most thermophilic among the known 

mycobacteria and appears to be capable of colonising the human body and, although 

infrequently, of causing human disease (Deinhardt-Emmer et al., 2018; Jiang et al., 2013; 

Salzer et al., 2020; Schröder et al., 1997; Tortoli et al., 1998). The regular detection of M. 

hassiacum in water distribution systems provides ample opportunity for human contact 

(Gebert et al., 2018). M. hassiacum is able to grow at temperatures between 30 and 65 °C, 

anticipating a higher thermotolerant profile than most known NTM and raising questions 

about the adequacy of standard thermal inactivation strategies. At a time when NTM 

infections are rising (Johansen et al., 2020; Wagner et al., 2019), efforts to understand 

their lifestyle and physiology as well as the pathways underlying their superior resistance 

to stress are urgent. In this context, the deeper our knowledge of the key enzymes of 

essential pathways crucial for their unusual resilience, the closer we will be to developing 

better strategies to fight mycobacterial pathogens. 

Biosynthesis of the glycoside glucosylglycerate (GG) has been identified as a key 

aspect of mycobacterial physiology contributing to their survival and ability to adapt to 

abiotic stress (Nunes-Costa et al., 2017). In the NTM species Mycobacterium smegmatis 

and M. hassiacum, GG accumulation has been shown to be involved in the adaptation to 

nitrogen scarcity, a stress often encountered in natural and artificial oligotrophic 

environments, such as water distribution systems, where NTM are known to thrive 



 

 

(Alarico et al., 2014; Behrends et al., 2012). GG is also the precursor of the unique 

methylglucose lipopolysaccharides (MGLP), proposed to modulate fatty acid metabolism 

and the assembly of the mycobacterial cell envelope (Mendes et al., 2012), as well as 

implicated in adaptation to thermal stress given the inability of mutants deficient in MGLP 

production to grow at supraoptimal temperatures (Kaur et al., 2009; Stadthagen et al., 

2007). The first step of GG biosynthesis in mycobacteria is catalysed by GpgS, whose 

proposed essentiality for M. tuberculosis growth (Minato et al., 2019) has earned it a lot of 

attention from structural biologists (Albesa-Jové et al., 2015; Albesa-Jové, Romero-García, 

et al., 2017; Fulton et al., 2008; Kumar et al., 2014; Pereira et al., 2008; Urresti et al., 2012) 

since it was first identified and functionally characterised (Empadinhas et al., 2008). 

GpgS is a glycosyltransferase (GT) catalysing the transfer of glucose from UDP-

glucose (UDP-Glc), its preferred donor, to 3-phosphoglycerate (3-PGA), forming the GG 

precursor glucosyl-3-phosphoglycerate (GPG). GTs fulfil myriad functions across all 

domains of life, being involved in crucial biosynthetic, signalling and detoxification 

pathways. They can be classified according to sequence, structural fold and catalytic 

mechanism. As of November 2021, the carbohydrate-active enzyme (CAZy) database 

(http://www.cazy.org) listed 114 different families (GT1 to GT114) to which characterised 

GTs have been assigned based on sequence similarity and biochemical activity, reflecting 

the vast diversity of substrates that can be utilised and types of glycosidic linkages that can 

be created by this large class of enzymes. In contrast, this sequence diversity is supported 

by a relatively small number of structural folds, with the majority of characterised GTs 

being classified into two main folds, GT-A and GT-B, containing one or two Rossmann fold 

domains, respectively (Lairson et al., 2008). Only a few other GT folds have been 

identified, mainly in membrane-associated GTs using donors other than nucleotide-

activated sugars (Albuquerque-Wendt et al., 2019; Kattke et al., 2019; Yuan et al., 2007; 

Zhang et al., 2014). According to catalytic mechanism, GTs can be classified into 

“inverting” or “retaining” depending on whether the stereochemistry of the anomeric 

carbon is inverted or retained in the glycosidic product relative to the sugar donor, a 

property that is generally conserved among GTs belonging to the same family but is not 

correlated with the structural fold (Lairson et al., 2008). Mycobacterial GpgSs are 

retaining enzymes displaying a GT-A fold and have been classified into the GT81 family, 

present only in prokaryotes and initially created to accommodate the distantly related 

GpgS from the archaeon Methanococcoides burtonii and its homologues, and which also 

includes the ambiguous mannosyl-3-phosphoglycerate synthase (MpgS) from Rubrobacter 
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xylanophilus capable of synthesising both GG and the related glycoside mannosylglycerate 

(MG) (Costa et al., 2006; Empadinhas et al., 2008, 2011; Taujale et al., 2020). To date, the 

structures of three members of this family have been reported, namely the R. xylanophilus 

MpgS/GpgS (Empadinhas et al., 2011) and two mycobacterial GpgSs, from M. avium subsp. 

paratuberculosis (Fulton et al., 2008) and from M. tuberculosis (Albesa-Jové et al., 2015; 

Albesa-Jové, Romero-García, et al., 2017; Pereira et al., 2008; Urresti et al., 2012). 

These structural studies have confirmed that GpgS possesses the typical GT-A 

architecture, with an N-terminal nucleotide-binding subdomain displaying the Rossman-

like fold, a C-terminal acceptor-binding subdomain, and the signature catalytic DXD 

motif, characteristic of metal-dependent GTs, found at the juncture of both subdomains 

and involved in divalent metal ion coordination (Figure 3.1) (Fulton et al., 2008; Pereira 

et al., 2008; Taujale et al., 2020). Although some GTs display high intrinsic flexibility and 

undergo substantial conformational changes and inter-domain movements upon 

substrate binding (Albesa-Jové & Guerin, 2016; Rodrigo-Unzueta et al., 2020), GpgS seems 

to display a mostly rigid structure with preformed substrate-binding sites, possibly 

existing in a state very close to the active conformation even in its unliganded form (Fulton 

et al., 2008; Pereira et al., 2008; Urresti et al., 2012). The exceptions are two flexible loops 

(Figure 3.1) directly involved in substrate binding and catalysis which seem to adopt 

different conformations in the presence or absence of ligands. One of these loops, named 

the L loop, is located in the vicinity of the nucleotide-binding site and contains an 

important and widely conserved histidine residue involved in metal coordination, as well 

as residues which interact with the donor substrate UDP-Glc (Albesa-Jové, Romero-

García, et al., 2017; Fulton et al., 2008; Taujale et al., 2020). This loop has been observed 

to adopt “open/inactive” and “closed/active” conformations in crystals and has been 

proposed to play a critical role in the assembly of the active form of GpgS and its catalytic 

cycle (Albesa-Jové, Romero-García, et al., 2017). A second flexible loop (loop 165-184) 

located in the vicinity of the acceptor substrate binding site shows evidence of undergoing 

conformational changes during the catalytic cycle and has been proposed to play a key 

role in facilitating product release (Albesa-Jové, Romero-García, et al., 2017). Indeed, both 

loops are also found in many other GT-A enzymes where they have been associated with 

similar functional roles (Qasba et al., 2005; Romero-García et al., 2013). The importance 

of short dynamic loops for GT activity has been long recognised along with the observation 

that most GTs display a high loop to secondary structure ratio, an attribute that also holds 

true for GpgS (Albesa-Jové & Guerin, 2016; Breton et al., 2006; Pereira et al., 2008). 



 

 

 

Figure 3.1. Cartoon representation of the overall three-dimensional structure of M. tuberculosis GpgS in 
complex with UDP-glucose and 3-phosphoglycerate, solved to 2.35 Å resolution (PDB accession code 4Y6N) 
(Albesa-Jové et al., 2015). The N-terminal and C-terminal domains are coloured yellow and blue, respectively, 
and the DXD motif bridging both domains is coloured purple. The two flexible loops involved in substrate 
binding and catalysis are coloured red. The substrates are shown as sticks and coloured with oxygen atoms 
red, nitrogen blue, phosphorous orange and carbon green. The divalent metal ion, manganese, is shown as a 
violet sphere. 

The reaction mechanism for retaining GTs was initially assumed to be analogous to 

the one employed by retaining glycosidases, which utilise a double-displacement 

mechanism with transient formation of a covalent glycosyl-enzyme intermediate and in 

which net retention of the anomeric configuration is achieved through two consecutive 

inverting steps (Cerqueira et al., 2012). However, the lack of a suitable enzyme nucleophile 

in the active site of most retaining GTs that could act as an intermediate acceptor 

suggested that these enzymes must follow a different mechanism (Moremen & 

Haltiwanger, 2019). Indeed, several recent X-ray structures of native retaining GTs in 

complex with their substrates as well as QM/MM (quantum-mechanics/molecular-

mechanics) studies support a SNi-like mechanism, with the β-phosphate of the donor 

substrate acting as the catalytic base which deprotonates the acceptor hydroxyl group and 

facilitates a same-sided nucleophilic attack of the anomeric carbon, resulting in retention 

of the anomeric configuration (Albesa-Jové, Sainz-Polo, et al., 2017; Lira-Navarrete et al., 

2014; Yan & Liu, 2020; Yu et al., 2015). This mechanism has also been proposed for M. 

tuberculosis GpgS (Albesa-Jové et al., 2015). However, all structures of GpgS-substrate 

complexes reported to date, and which have been used to infer details of its catalytic 

mechanism and loop dynamics, were solved at resolutions between 2-3 Å, with the 

associated limitations in determining atom positions with confidence from the 
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experimental data. Detailed structures at full-atomic resolution could provide additional 

mechanistic information and serve as better scaffolds for rational drug design efforts. 

In this work, we confirm that M. hassiacum grows optimally at 50°C, up to 65°C and 

retains viability at near-pasteurization temperatures, making it the most thermophilic 

mycobacterial species described to date and a unique case of a thermophile that is able to 

colonise and, although very rarely, infect humans. We have also characterised its highly 

thermostable GpgS, sharing 73% amino acid identity with the M. tuberculosis homologue, 

and therefore being a potential surrogate to study the drugability of this essential enzyme 

in the urgent quest for novel antimycobacterial compounds (Baugh et al., 2015). Based on 

its properties, we predicted the M. hassiacum homologue would be more amenable to 

crystallisation studies and, indeed, we were able to solve the three-dimensional structure 

of a mycobacterial GpgS at near atomic resolution for the first time. Due to its high 

expression levels, easy purification and ability to readily yield well-diffracting crystals, it 

was possible to carry out a comprehensive comparative study of the effect of pH, 

magnesium concentration and ligand binding on the active site and flexible loops of GpgS. 

Furthermore, the detection of an intriguing molecule at the enzyme’s active site and a 

thorough analysis of its genomic context hinted at a possible crosstalk between MGLP 

biosynthesis and other crucial metabolic pathways in mycobacteria, opening new and 

unexpected avenues of research. 

 

Methods 

M. hassiacum growth conditions and thermotolerance 

Mycobacterium hassiacum DSM 44199 was grown at 50°C, pH 7.2 on GPHF medium 

plates (DSM 553 medium (Schröder et al., 1997)). For the determination of growth rates 

at different temperatures and pH, cells were cultivated in metal-capped flasks, containing 

200 mL of GPHF medium supplemented with 0.2% (w/v) Tween 80, with or without 0.8% 

(w/v) glycerol, and stirred at 150 rpm with continuous aeration. Growth was monitored at 

610 nm for several days at 50°C in media at pH 5.0, 6.0, 7.2 or 8.0 and at temperatures of 

37, 50, 60 or 65°C, at pH 8.0.  

Thermotolerance was examined by exposing to different temperatures an M. 

hassiacum cell suspension prepared in either rich medium (GPHF) or water of 

standardised hardness (WSH, prepared as described previously (Schulze-Robbecke & 

Buchholtz, 1992)). For the rich medium experiment, the suspension was obtained by 



 

 

cultivating cells in glycerol-supplemented GPHF medium (pH 8.0) at 50°C to an OD610 of 

0.5-0.7 and diluting to 0.2 in the same medium. For the water experiment, cells were 

incubated in GPHF medium plates for 48 hours after which colony material was 

transferred to a tube containing 5 ml of WSH and three glass beads 4 mm in diameter and 

vortexed for 3 min. The suspension was allowed to settle for 30 min to remove the 

remaining cell aggregates and the supernatant was carefully transferred to another tube, 

diluted to an OD610 of 0.2 and starved for 24 hours at 22°C with gentle shaking (protocol 

adapted from Schulze-Robbecke & Buchholtz, 1992). GPHF and WSH cell suspensions 

were distributed through 150 µl aliquots, which were further incubated at temperatures of 

50, 60, 65 and 70°C in a water bath, for 0, 0.5, 1, 2, 5, 10, 15, 30 and 60 min. Duplicate 

samples were placed on ice at each time point. Culturability was evaluated by spotting 10 

µl of each heat-treated sample on GPHF agar followed by incubation of the plates at 50°C 

for 5 days. Metabolic viability was measured by incubating 100 µl of heat-treated sample 

with 10 µl of AlamarBlue reagent kit (GeneCopoeia) for 3 hours at 37°C and measuring 

absorbance at 570 nm and 600 nm. 

Cloning, heterologous expression and purification of the M. leprae GpgS (MlGpgS) 

The M. leprae gpgS nucleotide sequence was retrieved from the Mycobrowser 

database (https://mycobrowser.epfl.ch/genes/ML1064), optimised for expression in E. coli 

and synthetised (GenScript) with the insertion of a NdeI restriction site at the 5’ terminal 

and replacement of the native stop codon by a Met codon followed by a SapI restriction 

site at the 3’ terminal. The restriction sites were included to allow cloning into the pTXB1 

expression vector and fusion with a C-terminal self-cleavable intein tag containing a 

chitin-binding domain (intein-CBD tag), for purification with the IMPACT system (New 

England BioLabs). The Met codon was added to encode a terminal methionine residue 

between MlGpgS and the intein tag to improve controllable intein self-cleavage during 

purification. The plasmid containing this synthetic gene (pUC57-gpgS) and the pTXB1 

vector were both incubated with NdeI and SapI restriction enzymes (New England 

BioLabs). The pUC57-gpgS digestion mixture was analysed by agarose gel electrophoresis, 

the band corresponding to the gpgS gene (~1000 bp) was excised from the gel, and the 

DNA was purified from agarose with the GeneJET Gel Extraction Kit (Thermo Scientific). 

The linearised pTXB1 vector was purified with the JETquick PCR Product Purification Spin 

Kit (Genomed) and further dephosphorylated with Alkaline Phosphatase Calf Intestinal 

(New England BioLabs), to prevent self-ligation, and purified again with the same kit. The 

digested gene and the linearised and dephosphorylated vector were ligated with Anza™ 
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T4 DNA Ligase Master Mix (Invitrogen) and transformed into chemically competent E. 

coli DH5α cells using standard procedures. Recombinant plasmids were isolated from 

kanamycin-resistant colonies with the ZR Plasmid Miniprep™-Classic Kit (Zymo Research) 

and sequenced (GATC Biotech) to confirm the identity of the inserts. Constructs 

confirmed to carry a copy of the synthetic M. leprae gpgS gene were subsequently 

transformed into chemically competent E. coli BL21(DE3) for protein expression. 

An E. coli BL21(DE3) clone carrying the recombinant pTXB1-gpgS plasmid was 

grown in LB medium containing ampicillin (100 µg/mL) at 37°C in an orbital shaker at 120 

rpm. Upon reaching mid-exponential phase (OD610≈0.8), growth temperature was 

gradually decreased to 20°C and gene expression was induced by adding IPTG to a final 

concentration of 0.5 mM. Cells were harvested 17 h later by centrifugation (9000 × g, 10 

min, 4°C), resuspended in 20 mM Tris-HCl pH 8.5 with 0.5 M NaCl (Column Buffer) and 

frozen at -20°C. Before purification, cells were thawed in the presence of DNase I (10 

μg/mL) and disrupted by sonication on ice with five 60 Hz pulses of 45 s (15 s interval 

between pulses) per each 5 mL of cell suspension, with care to not let the suspension 

overheat. The lysate was centrifuged (15000 x g, 30 min, 4°C) to remove cell debris, filtered 

(0.45 µm syringe filter) and loaded onto a chitin column equilibrated with Column Buffer. 

After washing the column with Column Buffer to remove unbound proteins, on-column 

cleavage of the intein-CBD tag was induced by quickly flushing the column with 3 bed 

volumes of Cleavage Buffer (20 mM Tris-HCl pH 8.5 with 0.5 M NaCl and 50 mM DTT). 

Flow was stopped and the column was incubated at 6°C overnight to allow thiol-induced 

intein cleavage. Following its release from the column-bound intein-CBD tag, MlGpgS was 

eluted by restarting the flow with Column Buffer and collecting 4 mL fractions. The purity 

of each fraction was evaluated by SDS-PAGE and the purest fractions were pooled, diluted 

10-fold in 20 mM BTP buffer pH 7.5, concentrated by ultrafiltration in 30 kDa cutoff 

centricons (Amicon) and equilibrated with the same buffer. Purity was evaluated by SDS-

PAGE and enzyme concentration was determined by the Bradford assay (BioRad). The 

recombinant enzyme was dispensed in single-use aliquots, flash frozen in liquid nitrogen 

and stored at -80°C. 

 

 

 



 

 

Cloning, heterologous expression, and purification of the M. hassiacum GpgS 

(MhGpgS) 

Genomic DNA was purified (Nzytech Microbial gDNA Isolation kit) from M. 

hassiacum cultivated in glycerol-supplemented GPHF medium as described above. The 

full gpgS gene sequence retrieved from the M. hassiacum genome (Tiago et al., 2012) was 

amplified by PCR using AccuPrime GC rich DNA polymerase (Invitrogen), with primers 

5′-GCGCATATGACACTGGTACCG and 5′-ATAAGCTTGCCGCGCAGGGTG designed to 

introduce 5′ NdeI and 3′ HindIII restriction sites (underlined), removing the native stop 

codon to allow cloning into the corresponding sites of pET30a vector and translation of 

the vector-encoded C-terminal hexahistidine tag. The construct was sequenced (LGC 

genomics, Germany) and transformed into E. coli BL21, which was grown at 37°C in LB 

medium containing kanamycin (30 μg/ml) to mid-exponential phase of growth 

(OD610nm=0.9–1). Expression was induced with 0.5 mM IPTG and growth continued for 

further 4 h. Cells were harvested by centrifugation (9000 x g, 10 min, 4 °C) and 

resuspended in 20 mM sodium phosphate buffer pH 7.4 with 0.5 M NaCl and 20 mM 

imidazole (Buffer A). Before protein purification, 10 µg/ml DNaseI was added to the 

suspension and cells were disrupted by sonication, followed by centrifugation (15000 x g, 

30 min, 4 °C) to remove debris. 

His-tagged recombinant MhGpgS was purified from filtered lysates (0.45 µm syringe 

filter) in a prepacked Ni-SepharoseTM High-Performance column (HisTrap™ HP 5 mL, GE 

Healthcare) equilibrated with Buffer A (see above). After loading the extract onto the 

column, a washing step was performed by increasing the imidazole concentration to 44 

mM, and elution was subsequently carried out in the same buffer with 212 mM imidazole. 

The purity of each fraction was evaluated by SDS-PAGE and the purest fractions were 

pooled, diluted 10-fold in 50 mM BTP buffer pH 7.5, concentrated by ultrafiltration in 30 

kDa cutoff centricons (Amicon) and equilibrated with the same buffer. Purity was 

evaluated by SDS-PAGE and enzyme concentration was determined by the Bradford assay 

(BioRad). The recombinant enzyme was dispensed in single-use aliquots, flash frozen in 

liquid nitrogen and stored at -80°C. Oligomerization in solution of MhGpgS was estimated 

by gel filtration on a Superdex 200 column previously calibrated with the molecular mass 

standards of albumin (67 kDa), aldolase (158 kDa), catalase (232 kDa) and ferritin (440 

kDa). Blue Dextran 2000 (GE Healthcare) was used to determine the void volume. 
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Analysis of enzyme activity by thin-layer chromatography 

GpgS activity was detected in 50 µL mixtures containing 25 mM BTP pH 7.5, 5 mM 

MgCl2, 5 mM 3-PGA, 5 mM UDP-Glc, and pure recombinant enzyme (3 µg MlGpgS or 2 

µg MhGpgS) incubated at 30 or 50°C for 1 h, with equivalent mixtures without enzyme 

used as negative controls. Potential donors other than UDP-Glc were probed, namely 

ADP-glucose, GDP-glucose and GDP-mannose. To visualise product formation, reaction 

and control mixtures were spotted on Silica 60 gel plates (Merck), 25 µL per spot, and 

developed with the solvent system acetic acid-ethyl acetate-water-ammonia 25% (6:6:2:1, 

vol/vol). The plate was dried, sprayed with an α-naphthol–based staining solution 

(prepared by mixing 40.5 mL ethanol, 10.5 mL α-naphthol 15% (w/v) ethanol solution, 4 

mL distilled water and 6.5 mL concentrated H2SO4) and charred at 120°C (Jacin & Mishkin, 

1965). GG and GPG were used in the TLC as standards for comparative purposes. 

Enzyme assays 

To quantify GPG production, a previously described (Empadinhas et al., 2011) 

coupled-enzyme assay was used, relying on the specific dephosphorylation of the GpgS 

product by the mannosyl-3-phosphoglycerate phosphatase from Thermus thermophilus 

(TtMpgP) (Empadinhas et al., 2003). Reaction mixtures (50 µl) containing 25 mM BTP 

buffer pH 7.5, 10 mM MgCl2, 2.5 mM of each substrate, 1.0 µg of MhGpgS and 5.0 µg of 

TtMpgP were incubated at 50°C and stopped after 0.5, 1, 2 or 3 min by cooling on ethanol-

ice. Control mixtures prepared without the addition of MhGpgS were also incubated at 

50°C for 3 min. GPG formed under each condition was measured through the 

quantification of free phosphate released by the coupled action of MhGpgS/TtMpgP using 

the Ames method (Ames, 1966). Briefly, cooled reactions were diluted to a total volume of 

300 µL with 25 mM BTP buffer pH 7.5, mixed with 700 µL of freshly prepared detection 

reagent (prepared by mixing 1 part ascorbic acid 10% and 6 parts 0.42% ammonium 

molybdate·4H2O in 1 N H2SO4) and incubated at 45°C for 20 min. Absorbance was 

measured in 1 mL cuvettes at 820 nm using a UV-Vis Spectrophotometer (PerkinElmer). 

Biochemical characterisation of the recombinant MhGpgS 

The biochemical characterisation of MhGpgS, including the determination of its 

substrate specificity, temperature, pH and cation dependence profiles and kinetic 

parameters was performed by Susana Alarico and is described in detail in: Alarico S*, 

Nunes-Costa D*, Silva A, Costa M, Macedo- Ribeiro S, Empadinhas N. 2020. A genuine 



 

 

mycobacterial thermophile: Mycobacterium hassiacum growth, survival and Gpgs stability 

at near-pasteurization temperatures. Microbiology 166(5):474-483. *equal contributions. 

MhGpgS thermal stability characterisation 

Thermal stability was determined by first incubating recombinant MhGpgS aliquots 

(30 µl of a solution of 1 mg/ml) in 25 mM BTP pH 7.5 at 37 and 50°C. For thermal stability 

at 60°C, incubation of MhGpgS aliquots was done in the presence of 5 mM of each 

substrate. Aliquots were withdrawn at defined times (up to 5 days) and examined for 

residual activity in enzyme assays as described above. Thermal stability of recombinant 

GpgSs from M. smegmatis (MsGpgS) and M. bovis (MbGpgS) was determined as previously 

described (Empadinhas et al., 2008). 

To further characterise MhGpgS thermostability, its melting temperature (Tm) was 

determined by a thermofluor assay (Ericsson et al., 2006) using SYPRO Orange, at 

different pH and in the presence or absence of its natural ligands. Briefly, MhGpgS was 

diluted to a concentration of 0.8 mg/ml using buffers containing 50 mM NaCl and 2 mM 

MgCl2 and whose pH was varied between 5.5 and 9.0 (0.1 mM Bis-Tris pH 5.5–6.0; 0.1 mM 

BTP pH 6.5–9.0), in the absence or presence of 20 mM 3-PGA, 20 mM UDP or 20 mM 

UDP-Glc. This thermofluor assay protocol was performed by Alexandra Silva (IBMC/i3S) 

and is described in detail in: Alarico S*, Nunes-Costa D*, Silva A, Costa M, Macedo- Ribeiro 

S, Empadinhas N. 2020. A genuine mycobacterial thermophile: Mycobacterium hassiacum 

growth, survival and Gpgs stability at near-pasteurization temperatures. Microbiology 

166(5):474-483. *equal contributions. 

Crystallisation of the recombinant MhGpgS 

Initial crystallisation trials were performed at 293K using the sitting-drop vapour 

diffusion method with the Index HT sparse matrix crystallisation kit (Hampton Research). 

Crystals were observed in four different conditions: condition 9 (0.1 M Bis-Tris pH 5.5, 3 

M sodium chloride); condition 85 (0.2 M magnesium chloride hexahydrate, 0.1 M Tris pH 

8.5, 25% (w/v) polyethylene glycol 3350); condition 86 (0.2 M potassium sodium tartrate 

tetrahydrate pH 7.2, 20% (w/v) polyethylene glycol 3350); and condition 91 (0.15 M DL-

malic acid pH 7.1, 20% (w/v) polyethylene glycol 3350). All four conditions were used to 

obtain apoMhGpgS crystals, which grew from drops consisting of 1 µL protein solution (11.5 

mg/mL in 50 mM BTP pH 8.8, 50 mM NaCl) and 1 µL crystallisation buffer, equilibrated 

against a 300 µL reservoir. Crystals of MhGpgS in complex with UDP and UDP-Glc were 

obtained by co-crystallisation or soaking. For co-crystallisation, GpgS (11.5 mg/mL in 50 
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mM BTP pH 8.8, 50 mM NaCl) was incubated with UDP (0.2 mM) or UDP-Glc (UPG) (0.2 

mM) for 1 hour on ice and then crystallised under the same conditions as the apo enzyme. 

For the soaking experiments, the GpgS crystals were soaked in a drop of crystallisation 

buffer supplemented with 0.2 mM of UDP or UPG. Prior to data collection, cryoprotection 

for crystals grown in conditions 85, 86 and 91 was performed through serial transfer of 

crystals to mother liquor containing increasing concentrations of glycerol (up to 10%) or 

by crystal dehydration soaking the crystals in mother liquor with slightly higher 

concentrations of precipitant supplemented with 0.85 M sodium malonate (condition 9). 

These experiments were done by Alexandra Silva (IBMC/i3S). 

To obtain crystals of MhGpgS in complex with benzoic-like compounds, both co-

crystallisation and soaking experiments were performed. For co-crystallisation, crystals 

were grown from drops consisting of 1 µL protein solution (14 mg/mL MhGpgS in 50 mM 

BTP buffer pH 7.5, pre-incubated for 1 h at 4°C with 10 mM MgCl2 and either 20 mM p-

aminobenzoic acid (pABA) or 20 mM p-hydroxybenzaldehyde (pHBA)) and 1 µL 

crystallisation buffer, under the conditions described above. Prior to data collection, 

crystals were cryoprotected in the corresponding crystallisation buffer supplemented with 

10% (vol/vol) glycerol and flash frozen in liquid nitrogen. 

Data collection and processing 

Diffraction data were collected from single crystals at 100 K on beamlines ID29 (de 

Sanctis et al., 2012) or ID23-2 (Flot et al., 2010) of the European Synchrotron Radiation 

Facility (ESRF) (Grenoble, France), or on beamline BL13-XALOC (Juanhuix et al., 2014) of 

the ALBA-CELLS synchrotron (Cerdanyola del Vallès, Spain). Diffraction data were 

processed with XDS (Kabsch, 2010) and reduced with utilities from the CCP4 software 

suite (Winn et al., 2011). A summary of data collection and processing statistics is 

presented in Table 3.1 (MhGpgS apo structures), Table 3.2 (MhGpgS·UDP and 

MhGpgS·pABA complexes) and Table 3.3 (MhGpgS·UPG and MhGpgS·pHBA complexes). 

 

 

 

 

 



 

 

 

Table 3.1. Data collection and refinement statistics for apoMhGpgS structures at different pH. 

Crystal 
apoMhGpgS 

pH 5.5 
apoMhGpgS 

pH 7.1 
apoMhGpgS 

pH 7.2 
apoMhGpgS 

pH 8.5 

PDB code 7P8G 7P5L 7QCP 7PVL 

Data collection     

  X-ray beamline ID29 (ESRF) ID29 (ESRF) ID29 (ESRF) ID29 (ESRF) 

  Space group I 41 P 21 21 21 P 21 21 21 P 21 21 21 

  Cell constants     

    a, b, c (Å) 
101.4, 101.4, 

122.6 
71.1, 90.6, 95.3 71.3, 90.6, 95.3 71.0, 89.9, 95.6 

    α, β, γ (°) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 

  Wavelength (Å) 0.99987 0.96112 0.96112 0.96112 

  Resolution range (Å) 
46.6-2.13 (2.20-

2.13) 
50.0 - 1.22 
(1.26 - 1.22) 

50.0-1.11 (1.15-
1.11) 

50.0-1.43 (1.48-
1.43) 

  Total/unique 
reflections 

159768/34136 
(16164/3388) 

782392/182244 
(63391/17739) 

2977865/24257
9 (232191/23553) 

699283/113499 
(48791/10985) 

  Multiplicity 4.7 (4.8) 4.3 (3.6) 12.3 (9.9) 6.2 (4.4) 

  Completeness (%) 98.6 (98.9) 99.8 (99.7) 99.9 (99.6) 99.9 (99.7) 

  Rmerge 0.050 (0.568) 0.052 (0.625) 0.066 (1.116) 0.066 (0.767) 

  Rmeasure 0.056 (0.635) 0.060 (0.734) 0.069 (1.178) 0.072 (0.871) 

  Rpim 0.024 (0.276) 0.028 (0.379) 0.019 (0.371) 0.028 (0.407) 

  Mean I/σI 15.0 (1.9) 12.7 (1.9) 16.7 (2.0) 17.0 (1.8) 

Refinement     

  Resolution range (Å) 42.5-2.13 47.6-1.22 47.8-1.11 44.95-1.43 

  Rwork/Rfree (%) 20.5/22.9 14.3/16.4 14.2/15.6 14.8/18.1 

  Unique reflections, 
work/free 

34056/1715 182144/9129 242455/12152 113413/5679 

  No. of:     

    Non-hydrogen atoms 2404 5238 5169 5330 

    Amino acid residues 303 581 577 587 

    Water molecules 87 614 655 788 

  Ligands at active site 
1 BGC, 1 MLI, 4 

Cl- 
1 MLT, 1 LMR 2 TLA 2 Cl-, 3 Mg2+ 

  Wilson B factor (Å2) 46.0 12.2 12.2 14.0 

  RMSD bond length (Å) 0.007 0.009 0.006 0.005 

  RMSD bond angle (°) 0.90 1.01 0.91 0.74 

  Ramachandran plot     

    Favoured (%) 98.0 98.1 98.6 98.8 

    Allowed (%) 2.0 1.9 1.4 1.2 

    Outliers (%) 0.0 0.0 0.0 0.0 

  Average B-factor 58.4 19.3 19.2 20.6 

    Macromolecules 58.5 17.9 17.3 18.0 

    Ligands 60.2 47.9 52.9 35.0 

    Solvent 54.0 29.4 31.8 35.9 

Molecules in 
asymmetric unit 

1 2 2 2 

Statistics for the outermost resolution shell are shown in parentheses. 

BGC – β-D-glucose, MLI – malonate, MLT – D-Malate, LMR – L-Malate, TLA – L-Tartrate. 
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Table 3.2. Data collection and refinement statistics for MhGpgS·UDP complexes at different pH and for the 
MhGpgS·pABA complex. 

Crystal 
MhGpgS·UDP 

pH 5.5 
MhGpgS·UDP 

pH 7.2 
MhGpgS·UDP 

pH 8.5 
MhGpgS·pABA 

pH 5.5 

PDB code 7PDO 7QI9 7QIB 7PD5 

Method Co-crystallisation Co-crystallisation Soaking Soaking 

Data collection     

  X-ray beamline ID29 (ESRF) ID29 (ESRF) ID23-2 (ESRF) ID29 (ESRF) 

  Space group I 41 P 21 21 21 P 21 21 21 I 41 

  Cell constants     

    a, b, c (Å) 101.3, 101.3, 122.5 71.6, 90.4, 95.5 70.0, 90.0, 95.2 
100.3, 100.3, 

123.9 

    α, β, γ (°) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 

  Wavelength (Å) 0.96112 0.96112 0.97934 0.97915 

  Resolution range (Å) 
50.0-1.97 (2.04-

1.97) 
50.0-1.23 (1.27-

1.23) 
47.8-1.60 (1.68-

1.60) 
46.7-1.95 (2.00-

1.95) 

  Total/unique 
reflections 

301079/43448 
(27756/4232) 

786310/171306 
(49576/13931) 

433325/80077 
(59085/11135) 

201388/44461 
(14143/3161) 

  Multiplicity 6.9 (6.6) 4.6 (3.6) 5.4 (5.3) 4.5 (4.5) 

  Completeness (%) 99.6 (99.0) 95.6 (80.5) 99.3 (95.7) 99.9 (99.9) 

  Rmerge 0.059 (0.881) 0.040 (0.554) 0.064 (1.24) 0.035 (2.157) 

  Rmeasure 0.064 (0.957) 0.052 (0.716) 0.071 (1.38) 0.045 (2.879) 

  Rpim 0.024 (0.371) 0.024 (0.357) 0.030 (0.589) 0.021 (1.353) 

  CC1/2 (%) - - 0.999 (0.594) 1.00 (0.419) 

  Mean I/σI 17.1 (1.7) 15.1 (1.8) 13.6 (1.4) 15.5 (0.6) 

Refinement     

  Resolution range (Å) 46.6-1.97 48.4-1.23 47.8-1.60 46.7-1.95 

  Rwork/Rfree (%) 18.3/19.6 14.2/16.2 17.4/19.6 19.1-21.3 

  Unique reflections, 
work/free 

43384/2184 171142/8578 79824/3878 44294/2177 

  No. of:     

    Non-hydrogen atoms 2499 5159 4831 2341 

    Amino acid residues 301 576 577 302 

    Water molecules 184 618 445 82 

  Ligands at active site 1 UDP, 4 Cl- 2 UDP 
2 UDP, 6 Mg2+, 2 

Cl- 
1 pABA, 1 BTB, 5 

Cl- 

  Wilson B factor (Å2) 38.2 13.8 23.5 52.0 

  RMSD bond length (Å) 0.006 0.007 0.006 0.007 

  RMSD bond angle (°) 0.85 0.94 0.78 0.92 

  Ramachandran plot     

    Favoured (%) 97.6 98.8 98.8 99.0 

    Allowed (%) 2.4 1.2 1.2 1.0 

    Outliers (%) 0.0 0.0 0.0 0.0 

  Average B-factor 51.8 21.2 31.8 68.2 

    Macromolecules 51.8 19.4 30.9 68.5 

    Ligands 51.0 27.9 34.2 70.1 

    Solvent 52.2 33.4 39.7 61.4 

Molecules in 
asymmetric unit 

1 2 2 1 

Statistics for the outermost resolution shell are shown in parentheses. 

pABA – p-aminobenzoic acid, BTB – Bis-Tris buffer. 

 

 

 

 



 

 

 

Table 3.3. Data collection and refinement statistics for MhGpgS·UDP-Glc complexes at different pH and for 
the MhGpgS·pHBA complex. 

Crystal 
MhGpgS·UPG 

pH 5.5 
MhGpgS·UPG 

pH 7.2 
MhGpgS·UPG 

pH 8.5 
MhGpgS·pHBA 

pH 7.1 

PDB code 7PE4 * 7QOQ 7PHO 

Method Co-crystallisation Co-crystallisation Soaking Co-crystallisation 

Data collection     

  X-ray beamline ID29 (ESRF) ID29 (ESRF) ID23-2 (ESRF) 
BL13-XALOC 

(ALBA) 

  Space group I 41 P 21 21 21 P 21 21 21 P 21 21 21 

  Cell constants     

    a, b, c (Å) 101.9, 101.9, 122.1 71.4, 90.5, 95.3 71.1, 90.4, 96.0 70.5, 90.5, 95.3 

    α, β, γ (°) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 

  Wavelength (Å) 0.96112 0.96112 0.87260 0.97926 

  Resolution range (Å) 
50.0-2.05 (2.12-

2.05) 
50.0-1.25 (1.29-

1.25) 
48.3-1.93 (2.03-

1.93) 
65.7-1.27 (1.29-

1.27) 

  Total/unique 
reflections 

269589/38917 
(26249/3768) 

762940/168628 
(54661/15671) 

238444/46655 
(25738/5966) 

873161/161347 
(40060/8041) 

  Multiplicity 6.9 (7.0) 4.5 (3.5) 5.1 (4.3) 5.4 (5.0) 

  Completeness (%) 99.8 (99.6) 98.9 (94.4) 98.1 (87.3) 99.9 (100) 

  Rmerge 0.085 (0.973) 0.047 (0.590) 0.195 (1.106) 0.036 (1.115) 

  Rmeasure 0.092 (1.052) 0.053 (0.691) 0.217 (1.251) 0.040 (1.248) 

  Rpim 0.035 (0.398) 0.024 (0.352) 0.094 (0.573) 0.017 (0.552) 

  CC1/2 (%) - - 0.989 (0.441) 1.00 (0.579) 

  Mean I/σI 14.7 (1.8) 14.6 (1.8) 7.9 (1.4) 18.2 (1.1) 

Refinement     

  Resolution range (Å) 46.7-2.05 48.3-1.25 45.2-1.93 56.7-1.27 

  Rwork/Rfree (%) 16.0/19.2 15.5/17.3 17.6/22.7 14.5/16.4 

  Unique reflections, 
work/free 

38879/1950 168531/8442 46470/2348 160726/7909 

  No. of:     

    Non-hydrogen atoms 2740 5088 5070 5228 

    Amino acid residues 310 576 593 604 

    Water molecules 307 551 570 458 

  Ligands at active site 
1 UPG, 1 Mg2+, 3 

Cl-, 3 BCT 
2 UDP, 2 TLA 

2 UMP, 4 Mg2+, 1 
Cl- 

7 pHBA, 1 MLT, 2 
GOL, 1 BCT 

  Wilson B factor (Å2) 35.7 13.1 19.9 16.6 

  RMSD bond length (Å) 0.007 0.011 0.007 0.008 

  RMSD bond angle (°) 0.90 1.13 0.80 0.94 

  Ramachandran plot     

    Favoured (%) 97.7 98.6 98.1 98.2 

    Allowed (%) 2.3 1.4 1.7 1.8 

    Outliers (%) 0.0 0.0 0.2 0.0 

  Average B-factor 46.1 22.0 23.0 23.9 

    Macromolecules 45.6 20.2 22.2 22.6 

    Ligands 46.2 49.2 20.4 34.8 

    Solvent 50.5 33.2 29.5 34.7 

Molecules in 
asymmetric unit 

1 2 2 2 

Statistics for the outermost resolution shell are shown in parentheses. 

UPG – UDP-Glc, BCT – bicarbonate ion, TLA – L-Tartrate, pHBA – p-hydroxybenzaldehyde, MLT – D-Malate, 

GOL – glycerol. 

* submission in preparation.  
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Structure determination, model building and refinement 

The structure of apoMhGpgS at pH 7.1 was solved by molecular replacement with 

PHASER (McCoy et al., 2007), using the coordinates of MtGpgS (PDB accession code 

3E25) as a search model. Alternating cycles of model building with Coot (Emsley et al., 

2010) and refinement with PHENIX (Adams et al., 2010) were performed until model 

completion. The refined coordinates were used as a search model to solve all the other 

MhGpgS structures and complexes. Refined coordinates and structure factors were 

deposited in the Protein Data Bank (Berman et al., 2000). A summary of refinement 

statistics is presented in Tables 3.1-3.3. 

Analysis of crystallographic structures 

The models of the crystallographic structures were superposed and root mean 

square deviation (RMSD) values were calculated with SUPERPOSE (Krissinel & Henrick, 

2004). Secondary-structure elements were identified with DSSP (Kabsch & Sander, 1983). 

Buried residues, the dimer interface and interactions between residues at the dimer-dimer 

interface were determined using the PDBePISA server (Krissinel & Henrick, 2007). 

Cavities and pockets were detected with Fpocket (Le Guilloux et al., 2009). The surface 

electrostatic potential was calculated with the APBS Electrostatics plugin for PyMOL 

(Jurrus et al., 2018). Hydrogen bonds, salt bridges and protein-ligand interactions were 

studied with Coot (Emsley et al., 2010). All figures depicting molecular models and 

electron density maps were created with PyMOL version 2.4.1 (Schrödinger). 

Sequence and genomic context analysis 

Multiple sequence alignments for selected GpgS sequences were generated with 

Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) and edited with Aline 

version 1.0.025. Molecular weight predictions and amino acid content were calculated 

with the ProtParam tool (http://web.expasy.org/protparam/). 

Genomic context was analysed with the Enzyme Function Initiative’s Genome 

Neighbourhood Tool (EFI-GNT) (Zallot et al., 2019). First, the amino acid sequence of the 

MhGpgS was used to retrieve homologous sequences from the UniProt database using a 

negative log of e-value threshold of 5. The output was filtered by applying a maximum 

sequence length restriction of 360 residues to eliminate possible multidomain proteins 

and an alignment score threshold of 35 was initially selected. The generated Sequence 

Similarity Network (SSN) was visualised and edited with Cytoscape 3.8.2. The alignment 

score threshold was raised iteratively to achieve sequence segregation on a phylogenetic 



 

 

basis, until GpgS orthologues from members of the order Corynebacteriales clustered 

together and separately from sequences belonging to different taxa. The Corynebacteriales 

cluster, obtained after raising the alignment score threshold to 112, was used as input to 

generate a Genome Neighbourhood Network (GNN) with a neighbourhood size of 10 

(number of neighbouring genes upstream and downstream of the query sequence) and a 

minimal co-occurrence percentage lower limit of 70%. The resulting GNN was visualised 

and edited with Cytoscape and the genomic environment for selected species was drawn 

based on the generated Genome Neighbourhood Diagrams (GND). 

Thermal shift and inhibition assays in the presence of pABA and pHBA 

The effect of pABA and pHBA in the melting temperature of MhGpgS was evaluated 

by a thermofluor assay (Ericsson et al., 2006) using SYPRO Orange, an environmentally 

sensitive dye. SYPRO Orange (Invitrogen) 5000× concentrated in DMSO was diluted in 

50 mM BTP pH 7.5 buffer to a 10x concentration. 25 µL solutions containing MhGpgS (0.8 

mg/ml) and pABA and pHBA (enzyme:ligand ratios of 1:10, 1:30 and 1:60) were prepared 

in 50 mM BTP pH 7.5 buffer, mixed with an equal volume of SYPRO Orange 10x, and 

loaded in a white 96-well PCR plate (Bio-Rad). Controls with only enzyme or only ligand 

were also prepared. The thermofluor assay was performed in an iCycler iQ5 Multi-color 

Real Time PCR detection system (Bio-Rad) running the following protocol: heating from 

25 to 85 °C with a 30 s hold time every 0.5 °C, followed by a fluorescence reading using 

Cy3 dye filter (excitation/emission, 545/585). The melting curves were analysed using the 

CFX Manager software (Bio-Rad) to calculate the melting temperature (Tm) from the 

minimum value of the negative first derivative of the melting curve.  

Inhibition assays were carried out with the UDP-Glo™ Glycosyltransferase Assay Kit 

(Promega). MhGpgS was incubated with increasing concentrations of pABA or pHBA in 

25 mM BTP pH 7.5 at RT for 20 min. The reactions (containing 25 mM BTP buffer pH 7.5, 

20 mM MgCl2, 1 mM 3-PGA, 100 µM UDP-Glc, 14 nM MhGpgS, and variable 

concentrations of inhibitor) were initiated by mixing 40 µL of MhGpgS pre-incubated with 

inhibitor and 10 µL of substrate mix containing MgCl2, 3-PGA and UDP-Glc and incubated 

at RT for 10 min. UDP production was quantified by mixing 10 µL of each reaction with 10 

µL of UDP Detection Reagent in an opaque white 384-well plate, incubating at RT for 1 h, 

and recording the luminescence signal using a SpectraMax iD3 microplate reader. UDP 

standard curves were prepared in the 0.5 to 25 µM range and reaction conditions were 

optimised by conducting GpgS titration curves in the 1.8 to 114 nM range and time-course 

experiments in which the reaction was stopped after 1, 3, 7, 10, 15 or 20 min incubation. 
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Interference of the inhibitors with the assay was corrected by conducting parallel mock 

reaction mixtures containing all assay components, except the enzyme, and 1 µM of UDP 

in the presence of variable concentrations of inhibitor, and applying a correction formula 

as previously described (Shapiro et al., 2009): the luminescent signal of a reaction in the 

presence of X mM inhibitor was multiplied by the signal of a mock reaction containing 1 

µM UDP in the absence of inhibitor, and divided by the signal of a mock reaction 

containing UDP and X mM inhibitor. Curve fitting was performed using GraphPad Prism® 

version 9, using the [inhibitor] vs. normalized response equation to obtain the IC50 values. 

 

Results 

M. hassiacum is a genuine thermophile growing optimally at 50°C and withstanding 

near-pasteurisation temperatures 

M. hassiacum is a thermophilic (Figure 3.2A-B) and slightly alkaliphilic (Figure 3.2C) 

rapidly growing mycobacterium that grows optimally at 50°C and pH 8.0 in GPHF 

medium, describing a monophasic curve (µ=0.242±0.032 h-1) (Figure 3.2A). Glycerol 

supplementation (0.8%) of GPHF medium enhanced exponential cell growth rate almost 

2-fold (µ=0.440±0.016 h-1) at the same temperature and pH (Figure 3.2B,C). Moreover, 

growth in glycerol-supplemented GPHF medium exhibited a growth rate shift detected at 

around 4 h of growth in all conditions except at a growth temperature of 65°C or at a 

growth pH of 5.0 (Figure 3.2B,C). The maximal specific growth rate (µ) determined under 

optimal growth conditions in the glycerol-supplemented medium decreased to about 24% 

of maximum rate after the shift, and in all conditions the specific rates were lower during 

the post-shift phase (Figure 3.2B,C). These shifts are reminiscent of diauxic growth, and 

the fact that they were not observed in the absence of glycerol could suggest sequential 

utilization of carbon sources. Diauxic growth has been reported for the pyrene-degrading 

isolate Mycobacterium sp. KMS (Miller et al., 2004; Zhang & Anderson, 2013) but this 

nutritional strategy is not used by the model mycobacteria M. smegmatis or M. 

tuberculosis (Aung et al., 2015; De Carvalho et al., 2010), and further studies would be 

required to clarify the cause of the shift observed for M. hassiacum. 



 

 

 

Figure 3.2. Growth of M. hassiacum under different temperatures (A, B) or pH (C) in GPHF (A) and glycerol-
supplemented GPHF (B, C) media. Growth rates (µ) reflect early exponential phases up to 4 h of growth (before 
growth shifts) and during exponential phases between 4 and 24 h growth. At 65°C (pH 8.0) M. hassiacum 
exhibits monophasic growth and at pH 5.0 (50°C) cells entered stationary phase after 4–6 h. Arrows indicate 
the turbidity above which cells aggregated and accurate measurements were no longer possible. Data are 
representative of three independent experiments. Error bars are the standard error of the mean. All graphs 
were prepared by Susana Alarico and adapted with permission from Alarico et al., 2020. 

 

In order to further characterise the thermal resistance of M. hassiacum beyond its 

optimal growing temperature of 50°C, cell culturability and viability assays at higher 

temperatures (60, 65 and 70°C) were performed in rich medium (GPHF) and also in water, 

reproducing the oligotrophic conditions NTM face in the environment. As expected, no 

loss of viability was observed at 60°C by either colony formation (Figure 3.3A) or 

AlamarBlue (Figure 3.3B) assays after 1 h exposure. M. hassiacum was found to be able to 

withstand 65°C for 10 min and 70°C for 2 min without considerable loss of colony forming 

units (Figure 3.3A). After 10 min at 65°C, M. hassiacum retained 89% and 84% of reducing 

potential in rich medium and in water, respectively, and after 2 min at 70°C it retained 

79% and 76%. After 60 min at 65°C, metabolic viability decreased to 20% and 27% in 

GPHF and water, respectively (Figure 3.3B). Inactivation was observed after 10 min at 

70°C, with no visible colony formation although still retaining reducing potential values 

of 17% in GPHF medium and 8% in water. These results indicate that nutrient-depletion 

has no appreciable effect on the resistance of M. hassiacum cultures to high temperatures 

under the conditions tested. 
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Figure 3.3. Thermotolerance profile of M. hassiacum exponentially growing cultures (GPHF) and of starved 
cells suspended in water (WSH). Duplicate samples were exposed to 50, 60, 65 and 70 °C at different time 
points. (A) Culturability after temperature exposure was assayed by spotting samples in duplicate on GPHF 
agar as displayed in the plate scheme below panel A (time is given in min). One representative of at least two 
independent experiments is shown. (B) Metabolic viability after temperature exposure was measured by the 
AlamarBlue assay. Viability of exponentially growing cultures in rich medium and of starved cell suspensions 
are represented in dark blue and light blue, respectively. Data comes from two independent experiments and 
error bars show the standard deviation. 

GpgS is functional in M. leprae and is likely a core mycobacterial protein 

The M. tuberculosis gpgS orthologue gene has been considered essential for growth 

by transposon mutagenesis studies (Minato et al., 2019). M. leprae has an extremely 

downsized genome compared with most mycobacterial species, and less than half of it is 

predicted to encode functional genes (Cole et al., 2001). Therefore, genes which have 

remained functional in M. leprae despite an extreme reductive evolution process may be 

considered core mycobacterial genes, part of the genus’ “essential toolkit”. In order to 

further investigate the importance of this enzyme and if it can be considered a core 



 

 

mycobacterial protein, we recombinantly expressed the M. leprae gpgS orthologue to 

confirm if it encodes a functional GpgS. The codon optimised gene showed low levels of 

expression but the recombinant tagged protein could be produced in soluble form. SDS-

PAGE analysis after affinity purification revealed a band corresponding to the predicted 

molecular weight of the native MlGpgS protein (35 KDa), as well as a contaminant of 

higher molecular weight (Figure 3.4A). Although we did not confirm the identity of this 

contaminant, we do not expect it to affect activity results since E. coli extracts are 

consistently unable to carry out 3-PGA glycosylation (data not shown).  The yield obtained 

was approx. 1.3 mg of protein per liter of E. coli culture. Incubation of the partially purified 

MlGpgS with 3-PGA and UDP-Glc led to production of GPG, demonstrating that the GpgS 

M. leprae orthologue is fully functional (Figure 3.4B). MlGpgS was also able to use ADP-

glucose and GDP-glucose as glycosyl donors, but not GDP-mannose (results not shown). 

 

Figure 3.4. The M. leprae gpgS gene encodes a functional enzyme. (A) SDS-PAGE analysis of M. leprae GpgS 
after intein-mediated affinity purification with a chitin-binding tag. Lane 1: molecular weight marker; lanes 2 
and 3: 3 µg and 6 µg of MlGpgS. (B) TLC analysis of MlGpgS activity. Reactions (25 mM BTP pH 7.5, 5 mM 3-
PGA, 5 mM UDP-Glc, 5 mM MgCl2, 3 µg GpgS) and control without enzyme were incubated for 1 h at 30°C. 
Lane 1: control mixture without enzyme; lane 2: reaction with MlGpgS; lane 3: reaction with MhGpgS; lane 4: 
GPG standard. 

MhGpgS is a highly thermostable glucosyl-3-phosphoglycerate synthase 

The thermophilic nature of M. hassiacum (Figures 3.2A,B and 3.3) suggests it might 

be a source of thermostable enzymes, more amenable to structural studies and thus good 

surrogates to study essential mycobacterial enzymes. As a proof of concept, and due to its 

essentiality in M. tuberculosis and retained functionality in M. leprae (Figure 3.4), the 

enzyme GpgS was selected for characterisation. The 945 bp gpgS gene from M. hassiacum 

codes for a polypeptide with 314 residues and a calculated molecular weight of 33.6 kDa.  
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Figure 3.5. Multiple amino acid sequence alignment of GpgS homologues whose function has been confirmed. 
Residues are coloured according to conservation (red: identical residues, orange to blue: decreasing 
conservation; white: dissimilar). Amino acid numbers, structural subdomains, and secondary structure 
elements are based on the MhGpgS 3D structure and represented above the alignment. Subdomains and motifs 
are represented by coloured boxes (N-terminal helix: teal; nucleotide-binding domain: yellow; acceptor 
binding domain: slate blue; DXD catalytic motif: purple; L loop: red). Residues that participate in the dimer 
interface and in UDP-Glc binding are indicated below the alignment by diamonds and circles, respectively 
(uridine moiety interacting residues: yellow circles; metal and phosphate coordination: orange circles; glucose 
moiety interacting residues: green circles). The dimer interface was calculated with PDBePISA server using the 
apoMhGpgS structure at pH 7.2. 

BLAST analyses with its amino acid sequence showed 73-90% amino acid identity with 

other mycobacterial GpgSs, namely  the characterised homologues from M. bovis/M. 

tuberculosis (73%), M. avium subsp. paratuberculosis (77%) and M. smegmatis (88%) 

(Empadinhas et al., 2008; Fulton et al., 2008). Homologues were also found in other 

thermotolerant mycobacteria such as M. thermoresistibile and M. xenopi (both 81%), in 

highly relevant pathogenic NTM most frequently colonising water systems including M. 

abscessus (81%) and M. avium (77%), and even in mycobacteria with extensively 



 

 

downsized genomes, namely M. leprae (confirmed to be a bona fide GpgS, Figure 3.4), “M. 

lepromatosis” and “M uberis” (all 74%). Furthermore, MhGpgS shows 43% and 37% amino 

acid identity with the characterised homologues from Petrotoga mobilis and from 

Rubrobacter xylanophilus, respectively (Empadinhas et al., 2011; Fernandes et al., 2010), 

but is only distantly related to isofunctional enzymes identified in the archaeon 

Methanococcoides burtonii (Costa et al., 2006), in the aquificale Persephonella marina 

(Costa et al., 2007) and in two cyanobacteria (Klähn et al., 2010). A multiple sequence 

alignment with all GpgS homologues whose function has been confirmed to date is shown 

in Figure 3.5, highlighting key conserved residues and motifs which will be discussed in 

following sections. 

Expression of M. hassiacum gpgS in E. coli resulted in the production of 

homogeneous recombinant protein in soluble form at very high levels, which could be 

purified to homogeneity in a single affinity purification step, with yields typically close to 

60 mg of protein per liter of E. coli culture (Figure 3.6A). The tagged enzyme displayed an 

apparent molecular weight of 76.9 kDa in solution, corresponding to 2.2 times the 

expected mass of the monomer (33.6 KDa plus 1.5 kDa hexahistidine tag), compatible with 

a dimeric arrangement. Activity assays carried out at 50 or 60°C led to GPG synthesis from 

UDP-Glc, ADP-glucose and GDP-glucose as donor substrates (with decreasing efficiency), 

and with 3-PGA as acceptor. GDP-mannose was also probed as a possible sugar donor but 

mannosyl-3-phosphoglycerate product was not detected (results not shown). Enzyme 

activity was maximal near 60°C and at pH 7.4–8.0, retaining 40% of maximal activity at 

70°C and about 20% of maximal activity at 80°C (Figure 3.6B,C). MhGpgS was dependent 

on divalent cations in the following order of efficiency: Mg2+ (20 mM) > Mn2+ (10 mM) 

(Figure 3.6D) while other cations tested did not stimulate enzyme activity at the 

concentrations tested. 

 

Figure 3.6. Biochemical characterisation of MhGpgS. (A) SDS-PAGE analysis of MhGpgS after Ni-affinity 
purification. Lane 1: molecular weight marker; lanes 2 and 3: 2 µg and 6 µg of MhGpgS. (B) Temperature 
profile, (C) pH dependence, and (D) effect of divalent cations Mg2+ (blue) and Mn2+ (yellow) at different 
concentrations (C1 and C2, enzyme activity without cations and in presence of EDTA, respectively). Data are 
the mean values of three independent experiments. Panels B, C and D were prepared by Susana Alarico. 
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The enzyme was highly stable at 37 and 50°C (Figure 3.7A) with estimated half-lives 

of 7.8±1.4 and 6.4±2.4 days, respectively. After 1 week at room temperature or after 1 month 

at 0°C, it retained about 100% activity, and it could withstand several cycles of freeze-thaw 

without detectable loss of activity (results not shown). At 60°C, the pure recombinant 

enzyme denaturated quickly, after 5 min of incubation. Incubation in the presence of its 

substrates stabilized the enzyme, although its half-life at 60°C remained comparatively 

low at 12.1±2.1 min (Figure 3.7A). To further test the thermostability of MhGpgS, the 

melting temperature (Tm) of the protein was determined at different pH values and in the 

presence of the nucleotide UDP, the preferred sugar donor UDP-Glc and the acceptor 3-

PGA. The maximal values of Tm for MhGpgS were observed at pH ranging from 7.0 to 9.0 

(Figure 3.7B) suggesting that this protein is more stable in neutral to alkaline conditions. 

Interestingly, MhGpgS thermoresistance was more pronounced in the presence of the 

protein’s preferential substrates, the sugar donor UDP-Glc or the acceptor 3-PGA (Figure 

3.7B). The highest Tm of 63.5°C was observed at pH 7.5 when both ligands were present 

demonstrating that MhGpgS stability increases when both substrate-binding sites are 

occupied (Figure 3.7B).  

 

Figure 3.7. Thermostability of recombinant MhGpgS. (A) Thermal inactivation of MhGpgS activity monitored 
during 5 days at 37°C, 50°C and during 30 min at 60°C (after this time the protein precipitates) and of the 
recombinant GpgSs from M. bovis (MbGpgS) and M. smegmatis (MsGpgS) monitored during 18 h at 37°C. Data 
are the mean values of three independent experiments. (B) Melting temperature (Tm) of recombinant 
MhGpgS in the presence of donor and/or acceptor substrates at different pH values. Data are the mean values 
of four independent experiments. Panel B was prepared by Alexandra Silva and adapted with permission from 
Alarico et al., 2020. 

 



 

 

Taken together, these results confirm the higher thermostability of MhGpgS when 

compared with the other characterised mycobacterial homologues, which when combined 

with the high expression levels in E. coli and ease of purification, make it an ideal candidate 

for thorough structural studies. 

High-resolution structures of MhGpgS reveal a typical mycobacterial GpgS architecture 

A preliminary crystallisation screening yielded MhGpgS crystals under a variety of 

non-overlapping conditions, making it possible to obtain high resolution structures at 

acidic, neutral and basic pH and confirming its predicted amenability to structural studies. 

At pH 5.5, tetragonal crystals belonging to the space group I 41 were obtained, which 

diffracted to 2.13 Å resolution and contained one molecule of MhGpgS in the asymmetric 

unit. At pH 7.1, 7.2 and 8.5, orthorhombic crystals belonging to space group P 21 21 21 were 

produced instead and diffracted to 1.22, 1.11 and 1.43 Å respectively, containing two 

molecules in the asymmetric unit (designated as chains A and B). 

Like its closest homologues, MhGpgS displays a typical GT-A fold with a core 

catalytical domain, subdivided into a nucleotide-binding subdomain at the N-terminal 

(residues 41-130), which adopts the Rossman-fold, and an acceptor-binding subdomain at 

the C-terminal (residues 134-248), bridged by the signature catalytic motif DXD (131DSD133) 

(Figure 3.8A). The acceptor binding sub-domain is followed by a loop (L-loop, 

249VRAHRNRP256), positioned at the divide between both subdomains, whose flexibility 

has been implicated in the GpgS catalytic cycle (Albesa-Jové, Romero-García, et al., 2017) 

and which contains the histidine residue (His252) suggested to be indispensable for pH-

dependent metal coordination and donor binding (Fulton et al., 2008). The three-

dimensional structure of MhGpgS closely matches the previously reported structures of 

MtGpgS and MaGpgS (Albesa-Jové, Romero-García, et al., 2017; Fulton et al., 2008; Pereira 

et al., 2008). Indeed, apoMhGpgS at pH 5.5 shows overall RMSD values of 0.95 Å over 271 

structurally equivalent Cα atoms when superposed with apoMtGpgS at pH 6.5, and of 1.1 

Å over 266 structurally equivalent Cα atoms when superposed with apoMaGpgS at pH 5.5 

(Figure 3.8B). Interestingly, the most relevant conformational difference between 

apoMhGpgS at pH 5.5 and the apo structures of its mycobacterial homologues at similar 

pH values can be found precisely in this loop. While two alternate conformations have 

been observed in apoMtGpgS at pH 6.5, “open” and “closed”, and only the closed 

conformation has been observed in apoMaGpgS at pH 5.5, we could only model the open 

conformation in apoMhGpgS at pH 5.5 (Figure 3.8C). 



 

 

107 GpgS from the genuine mycobacterial thermophile Mycobacterium hassiacum 

 

Figure 3.8. Overall structure of MhGpgS. (A) Cartoon representation of the 3D structure of MhGpgS with the 
catalytic core labelled and coloured as in Figure 3.5 (N-terminal helix: teal; nucleotide-binding domain: yellow; 
acceptor binding domain: slate blue; DXD catalytic motif: purple; L loop: red). Glucose, a contaminant that 
co-purified with MhGpgS, and malonate, used as cryo-protectant, were modelled in the electron density at 
MhGpgS active site and represented as sticks with carbon atoms orange and oxygen atoms red. (B) Ribbon 
representation of the superposed apoMhGpgS at pH 5.5 (yellow), apoMtGpgS at pH 6.5 (red; PDB entry 5JQQ) 
and apoMaGpgS at pH 5.5 (orange; PDB entry 3CKJ) 3D structures. (C) Close-up of the superposed structures 
from panel A showing the L loop conformation. Only the loop residues are coloured: apoMhGpgS: yellow; 
apoMtGpgS: closed conformation in rose red, open conformation in red; apoMaGpgS: orange.  

Sharing 73% amino acid identity with MtGpgS, the determinants of MhGpgS’s 

higher thermostability are not immediately evident. Global sequence and structural 

analyses do not show significant differences in amino acid composition that could account 

for differences in intrinsic flexibility (such as Gly and Pro content), hydrophobicity and 

content of hydrophobic buried residues, electrostatic surface potential, volume of cavities, 

and number of electrostatic interactions between residues (Ang et al., 2021; Petsko, 2001). 

Thus, a closer inspection of each residue substitution was carried out. A sequence 

alignment between these two homologues reveals a non-conserved N-terminal region 

(Figure 3.9A) which comprises an α-helix in all MhGpgS structures and complexes 

obtained, but is unstructured in all MtGpgS structures reported to date and is not 

predicted to assume a helical conformation by AlphaFold (Varadi et al., 2022). Indeed, the 

M. tuberculosis homologue has a higher Gly content in this region, making it more flexible, 

and two Pro substitutions, possibly disrupting the helix (Figure 3.9A). Interestingly, in 

MhGpgS several residues in this region are located at the dimerization interface, 

interacting with a -hairpin at the C-terminal. This hairpin had been previously shown to 

be implicated in MtGpgS dimerization (Pereira et al., 2008), but its interaction with the 

N-terminal segment observed in M. hassiacum is novel and might strengthen the dimer-

dimer interaction, contributing to thermal stability (Figure 3.9B). Likewise, the 

substitution of Gly203 and Leu278 in MtGpgS for Thr197 and Phe272 in MhGpgS also 

appear to contribute to a tighter packing at the dimer interface. Furthermore, the N-



 

 

terminal region in MhGpgS might also contribute to stabilise the monomer, by packing 

against the enzyme’s core through interactions with the acceptor binding subdomain, 

namely at the Leu192-Val199 and Leu239-Ile242 regions. Val4, Leu7 and Leu12 form a well-

defined hydrophobic patch that packs against the conserved residue Pro194, hindering its 

exposure to the solvent. Trp17 inserts into a hydrophobic pocket composed of the aliphatic 

portion of the side chain of Asn21, the conserved Leu239 and Cys198. The side chain of 

Asn21 further stabilises this region through hydrogen bonds with the carbonyl groups of 

Asp240 and Ile242 (Figure 3.9C). Taken together, these interactions may account for a 

more compact structure, making MhGpgS more stable, despite an otherwise nearly 

identical architecture (Figure 3.8B). 

 

Figure 3.9. MhGpgS dimer and possible determinants of thermostability. (A) Multiple amino acid sequence 
alignment of MhGpgS and MtGpgS. Residues are coloured according to conservation (red: identical residues, 
orange to blue: decreasing conservation; white: dissimilar). Amino acid numbers, structural subdomains, and 
secondary structure elements are based on the apoMhGpgS structure at pH 5.5 and represented above the 
alignment. Subdomains and motifs are represented by coloured boxes (N-terminal helix: teal; nucleotide-
binding domain: yellow; acceptor binding domain: slate blue; DXD catalytic motif: purple; L loop: red). 
Residues that participate in the dimer interface and buried residues are indicated below the alignment by 
diamonds and circles, respectively. Buried residues and the dimer interface were calculated with PDBePISA 
server using the apoMhGpgS structure at pH 5.5. (B) Cartoon representation of the MhGpgS dimer based on 
the apo structure at pH 5.5. The monomer on the left is colour coded as in panel A, the monomer on the right 
was obtained by the symmetry operation -x,-y-1,z and is coloured beige. (C) Close-up of MhGpgS showing 
some of the stabilising interactions between the N-terminal helix and the core of the enzyme. Structural 
subdomains are coloured as in panel A, selected residue side chains are shown as sticks with carbon atoms 
colour coded, nitrogen atoms blue, oxygen atoms red and sulfur atoms yellow. Hydrogen bonds are indicated 
by black dashed lines. 

On the other hand, some residue substitutions identified by the sequence alignment 

seem to indicate a greater flexibility for MhGpgS in certain regions, particularly in the 

vicinity of the active site (Figure 3.9A). Examples of this are Gly56 and Gly57 (Glu and Ser 
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in MtGpgS), as well as Val59 and Val55 (both Ile in MtGpgS), which are in the 

neighbourhood of the nucleotide binding pocket and the catalytic DXD motif, and which 

suggest a less compact structure. This is also the case for Gly204 (Ser in MtGpgS), which 

is located in a conserved loop at the base of the sugar binding pocket. This increased 

structural flexibility at the active site may allow MhGpgS to retain a relatively high activity 

at suboptimal temperatures, compensating the effect of other substitutions which confer 

stability but also rigidity.  

MhGpgS displays a stable fold not influenced by variations in pH 

Given that MhGpgS easily crystallises at different pH values, we analysed the effect 

of pH on the conformation of the enzyme, both in the absence and presence of ligands, 

and focusing on the L loop histidine whose ionizable imidazole group was previously 

suggested to be required for metal coordination and sugar-donor binding (at pH 5.5, below 

the pKa of histidine, the imidazole group is protonated and thus cannot coordinate the 

divalent metal ion required for catalysis) (Fulton et al., 2008). To perform this analysis, 

we started by superposing all molecules of the apo enzyme obtained at different pH values 

(Figure 3.10A). As mentioned, at neutral and basic pH, apoMhGpgS crystallises as a dimer 

in the asymmetric unit with the two molecules (A and B) establishing extensive contacts 

at the dimer interface, as described previously for MtGpgS (Pereira et al., 2008). The 

RMSD values between the Cα backbones of molecules A and B at the same pH ranged 

between 0.45 and 0.52 Å, and the single chain in the structure at pH 5.5 was found to 

more closely match the A (average RMSD 0.72 Å) rather than the B (average RMSD 0.83 

Å) chains and to be the most distinct (Figure 3.10B). Indeed, structures at neutral and basic 

pH were nearly identical to each other over the length of the polypeptide chain, while at 

acidic pH small shifts in the backbone conformation could be observed in some regions. 

In part, these minor structural changes may be caused by crystal packing differences due 

to the acidic structure belonging to a different space group (Figure 3.10C). Of note, regions 

160-180 (flanking residues) and 248-258 show backbone shifts between all structures 

(Figure 3.10C) and comprise the two flexible loops which have been implicated in catalysis 

(Albesa-Jové, Romero-García, et al., 2017). A closer look at these regions shows a 

significant conformational change of the His252 side chain, which at neutral and alkaline 

pH establishes a stacking interaction with the π-plane formed by the protonated side chain 

of Arg164 (Figure 3.10D). At pH 5.5, the side chain of His252 is also protonated, and the 

repulsive electrostatic interaction between His+ and Arg+ could explain the different 

position of the His252 side chain. Interestingly, this interaction was not observed in 



 

 

previously reported apoMtGpgS and apoMaGpgS structures, in which the Arg164 side 

chain could not be modelled, while the His252 side chain position was highly variable 

between structures (Figure 3.10E). 

 

Figure 3.10. Comparison of MhGpgS structures obtained in acidic, neutral and alkaline conditions. (A) Ribbon 
representation of the superposed apoMhGpgS 3D structures at pH 5.5 (yellow), pH 7.1 (light green), pH 7.2 
(green) and pH 8.5 (blue). The L loop is circled. (B) Table of RMSD values between the backbone Cα atoms of 
all chains. (C) Variation of RMSD values over the length of the polypeptide chain for each structure 
superposition. For three representative chains (single chain at pH 5.5 and chain A at pH 7.2 and 8.5), residues 
involved in dimerization and crystal packing contacts are indicated by red and grey dots, respectively.  (D) 
Close-up of the superposed structures from panel A showing two flexible loops where conformational shifts 
were observed. Only the loops are coloured as in panel A, with the structure at pH 5.5 shown as cartoon in 
grey and residue side chains shown as sticks with carbon atoms colour coded and nitrogen atoms blue. (E) 
Close-up of the structural superposition of the apoMhGpgS structure at pH 7.1 (light green) and previously 
published apoGpgS structures (apoMtGpgS at pH 6.5: red for the open conformation, rose red for the closed 
conformation, PDB entry 5JQQ; apoMtGpgS at pH 8: cyan, PDB entry 3E26; apoMaGpgS at pH 5.5: orange, 
PDB entry 3CKJ), showing the L loop and His side chain conformations. 



 

 

111 GpgS from the genuine mycobacterial thermophile Mycobacterium hassiacum 

The UDP binding pocket is rigid and not sensitive to pH                          

Crystals of MhGpgS in complex with UDP were obtained in acidic (pH 5.5), neutral 

(pH 7.2) and basic (pH 8.5) conditions, yielding crystals belonging to the same space 

groups as the respective apo structures and which diffracted to 1.97, 1.23 and 1.60 Å 

resolution, respectively. UDP could be easily located in the electron density map (Figure 

3.11B-D) and its binding had almost no effect on the overall conformation of the enzyme, 

with the following RMSD values between the backbones of apoMhGpgS and MhGpgS·UDP 

complex: 0.21 Å at pH 5.5, 0.16 and 0.13 Å for the A and B chains at pH 7.2, and 0.29 and 

0.19 Å for the A and B chains at pH 8.5. This suggests that the structure of the UDP binding 

pocket is rigid and not influenced by variations in pH. The regions with more pronounced 

conformational shifts, consistently observed across all crystallisation conditions, are the L 

loop and the loop 166-177 (Figure 3.11A). However, these conformational changes appear 

to result from their inherent flexibility and not from ligand binding. Indeed, when 

comparing chains A and B of the same crystallographic structure, these regions also show 

slight backbone shifts (data not shown). Interestingly, the stacking interaction between 

Arg164 and His252 described above is also observed in the MhGpgS·UDP complexes at 

neutral and basic but not at acidic pH, consistent with what was observed for the apo 

structures (Figure 3.11B-D). 

The binding mode of the uridine moiety to MhGpgS is equivalent in all three 

structures. Briefly, uracil O2’ hydrogen bonds with the main chain amide of Ala48, the 

uracil N3’ with the side chain of Ser78, and the uracil O4’ interacts with the main chain 

amide of Gly110 through a conserved water molecule. The uracil moiety also establishes 

hydrophobic contacts with the aliphatic chains of Leu49 and Lys111. The ribose hydroxyl 

O2 hydrogen bonds with the main chain amide of Leu49 and with the side chain of Glu51, 

while the O3 interacts with both the main and side chains of Ser132. All the 

aforementioned residues are highly conserved in mycobacterial GpgS sequences (Figure 

3.5) and this binding mode does not differ from what has been described for MtGpgS and 

MaGpgS (Albesa-Jové, Romero-García, et al., 2017; Fulton et al., 2008; Pereira et al., 

2008). With the exception of Lys111, these uridine interacting residues are not conserved 

in the R. xylanophilus GpgS (Figure 3.5) which exclusively utilises GDP-glucose 

(Empadinhas et al., 2011). 



 

 

 

Figure 3.11. MhGpgS·UDP complexes obtained in acidic, neutral and alkaline conditions. (A) Variation of 
backbone RMSD values over the length of the polypeptide chain between each MhGpgS·UDP complex chain 
and the corresponding apo structure chain at the same pH. Residues involved in UDP binding are indicated 
by yellow circles. (B), (C) and (D) Close-up of the enzyme active site in different crystallisation conditions. 
The electron density maps (2mFo-DFc contoured at 1.0 σ) are shown as a grey mesh around UDP, Mg2+ ions 
and Mg2+-coordinating side chain groups and water molecules. UDP is shown as sticks with oxygen atoms red, 
nitrogen dark blue, phosphorus orange, and carbon bright yellow. Magnesium ions and water molecules are 
shown as green and red spheres, respectively. Metal coordination and hydrogen bonds are indicated by black 
dashed lines. The protein is depicted in cartoon representation and colour coded according to pH (pH 5.5: 
yellow; pH 7.2: light green; pH 8.5: cyan). Selected residues are represented as sticks with oxygen atoms red, 
nitrogen dark blue and carbon coloured according to pH. 

On the other hand, differences in how the phosphate moiety is positioned and 

interacts with the active site could be observed between the three MhGpgS·UDP 

complexes (Figure 3.11B-D). In the structures at pH 5.5 and 7.2, no metal ion is seen 

coordinating the phosphate moiety, which is stabilised by interactions between the α-

phosphate and the hydroxyl group of Tyr223, as well as between the β-phosphate and the 

carboxyl groups of Glu51 and Asp 133, all three residues being highly conserved. 

Additionally, the side chain of Arg255 interacts with the α-phosphate in the structure at 

pH 7.2 (Figure 3.11C), but not at pH 5.5, in which this residue adopts a different 

conformation due to a stacking interaction with Arg253 (Figure 3.11B), whose side chain is 
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disordered in the two other complexes. Likely due to the high magnesium concentration 

of the alkaline crystallisation buffer used, at pH 8.5 two magnesium ions are seen 

coordinating the phosphate moiety, which assumes a different orientation (Figure 3.11D). 

In this structure, the first magnesium is coordinated by Asp133 and the α-phosphate, and, 

although it likely adopts a distorted octahedral coordination with four waters fulfilling its 

coordination sphere, only three of these waters are visible in the electron density. The side 

chain of Arg255 is disordered, and Tyr223 adopts a different conformation to hydrogen 

bond with the β-phosphate instead of interacting with the α-phosphate. The second 

magnesium ion is coordinated by the side chain of Glu51 and five water molecules, two of 

which are involved in hydrogen bonds with both the α- and β-phosphate groups. This 

second cation coordination site had not been observed before in GpgS. Interestingly, 

His252 is distant from both metal coordination sites and the L loop remains in its open 

conformation, just as observed for the apoMhGpgS structures, but in stark contrast to 

previously reported complexes of metal-bound GpgS in which this conserved histidine 

always participates in cation coordination along with the also conserved second aspartate 

of the DXD motif (Asp133 in MhGpgS) (Albesa-Jové, Romero-García, et al., 2017; Fulton et 

al., 2008).  

The L loop histidine does not play a role in metal coordination and UDP-Glc binding to 

MhGpgS 

UDP-Glc binding to MhGpgS was initially investigated through co-crystallisation 

experiments at the different pH values, but UDP-Glc could only be located in the electron 

density map at pH 5.5, while at pH 7.2 and 8.5 only UDP or the uridine monophosphate 

moiety could be located. To account for the possibility of enzymatic cleavage during the 

long incubation times of the co-crystallisation experiment (2-3 days), soaking experiments 

were subsequently carried out, but UDP-Glc still could not be located at the active site in 

complexes obtained under neutral and basic conditions. Of all the acquired datasets, the 

best diffracting crystals were obtained by co-crystallisation at pH 5.5 and pH 7.2 and by 

soaking at pH 8.5, diffracting up to 2.05, 1.25 and 1.93 Å resolution, respectively. The 

complexes belonged to the same space group as the respective apo structures. 

At pH 5.5, structural comparisons between apoMhGpgS, MhGpgS·UDP and 

MhGpgS·UDP-Glc further confirm the negligible effect of sugar donor binding on the 

overall conformation of the enzyme, as reflected by backbone RMSD values of 0.21 and 

0.24 Å between the apo enzyme and the complexes with UDP and UDP-Glc, respectively, 

and of 0.20 Å between the two complexes. In addition to the flexible regions comprising 



 

 

the L loop and loop 166-177, only slight conformational shifts are observed over the 

polypeptide chain (Figure 3.12A). The uridine moiety in the MhGpgS·UDP-Glc complex 

binds exactly in the same way as described for the complex with UDP (Figure 3.11C), but 

the phosphate moiety adopts a different orientation. Tyr223 is still directly involved in 

stabilising the α-phosphate, but unlike in the complex with UDP, a magnesium ion 

coordinates both phosphate groups. Asp133, which directly interacted with the β-

phosphate in the complex with UDP, is now part of the coordination sphere of the 

magnesium ion, and the β-phosphate is within hydrogen bonding distance of Arg255 

(Figure 3.12C). The glucose moiety of UDP-Glc occupies a pocket which, interestingly, is 

not empty in the apo structure at pH 5.5, where a glucose molecule which possibly co-

purified with GpgS could be modelled in the electron density, hydrogen bonding with the 

side chains of Asp131 and Glu226 and the main chain of Leu203 (Figure 3.12B). These 

highly conserved residues are also involved in the binding of the sugar donor’s glucose 

moiety to MhGpgS, as can be observed in the MhGpgS·UDP-Glc complex: the side chains 

of Lys111 and Asp131 both establish hydrogen bonds with the O3’ hydroxyl group of glucose, 

while the side chain of Glu226 interacts with both the O4’ and O6’ hydroxyl groups. 

Additional glucose-contacting residues are Leu203, whose carbonyl group is within 

hydrogen bonding distance of the O6’ hydroxyl group, and Ile227 and Tyr223 which 

interact with O6’ through a water molecule. The O2’ hydroxyl group of glucose interacts 

with two water molecules, one of which belonging to the coordination sphere of the 

magnesium ion (Figure 3.12C). Overall, the active site remains nearly identical between 

the apo structure and the complex with UDP-Glc, with the only differences being observed 

for the side chains of Ser78, Lys111 and Arg255 (Figure 3.12B,C). 

This binding mode is similar to what has been described for the other mycobacterial 

GpgSs, except we do not observe the involvement of Arg250 in glucose binding as 

described for MtGpgS·UDP-Glc (PDB entry 5JSX, pH 7.5) nor the participation of His252 

in metal coordination as reported for that complex and also for MaGpgS·UDP-Glc (PDB 

entry 3CKQ, pH 7.0). This suggests that the L loop may not be as essential for metal and 

sugar donor binding as previous evidence suggested. Interestingly, in a previous attempt 

at obtaining a GpgS·UDP-Glc complex at pH 5.5, Fulton et al. (2008) could only locate 

UMP in the electron density, but not the β-phosphate and glucose moiety. The authors 

suggested that at this pH, the protonated histidine side chain would be unable to 

coordinate the metal ion, without which the phosphate and sugar moieties would not bind 
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strongly enough to be visible in the electron density, but our results are not consistent 

with this hypothesis. 

 

Figure 3.12. MhGpgS·UDP-Glc complex at pH 5.5. (A) Variation of backbone RMSD values over the length of 
the polypeptide chain between each structure obtained at pH 5.5, showing the effect of UDP and UDP-Glc 
(UPG) binding on the conformation of the MhGpgS backbone. Residues involved in UDP-Glc binding are 
indicated by green circles. (B) and (C) Close-up of the enzyme active site showing a side-by-side comparison 
between the apo structure (B) and MhGpgS·UDP-Glc complex (C) at pH 5.5. UDP-Glc, glucose and malonate 
are shown as sticks with oxygen atoms red, nitrogen dark blue, phosphorus orange, and carbon bright green. 
Magnesium/chloride ions and water molecules are shown as green and red spheres, respectively. Metal 
coordination and hydrogen bonds are indicated by black dashed lines. The protein is depicted in cartoon 
representation and selected residues are represented as sticks with oxygen atoms red, nitrogen dark blue and 
carbon yellow. 

In fact, of all the conditions tried in this work, we could only locate UDP-Glc in the 

electron density at pH 5.5. At pH 8.5, only UMP was found, likely due to the chemical 

instability of UDP-Glc under alkaline conditions in the presence of high magnesium 

concentrations (Hill et al., 2017). In this structure, uridine binds in the same way as 

described previously and two magnesium ions are present at the active site (Figure 3.13B), 

similarly to what is observed for the complex with UDP under the same crystallisation 

conditions (Figure 3.11D). At pH 7.2, the β-phosphate could also be located in the electron 

density, hydrogen bonding with Tyr223, although it is not buried within the glucose 



 

 

binding pocket as in the equivalent complex with UDP-Glc, being instead exposed to 

solvent, which suggests that cleavage might have occurred (Figure 3.13A). Furthermore, 

the occupancy of UDP in this structure is below unity, and an unidentifiable region of 

positive electron density is observed in the glucose binding pocket (not shown), indicating 

that a reaction might be taking place in some of the active sites. These crystals were 

prepared in the absence of the enzyme’s natural acceptor substrate, but its pocket is 

occupied by tartrate (also with an occupancy below unity), a component of the 

crystallisation buffer, which could facilitate UDP-Glc cleavage. Tartrate hydrogen bonds 

with the main and side chains of Thr181, with the main chain of Val180 and with the side 

chain of Arg255, as well as interacting with the main chain amide groups of Gly178 and 

Arg179 through two water molecules (Figure 3.13A). Residues 178-181 are highly conserved 

(Figure 3.5) and Thr181 (Thr187 in MtGpgS) is a key residue involved in 3-PGA binding 

(Albesa-Jové, Romero-García, et al., 2017) 

 

Figure 3.13. Close-up of the active site for the crystal structures obtained by co-crystallisation of MhGpgS with 
UDP-Glc at pH 7.2 (A) and by soaking MhGpgS crystals with UDP-Glc at pH 8.5 (B). UDP, UMP and tartrate 
(crystallisation buffer component) are shown as sticks with oxygen atoms red, nitrogen dark blue, phosphorus 
orange, and carbon bright yellow. Magnesium ions and water molecules are shown as green and red spheres, 
respectively. Metal coordination and hydrogen bonds are indicated by black dashed lines. The protein is 
depicted in cartoon representation and selected residues are represented as sticks with oxygen atoms red, 
nitrogen dark blue and carbon green (A) or blue (B). 

Substrate binding pockets are occupied even in the apo structures of MhGpgS 

As discussed in previous sections, the substrate binding pockets of MhGpgS are 

rigid, unaltered by pH changes, and the catalytic site seems to be pre-formed, with all 

relevant residues set in place even in the absence of the natural ligands or magnesium. 
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This may partly be explained by the fact that all crystallisation experiments were 

conducted at 20°C, well below the enzyme’s optimal activity temperature range (Figure 

3.6B), and thus in conditions where the flexibility of a thermostable enzyme is expected 

to be low (Radestock & Gohlke, 2011). It is interesting to note, however, that none of the 

apo crystal structures obtained truly represent an unliganded form of the enzyme, making 

comparisons between apo and ligand-bound structures inevitably biased. In the apo 

structure at pH 5.5, for example, regions of positive electron density at the active site could 

be assigned as follows (Figure 3.12B): malonate, used as a cryo-protectant, was located at 

the uridine binding pocket; β-glucose, which seems to have co-purified with the enzyme, 

was located at the glucose binding pocket; and a chloride ion, present in high 

concentrations in the crystallisation buffer, was observed in close proximity to Thr181 

(within 3.1 Å of its side chain hydroxyl group), occupying the position where the carboxylic 

group of 3-PGA was located in previously published complexes of MtGpgS with 3-PGA 

(e.g., PDB entries 4Y6N and 5JQX). A chloride ion also occupies this position in the apo 

structure at pH 8.5, located at 3.0 Å distance of Thr181, as well as in all complexes with 

UDP and UDP-Glc obtained at pH 5.5 and 8.5. In the apo structures at pH 7.1 and 7.2, this 

binding site is occupied by the carboxylic acid buffers used in crystallisation, malate and 

tartrate, respectively, with an equivalent binding mode to that shown in (Figure 3.13A). 

Although regions of positive electron density at the ligand binding pockets are 

observed in all the apo structures, not all could be assigned to compounds present during 

protein production, purification or crystallisation in sufficient amounts to be expected to 

co-crystallise with MhGpgS. The most intriguing example is found in the uridine binding 

pocket of the structure with the highest resolution obtained in this study, apoMhGpgS at 

pH 7.2. Occupying the position of the uracil ring is a positive electron density that seems 

to suggest the presence of 6-membered ring molecule, with at least one substituent group 

in close proximity to the side chain of Glu51, and with the atom in the para position 

possibly within hydrogen binding distance of a water molecule coordinated by the amide 

main chain group of Gly110 and the side chain hydroxyl of Ser78 (Figure 3.14B). In 

apoMhGpgS at pH 7.1, a similar situation is observed although the ring is not closed, 

possible due to a lower occupancy of the unidentified ligand (Figure 3.14A). Since no 

matching compound was among the known components of the growth medium or 

purification and crystallisation buffers, we hypothesised that an E. coli metabolite with 

high affinity towards GpgS might have co-purified with the enzyme and searched the 

Escherichia coli Metabolome Database (ECMDB) (Sajed et al., 2016) for candidates. 



 

 

Attempts to fit and refine benzyl alcohol (PDB code 010), pyrimidine (P1R), pyrazinoic 

acid (VGL), nicotinamide (NCA), nicotinic acid (NIO) and L-pipecolic acid (YCP) yielded 

unsatisfactory results. 

 

Figure 3.14. Close-up of the uridine binding pocket for the apo crystal structures of MhGpgS obtained at pH 
7.1 (A) and 7.2 (B). Selected residues are represented as sticks with oxygen atoms red, nitrogen dark blue and 
carbon light green (A) or dark green (B). Hydrogen bonds are indicated by black dashed lines and the electron 
density maps (2mFo-DFc contoured at 1.0 σ) are shown as a grey mesh. The unassigned electron density is at 
the centre of the figures. 

Genomic analyses in the Corynebacteriales hint at an intriguing GpgS partner 

Even though we could not decipher the identity of the electron density shown in 

Figure 3.14, we sought to investigate if there could be a physiologically relevant interaction 

between GpgS and a molecule containing a 6-membered ring other than its natural 

substrate. Intriguingly, genomic context analyses in 167 Corynebacteriales GpgS 

orthologues with less than 95% sequence identity between them reveal a tight association 

between GpgS and two enzymes whose predicted or confirmed functions involve small 6-

membered ring molecules (Figure 3.15). The closest genomic neighbour of gpgS found in 

this analysis is folP2, co-occurring in 92% of the genomes and immediately adjacent to 

gpgS (average distance of 1). FolP2, is a paralogue of the enzyme dihydropteroate synthase 

(FolP1) which participates in folate biosynthesis, an essential pathway in mycobacteria. 

One of the natural substrates of FolP1 is pABA (Figure 3.15B) and although previous studies 

have shown that FolP2 is not a bona fide dihydropteroate synthase, the pABA binding 
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pocket is conserved and evidence suggests that FolP2 retains the ability to bind the pABA 

analogue dapsone (Gengenbacher et al., 2008). 

 

Figure 3.15. Genomic context of GpgS in the order Corynebacteriales. (A) GNN for a cluster of 167 GpgS 
orthologues in the order Corynebacteriales. Genomic neighbours with over 70% co-occurrence within a 
window of 10 ORFs upstream and downstream of the gpgS gene are shown. Pfam families are shown in brackets 
and the size of each circle is proportional to the co-occurrence, shown in percentage below the Pfam family. 
(B) Genomic context diagrams for GpgS orthologues in selected species. ORFs are coloured coded as in panel 
A and not drawn to scale, ORFs not shown in the GNN and of unknown function are coloured grey. 
Pseudogenes in M. leprae are omitted. FolP2, inactive paralogue of dihydropteroate synthase; FACL6, acyl-
CoA synthetase; LOG, cytokinin riboside 5′-monophosphate phosphoribohydrolase; DapD, 
tetrahydrodipicolinate succinylase; DapE, N-succinyl-L,L-diaminopimelic acid desuccinylase; GlgA, glycogen 
synthase; GlgC, glucose-1-phosphate adenylyltransferase; pABA, p-aminobenzoic acid; pHBA, p-
hydroxybenzaldehyde. 



 

 

The next neighbouring gene with higher co-occurrence (91%) is log, at an average 

distance of 3 ORFs from GpgS. LOG has been shown to participate in cytokinin 

biosynthesis in mycobacteria and increased LOG activity has been linked to the 

accumulation of toxic cytokinin breakdown products, such as pHBA (Figure 3.15B) 

(Samanovic et al., 2015). Also with a high co-occurrence and in close proximity to gpgS are 

the genes encoding FACL6, an acyl-CoA synthetase involved in fatty-acid metabolism that 

has been shown to be up-regulated when M. tuberculosis cells enter dormancy (Daniel et 

al., 2014), DapD and DapE, involved in lysine biosynthesis (Schuldt et al., 2009; Usha et 

al., 2016), GlgA and GlgC, which participate in glycogen biosynthesis (Koliwer-Brandl et 

al., 2016), and a domain of unknown function (Figure 3.15A).  

These results, together with those presented in Figure 3.14, prompted us to 

investigate if pABA and/or pHBA could bind GpgS at the uridine pocket and modulate its 

activity. 

pABA and pHBA bind MhGpgS at the uracil binding pocket, but do not affect thermal 

stability and are poor inhibitors 

Complexes between MhGpgS and pABA or pHBA were successfully obtained 

through soaking or co-crystallization. MhGpgS·pABA tetragonal crystals, belonging to the 

space group I 41, were obtained at pH 5.5 and diffracted up to 1.95 Å resolution. 

MhGpgS·pHBA orthorhombic crystals, belonging to space group P 21 21 21, were obtained 

at pH 7.1 and diffracted to 1.27 Å resolution. In both cases, the compounds could be readily 

located in the electron density map at the uridine binding site, as expected (Figure 

3.16C,D). 

pABA binding had no effect on the conformation of GpgS, as shown by a backbone 

RMSD value of 0.35 Å between the MhGpgS·pABA complex and the apo structure obtained 

under the same crystallisation conditions. Shifts along the polypeptide chain were only 

observed at the regions already identified as inherently flexible in previous comparisons 

(Figure 3.16A). pABA hydrogen bonds to the side chain of Ser78 through its amino group 

and establishes hydrophobic contacts with the aliphatic chains of Leu49 and Lys111. Its 

amino group also interacts with the main chain amide of Gly110 through a conserved water 

molecule, similarly to what is observed for the uracil O4’ carbonyl group in the complexes 

with UDP and UDP-Glc. The carboxylic group of pABA is coordinated by four water 

molecules which mediate interactions with Glu51, Ser132, Lys111 and Tyr223, as well as with 
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a Bis-Tris molecule (from the crystallisation buffer) which was modelled in the electron 

density map at the glucose binding site (Figure 3.16C). 

 

Figure 3.16. MhGpgS complexes with pABA and pHBA. (A) Variation of backbone RMSD values over the 
length of the polypeptide chain between the MhGpgS·pABA complex and the apo structure at pH 5.5. (B) 
Variation of backbone RMSD values over the length of the polypeptide chain between the MhGpgS·pHBA 
complex and the apo structure at pH 7.1. (C) and (D) Close-up of the uridine binding pocket in the 
MhGpgS·pABA and MhGpgS·pHBA complexes. The electron density maps (2mFo-DFc contoured at 1.0 σ) are 
shown as a grey mesh around (C) pABA and Bis-Tris or (D) pHBA. Ligands are shown as sticks with oxygen 
atoms red, nitrogen dark blue, and carbon teal (for pABA and Bis-Tris) or dark green (for pHBA). Hydrogen 
bonds are indicated by black dashed lines. The protein is depicted in cartoon representation and colour coded 
according to pH (pH 5.5: yellow; pH 7.1: light green). Selected residues are represented as sticks with oxygen 
atoms red, nitrogen dark blue and carbon coloured according to pH. 

Interestingly, pHBA could be located not only at the uridine binding pocket, but also 

at other sites within the crystal contact interface. However, the effect of pHBA binding on 

the conformation of the enzyme was still negligible, with backbone RMSD values of 0.42 

and 0.46 for chains A and B, respectively, when compared with the apo structure obtained 

under equivalent crystallisation conditions. In addition to the flexible regions seen 

undergoing slight conformational shifts in all previous structure comparisons, part of the 

loop containing the DSD catalytic motif, namely residues 135-139, adopt a slightly different 

conformation in the MhGpgS·pHBA complex when compared with the apo structure at 



 

 

pH 7.1, but the reason for this is not clear (Figure 3.16B). The binding mode of pHBA is 

similar to that observed for the uracil ring, with the aromatic ring stacked between the 

aliphatic chains of Leu49 and Lys111 and the hydroxyl group interacting with the main 

chain amide of Gly110 through a water molecule. The carbonyl group of pHBA hydrogen 

bonds with two water molecules which mediate interactions with Leu49, Glu51 and Asp131 

(Figure 3.16D). 

These binding modes do not reveal a particularly strong interaction between the 

ligands and GpgS, and this is in accordance with thermal shift experiments which showed 

no impact of pABA or pHBA binding on the Tm of MhGpgS (Figure 3.17A). It should be 

noted that UDP binding alone was found to have only a very slight effect on the Tm of 

MhGpgS (Figure 3.7B), so it is not surprising that molecules which only mimic the uracil 

moiety, and cannot establish stabilising interactions equivalent to those of the ribosyl 

moiety, have an even smaller effect. The effect of these small ligands on the activity of 

MhGpgS suggests that they are poor competitive inhibitors, with IC50 values in the range 

of 6 mM for both compounds, as revealed by preliminary inhibition assays (Figure 

3.17B,C).  

 

Figure 3.17. Effects of pABA and pHBA on MhGpgS stability and activity. (A) Thermal shift assay of the 
recombinant MhGpgS in the presence of each ligand. The negative first derivative plots of fluorescence versus 
temperature show that the melting temperature (Tm) at pH 7.5 is not altered by the presence of pABA or 
pHBA. Data are the mean values of four experiments. (B) and (C) Determination of IC50 for pABA and pHBA. 
Data are the mean values of at least two experiments. Curve fitting was performed using GraphPad Prism® 
version 9 and the [inhibitor] vs. normalized response equation. IC50±SEM is reported in an insert on the graph. 
The asymmetrical 95% confidence intervals are 4.3 to 7.5 mM for pABA and 4.7 to 7.4 mM for pHB. 
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Discussion 

Human pathogens are, as a rule, mesophilic organisms that struggle to grow and 

survive when exposed to temperatures higher than those found in the human host and for 

that reason, thermal treatment strategies are routinely used to decontaminate foodstuffs, 

medical equipment (Rutala & Weber, 2013) and hospital-water distribution systems 

(Whiley et al., 2017). Since heat exposure is one of the abiotic stresses NTM are highly 

resistant to (Schulze-Robbecke & Buchholtz, 1992), successful elimination of these 

opportunistic pathogens is challenging but essential, and indeed the United States Food 

and Drug Administration recommends the use of a thermophilic mycobacterium species 

to validate intermediate- and high-level thermal disinfection of medical devices, although 

not specifying which species should be used (FDA, 2002). M. hassiacum, growing 

optimally at 50 °C and up to 65 °C (Figure 3.2), is to the best of our knowledge the most 

thermophilic NTM identified to date and, although its clinical significance is still 

uncertain, it has been implicated in a few cases of human colonization or infection 

(Deinhardt-Emmer et al., 2018; Jiang et al., 2013; Salzer et al., 2020; Schröder et al., 1997; 

Tortoli et al., 1998). This species has been frequently detected in drinking-water 

distribution systems of high-income countries, characterised as oligotrophic 

environments to which mycobacteria successfully adapt (Gebert et al., 2018). As a rarely 

isolated but still potentially infective thermophilic NTM, and as a likely ideal surrogate for 

evaluating the effectiveness of thermal disinfection procedures, it is of utmost importance 

to investigate the ability of M. hassiacum to grow under stress, namely its heat tolerance. 

Our results exploring the culturability and metabolic viability of M. hassiacum 

suspensions exposed to high temperatures indicate that, in principle, heat treatment at or 

above 70°C for at least 5 min should be enough to inactivate planktonic M. hassiacum, 

while temperatures around or below 65°C are clearly insufficient for this purpose (Figure 

3.3). Shortly after publishing these results (Alarico et al., 2020), another study was 

published which found that 1-min treatments at 70°C or 75° were both insufficient to 

completely kill M. hassiacum in a washer-disinfector and complete killing after 1 min was 

only achieved at 80°C (Haas et al., 2020), complementing our findings. Although our 

thermotolerance results suggest that M. hassiacum progressively loses viability when 

exposed to 65°C over long periods of time (Figure 3.3), we observed slow but sustained 

growth at this temperature in liquid medium over several days (Figure 3.2A,B), which 

could suggest that some cells in the population survive and undergo the necessary 

adaptations to grow at this temperature. Results with M. avium, a common cause of 



 

 

pulmonary NTM disease often reported to colonise household plumbing, show that this 

species undergoes an adaptative, reversible response to high-temperatures, with cells 

grown at 42°C being significantly more resistant to subsequent exposure to 60°C and 65°C 

when compared with cells grown at 25°C (Guenette et al., 2020). While the mechanisms 

behind this adaptative response are still not fully understood, temperature-induced 

changes to the structure and fatty acid composition of the mycobacterial cell wall have 

been observed in several species and could play a key role in heat adaptation (Alibaud et 

al., 2010; Baba et al., 1989; Kremer et al., 2002; Toriyama et al., 1980). Moreover, the 

unique polysaccharide MGLP, postulated to modulate fatty acid biosynthesis, has also 

been implicated in thermal adaptation in mycobacteria as suggested by the observation 

that mutants deficient in MGLP synthesis become temperature-sensitive (Kaur et al., 

2009; Stadthagen et al., 2007). Regardless of the mechanisms involved, NTM heat 

adaptation should be taken into account when validating and implementing thermal 

disinfection protocols. 

As a genuine thermophile, M. hassiacum is also of interest as a source of 

thermostable and tractable mycobacterial proteins. Rational drug design, one of the many 

strategies for the development of new antimycobacterial therapies, requires the 

identification of promising targets and the availability of their high-resolution three-

dimensional structures to serve as templates against which inhibitors can be optimised 

(Baugh et al., 2015). Often, the poor solubility and crystallisation properties of enzymes of 

interest hinders the acquisition of these high-resolution structures and, in these cases, the 

use of homologues from other organisms with high sequence identity and conserved active 

site shape and chemistry can be useful (Baugh et al., 2015). Since thermostability is often 

correlated with higher solubility and increased amenability to crystallisation, and 

thermophiles are a prime source of thermostable enzymes, the existence of thermophilic 

mycobacteria is an obvious opportunity (Edwards et al., 2012). In this work we chose GpgS, 

proposed to be essential for M. tuberculosis and critical for M. smegmatis growth at 

supraoptimal temperatures (Kaur et al., 2009; Minato et al., 2019), as a proof of concept. 

We further established that possessing an active GpgS is crucial for mycobacteria by 

demonstrating that even M. leprae, which has undergone extensive genome reduction and 

pseudogenisation (Cole et al., 2001), maintains a functional GpgS (Figure 3.4). However, 

the M. leprae GpgS expressed poorly in E. coli, likely due to its low solubility and stability. 

On the other hand, the M. hassiacum GpgS displayed very high expression levels 

and could be concentrated up to 60 mg/ml without precipitating, indicating high 
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solubility. It was optimally active at 60°C and retained about 40% of maximal activity at 

70°C (Figure 3.6B), displayed a half-life of days even at 50°C (Figure 3.7A) and high melting 

temperatures (Figure 3.7B), highlighting its thermostability. These results are in contrast 

with what has been reported for MtGpgS, which is optimally active at 45°C and displays 

an half-life of only a few hours at 37°C (Empadinhas et al., 2008). As expected, this 

increased stability translated into favourable crystallisation properties for MhGpgS, which 

produced well-diffracting crystals in four different crystallisation buffers spanning acidic, 

neutral and basic conditions. The highest resolution structure obtained was solved to 1.11 

Å, and the lowest to 2.13 Å (Table 3.1). Among all MhGpgS structures analysed in this work, 

an average resolution of 1.95 Å (median of 1.51 Å) was seen, significantly higher than the 

values obtained for all structures of mycobacterial GpgSs reported to date (resolutions 

between 1.80-3.23 Å, with an average of 2.56 Å and median of 2.59 Å). Sharing 73% 

sequence identity with MtGpgS, a conserved active site (Figure 3.5) and a nearly identical 

overall structure (Figure 3.8B), MhGpgS could indeed be a good surrogate template for 

drug design efforts targeting this essential enzyme. For this purpose, however, it is also 

essential to understand how the two homologues differ from each other. 

The biochemical characterisation of MhGpgS (Figure 3.6B-D) revealed that the main 

difference between this enzyme and the previously characterised M. tuberculosis 

homologue (Empadinhas et al., 2008) is its optimal temperature and thermostability, 

since no relevant differences in substrate specificity, optimal pH and activation by cations 

were observed. Numerous studies have compared thermophilic and mesophilic 

homologues to understand the structural basis of protein thermostability and, while many 

contributing factors have been identified, no universal rule exists and each protein seems 

to have evolved its own set of stabilising modifications leading to thermostability (Petsko, 

2001). In the case of MhGpgS, it was possible to identify only a few differences that could 

justify its different properties when compared with MtGpgS, mostly related to 

oligomerisation (Figure 3.9). Interactions at the dimer-dimer interface seem to be stronger 

in MhGpgS, not only through specific amino acid modifications that contribute to better 

packing, but also through an additional α-helix at the N-terminal, absent in its mesophilic 

counterparts from M. tuberculosis and M. avium paratuberculosis. This α-helix stabilises 

the N-terminal, contributes to oligomerisation through its interactions with a C-terminal 

-hairpin of the opposite monomer, and packs against the catalytic core of the enzyme 

stabilising it as well. Increased secondary structure content has been previously identified 

as one of the contributing factors for increased protein thermostability (Ding et al., 2012), 



 

 

and for example the lactate dehydrogenase from the hyperthermophile Thermotoga 

maritima is also stabilised by an additional α-helix which is not present in homologues 

from mesophilic organisms (Auerbach et al., 1998). Interestingly, an N-terminal α-helix 

equivalent to the one observed in MhGpgS is also present in all published three-

dimensional structures of the R. xylanophilus homologue (PDB entries: 3F1Y, 3KIA, 3O3P), 

equally packing against the core of the monomer and participating in the dimer-dimer 

interface, namely through contacts with the C-terminal -hairpin (Empadinhas et al., 

2011). R. xylanophilus is a thermophile with optimal growth temperature of 60°C and its 

MpgS/GpgS is optimally active at 70-75°C. It is thus tempting to speculate that 

stabilisation of this N-terminal segment is a contributing factor to the thermostability of 

both the M. hassiacum and R. xylanophilus enzymes, although further studies are needed 

to test this hypothesis. 

An increase in stabilising interactions, necessary for enzymes to maintain an active 

conformation at high temperatures, tends to be associated with an increase in overall 

rigidity and a lack of flexibility at lower temperatures which can compromise the enzyme’s 

ability to carry out its catalytic cycle below its optimal temperature (Radestock & Gohlke, 

2011). Although previous studies with MtGpgS already hinted at an overall rigid enzyme, 

undergoing very few conformational changes upon substrate binding (Pereira et al., 2008; 

Urresti et al., 2012), our results with MhGpgS not only corroborate these previous reports 

but point to an even more rigid enzyme which maintains its conformation nearly 

unaltered regardless of pH or ligand binding (Figures 3.10, 3.11 and 3.12). In the case of 

MhGpgS, this rigidity seems to extend to the flexible L loop, observed to adopt alternate 

conformations in MtGpgS (Albesa-Jové, Romero-García, et al., 2017), which we could not 

confirm in the crystal structures of MhGpgS (Figure 3.10E). It is not obvious which could 

be the sequence/structural basis for such a difference in L loop flexibility between both 

enzymes. It should be noted that all crystal structures of MhGpgS were obtained at 20°C 

and reflect its properties at this temperature. Structural studies carried out at 

temperatures closer to the enzyme’s optimum might show more evidence of flexibility. 

Taken together, the evidence suggests that the mycobacterial GpgS possesses an 

inherently stable and rigid fold which is made more rigid by stabilising modifications in 

M. hassiacum. A strategy to compensate increased rigidity at low temperatures in enzymes 

from thermophilic organisms is through adaptive mutations conferring local flexibility in 

regions of the protein important for catalysis, maintaining a balance between overall 

structural stability and local conformational flexibility (Radestock & Gohlke, 2011). 
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Accordingly, comparing the amino acid sequence of MtGpgS and MhGpgS revealed several 

flexibility-conferring substitutions, all situated in the vicinity of the enzyme’s active site, 

and which could have the mentioned balancing role, ensuring the enzyme retains enough 

flexibility at suboptimal temperatures. Nevertheless, MhGpgS retains only 36% of maximal 

activity at 40°C (Figure 3.6B). The fact that the main effect of gpgS disruption in an M. 

smegmatis mutant is hindering growth at supraoptimal temperatures (Kaur et al., 2009) 

suggests that maintaining high levels of GpgS activity may be more important to 

mycobacteria at higher temperatures, possibly justifying trading off activity at low 

temperatures for thermostability.  

An interesting observation stemming from this study is that, unlike previously 

reported for other mycobacterial GpgSs (Albesa-Jové, Romero-García, et al., 2017; Fulton 

et al., 2008; Pereira et al., 2008), MhGpgS can coordinate the metal cation without the 

participation of the L loop’s conserved histidine (His252 in MhGpgS). In fact, the L loop 

in MhGpgs is consistently seen in what is considered to be the open/inactive 

conformation, with His252 too distant from the active site to coordinate the cation. 

Nonetheless, several MhGpgS structures show a coordinated magnesium ion at the active 

site (Figures 3.11D, 3.12C and 3.13B). In MtGpgS, mutation of this histidine by alanine 

(His258Ala) had a negligible effect on the turnover number but substantially increased Km 

for both substrates, resulting in a dramatic drop in efficiency (Kumar et al., 2014). This 

observation, together with crystallographic evidence invariably showing this histidine as 

part of the cation’s coordination sphere, suggests it has a crucial role in catalysis. 

Mutagenesis studies with MhGpgS would be required to elucidate if the importance of this 

residue for catalysis differs from what has been reported for the other studied 

mycobacterial GpgSs. Additionally, obtaining high-resolution structures of MhGpgS in 

complex with both UDP-Glc and 3-PGA would also be of interest to gain further insights 

into the catalytic mechanism of this enzyme and to determine if binding of both substrates 

could bring the L loop into the closed/active conformation observed in MtGpgS. So far, 

our attempts at obtaining such a complex with MhGpgS have failed as we could never 

detect 3-PGA in crystals obtained through co-crystallisation or soaking experiments. 

Another unexpected finding was the puzzling electronic density found in the apo 

structures of MhGpgS, occupying the uridine binding pocket, which despite many 

attempts could not be assigned to any known molecule present during protein production 

and purification or in buffers used for storage, crystallisation and cryoprotection, leaving 

the hypothesis of an E. coli metabolite which co-purified with GpgS as the only other 



 

 

explanation to explore (Figure 3.14). However, even the identification of candidate 

compounds in an E. coli metabolome database did not yield satisfactory results, and the 

identity of the electronic density remains elusive. Since we also conducted, in parallel, a 

close inspection of the genomic context of GpgS, it was impossible not to notice the 

similarity between the overall shape of the unidentified electronic density and the 

chemical structure of two compounds, pABA and pHBA, associated with two GpgS 

genomic neighbours, FolP2 and LOG (Figure 3.15). 

The function of FolP2 is unknown, since despite its homology with the 

dihydropteroate synthase FolP1 involved in folate biosynthesis, FolP2 lacks this activity 

(Gengenbacher et al., 2008). Nonetheless, a role in folate metabolism is anticipated given 

that FolP2 has been shown to bind the antifolate drug dapsone, a pABA analogue and FolP1 

inhibitor, and that knocking out the folp2 gene in M. smegmatis and M. tuberculosis 

increases susceptibility to sulfamethoxazole, another antifolate targeting FolP1 

(Gengenbacher et al., 2008; Liu et al., 2015; Wang et al., 2021). Moreover, a study found 

that pathogenic Nocardia strains can evolve resistance to the combined action of two 

antifolates, sulfamethoxazole and trimethoprim, through adaptative mutations in folp2 

and, unexpectedly, in gpgS as well (Mehta et al., 2018). How mutations in GpgS could lead 

to increased resistance to antifolates is perplexing and our results indicating that pABA 

can bind the active site of MhGpgS (Figure 3.16C) could be a further hint of a yet 

undiscovered role for GpgS in folate metabolism. Also unexpected is the function of LOG, 

which was shown to synthetise cytokinins in M. tuberculosis, demonstrating for the first 

time that these phytohormones are not restricted to plants and plant-associated microbes 

(Samanovic et al., 2015). The function of cytokinins in mycobacteria is still unclear, but 

exacerbation of cytokinin production seems to increase the susceptibility of M. smegmatis 

to antifolates (Guzzo et al., 2021), suggesting cytokinin and folate metabolism may be 

linked. Furthermore, exacerbation of cytokinin biosynthesis also leads to the 

accumulation of a toxic break-down product, pHBA (Samanovic et al., 2015), whose 

structural similarity to pABA is interesting to note and which according to our results also 

binds MhGpgS (Figure 3.16D). Although it is tempting to speculate that GpgS may function 

as a node connecting GG and MGLP biosynthesis with cytokinin signalling pathways 

and/or folate metabolism, the GpgS-pABA and GpgS-pHBA interactions found in the 

present work are too weak to support any such conclusion. Indeed, neither compound 

affects the conformation (Figure 3.16A,B) or thermal stability of the enzyme (Figure 3.17A), 

and they display a very low inhibitory activity (Figure 3.17B,C). However, and given the 
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abovementioned studies which also hint at interactions between these pathways, it is an 

avenue of research worth pursuing. 

Besides giving clues for possible links to other mycobacterial pathways, the ability 

of GpgS to accommodate small-molecule aromatic compounds different from its 

substrates in its active site may be a positive indicator of its druggability (Brown et al., 

2018; Schneider, 2004) and the results presented here could be a first step in the 

identification and development of GpgS inhibitors. Although the inhibitory activity of 

pHBA and pABA is very poor, that is to be expected given their small size, which results in 

a limited molecular interaction surface between the ligand and the target (Jhoti et al., 2013; 

Negatu et al., 2020). However, such small compounds, even though poor inhibitors, are 

often attractive starting points for lead optimisation (Jhoti et al., 2013) and, in the specific 

case of drugs with antimycobacterial activity, there is an historically important role for 

unusually small compounds with useful in vivo activities (Gopal & Dick, 2014; Negatu et 

al., 2018).  

In conclusion, the findings reported here confirm the ability of M. hassiacum to 

survive near pasteurization temperatures, making it the most thermotolerant species of 

mycobacteria known. M. hassiacum is rarely isolated but may be more ubiquitous in the 

environment than it is assumed, since a recent study found it to be one of the most 

abundant species in showerhead biofilms by cultivation-independent methods, while 

cultivation-dependent methods failed to detect it (Gebert et al., 2018). Although a rare 

cause of human infection and less pathogenic than other opportunistic mycobacteria, it 

may represent a good indicator of the effectiveness of disinfection strategies. Moreover, 

M. hassiacum is a promising source of stable mycobacterial proteins, facilitating the study 

of essential enzymes with the goal of developing new therapeutic strategies to control 

mycobacterial infections. Using GpgS as an example, the results presented here offer both 

high-resolution structures of this essential enzyme which can be used as templates for 

future rational drug design efforts, and also potential starting compounds for lead 

optimisation. Finally, an intriguing relationship between GpgS, the obscure FolP2 and the 

still poorly understood cytokinin signalling pathway in mycobacteria is tentatively 

suggested, but future work is required to confirm it and elucidate its nature. 
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Historically, serendipity has been credited with many important scientific 

discoveries, and its role in basic research is undeniable (Yaqub, 2018). In words widely 

credited to Isaac Asimov, ‘The most exciting phrase to hear in science, the one that heralds 

new discoveries, is not “Eureka!” but “That’s funny …” or “That’s odd…”’. In the course of 

the research presented in this thesis, the study of two potential therapeutic targets in 

mycobacteria led to unforeseen discoveries or to the formulation of new, unexpected 

hypothesis. In a way, both studies included “odd” but hypothesis-generating moments, 

namely identifying a maltokinase (Mak) paralogue within novel biosynthetic gene clusters 

(BGCs) and finding evidence of an unknown and unexpected molecule in the active site of 

glucosyl-3-phosphoglycerate synthase (GpgS). Despite these surprising results, the initial 

questions were nonetheless answered in the course of this work: the intriguing Mak 

paralogue found in the genomes of some mycobacteria is not functionally redundant with 

the canonical Mak (Chapter 2), and the thermophilic M. hassiacum can indeed be a 

valuable source of stable mycobacterial enzymes amenable to structural studies (Chapter 

3). In this chapter, the new hypothesis and the future avenues of research that resulted 

from this work will be presented and discussed in the context of the overall objective 

behind it, finding new ways to tackle the global health threat of a post-antibiotic world. 

Mak, which phosphorylates maltose and is involved in a non-canonical pathway of 

1,4-glucan biosynthesis, and GpgS, responsible for synthesising the important solute GG 

and initiating MGLP biosynthesis, have attracted significant attention due to their 

participation in important pathways of the particularly threatening and antibiotic-

resistant Mycobacterium genus (Fraga et al., 2015; Nunes-Costa et al., 2017). The long 

treatment regimens required to treat diseases caused by mycobacteria, and the high 

treatment failure rate associated, underscore the urgent need to develop alternatives 

(Johansen et al., 2020; Kumar et al., 2017). In order to find shorter, more effective 

treatments with less side effects, it is crucial to i) discover novel chemical space to 

replenish the drug development pipelines with new molecules displaying innovative 

chemistry; ii) identify and describe novel targets through the in-depth study of essential 

metabolic pathways; and iii) find novel modes of action by studying the interactions 

between new candidate compounds and their targets (Kumar et al., 2017; Miethke et al., 

2021). It should be noted that this strategy is not only valid against the intrinsically 

resistant mycobacteria, but has also been proposed as a general roadmap to 

counterbalance the explosion of antibiotic resistance observed in many critical pathogens 

(Miethke et al., 2021). The global health threat posed by the spread of antibiotic resistance 
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is of such magnitude that it has led to calls for an “all-out”, “leaving no stone unturned” 

approach (Gammon, 2014; WHO, 2015). 

When studying essential pathways in the quest for novel potential therapeutic 

targets, it is critical to understand if there are compensatory mechanisms which will play 

a role if that pathway is blocked. Indeed, functional redundancy is one of the strategies 

organisms use to confer robustness to metabolic networks, reducing the likelihood that 

perturbations in the system will lead to the disruption of vital metabolic pathways and 

cause lethality (Sambamoorthy & Raman, 2018). Duplicate genes are often a source of 

functional redundancy (Kafri et al., 2009), and the discovery of a duplicate Mak gene in 

some NTM raised the question of whether these species had a second enzyme capable of 

phosphorylating maltose. This is not the case, and as shown, this duplicate gene seems to 

represent a case of neofunctionalization and not of redundancy. Unexpectedly, this 

enzyme phosphorylates glucosamine and its genomic context and phylogenetic 

distribution suggest a role in secondary metabolism in many actinomycetes. 

Structurally, this glucosamine kinase (GlcNK) is very similar to Mak, adopting a 

eukaryotic-like kinase fold, but key substitutions in the sugar binding pocket determine 

its different substrate specificity. Additionally, the N-terminal cap subdomain, which in 

Mak has been proposed to mediate the interaction between Mak and its metabolic partner 

TreS (Kermani et al., 2019; Roy et al., 2013), is present but substantially different in GlcNK. 

This could indicate that GlcNK also interacts with a metabolic partner through its N-

terminal cap subdomain. Although genomic analyses show that GlcNK is part of different 

gene clusters in different species, indicating that it could participate in different pathways, 

there is one gene annotated as a phosphosugar isomerase of unknown function that is 

always adjacent to GlcNK and could hypothetically be its closest metabolic partner. 

Whether GlcNK and this isomerase interact in a way similar to what has been observed 

for Mak and the isomerase TreS requires further investigation. 

In the actinomycete Streptacidiphilus jiangxiensis, the gene coding for GlcNK is 

present in a rare and oddly structured BGC which also includes a putative cyclodipeptide 

synthase gene, and whose architecture suggests that its product is a glycosylated 

diketopiperazine. Rare and oddly structured BGCs are of particular interest since their 

products are likely to be significantly novel, expanding known chemical space and perhaps 

leading to the discovery of novel modes of action (Du & van Wezel, 2018). The only 

glycosylated diketopiperazine of natural origin reported to date was discovered recently 

and found to possess antimicrobial activity, but its mode of action and biosynthetic 
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pathway is unknown (Chen et al., 2018). Therefore, future efforts aimed at deciphering the 

biosynthetic pathway in which this novel GlcNK is involved could lead to the discovery of 

a novel and rare secondary metabolite with potentially useful applications. 

Natural product discovery is a fundamental part of drug development, since it 

reveals chemical space that has already been explored and “optimised” by nature to 

interact with biological systems and to carry out specific biological functions. Another 

strategy is structure-based drug design, in which the three-dimensional structure of a 

target is used as a template to rationally design specific inhibitors (Batool et al., 2019). The 

two strategies are not necessarily separate from each other: natural products often display 

suboptimal efficacy and can be improved by chemical modifications to the original 

structure (Atanasov et al., 2021), so if the molecular target of the natural product is known, 

rational optimisation of its chemical structure is possible. For this purpose, however, it is 

crucial to have three-dimensional structures of the target available at the highest 

resolution possible (Baugh et al., 2015). Despite very recent advances showing that it is 

possible to reach near atomic resolution with the cryo-EM technique (Strack, 2020), X-

ray crystallography is still the predominant and most accessible technique to obtain high-

resolution structures of proteins, and its success is still dependent on obtaining high-

quality and well-diffracting crystals which in many cases is challenging. Due to their 

increased stability, proteins of thermophilic organisms are often more amenable to in vitro 

manipulation and to crystallisation compared to proteins from mesophilic human 

pathogens. In the case of mycobacteria, thermophilic species such as M. hassiacum can be 

useful as a source of stable proteins, which are more amenable to structural studies but 

still share high sequence identity and an identical active site with their homologues from 

pathogenic mycobacteria such as M. tuberculosis. 

Indeed, the GpgS homologue from M. hassiacum yielded X-ray crystallographic 

structures of much higher resolution than those which had been obtained for the 

pathogenic species M. tuberculosis and M. avium paratuberculosis. This, together with the 

ease of obtaining high-quality crystals in different crystallisation conditions, allowed for 

an in-depth study of this enzyme responsible for the first step of MGLP biosynthesis. The 

mycobacterial GpgS had previously been shown to be a conformationally stable and rigid 

protein since binding of its substrates led to almost no changes in conformation. This was 

also confirmed with the M. hassiacum homologue and it was further shown that pH 

variation also does not lead to significant conformational changes. Furthermore, it was 

shown that the UDP-glucose binding mode is conserved in M. hassiacum, suggesting its 
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suitability as a surrogate for future drug design studies. However, the inability to obtain 

complexes with the sugar acceptor, 3-phosphoglycerate, hindered further conclusions. 

A surprising and intriguing result obtained from the high-resolution structures of 

MhGpgS at neutral pH was the occupation of the uridine binding pocket by an unknown 

and apparently benzoic-like molecule. The identity of this molecule, likely an E. coli 

metabolite that co-purified with the recombinant enzyme, could not be elucidated, but 

the similarity between its predicted structure and the chemical structure of two 

metabolites (pABA and pHBA) associated with GpgS’s closest genomic neighbours (FolP2 

and LOG) prompted co-crystallisation and soaking experiments to determine if these two 

metabolites could interact with the active site of GpgS. Indeed, both molecules could be 

detected at the active site of GpgS and showed weak inhibitory activity, to be expected 

given their small size and consequent limited molecular interaction surface between 

ligand and protein. Nonetheless, these results are intriguing. On the one hand, pABA is an 

intermediate in the folate biosynthesis pathway and several structural analogues are used 

clinically as antimicrobials due to their ability to block folate biosynthesis (commonly 

called antifolates). A study in Nocardia recently showed that specific mutations in the gpgS 

gene conferred resistance to antifolates, but so far no explanation for this intriguing link 

has been found (Mehta et al., 2018). On the other hand, pHBA is a toxic cytokinin break-

down product (Samanovic et al., 2015) and a recent study in M. smegmatis showed that 

exacerbation of cytokinin production increases susceptibility to antifolates through an 

also unknown mechanism (Guzzo et al., 2021). The interaction between these compounds 

and GpgS could represent another piece of the puzzle linking folate and cytokinin 

metabolism, curiously through an enzyme implicated in stress adaptation (Nunes-Costa 

et al., 2017), but the interaction described here seems to be too weak to justify any in vivo 

effect. It is possible, though, that other metabolites involved in the folate and/or cytokinin 

pathways bind GpgS with greater affinity than pABA and pHBA, and this is an avenue of 

research that should be pursued in future studies. 

Currently, many questions remain to be answered, not just regarding the possible 

relationship between GpgS and its genomic neighbours LOG and FolP2, but also about the 

neighbours themselves. Although LOG has been demonstrated to be involved in cytokinin 

biosynthesis (Samanovic et al., 2015), it is still unclear what role these “phyto”-hormones 

serve in mycobacteria. It is also unclear which biochemical reaction is catalysed by FolP2, 

since several lines of evidence suggest it is important for antifolate resistance (Liu et al., 

2015; Mehta et al., 2018; Wang et al., 2021) but it seems to be unable to catalyse the same 

reaction as its paralogue and antifolate target FolP1 (Gengenbacher et al., 2008), despite 
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strict conservation of the key catalytic residues and only a few differences in the residues 

lining the substrate binding pockets. Addressing these questions, and further investigating 

possible links with GG and MGLP biosynthesis through GpgS, is crucial to better 

understand mycobacterial physiology and hopefully finding innovative therapeutic 

approaches or new ways to overcome resistance to antifolates, a clinically important class 

of antimycobacterial drugs. 

In addition to being a source of stable mycobacterial proteins for in-depth structural 

studies which may help fight pathogenic mycobacteria, as shown with GpgS, M. hassiacum 

is also of interest as a threat in its own right, since it is a rare cause of opportunistic 

infections in humans (Deinhardt-Emmer et al., 2018; Jiang et al., 2013; Salzer et al., 2020; 

Schröder et al., 1997; Tortoli et al., 1998), and as a possible indicator to validate thermal 

disinfection procedures and help ensure that mycobacteria do not survive disinfection due 

to their unusual resistance to abiotic stresses. 

The genus Mycobacterium includes some of the most ancient pathogens known to 

humankind and yet, both the prevention and treatment of infections caused by these 

bacteria remain a challenge. Prevention is hindered by the lack of adequate disinfection 

protocols especially in water distribution systems, which leads to the selective enrichment 

of NTM in tap water as other groups of bacteria, more susceptible to chlorination and high 

temperatures, are eliminated. This results in increased exposure to NTM, which in 

populations with increasingly debilitated immune systems, due to the rise in life 

expectancy and the high prevalence of chronic illnesses, probably explains the rising trend 

of NTM infections. Treatment is hindered by the intrinsic resistance of mycobacteria to 

most antibiotics, the emergence of resistance against those which used to work, and the 

long duration of current treatment regimens which include cocktails of antibiotics with 

serious side effects. Therefore, increased awareness is needed to adequately prevent these 

infections, and an intensification of research that can bring about new therapeutic options 

is also crucial. 

Several aspects of mycobacterial physiology and metabolism are still not 

understood, and they may hold the key to some of the breakthroughs that are desperately 

needed in this field. In some cases, as shown by the findings reported here, the 

interconnection between different pathways and the phylogenetic proximity between 

human pathogens and antibiotic-producing actinomycetes can lead to surprising, often 

puzzling discoveries. Nevertheless, keeping the “leaving no stone unturned” approach in 

mind, unexpected findings can still point to new and promising avenues of research. 
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