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ABSTRACT 

Fungal infections are a present-day medical problem in expansion, yet only a few drugs are used in clinical 

practice. Glucosamine-6-phosphate (GlcN-6-P) synthase (EC 2.6.1.16) is responsible for catalyzing the first 

committed step in the hexosamine biosynthetic pathway, that has as final product uridine 5’-diphosphate-N-

acetyl-D-glucosamine (UDP-GlcNAc), which controls the enzyme by feedback inhibition and is required for 

biosynthesis of cell wall precursors. GlcN-6-P synthase has been proposed as a promising target for antifungal 

chemotherapy and antidiabetic type 2 therapy, since it has also been linked to insulin resistance phenomena. In 

the partial C. albicans enzyme X-ray crystal structure some elements of high mobility are not visible, like the so-

called C-tail, in contrast to that obtained for Escherichia coli. There is a missing “lock” in the C-tail, when 

comparing the eukaryotic with the prokaryotic enzyme, that may condition the degree of its mobility or 

susceptibility to mobility changes upon inhibitor binding, causing enzyme activity loss. To verify this evidence, a 

L460A L434R mutant version of GlcN-6-P synthase from C. albicans was constructed and characterized. The 

mutations were successfully constructed in the plasmid pET23b-K568HS569H-CaGFA1 and transformed into E. 

coli Top10F’. Mutein overexpression was realized in E. coli Rosetta(DE3)pLysS and purified by immobilized metal-

ion affinity chromatography, having collected in average 1.232 mg of protein, measured by the Bradford method. 

The total and specific activity achieved were 0.088 ± 0.038 U and 8.351 ± 2.090 U/mg, respectively, measured by 

the Morgan-Elson method, and the mutein constructed was non-sensitive to inhibition by UDP-GlcNAc. 

 

 

Keywords: antifungal chemotherapy; C-tail; Candida albicans; glucosamine-6-phosphate synthase; mobility 

changes; inhibition by UDP-GlcNAc. 
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RESUMO 

Infeções fúngicas são um problema médico atual em expansão, contudo apenas alguns antifúngicos são usados 

clinicamente. Glucosamina-6-fosfato (GlcN-6-P) sintase (EC 2.6.1.16), responsável por catalisar o primeiro passo 

da via da biossíntese de hexosamina, tem como produto final uridina 5'-difosfato-N-acetil-D-glicosamina (UDP-

GlcNAc) que controla a enzima por inibição por "feedback", sendo essencial para a biossíntese de precursores da 

parede celular. GlcN-6-P sintase tem sido proposta como um alvo promissor para quimioterapia antifúngica e 

terapia antidiabética tipo 2, dado que também tem sido relacionada com fenómenos de resistência à insulina. 

Na estrutura cristalina parcial da enzima de C. albicans obtida por raios-X, elementos com elevada mobilidade 

não são visíveis, tais como a C-tail, contrastando com o obtido para Escherichia coli. Comparando a enzima 

eucariota com a procariota, existe uma falha no “bloqueio” do C-terminal, condicionando o grau de mobilidade 

ou suscetibilidade a mudanças de mobilidade aquando ligação do inibidor, causando a perda de atividade da 

enzima. Para verificar esta evidencia foi construída e caracterizada a versão mutante L460A L434R da enzima de 

C. albicans, gerada com sucesso no plasmídeo pET23b-K568HS569H-CaGFA1, transformado em E. coli Top10F’. 

Superexpressão da enzima mutada foi realizada em E. coli Rosetta(DE3)pLysS com posterior purificação por 

cromatografia de afinidade com metal imobilizado, colecionando em média 1,232 mg de proteína, medidas pelo 

método de Bradford. A atividade total e específica alcançada foi 0,088 ± 0,038 U e 8,351 ± 2,090 U/mg, 

respetivamente, medida pelo método de Morgan-Elson, e a enzima construída demonstrou ser insensível à 

inibição por UDP-GlcNAc. 

 

 

Palavras-chave: quimioterapia antifúngica; C-terminal; Candida albicans; glicosamina-6-fosfato sintase; 

alterações de mobilidade; inibição por UDP-GlcNAc. 
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1. INTRODUCTION 

1.1. EMERGENCE OF CANDIDA ALBICANS 

1.1.1. Impact on population  

A continuous expansion and persistence prevalence of infections caused by fungal pathogens over the last 

decades has emerged as an alarming hazard to human health. The most common threatening genera for humans 

consist in fungi from Aspergillus species, and yeasts from Cryptococcus and Candida species, wherein the 

infections caused by Candida species have been reported as the most prevalent and have increased dramatically 

over the last 50 years.1,2 

Candida species, (yeasts affiliate to the phylum Ascomycota, class Saccharomycetes and family 

Saccharomycetales incertae sedis), can be found spread in the environment, or even in mammalian such as 

humans, expressing a harmless phenotype.3 Specifically for the last two cases, Candida species are part of the 

typical microbial mucosal surface flora of gastrointestinal and genitourinary tracts and are reported as being 

present in the oral cavity of up to 75% of the population.4 On these type of surfaces, nutrient restriction and 

competition between bacteria and fungi develop in the elimination of less adapted microorganisms.5 Although, 

this organism might also turn to an infection opportunist once the host immune system is debilitated or 

compromised, more frequently in elderly, diabetic, pregnant and HIV-infected (human immunodeficiency virus) 

patients.1,3 In addition, individuals under an intense antibiotic or corticosteroid treatment, hematopoietic stem 

cell or solid organ transplantation, parenteral alimentation, aggressive chemotherapy, use of internal prosthetic 

devices or under other invasive interventions, are more prone to Candida infections. Summarizing, besides 

compromised immune system, any intervention that may disrupt barriers can turn in an infection opportunity. 

And that is the reason why long hospitalization periods in intensive care units (ICU) constitute the most common 

health-care-associated risk for colonization and further infection.6 

The species with clinical relevance comprise only a small part of these genera, such as Candida albicans, Candida 

glabrata, Candida tropicalis, Candida parapsilosis, Candida krusei and Candida dubliniensis. C. albicans has been 

reported as the pathogen with the highest prevalence, with worldwide spread cases, being liable for the majority 

mucosal and systemic candidiasis cases (invasion of different parts of the body) in a community-onset and 

nosocomial (hospital-acquired infections) spectrum.3  

Regarding the molecular epidemiology of C. albicans, several multilocus sequence typing (MLST) and 

microsatellite typing studies have been reporting that the human infections oftentimes derive from an 

endogenous source and persistent strains are kept by the hosts over long periods of time, wherein some sporadic 

genetic modifications can occur, called microvariation. Strain transmission is commonly detected between 

distinct individuals, strain replacement in the same individual or even microvariations of persistent isolates 

occurring in the same individual midway repeated infections.3 

C. albicans infections are settled in cutaneous and mucosal surfaces, converting into systemic infections with a 

high degree of tissue attacked once the invasion reaches the bloodstream.1 In detail, candidiasis embraces two 
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major types of infection manifestations: from a more moderate and superficial version, such as oral or vaginal 

candidiasis, to more severe and life-threatening versions, so-called blood stream infections (BSI) or candidemia, 

and consequently disease dissemination.4 Moreover, the term invasive candidiasis (IC) is used to describe several 

examples, such as candidemia, endocarditis, endophthalmitis, osteomyelitis, central nervous system infections 

and other disseminated infections.6 

Numerically speaking, regarding vulvovaginal candidiasis (VVC), there is a record of approximately 75% 

occurrence, at least once in a woman’s lifetime. Likewise, statistics indicate a single relapse occurs in 40 to 50% 

of the cases, and 5 to 8% of all women experience at least four repeated VVC per year Even though it is highly 

recurrent, in the case of superficial infections, candidiasis is non-lethal.4 However, for systemic candidiasis, even 

with considerable advances in recent years, regarding both diagnosis and treatment, the disease still maintains 

a high mortality rate. For instance, in the United States of America ICUs, the third most common causative agent 

of nosocomial BSIs are Candida species (8 to 10%), securing the second place when it comes to mortality among 

these patients.7 This number point to an estimation of 46,000 Candida infection cases every year, with an 

associated candidemia mortality rate between 30 to 50% over the past three decades, being considered an 

inadmissible percentage. Furthermore, each hospitalization results in 3 to 13 days with a respective cost of 6,000 

to 29,000 $.4,8 

Despite the lack of high-quality epidemiological data, national or international, on infection frequency and 

mortality, it is acknowledged that, from country to country, the IC rates vary considerably. However, the 

incidence has escalated all over the globe, mostly as a result of the increase in risk population.9 For example, 

studies confirm that the amount of IC incidence is lower in Europe when compared to the United States of 

America, with the exception of Denmark, showing a similar rate. To illustrate this statement, from the available 

studies, an indication rate of community acquired candidemia in North America is 63.5%, while in Europe is 

22.4%.6 Another explanation for the incessant increasing incidence of fungal infections is synchronized with the 

reduction of mortality from bacterial infections. Advances in antibiotic treatment mean higher chances of 

survival for individuals susceptible to fungal infections and the widely inadequate antibiotic use provoke adverse 

changes in the microbial flora of the skin and mucosal surfaces.9 

In addition, global studies also present the Candida species mean distribution between the late 1990s and 2010. 

Among five pathogenic species, C. albicans incidence was reported as 47.3% in North America, 41.7% in Latin 

America, 56.6% in Europe, 49.1% in Asia-Pacific region and 56.5% in Africa and Middle-East region. The reason 

behind the substantial geographic variation of the species distribution is based on differences in antifungal 

treatment procedures, in the frequency of using invasive procedures, or even demographical patient physiology.6  

Interestingly, even though an increase in infection frequency is observed, a species distribution is suggesting a 

change for the past years, where global studies also declare a reduction from 65% to 44% in IC issues caused by 

C. albicans from the late 1990s and 2010, being the remaining cases covered by non-albicans Candida species, 

mainly C. glabrata. The medical risk associated with the non-albicans Candida species is the modulation in their 

sensitivity to regularly used antifungal agents.6 It is vital to mention that all the previous numerical data was 

collected from recent sources, reviewed between 2013 and 2014. 
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One can conclude that the need of sophisticated epidemiological studies is indeed imperative for an improved 

control of Candida infections and proper monitoring strategies must be taken in this direction. 

1.1.2. General characteristics of C. albicans  

C. albicans is characterized as a dimorphic microorganism, having the ability to develop as a yeast or filamentous 

form and generate hyphae. The species possesses a 16 Mb genome with eight pairs of chromosomal homologs, 

varying in size from 0.95 to 3.3 Mb. It is described as being predominantly diploid, although its substantial 

manifestation of genome plasticity. Clinical isolates are found with this karyotype variability, connected to drug 

resistance, that will be reviewed in detail in the next chapter. These DNA rearrangements are the source of 

diversity, essential for the adaptation and consequent survival, and usually occur as a reply to environmental 

stress conditions, such as heat shock, oxidative stress, increased temperatures, starvation, ultraviolet light, host-

pathogen interactions and presence of antifungal agents. For instance, the parasexual cycle can be one of the 

responsible factors, leading to loss of heterozygosity. Following the same line, aneuploidy events were also 

confirmed in chromosomes 3 and 4 (trisomies), related with fluconazole resistance, and in chromosomes 2, 5 or 

6, turning feasible the growth with specific carbon sources like L-sorbose or D-arabinose. Repetitive DNA 

sequences are another element on this subject, being substantially represented in the C. albicans genome.3 

In addition, it is known that the C. albicans population has a clonal growth, however some rare recombination 

cases might occur and in terms of gene family, the observations suggest an evolution of pathogenicity based on 

genes linked to the cell wall.3 

1.1.3. Virulence properties of C. albicans  

The virulence profile of C. albicans is composed by a complex network, mainly attributed to biofilm formation, 

host-recognition proteins, proteolytic and lipolytic enzymes, morphological transition, transitional growth and 

phenotypic switching.4 

Starting by the ability to create biofilms toward the invasion of host tissues, an example of a high health risk is 

supported by the development of those biofilms in indwelling medical devices, since these devices provide entry 

sites for the fungi. Such devices can be dental implants, heart valves, vascular bypass grafts, ocular lenses, 

artificial joints, catheters and central nervous system shunts, which can serve as surfaces for biofilm growth and 

might allow direct access to the bloodstream. The formation of these biofilms inside the patient concedes 

virulence advantages for the pathogen, overcoming environmental stress barriers, such as defense from host 

immune system and especially drug exposure. C. albicans biofilms are extremely resistant to antifungal drugs. It 

is believed that its extracellular material physically interacts with the drugs, and that resistance progression is 

proportional to biofilm maturation. It is interesting to note that the closely related non-pathogenic 

Saccharomyces cerevisiae capacity to form mature biofilms is extraordinarily poor, confirming C. albicans biofilm 

formation as a virulence factor.10 Moreover, the expression of ALS genes also has a strong interference in the 

adherence to host cells, by producing adhesins that recognize them. In addition, in order to invade the first layer 
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of cells, the epithelial tissue, Candida species are able to digest those cells, through the production of lytic 

enzymes, such as secreted aspartyl proteinases (SAPs) or even phospholipases.1,5  

Along with virulence factors, hyphae are also related with a proficient epithelial cell endocytosis, by exerting 

mechanical force, breaching and damaging the cells in its way during invasion.11 HWP1, ECE1 and HYR1 are the 

most associated genes responsible for the hyphal growth and consequent adhesion to host tissues.5 In fact, from 

all Candida species, besides C. albicans, solely C. dubliniensis is also capable of recreating this phenomenon. 

Nevertheless, MLST studies deduced that the population structure of C. albicans is notably more divergent rather 

than the one from C. dubliniensis, which is in parallel with the greater prevalence and pathogenic potential of C. 

albicans.3  

Another pathogenic feature of C. albicans is known as white-opaque transition, a phenotypic switching process 

that promotes host environment adaptation and other advantages. In one hand, the opaque form allows an 

optimized skin colonization and defense from macrophage cells, while the BSIs are more related with the white 

cell version. The use of N-acetylglucosamine as carbon source, high CO2 concentrations and oxidative or 

genotoxic stresses are some of the environmental conditions that can trigger this phenotypic switch. Wor1 is a 

known regulator behind this attribute.1 

In addition to these abilities, the yeast also possesses other important attributes regarding invasion of host tissue 

and trivial environmental stress adaptation, such as pH-sensing and regulation, metabolic adjustment or even 

metal acquisition against nutrient starving.1,4 

1.1.4. Diagnosis of C. albicans infections  

Diagnosis of IC can be arduous and challenging, being dependent on conventional microbiological culture and 

identification methods.12 The main difficulty is found in the long assay times and low specificity and/or sensitivity, 

and together with the subtle and non-specific symptoms, frequently end up in failed or delayed diagnosis and 

compromised treatment.13 Manifestations of candidemia can pass by fever uncontrolled by antibiotics and 

include macronodular skin lesions, polymyalgias or a decline in renal function in some cases.9 Nowadays, new 

methods are being developed, based on antigen-detection by ELISA assays or molecular assays, like PCR 

procedures. However, these techniques still require improvement, to be tested in appropriate clinical trials and 

standardized. For instance, one of the methods in development is based on the detection of (1,3)-β-D-glucan, a 

specific molecule of the fungi cell wall. Albeit, this method still needs refinement due to its incapability to 

distinguish between different fungi, often leading to false-positive results.12 

It is notorious that a more robust and appropriate diagnosis would decrease the unacceptable numbers 

associated with candidiasis infection morbidity and mortality, and efforts must be taken in this direction.    

1.1.5. Treatment aspects of C. albicans infections  

Besides more sophisticated epidemiological studies and better diagnosis approaches, a revolution in Candida 

clinical therapy is also in a great need. Safer and more effective antifungal drugs are crucial. Despite a wide range 

of accessible drugs, their effectiveness is limited. In part, this problem is related to the poor fungal identification 
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during diagnosis, although several other issues have been pointed out, such as restrictions in administration, 

toxicity, insufficient activity, detrimental drug interactions, development of drug resistance and bioavailability in 

target tissues. The combination of these factors together with the high cost of most of the available antifungal 

drugs, do not contribute for a better resolution of this health problem. Thus, new and cheaper drugs must be 

created for a fast and efficient therapy, as well as a better understanding about the risk population, in order to 

target all the possible niches and improve prevention techniques.13 

Different combinations of already existing drugs are receiving special attention due to their promising effect. 

However, only a few of those drugs are currently in preclinical development, and a long period of time, namely 

years, is needed until they might reach clinical trials.13 

Since the risk population is continuously increasing worldwide, studying and overcoming the life threats of this 

pathogen must be taken as a high priority. And sadly, the efforts made until now are not enough. As example, in 

the United States of America and United Kingdom only about 2% of the institution budgets for infectious disease 

research is directed to fungal studies.13 

Curiously, medical practices should receive more attention and must change regarding this subject. Researchers 

assume a dangerous existence of patient contamination caused by healthcare professionals, due to the finding 

of Candida in a considerable amount of professionals hands, together with the fact that these professionals are 

reported to disrespect their hand wash obligations by a rate of 30%.9 

1.1.6. Currently available drugs for C. albicans infections  

Candida infections continue to be difficult to cure, in part due to the controversial antifungal therapy in practice, 

that is based on molds, and due to intrinsic factors, such as the patient age, pre-acquired diseases or surgical 

complications that might interfere with the treatment outcome. Moreover, the treatment procedure is 

dependent on the infection type and consequently, different antifungal drugs may vary in activity levels, dosing, 

safety and cost.14 Plus, it must be pointed out that regardless the efficacy of the treatment, complementary 

measures with the intent of restoring the host injured immune system should also be taken into consideration, 

otherwise the clinical approach may end in a higher rate of failure.15 

Nowadays, the approach therapy to manage IC is based on the use of few antifungals drugs, namely amphotericin 

B, fluconazole, and itraconazole.16  

In the late 1960s, the first imidazoles were created, with later development into triazoles (fluconazole, 

itraconazole) and the more recent triazole derivatives (voriconazole, ravuconazole, posaconazole and 

albaconazole). Until now, the most ordinarily used agent in stable patients is fluconazole, as result of its 

advantageous features, such as general efficacy, low cost, broadly oral availability and preferable toxicity levels. 

However, its widely abusive consumption turned the fungi less susceptible to the drug, creating a dangerous 

complication.17 Generally, azole derivates show a wide range of positive effects for topical treatment of 

superficial fungal infections, but only minor success for systemic mycosis. Azole derivatives act as inhibitors on 

diverse steps of ergosterol biosynthesis, because ergosterol makes up the majority of the fungal cell membrane 
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sterols, being responsible for regulation of membrane fluidity, asymmetry, and integrity. Attacking this 

compound would injure the cells, leading to their death. Specifically, azole derivatives target the cytochrome P-

450, which mediates the 14-α-demethylation of lanosterol, which leads to ergosterol deficiency and accretion of 

toxic methylated sterols. In addition, the allylamine and morpholine antifungal agents have the same compound, 

the sterol, as target. However, the negative effect of azole and respective derivatives is their blocking action in 

cholesterol biosynthesis in liver cells, due to the fact that mammalian cells also possess cytochrome P-450, and 

the agent is inefficient in differentiating both.16,18 

Discovered in the early 1950s, amphotericin B, the most commonly used agent from the polyene class of 

antifungals, also targets membrane sterols, modifying membrane permeability and causing the leakage of 

indispensable cytoplasmic molecules, eventually killing the cell. Nonetheless, this drug has the same ergosterol 

differentiation issues described above, reaching severe toxicity levels. It can cause chronic complications, mainly 

related to renal function. Another polyene described in clinical treatments, although with less extension when 

compared with amphotericin B, is defined by the name of nystatin.16 

One more drug has been considerably put into practice, 5-fluorocytosine (5-FC), that interferes with the yeast 

nucleic acid biosynthesis by producing toxic fluorinated pyrimidine antimetabolites. However, the rapid 

resistance acquired by the fungus decreased its use.19 

In order to overcome the disadvantages associated with the use of these drugs, new types of antifungal agents 

were created, such as the echinocandins, which have been used more regularly, and target the β-1-3-D-glucan 

synthesis, a component of the fungi cell wall. Three options constitute this class, caspofungin, micafungin, and 

anidulafungin, however, there is no notorious relevant factor that makes one be preferable to another, regarding 

Candida treatment. Also, some drugs can be preferable for specific treatments, for instance, the later class is 

rather used in the event of renal failure, wherein polyenes do not function.17 

Moreover, depending on the type of drug, specific routes of administration are available. For instance, whereas 

amphotericin B is used in a systemic route, nystatin is used in a topical route. Among azoles, miconazole is used 

for topical routes, while the famous ketoconazole, itraconazole, and fluconazole are used for systemic infections. 

Allylamines have both versions accessible according to the molecule used, morpholine is applied as a topical 

route and 5-FC as a systemic one.20 

Another new clinical treatment in vogue is the combination of two drugs, turning a mono-therapy into a duo-

therapy, that should be considered in the treatment of patients with aggressive IC, in order to increase the 

chances of healing. However, the combined treatment can be more expensive and it cannot be used as routine 

for disease treatment.17 

1.1.7. Resistance mechanisms of C. albicans  

Clinical resistance is the term used when a drug concentration fails to successfully inhibit a pathogen, that is 

linked to a high tendency of treatment failure. This means that the agent concentration required for a proper 

effect is higher than what could be safely carried out with regular doses.21 Microbiologically, resistance to drugs 
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can be primary (intrinsic) or secondary (acquired). In the first case, the pathogen manifest resistance signals 

without prior exposition to the drug, while the secondary resistance is developed in response to exposition, 

which occurs through phenotypic or genotypic modifications.22 

There are a lot of paths that the fungus can take to fight antifungal agents. Resistance can start with the 

overexpression of the so-called drug efflux pumps, overexpression of the target, changes at its site(s) through 

mutations or even changes at the target concentration.23 Regarding the first and most important mechanism, 

the fungus possesses a well-organized system which promotes cells to become resistant to multiple structurally 

unrelated agents, by creating a transporter, efflux pump, that carries the drugs or other xenobiotics molecules 

to the extracellular environment or reduce their uptake, thereby decreasing its intracellular concentration and 

level of effect. These pumps are found in the cytoplasmic membrane and are differentiated into two types, ATP-

binding cassette (ABC) transporters and major facilitator superfamily (MFS) transporters. The first type uses 

adenosine triphosphate (ATP) as an energy source for the transportation along the membrane, whereas MFS 

transporters make use of the membrane proton gradient to receive energy for transportation. The ABC type is 

generated by candida drug resistance (CDR1 and CDR2) genes, and the MFS type is created by multidrug 

resistance (MDR1) genes.24 

In regular conditions, MDR1 pumps help in the translocation across the membrane of essential molecules, like 

lipids or hydrophobic substances, but the fungus takes advantages of them in the event of a drug attack. Among 

all the resistance mechanisms, the overexpression of the MDR1 gene is viewed as the first line of defense of C. 

albicans against azoles, mostly to fluconazole and voriconazole.25 

However, it is the combined overexpression of all these mechanisms that is the fundamental particularity to 

reach this remarkable resistance. And so, aside from the efflux pumps, azole resistance is also linked to point 

mutations in the gene ERG11, which encode the target enzyme, lanosterol 14-demethylase, and therefore the 

affinity and sensitivity of the drug towards the target decrease. Also, the evolution and creation of new pathways 

for ergosterol biosynthesis is another mechanism in azole resistance, which has been associated with mutations 

in the ERG3 gene.21,22 Plus, since allylamines and morpholines have exactly the same target as the azoles, it is 

clear that they are also susceptible to these drug resistance mechanisms.23 

The resistance to amphotericin B and polyenes, in general, is mainly achieved by modifications in the cell 

membrane lipids, in a qualitative or either quantitative manner. Apart from having a complex interaction with 

the membrane, these drugs are dependent on their contact with the ergosterol, and so, the provoked changes 

in this compound allow a reduction of sensitivity towards the agents. In other words, their access to the interior 

of the cell is interrupted and its effect is diminished.22 This resistance is also related with a reduction in oxidative 

injuries caused by these drugs, achieved by an increase in catalase activity on the cell.21 

The echinocandin resistance also involves point mutations with consequent target modification and changes in 

mutual affinity. These DNA alterations occur in the FKS1 gene, encoding for the catalytic and main subunit of 1,3-

β-D-glucan synthase, the echinocandin target.21,24 
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Regarding the 5-FC drug, its known mechanisms of resistance include the drug reducing uptake, due to point 

mutations in enzymes involved in that process or the production of toxic antimetabolites, which consist in the 

key compounds of 5-FC mode of action. In addition, point mutations linked to the uracil metabolism or in its way 

of incorporation into the RNA may also occur. Deficient UMP-pyrophosphorylase is the phenomenon with the 

higher frequency, since this enzyme is directly related with uridine 5'-monophosphate synthesis. Both intrinsic 

and acquired resistance have been reported to motivate the abundant treatment defeat.19,23 

It is clear that, in the present, the supposed antifungal agents act mainly as fungistatic instead of fungicidal, as 

pretended. Which means that they act as growth inhibitors, and not as fungal killers.26 

Until the 1990s, no azole resistance had been reported, however, in the last years, a shift has taken place in this 

matter, largely because of the uncontrolled administration of fluconazole in immunocompromised and severely 

ill patients. Yet, for amphotericin B, even after a lot of years of clinical use, resistance cases are not so common, 

but unfortunately, it has limited therapeutic application and requires intravenous administration. In the opposite 

direction, 5-FC treatment has been reducing due to extreme rate of spontaneous mutations during its 

monotherapy usage.15 

Therefore, over the last few years, less susceptible and intrinsically resistant strains have been increasingly 

appearing, along with the uncontrolled, continued or intermittent, antifungal uptake.  

1.1.8. How to overcome the multidrug resistance problem  

It is notorious that the current management of Candida infections is greatly defined by the adverse factors of 

resistance, effectiveness and drug safety. The necessity of new drugs is imperative, however, the development 

in this field is slow, and there is always a long period between the discovery and the actual clinical use of new 

drugs.16 The slow progress in this area contrasts, for instance, with the antibacterial advances, mainly due to the 

supposition that before the big escalation of AIDS (acquired immune deficiency syndrome) in the global 

population, fungal infections have not had or will have in the future such high frequency, thereby efforts on its 

research were not considered. Plus, the believed deficit in a specific fungal target also contributed as one more 

hurdle for drug improvement.15 

Therefore, nowadays the biggest challenge remains in finding a drug with selective toxicity for fungal cells, but 

not for human cells. In order to discover the ideal antifungal, an ideal target is required. From the wide range of 

fungal cell targets examined, the cell wall is the favorite and has been a point of focus, although there are many 

struggles in transforming the target into a relevant agent, which is strongly related with by the shortcoming of 

new classes of molecules in the past years.27 

The cell wall is responsible for many roles, including protection from environment adversities, cell rigidity, and 

morphology, conferring a dynamic structure to the wall and conserving its integrity, filtration and exchange of 

minerals and other important substances due to its selective permeability, some metabolism and maintenance 

of shape and strength by controlling osmotic pressure. Besides, it also provides antigenic defenses and is 

responsible for some fungal virulence factors, being the primary interaction with the host and control some of 
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the resistance characteristics to host immune responses. Since it is such a vital element, any interference with 

the cell wall structure influences the microorganism growth and eventually lead to its death. The fungal cell wall 

is mainly composed by chitin, glucans, and mannoproteins in a well-organized interlace network, with different 

proportions for different fungi. The advantage of using the cell wall as target is based on the selective toxicity, 

non-existent in the previous antifungal drugs, due to the wall unique composition. In other words, the cell wall 

is specific for fungi, inexistence in human cells, due to the chitin and glucans, and thus, is a great opportunity to 

explore antifungal agents, unlike sterols, that were so explored to develop older drugs.16,27 

Polyoxins and nikkomycins are chitin synthesis inhibitors produced by Streptomyces, while those targeting glucan 

synthesis are the previously mentioned echinocandins or aculeacins, papulacandins and acidic terpenoids. Lastly, 

for the inhibition of mannoproteins synthesis, pradimicins and benanomicins, produced by Actinomadura, are 

also a possibility. Since mannoproteins are not an exclusive compound of fungal cell walls, overlapping with 

mammalian and other eukaryotic cells, using it as a target could raise toxicity problems. Besides the toxicity 

problem, which can be problematic for all targets, the issue of the MDR systems has always been present, limiting 

the spectrum of drug activity.16,27 

However, emphasizing on the chitin synthase inhibitor, none of the investigated compounds reached clinical 

trials, besides nikkomycin Z, that is currently in development.16,27 The substance susceptibility varies between 

fungi, although in C. albicans data can be controversial. In vitro, the antifungal demonstrated effectiveness 

against the yeast, but only in combination with azoles, while in vivo, a low efficacy was reported. However, in 

vitro susceptibility assays cannot be used as a validation for drug design.28 

Nevertheless, the pathways responsible for synthesizing these cell wall precursors are an open opportunity for 

research. Seen as a promising tool in the combat against the fungus, by targeting a specific pathway holistically, 

rather than a more precise effector of virulence or drug resistance. However, the identification of targets is only 

the first step to create an antifungal agent, followed by either a high throughput screening, in order to find 

putative inhibitors with specific activity for the target, or an exhaustive structural knowledge of the target must 

be collected to allow a rational design of drugs.18 The seek for more enlightenment regarding the targets may 

lead to the discovery of novel drugs with a different and more effective mechanism of action, wherein this project 

takes place. 

1.2. GLUCOSAMINE-6-PHOSPHATE SYNTHASE 

1.2.1. Glucosamine-6-phosphate synthase function 

Along with the fact that the cell wall has been by far the golden point of interest to explore better targets for 

antifungal therapy, a specific enzyme has been arising as a potential target in the past couple of years. This 

enzyme, by the name of L-glutamine:D-fructose-6-phosphate amidotransferase or generically known as 

glucosamine-6-phosphate (GlcN-6-P) synthase (EC 2.6.1.16), is part of the L-glutamine-dependent 

amidotransferases family and it is present in all known organisms.29  
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GlcN-6-P synthase is the rate-limiting enzyme of the hexosamine biosynthetic pathway (HBP), being responsible 

for catalyzing its first and practically irreversible step, converting D-fructose-6-phosphate (Fru-6-P), which is 

produced from glucose by the glycolysis pathway, into D-glucosamine-6-phosphate, using L-glutamine as an 

amino donor (Equation 1; Figure 1.1)30 

𝐃 𝐅𝐫𝐮𝐭𝐨𝐬𝐞 𝟔 𝐏 + 𝐋 𝐆𝐥𝐮𝐭𝐚𝐦𝐢𝐧𝐞 ⟶ 𝐋 𝐆𝐥𝐮𝐭𝐚𝐦𝐚𝐭𝐞 + 𝐃 𝐆𝐥𝐮𝐜𝐨𝐬𝐚𝐦𝐢𝐧𝐞 𝟔 𝐏   ( 1 ) 

 

Figure 1.1 -  Reaction catalyzed by GlcN-6-P synthase. From left to right, the molecules are L-glutamine, Fru-6-P, GlcN-6-P 
and L-glutamate.30 

Among its family, sixteen enzymes are cataloged to date, usually being responsible for purine and pyrimidine 

biosynthesis, as well as some amino acids, coenzymes, and antibiotics.30 The enzyme in study belongs to the 

second sub-class, the members of which use the N-terminal cysteine and its nucleophilicity properties to break 

the L-glutamine amide bond. Curiously, all the other L-glutamine-dependent amidotransferases can use 

ammonia as an amino donor, in contrast to GlcN-6-P synthase, wherein ammonia cannot replace L-glutamine. 

Therefore, the enzyme has been described as a “unique amidotransferase”. Plus, the enzyme can also be defined 

as a ubiquitous, due to its involvement in de novo biosynthesis of amino sugars.31 

It is interesting to mention that, for many years, the enzyme had been identified as an isomerase and known as 

glucosamine phosphate isomerase (past EC 5.3.1.19, deleted in 1984).32 The fact that the enzyme shows 

unquestionable specificity for L-glutamine as an amino donor and for Fru-6-P as an acceptor substrate was the 

vital characteristic for clear distinction of GlcN-6-P synthase from GlcN-6-P isomerase.33 

In addition, according to its origin, the GlcN-6-P synthases have been termed by different nomenclatures. GlmS 

is used for the prokaryotic version of the enzyme, Gfa for the fungal version, whereas Gfat is its mammalian 

version. In detail, for C. albicans, the enzyme is known by Gfa1.31 

1.2.2. Catalytic mechanism 

To understand the enzyme mechanism in detail, the two distinct catalytic domains must be enlightened. Each 

monomer contains both, wherein the glutaminase amidohydrolase (GAT) domain takes care of L-glutamine 

binding and hydrolysis, whereas the ketose/aldose isomerase (ISOM) domain oversees Fru-6-P binding, 

catalyzing its amination and isomerization. The GAT domain is located at the N-terminal and the ISOM domain 

at the C-terminal, and they are connected by a flexible linker and a solvent-inaccessible hydrophobic channel. 

First, the catalysis is initiated due to Fru-6-P binding, characterizing this step as the key event that triggers the 

remaining steps. Next, the GAT domain provides the hydrolysis of the glutamine carboxamide group. The latter 

reaction forms ammonia, which is further transported to the other domain to be conjugated with the fructose 

molecule, followed by ketimine/aldimine isomerization of the resulting fructose-imine-6-P and consequent GlcN-

6-P formation.34 
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In Figure 1.2 is presented an outline of the several activities that occur in the domains. Normally and if Fru-6-P is 

absent, glutaminase activity takes place, ending up in L-glutamate plus ammonia formation. In another hand, if 

L-glutamine is absent, solely isomerase activity occurs, transforming Fru-6-P into D-glucose-6-phosphate (Glc-6-

P). The overall reaction happens with synthase activity, when both subtracts are available.34 

 

Figure 1.2 - Outline coordination of GlcN-6-P synthase: (1) Glutaminase activity; (2) Isomerase activity; (3) synthase 
activity.34 

The detailed reaction mechanism proposed for GlmS are presented in Figure 1.3 and 1.4, for the glutaminase 

and synthase site, respectively. Nonetheless one may postulate that they are similar to those occurring within 

the eukaryotic enzyme. 

The most relevant catalytic elements involved in the glutamine hydrolysis are the amino-terminal cysteine, Cys1, 

and the Asn98/Gly99. The former is responsible for acting as a base through its α-amino group and as a 

nucleophile through its thiol group, while the latter generates an oxyanion hole responsible for stabilizing the 

tetrahedral intermediates throughout hydrolysis.35 

 

 

 

 

 

Figure 1.3 - Reaction mechanism at the glutaminase site proposed for GlmS (occurring in the GAT domain).35 

Regarding the synthase catalytic activity, the most active residues are Lys603, Glu488, Lys485, and His504, 

forming the key components for the product biosynthesis after receiving the ammonia formed in the other 

domain. The first creates a Schiff base with the C2 carbonyl moiety of Fru-6-P, the second is suggested to operate 

as base responsible for deprotonating C1 of Fru-6-P, the same was suggested for the third residue, for the O5 

hydroxyl group in this case, and the last is possibly related to opening/closure of the sugar ring.35  

In general, in a more “macroscopic” view, the mechanism can be described by several conformational changes 

upon Fru-6-P binding. It triggers the ordering of the GAT domain and C-terminal loop, wherein the latter allows 

its closeness to the synthase site, covering it and protecting the sugar from the solvent, the breaking of the sugar 

ring occurs, followed by the beginning of the ammonia channel formation. The following step is the glutamine 

binding, causing the approximation of the Q-loop in order to protect the glutaminase site, with further hydrolysis, 
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communication between both domains accompanied by the ammonia transfer through the channel and final 

rotation of the GAT domain relatively to the ISOM domain.35 

 

Figure 1.4 - Reaction mechanism at the synthase site proposed for GlmS (occurring in the ISOM domain).35 

1.2.3. Ammonia channeling 

A very interesting mechanism by itself and for this project, as well as, with large significance in the overall 

catalytic reaction, is known by ammonia channeling, which forms an entrance wherein the ammonia is supposed 

to substitute the hydroxyl group of the Fru-6-P. In order to prevent ammonia protonation and keep its 

nucleophilic nature, the molecule is held and saved within the enzyme, which is in parallel with the fact that the 

enzyme is non-capable of using exogenous ammonia for GlcN-6-P biosynthesis.  

Since the 3D structure of GlmS drawn the conclusion that the two active sites, for Fru-6-P and glutamine, do not 

merge together upon binding of the substrates to permit a direct interaction between them, the only other way 

of transporting the ammonia from one domain to another is by creating this intramolecular channel.36 

Structurally, the channel was described as being separated by 18 Å from one end to another, with a 6 Å diameter 

measured between atom centers on the opposite sides of the channel. It is formed by residues of both domains 

and it is estimated to be composed, in the ISOM domain, by a loop of residues 596-603 aligned with the 

hydrophobic side chains of Pro598 (proline), Leu601 (leucine) and Ala602 (alanine) that are accompanied by 

Val399 (valine) from another loop. In another hand, the GAT’s residues involved in the channel formation are the 

side chains of Arg26 (arginine) and Trp74 (tryptophan). Respectively, for C. albicans counting is 700-707, Pro702, 

Leu705, Ala706, Val501, Arg32 and Trp97.36,37  

The mentioned residues from the ISOM domain are located in the enzyme’s C-terminal (except valine) and the 

active participation of the C-terminal in the ammonia interdomain channeling emphasize the so-called C-tail 

significance in the enzyme function. This C-tail forms the majority of the channel and is not only involved in the 

communication between domains, but also contributes to the Fru-6-P binding site, to the catalytic mechanism 

with Lys603 (lysine) (Lys707 for C. albicans) and protects the intermediate compound from the solvent. 

Therefore, it seems natural that this C-terminal region shows a strict conservancy among different enzyme 

origins.36 The C-tail fragment will receive special attention further on this project. 
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One more region is also involved in the channeling creation, forming one of its walls. The histidine loop, H-loop, 

formed by the tripeptide Lys503-His504-Gly505 (lysine, histidine, glycine) (residues 607-609 for C. albicans) of 

the neighboring synthase domain. Moreover, this channeling creation is conducted by conformational changes. 

They lead to the lysine enforcement in interactions between the ISOM domain and its C-tail, being a partner in 

the covering of the sugar binding pocket and in the precise histidine orientation for the sugar ring opening of 

Fru-6-P, in order to allow its further isomerization.37,38 Once more, this fragment is also well conserved among 

different GlcN-6-P synthases.  

1.2.4. Kinetic parameters 

Among the several GlcN-6-P synthases, a wide range of values for kinetic parameters have been described. 

Thereby, it led to the realization that this large range was actually depending on the enzyme origin, the 

purification procedure, as well as the chosen enzyme activity assay.31 As example, a set of these constants is 

gathered in the following Table 1.1, wherein Km refers to the Michaelis-Menten constant, at which the subtract 

concentration corresponds to the reaction rate at its half-maximum, kcat is the turnover number, the maximum 

number of substrate molecules converted to product per enzyme molecule per second, and lastly, kcat/Km 

describes the catalytic efficiency, a measure of how efficiently an enzyme converts a substrate into product.39 

Table 1.1 - Michaelis-Menten kinetic parameters for the overall reaction catalyzed by GlcN-6-P synthase. Synthase activity 
quantifies the product, GlcN-6-P, formed.31 

Enzyme 

Synthase activity 

Fru-6-P Gln 

Km (mM) kcat (min-1) kcat/Km (M-1s-1) Km (mM) 

GlmS (E. coli) 0.25-0.99 480-930 11,800-40,000 0.10-0.20 

His6 225GlmS (E. coli) 1.53 530 5773 - 

GlmS (T. thermophilus) 0.36-4.0a 119-462a 1925-4131a 0.48-9.2a 

Gfa1 (C. albicans) 1.03-1.41 720-1150 8510-14,000 0.4-1.56 

Gfat (rat liver) 0.2-0.8 - - 0.51-0.8 

Gfat (mouse) 0.53-1.14 - - 0.27-0.32 

Gfat (human) 0.007-0.41 - - 0.26-0.61 

His6 298Gfat (human) 0.98-1.04 283-338 4821-5424 0.8 

His6 
225GlmS corresponds to the bacterial protein (His)6-tagged at position 225. His6

298Gfat corresponds to the human 
protein (His)6-tagged at position 298. 
a Determined at 60 ᵒC. 

 

1.2.5. Hexosamine biosynthetic pathway 

The HBP, schematically represented in Figure 1.5, was discovered in the 1950s, and is a sophisticated cytoplasmic 

cell mechanism that, depending on its origin, slight differences mark the divergent routes.33 Using the image as 

a model, the pathway in eukaryotes starts in the reaction represented by the number 1, followed by 4, 5 and 6, 

while in prokaryotes the order goes by 1, 2, 3 and finally 6.31 

https://en.wikipedia.org/wiki/Catalytic_efficiency
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Figure 1.5 - Hexosamine biosynthetic pathway: 1) GlcN-6-P synthase (GlmS, Gfa or Gfat); 2) phosphoglucosamine mutase 
(GlmM) (EC 5.4.2.10); 3) glucosamine-1-P N-acetyltransferase (GlmU) (EC 2.3.1.157); 4) glucosamine-6-P N-
acetyltransferase (Gna1) (EC2.3.1.4); 5) phosphoacetylglucosamine mutase (Agm1) (EC 5.4.2.3); 6) N-acetyl glucosamine-
1-P uridyl transferase, also called UDP-GlcNAc pyrophosphorylase (GlmU for prokaryotes, Uap1 for eukaryotes) (EC 
2.7.7.23); 7) glucosamine-6-P deaminase (NagB for prokaryotes, Nag1 for eukaryotes) (EC 3.5.99.6).31   

 

Figure 1.6 - Chemical illustration of the molecules involved in the hexosamine biosynthetic pathway, for both prokaryotic 
and eukaryotic versions.42 

Right after crossing the membrane, the glucose is quickly converted into glucose-6-phosphate (Glc-6-P), which 

can be converted to glucose-1-phosphate for glycogen synthesis or converted to Fru-6-P. Hereafter, the latter is 

usually directed to the glycolysis pathway, albeit a small portion is converted into GlcN-6-P, by the reaction in 

study, correspondent to number 1.40 This small portion corresponds to 2-5% of the Fru-6-P derived from the 

glucose.41 GlcN-6-P can also be exceptionally deaminated into Fru-6-P by enzyme 7, which is a member of the 

catabolic pathway for converting amino sugars into carbon sources. The enzyme 4 provides the acetylation of 
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GlcN-6-P into N-acetyl-D-glucosamine 6-phosphate (GlcNAc-6-P), the enzyme 5 makes the isomerization of the 

latter molecule into N-acetyl-D-glucosamine 1-phosphate (GlcNAc-1-P), and enzyme 6 turns it into uridine 5’-

diphosphate-N-acetyl-D-glucosamine (UDP-GlcNAc), using also as subtract uridine triphosphate (UTP). 

Furthermore, the pathway is unquestionable unidirectional, due to the practically irreversible feature of the first 

two steps. 

However, some alternative routes can be used by the cell in case of glucose starvation or in the event of another 

complication regarding the pathway. These include the help of membrane transporters, permeases, to carry 

glucosamine (GlcN) or N-acetylglucosamine (GlcNAc).31 

A chemical visualization of the molecules involved in the pathway is also illustrated in Figure 1.6. In summary, 

the pathway is almost identical in all types of organisms, aside from the order of two steps. Basically, in bacteria, 

isomerization precedes acetylation, while the contrary order occurs for eukaryotic cells.  

1.2.6. Feedback inhibition of the HBP 

The final product of the HBP is uridine 5’-diphosphate-N-acetyl-D-glucosamine (UDP-GlcNAc), which controls 

GlcN-6-P synthase by feedback inhibition in the case of a eukaryotic, but not a prokaryotic organism. By 

definition, this type of inhibition is a form of negative feedback by which the final product, in a series of reactions, 

inhibits an enzyme from an earlier step in the sequence. When the product concentration is beyond an optimal 

amount, the product binds to the enzyme, precluding its affinity with the substrates and thus reducing the 

amount of the product inside the cell. After the product has been consumed, by being either utilized or broken 

down for further application, and its concentration goes under a certain level, the inhibition is stopped, hence 

the production of the compound is initiated again.43  

The inhibition has also been described as holding a noncompetitive behavior for both substrates, for Gfa1. In the 

Gfat case, the inhibition demonstrates a competitive behavior regarding Fru-6-P and a noncompetitive behavior 

regarding Gln, although the nature of the inhibition can show other variances for other organisms. For example, 

Neurospora crassa presents the same behavior as C. albicans enzyme does, whereas Aspergillus nidulans has an 

uncompetitive inhibition, and in the case of Blastocladiella emersonii, the inhibition is uncompetitive for Gln and 

competitive for Fru-6-P.30,31 

Regarding C. albicans case, having a noncompetitive inhibition indicates that there is no competition for the 

active site, because the inhibitor does not bind itself to the active site, wherein the subtract does, being 

commonly structurally distinct from the substrate. The inhibitor binds to a different site, which makes 

hypothetically possible the binding of both at the same time. Thereby, it acts as a blocker for the substrate 

binding by modifying the enzyme shape, altering the conformation of its catalytic residues. Such enzymes are 

characterized for suffering an allosteric control, referred to any modification that can happen in its tertiary or 

quaternary structure due to the binding of any kind of ligand. Likewise, it makes sense to be impossible to reverse 

a noncompetitive inhibition by increasing substrate concentrations. Since the inhibitor does not block the active 

site, it influences the kinetic parameters (assuming a Michaelis-Menten kinetics profile) by unchanging the km 



 

16 

 

value, but decreasing the apparent vmax, which consists in the maximum rate achieved at saturating substrate 

concentration.44 

1.2.7. UDP-GlcNAc properties 

This acetylated amino sugar nucleotide, UDP-GlcNAc, has a molecular weight of 607.355 g/mol, a molecular 

formula such as C17H27N3O17P2 and a topological polar surface area of 300 Å2. In the following Figure 1.7 are 

introduced the different structures of the compound.45 

In one way, GlcN-6-P synthase is responsible for maintaining the viability of the cell wall, since the ending product 

of the HBP, UDP-GlcNAc, is a fundamental building block for peptidoglycan, lipopolysaccharides and teichoic 

acids for bacteria, mainly chitin and minority glycosyltransferases and mannoproteins for fungi, and 

mannoproteins for mammals, namely, glycoproteins, glycosaminoglycans and mucopolysaccharides. Specifically 

in mammalian cells, the enzyme is responsible for regulation of glucose metabolism, since it is involved as a 

substrate in the production of glycoproteins. And curiously, the UDP-GlcNAc even forms the chitin that 

constitutes crustaceans and insects.30  

 

  

 

 

Figure 1.7 - Structure of UDP-GlcNAc. Left side: 2D structure; Right side: 3D structure.45 

1.2.8. UDP-GlcNAc involvement in chitin biosynthesis  

Chitin is a linear homopolymer buildup of β-(1,4)-linked N-acetylglucosamine (GlcNAc) residues in a microfibrils 

constitution (Figure 1.8 and 1.9). Each chain is a helix, with two residues per turn, wherein the structure follows 

the same direction, with anti-parallel neighbors, so that alternated chains have opposite directions.46 Different 

abundances of the polymer can occur, depending on the fungal species or even on its morphological phase of 

growth, and its formation can be induced by wall stress. In the dimorphic yeast C. albicans for instance, in the 

yeast form, chitin is only present in around 1% of the whole cell wall, mainly in specific points such as the septum 

and bud scar regions. However, in the mycelial forms, the invasive form, the chitin abundance increases about 5 

times and accumulates mostly in the hyphae fraction, and in addition, the GlcN-6-P synthase activity increases 

about 4 times. This leads to an indication of the extreme importance of chitin during tissue invasion.47 

 

Figure 1.8 - Chemical structure of a GlcNAc monomer, originating chitin in a polymer form.48 

https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C17H27N3O17P2&sort=mw&sort_dir=asc
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Figure 1.9 - Fungal cell wall constitution generally around the cell and in its apical side. FKS-1 and CHS represent 
transmembrane proteins that carry precursors from the cytoplasm to implement them respectively in the β-1,3-glucan or 
in the chitin chain. Cell wall organization is further managed by glycosyl phosphatidylinositol (GPI) glycosyltransferases, 
also responsible for the attachment of external peptides to the membrane. Polysaccharide chains are cross-linked to the 
cell wall mannoproteins.49 

Chitin is synthesized in the cytoplasm, where its precursor is also located, and is later transported to the cell 

surface. C. albicans chitin polymerization is assembled by three enzymes known so far, namely chitin synthase I, 

II and III, encoded by the genes CHS1, CHS2, and CHS3, respectively.15 The first enzyme was discovered in 1957 

by Glaser & Brown and its features seem to be identical from species to species.46 The enzyme functions were 

discovered in the close related S. cerevisiae and were further speculated to be the same for C. albicans. Thereby, 

the first chitin synthase is the one responsible for repairing damaged chitin, chitin synthase II is involved in the 

primary septum formation and chitin synthase III is controlling the other two, while helping in the formation of 

the chitin and β-1,3-glucan bond.50 

The reaction catalyzed by chitin synthase I (EC. 2.4.1.16) is present in Equation 2, wherein UDP-GlcNAc is used as 

subtract and magnesium cation is essential for the enzyme activity.51 

𝐔𝐃𝐏 𝐆𝐥𝐜𝐍𝐀𝐜 + (𝐆𝐥𝐜𝐍𝐀𝐜)𝒏
𝑴𝒈𝟐+

→    (𝐆𝐥𝐜𝐍𝐀𝐜)𝒏+𝟏 +  𝐔𝐃𝐏     ( 2 ) 

Thus, UDP-GlcNAc activates the enzyme by what seems to be an allosteric control, being able to perform only if 

its amount is enough to allow the formation of a long-chain product. Moreover, there is no metabolic alternative 

for UDP-GlcNAc formation, and so, the HBP is the only source of endogenous GlcNAc for chitin biosynthesis.52 

In addition, UDP-GlcNAc is used for the formation of N-glycosylated mannoproteins and the GPI anchor of 

membrane proteins in fungi. In mannoproteins, N-acetylglucosamine is only a minor component, although it 

plays a significant role by forming a (GlcNAc)2 bridge that links the core parts of N-linked branched 

oligosaccharide fragments to L-asparaginyl residues.52 Since it is only a minor element, it was discovered that 

inhibition of UDP-GlcNAc synthesis does not interrupt the mannoprotein production, but rather gives rise to the 

generation of their truncated, less glycosylated versions. With concern to the GPI anchors, composed in part by 

GlcN, it is questionable if the lack of UDP-GlcNAc supply would prevent it synthesis, however, no correlation has 

been described yet. In addition, it is believed that, at least for C. albicans and S. cerevisiae, the production of 

chitin, mannoproteins, and GPI anchors are the only means of UDP-GlcNAc utilization, because these fungi do 

not seem to biosynthesize other amino sugars rather than GlcNAc.33    



 

18 

 

Being UDP-GlcNAc the precursor for bacteria polysaccharide as well, chitin is considered a chemical analogous 

of the glycan backbone of peptidoglycan, which consists in alternating residues of GlcNAc and N-acetylmuramic 

acid.46 

1.2.9. Superior eukaryotic GlcN-6-P synthase and UDP-GlcNAc involvement in mannoproteins biosynthesis  

A variety of superior eukaryotic GlcN-6-P synthases have been isolated and studied, for instance, from rat, mouse 

and human sources. Numerically speaking, the sequence homology between the human Gfat (hGfat) and other 

eukaryotic enzymes, like the murine one, is 99%, which makes the enzyme study facilitated.34 Interestingly, it is 

known that nodM is the gene encoding for the enzyme in legume plants, which is responsible for GlcNAc 

production, used as signaling substrates to activate nodule formation.53  

In the human case, the gene encoding for the enzyme is located on the 2p13 chromosome.54 Interestingly, three 

isoforms of hGfat have been found, Gfat1, Gfat2, and Gfat1L. The first is established in the liver and adipose 

tissue, and thus, is the one to consider regarding this field of research. In other hand, Gfat2 has less significance 

for this topic since its function and expression occur mainly in the brain. Lastly, Gfat1L is described as a splice 

variant of Gfat1 and is found mostly in muscle tissue. What distinguishes Gfat1L from it variant is solely an 

addition of a 54 bp fragment on its coding sequence.55  

In mammals, the final product of the pathway that Gfat initiates, UDP-GlcNAc, and some remaining amino sugars 

produced by the HBP, are fundamental building blocks for glycosyl side chains, of proteins and lipids. The 

common tissue locations of UDP-GlcNAc are mostly adipose tissue, liver or muscle, wherein it is used as a glucose 

sensor, requiring or responding to glucose, amino acid, fatty acid and nucleotide metabolism for biosynthesis.40 

UDP-GlcNAc is the substrate to N-acetylglucosaminyl transferase (O-GlcNAc transferase) (EC 2.4.1.255), a 

cytosolic and nuclear enzyme which promotes reversible post-translational protein modification, glycosylation, 

allowing the traffic of O-linked N-acetylglucosamine (O-GlcNAc) to specific serine or threonine residues of target 

intracellular proteins (Equation 3). It is postulated that these post-translational procedures act as the nutrient 

sensor described above.56  Besides serving as donor sugar nucleotide to O-GlcNAc, it also has the same function 

for lipid and secretory protein complex glycosylation and GPI anchor synthesis.40 

{
𝑼𝑫𝑷 𝑮𝒍𝒄𝑵𝑨𝒄 + [𝒑𝒓𝒐𝒕𝒆𝒊𝒏] 𝑳 𝒔𝒆𝒓𝒊𝒏𝒆 ⇌  𝑼𝑫𝑷 + [𝒑𝒓𝒐𝒕𝒆𝒊𝒏] 𝟑 (𝑶 𝑮𝒍𝒄𝑵𝑨𝒄) 𝑳 𝒔𝒆𝒓𝒊𝒏𝒆

𝑼𝑫𝑷 𝑮𝒍𝒄𝑵𝑨𝒄 + [𝒑𝒓𝒐𝒕𝒆𝒊𝒏] 𝑳 𝒕𝒉𝒓𝒆𝒐𝒏𝒊𝒏𝒆 ⇌  𝑼𝑫𝑷 + [𝒑𝒓𝒐𝒕𝒆𝒊𝒏] 𝟑 (𝑶 𝑮𝒍𝒄𝑵𝑨𝒄) 𝑳 𝒕𝒉𝒓𝒆𝒐𝒏𝒊𝒏𝒆
   ( 3 ) 

The O-GlcNAc formed is responsible for several mechanisms within the cell, such as regulation of gene 

expression, signal transduction and protein movement and degradation. Both O-GlcNAc and phosphorylation 

can affect each other, competing at the same amino acid positions, because the O-GlcNAc linker sites are 

identical to the kinase phosphorylation sites in amino acids.45  

1.2.10. The role of GlcN-6-P synthase inside the cells: potential target for antimicrobial and antidiabetic therapy  

The role of GlcN-6-P synthase inside the cells is what makes it a potential target for therapeutic practices, and 

hence a point of focus. Two particular kinds of therapeutics have been investigated, such as antimicrobial therapy 
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or antidiabetic therapy, through the development of antifungal drugs and pharmacological intervention in type 

2 diabetes, respectively. 

The importance of the cell wall, as well as, the choice of targeting chitin was described previously, in chapter 

1.1.8. Briefly, since the cell wall is imperative for fungal survival, if the generation of chitin would be interrupted, 

a variety of mechanisms would be affected, for example, the osmotic sensitivity, morphology, and growth. As an 

enzyme involved in the biosynthesis of important cell wall building blocks, GlcN-6-P synthase is fundamental for 

fungal cells and deletion of the respective gene was proved to be fatal.57 Thus, the role of GlcN-6-P synthase in 

antifungal chemotherapy is based on the consequences of UDP-GlcNAc formation, which leads to lethal effects 

on the cells, with a consequent healing of infected patients. Moreover, since chitin is absent from vertebrates, 

inhibition of the respective biosynthesis is confirmed as a selective and, above all, safe choice for antifungal drugs 

development.58 

The physiological relevance of GlcN-6-P synthase in humans is more complex, and although it plays an important 

role, its inhibition is not mandatorily lethal for the entire organism. Regarding the antidiabetic therapy, the 

intracellular functions of GlcN-6-P synthase and UDP-GlcNAc are liable for glucose toxicity, also called chronic 

hyperglycemia, causing sequentially insulin resistance in mammals, clinically designated as a decrease in the 

insulin capacity to reduce the glucose level in the blood stream.30 

It was discovered, using adipocytes, that three components are essential for generation of insulin resistance 

induction, namely, glucose, glutamine and obviously insulin. Gfat is the first and rate-limiting enzyme of HBP and 

uses glutamine and a glucose metabolite, Fru-6-P, and so, an involvement of HBP as an energy/nutrient sensor 

was suggested. Glucose and glutamine are mandatory for raising the dynamic action of HBP, which translates 

into high levels of UDP-GlcNAc concentration.40 

Furthermore, due to the quick conversion of the substrates into UDP-GlcNAc, studies started to point out that 

the glycosylation of nucleocytoplasmic proteins by O-GlcNAc post-modifications could be the reason behind 

insulin resistance. Indeed, O-GlcNAc is also known for being part of β-cell apoptosis, the cells responsible for 

insulin secretion.40 

Besides, testing in vivo transgenic mice overexpression of Gfat in skeletal muscle proved to possess insulin 

resistance, together with the fact that infusion of glucosamine in the same animals produced the same effect. 

Hyperglycemia was also linked to higher Gfat activity levels in cultures of human muscle cells, as well as in the 

same kind of cells of type 2 diabetes individuals. Likewise, diabetes was confirmed to be associated with 

increased concentrations of hexosamine metabolites, including UDP-GlcNAc.59 

The role that HBP plays on the generation of insulin resistance has been controversial. The hypothetical 

mechanism by which O-GlcNAc transferase provokes insulin resistance is related to the fact that protein 

glycosylation is involved in the induction of a malfunction in the translocation of the insulin-sensitive glucose 

transporter, GLUT4. Nevertheless, Gfat is the target enzyme for this present potential therapy, because neither 

type 1 or type 2 diabetes were directly correlated with changes in O-GlcNAc transferase activity, which reveals 

that glucose-induced insulin resistance occurs via other mechanism rather than the one due to the latter enzyme. 
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Thus, those are the increment of Gfat activity previously mentioned, found on transgenic mice and diabetic 

patients. Obviously, increased activation of HBP also happens in the event of a higher glucose uptake.59   

Therefore, the identification of some specific proteins in this flux is important to better understand this 

mechanism and all the insulin signal inhibition, for example, the kind of proteins that suffer O-GlcNAc alterations 

due to hyperglycemia. As soon as these are identified, new and more effective therapies could be developed for 

type 2 diabetes patients.40 Due to the unclear and complex nature between HBP and insulin resistance, further 

investigations must be considered in order to prevent clinical complications that might arise whether the disease 

is not under control. Moreover, insulin resistance, apart from being present and well-defined in type 2 diabetes, 

is also characteristic in type 1 diabetes, obesity, and can also be present in a variety of conditions, such as 

glucocorticoid excess, polycystic ovary syndrome, cystic fibrosis, uremia, septicemia, etc. Diabetes is by far the 

disorder that affects more people, although the other conditions could also benefit from studies focused on this 

topic.60 

The study of GlcN-6-P synthase as a target for antidiabetic therapy and the further discovery of new drugs, would 

have a big impact on the population, since diabetes is largely spread worldwide. From all diabetes forms (type 1, 

type 2 and gestational), type 2 score an extreme number of 90 to 95% of all cases in the United States of America, 

for example, which accounts for 18% of their elderly population.55 Globally, in 2017, approximately 425 million 

adults (20-79 years) were living with diabetes.61 The other types of diabetes are not so prevalent, and for 

instance, gestational diabetes, which occurs in pregnant women, are solved after the pregnancy ends, although 

these patients have a higher chance of developing type 2 diabetes later in life. Plus, type 1 diabetes only occurs 

in a small extension of the global diabetes prevalence, and it is characterized by insulin-dependence, due to 

nonexistent insulin production in the pancreas, being a juvenile auto-immune disease. In contrast, type 2 is 

noninsulin-dependent, being influenced by insulin resistance effects and a deficiency in insulin production, 

mainly prevalent in adults above an age of 45, wherein the risk of occurrence increases with aging.55 

Although type 2 diabetes is assumed to be the most relevant condition, other human pathologies can also be 

influenced by GlcN-6-P synthase, since its properties and activity show some changes, especially in cancer cells 

and in inflammatory and ulcerative diseases.30 

Regarding cancer cells, Kikuchi et al. reported for the first time a higher enzyme activity in mouse Yoshida 

sarcoma cells when compared with normal liver cells, and after that, a wide number of reports declared the same 

findings in neoplastic tissues, that is, in actively proliferating cells and tissues.62 Other investigations even 

demonstrated that the enzyme from hepatomas was more sensitive to inhibition by UDP-GlcNAc when compared 

to the normal liver enzyme. Once more, the molecular mechanism of these changes is still unknown, however, a 

lower isoelectric point (pI) has also been detected inside these abnormal cells, being an indication that these 

phenomena are mediated by the post-translational phosphorylation occurring in mammalian cells. GlcN-6-P 

synthase is involved in cell surface glycoproteins biosynthesis in mammals, which are also related with malignant 

transformation, control of cell proliferation and cell-to-cell communication, and then, these alterations in the 

activity profile of the enzyme are assumed to be fundamental for neoplastic transformation.30 
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Concerning the remaining pathologies, it was pointed out for the first time by Goodman et al. that the existence 

of an increased activity of the enzyme in study in epithelial cells of colonic mucosa may imply Crohn’s disease, a 

type of intestinal inflammatory disease.63 With the intent of verifying this suggestion, by inducing inflammation 

in rats, a discovery of a two-fold increase of liver GlcN-6-P synthase activity was observed, being once more in 

parallel with the increased glycoprotein biosynthesis. On the other hand, the inhibition of the gastric mucosa 

enzyme, by drugs containing sodium salicylate or phenylbutazone as active compounds, was correlated with the 

ulcerogenic effect provoked by the therapy.30 

1.2.11. HBP enzymes as potential targets 

Within the HBP, four catalytic steps occur until the end-product formation, starting with GlcN-6-P synthase, and 

then continuing with GlcN-6-P N-acetyltransferase (Gna1), phosphoacetylglucosamine mutase (Agm1) and 

finishing with UDP-GlcNAc pyrophosphorylase (Uap1), as it was detailed in chapter 1.2.5. However, there are 

several reasons underlining why GlcN-6-P synthase is the ideal enzyme to target on this pathway beside the fact 

of being the first involved enzyme, with a practically irreversible reaction. Also, it is important to mention that, 

for those reasons, it has been more extensively studied than the remaining enzymes.  

For instance, in the Gna1 case, the enzyme presents a very low sequence similarity with its eukaryotic 

counterparts. Withal, no human version of Gna1 has been found yet.33 Furthermore, a C. albicans Gna1Δ null 

mutant version did not demonstrate the desired and required lethal effects and even possessed attenuated 

virulence against mouse models of candidiasis.64 

Moreover, although the Agm1 presents a high degree of similarity with its eukaryotic homologues, as an enzyme 

catalyzing an easily reversible reaction, it is implausible to suffer any metabolic regulations at the post-

transcriptional level.33 

The last enzyme, Uap1 seems to also possess a relatively high degree of homology, however, very limited data is 

available for this protein, especially regarding its regulation mechanism of activity in fungi. Although a certain 

inhibition caused by uridine was reported for S. cerevisiae and N. crassa enzymes in vitro, it is unknown whether 

the event has any physiological relevance.33 

1.2.12. Eukaryotic vs prokaryotic GlcN-6-P synthase: differences and similarities 

One of the first steps that allowed a deeper understanding of GlcN-6-P synthase was the determination of its 

primary structure, proceeded primarily with GlmS from E. coli in 1984 by Walter et al.65 After this event, about 

50 other enzyme sequences were identified from several distinct organisms.32 Nevertheless, the prokaryotic 

enzyme has been a more intense target for investigation, especially that from E. coli, and the study developments 

regarding the eukaryotic enzyme version are delayed when compared with the former. The first eukaryotic gene, 

from S. cerevisiae was cloned in 1989 by Watzele and Tanner and so far, accomplished purifications to 

homogeneity from rat liver and from C. albicans in 1999 by Milewski et al. were also described on literature.66,67 

In  C. albicans, location of the GlcN-6-P synthase encoding gene was found to be in Chr3_Ctg10123, in the allele 

with orf19.1618, orf19.9186, and coordinates 30533-32674, 30481-32622.32 
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Being an enzyme present in organisms from different origins, contrasts can be found between them, but 

resemblances are also shared. Statistical analyzes point to a 35 to 55% of sequence identity between bacterial 

and the enzymes from higher organisms, specifically, hGfat was found to share 84 and 69% of sequence 

homology, with Gfa1 and GlmS.31,34 In another study, the identity between Gfa1, and S. cerevisiae and E. coli 

enzymes, was defined as 72% and 39%, respectively.68 To lay emphasis on this statement a multiple alignment 

with several representative organisms is presented in Figure 1.10, wherein some differences and similarities can 

be observed on the primary structure of the enzyme. First, it is important to mention that eukaryotic enzymes 

are usually 40 to 90 amino acids residues longer, located in the C-terminal end of the GAT domain. According to 

the C. albicans numbering, those are the residues between position 219 and 284, which can be visualized in the 

same figure, by the gap on the E. coli numbering around residues 180 and 190. This fragment function is still 

unknown, but there are some debates about its possible involvement in the allosteric effector binding. However, 

these sequences do not demonstrate a relative amount of conserved residues between the organisms that 

contain them, and they also have a variable length.30,68  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10 - Multiple alignment of amino acid sequences of GlcN-6-P synthase, aligned by MULTALIN, with E. coli sequence 
counting. The first three lines correspond to prokaryotic examples, while the last three represent eukaryotic examples. 
The red filled boxes shed light on the conserved identical amino acids, while the blue lines delineate where the structural 
similar residues can be found, which are presented by red. 
Legend: Ec - Escherichia coli; NodM - Rhizobium leguminosarum; Bs - Bacillus subtilis; Ca - Candida albicans; Hs1 - Homo 
sapiens (Gfat1); Ce - Caenorhabditis elegans.30 
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On the other hand, within the similarities, it is postulated that all have a similar catalytic mechanism, as the active 

site residues are conserved. Considering the Gfa1 numeration, the Fru-6-P binding site encompasses the residues 

403-406, 450-455, 501-503, Leu539, Leu551, Lys588, Glu591, Gly599, Val600, His607 and Lys707. It is known that 

among the active site, Glu591, His607, and Lys707 are particularly relevant for the catalytic reaction, and for 

example, the mentioned 450-455 residues are responsible for creating a loop enclosing the phosphate part of 

the substrate and stabilize the compound by generating hydrogen bonds with the phosphate oxygen atoms. 

Highly conserved regions identified as both domains, ISOM and GAT, are another shared feature.69 

Yet, one significant difference is based on their secondary structure, regarding the fact that prokaryotic enzymes 

are homodimers, with each monomer containing the two domains, while the eukaryotic version is 

homotetrameric, being described as a “dimer of dimers”, wherein each dimer structure resembles the one of 

GlmS (Figure 1.11). For the bacterial enzyme, it is already known that the domains are connected by a linker and 

solvent-inaccessible hydrophobic channel, responsible for the ammonia transfer from domain to domain.31 Since 

the dimeric prokaryotic enzyme is not inhibited by UDP-GlcNAc, the inhibitor binding site appears to be a unique 

feature of the tetrameric GlcN-6-P synthase. Hence, generally, the prokaryotic enzymes possess a molecular 

weight between 130 and 150 KDa, whereas the for eukaryotes it usually ranges between 320 to 340 kDa.30 

Specifically, Gfa1 is formed up by 712 amino acids, with a total MW of 320 kDa and an estimated dry volume of 

387.5 (±20) Å, whereas GlmS contains 608 amino acids, forming a dimer of 130 kDa, and hGfat is composed of 

698 amino acids, with a MW indicated as 4 x 77.6 kDa.34,70,71 

 

Figure 1.11 - Correlation and structural similarities between prokaryotic and eukaryotic GlcN-6-P synthase. The green 
dashes are enlightening one dimer and the whole bacterial structure, in the eukaryotic tetrameric structure. The red dashes 
are representing one of the two different domains, namely the ISOM domain.69 

The GlmS GAT domain is composed by the residues 1 to 239, consisting largely of antiparallel β-sheets, while the 

ISOM part is composed by the residues 249 to 608. Therefore, it is clear that the residues 240 to 248 build up the 

connection between both domains, formed by the flexible linker.31 On the other hand, in Gfa1 the GAT domain 

is composed by the residues 1 to 345 and the ISOM domain from 346 to 712.72 In Figure 1.12, the enzyme 

architecture is exhibited for both GlmS and Gfa1, wherein a visual comparison of the structures can be observed. 

Some loops and helices, and both similarities and differences relevant to the enzyme interpretation, can be 

clarified in its secondary structure. Those are pointed out also in Figure 1.12 and 1.13. The majority of these 

elements is similar, but some exceptions were found, for instance, the residues 500 to 509 in GlmS form a so-

called helix CE, that does not exist in Gfa1. On the other hand, Gfa1 contains an extra helix, not existent in GlmS, 
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between strand C3, build up by residues 620 to 623, and helix CF, formed by residues 629 to 642, taking into 

consideration Gfa1 counting. Generally, the most similar were the helices NA, ND, NH and CA, CB and CH, while 

the biggest disparity was recognized in the CF helix.71 

In addition, what ensures the tetrameric architecture of Gfa1 is concentrated on a loop, made up by the residues 

522 to 528, connecting helix NH, from residue 505 to 521, to the strand CA, from 529 to 549 residues, together 

with arginines 394 and 442, that promote interactions between the dimers.71 Also, residues 177 to 185 form the 

so-called Q-loop, responsible for shielding the glutaminase site from the solvent upon glutamine binding.31 

 

 

 

 

 

 

 

 

 
Figure 1.12 - Comparison between the secondary structures of GlcN-6-P synthases.  
i) Close up of some elements from the GlmS structure, namely (2), (3) and (4). 
ii) GlmS structure. The GAT domains are represented by cyan in the edge of the enzyme in opposite sides, whereas the 
ISOM domains are located in the middle of the enzyme, each one in a different blue shade. (1): Q-loop (in pink); (2): His-
loop (in orange); (3): C-tail (brown); (4) Binding of Fru-6-P (in orange). 
iii): Gfa1 structure. Each monomer of the tetrameric structure is demonstrated a by the different green shades from A to 
D, wherein A and D represent the same monomer as well as B and C. Therefore, each dimer is formed by the dimer A and 
B or C and D. Legend: (1) His-loop (in orange); (2) Extra helix between C3 and CF (in red); (3) Loop connecting helix NH and 
strand CA in each monomer (in pink); (4) Arginines 394 and 442 (interacting between A and C or B and D) (in the middle of 
the enzyme); (5) Binding of UDP-GlcNAc (in gray).31,38 

 

 

Figure 1.13 - Residues alignment of Gfa1 and GlmS ISOM domains, as well as, respective matching with their secondary 
structure. Residues responsible for interactions between different subunits are exposed in green for dimer to dimer 
connections and blue for tetramer rearrangement. Violet color indicates residues involved in the catalytic active site. Red 
color highlights the residues involved in the UDP-GlcNAc binding pocket. Orange frames represent residues not conserved, 
relevant in the secondary structure. For instance, it was suggested that the substitution of Pro506 (GlmS) by Ile609 (Gfa1) 
apparently raises the His-loop flexibility of the latter. Meanwhile, the two remaining ones are related to the strong 
differences found out on the helix CF.71 
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Disparities in the orientation of subunits are also present. When comparing the enzymes by superimposition, the 

ISOM domains from both origins differ by a rotation of around 10°. The element contributing the most to this 

disparity is the helix CF, having an angle of about 30ᵒ of difference.71 The same goes for His-loop and the C-tail, 

also showing contrasts. The disparities between both C-tails will be detailed hereafter, but what concerns the 

His-loop is based on non-conservative residues. Surprisingly, the majority of the residues involved in the inter-

subunit contacts are conserved in both enzymes, although their interactions show different patterns.31 

Besides, the mechanism of activity regulation is another topic also enclosed in the differences set between the 

prokaryotic and eukaryotic enzyme. The control of GlcN-6-P synthase activity is extremely well organized, which 

makes sense due to the important role of the enzyme in amino sugar biosynthesis. However, the essence of these 

regulation mechanisms is deeply dependent on the enzyme source, that is, from species to species. 

The enzyme regulation can be separated into three distinct phenomena, consisting in transcriptional and post-

transcriptional regulation, and through the reaction end-products.31 (To facilitate the understanding of this 

content, the enzymes which will be mentioned in the chapter are represented in Figure 1.5). 

In a transcription level, according to what has been studied over the years for the E. coli case, and so generalized 

prokaryotes, it is known that the enzymes forming the HBP are encoded by the GlmUS operon, that is transcribed 

from two promoters located upstream of GlmU. No promoter is present upstream of GlmS, indicating that the 

genes encoding the last two enzymes have a co-expressing behavior.31 

On the other hand, on a post-transcriptional level, it was discovered that GlmUS messenger ribonucleic acid 

(mRNA) suffers ribonuclease E (RNase) action at the level of the GlmU termination codon, and that GlmS mRNA 

possesses an extremely powerful and specific stabilization.31 However, it was also found that a decrease in GlmS 

enzyme activity provokes the mentioned stabilization, suggesting a feedback regulation of GlmS concentration 

by GlcN-6-P. GlmZ and GlmY are two small RNAs (sRNA) involved in this retroregulation, by stimulating the 

accumulation of GlmS mRNA and translated protein. Therefore, these sRNA intensify gene expression, instead of 

interacting negatively with mRNA, in contrast to what usually occurs in E. coli. Since the GlmS and GlmU are co-

expressed in a transcriptional level, the stabilization of GlmS mRNA is presumably the reason for an 

uncoordinated expression of both enzymes. Another regulation element is the gene YhbJ, from the rpoN operon, 

which was also correlated with the GlmS overexpression and further stabilization, when it was studied with 

mutation protocols. Hence, a regulation feedback was hypothesized, as it is proposed in Figure 1.14. YhbJ senses 

the GlcN-6-P levels, by a mechanism still unknown, which leads to a level control of the full-length GlmZ sRNA.73     

 

Figure 1.14 - Model for the feedback regulation of GlmS mRNA by the small RNA GlmZ, in response to GlcN-6-P.73     
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However, other types of GlcN-6-P sensitive can also head this regulation in prokaryotes, but it also includes the 

involvement of ribozymes. 

The regulation through the end-products is mediated by GlcN-6-P, the direct end-product of GlcN-6-P synthase 

reaction. Nevertheless, GlmS is only inhibited by this molecule at millimolar concentrations. For E. coli, a KI of 380 

µM for this event was reported, which measures the affinity between the inhibitor and enzyme, having an 

inversely proportional value with the affinity. In contrast to the eukaryotic enzymes, GlmS is not inhibited by 

UDP-GlcNAc, which is responsible for the feedback regulation of the former one.31 All these prokaryotic 

characteristics have been confirmed in several distinct bacterial enzymes, and thus it seems to be a common 

property.30 

Changing the topic to eukaryotic enzymes, a wide variety of transcriptional regulation of GlcN-6-P synthase has 

been reported for different origins.  It is known that the enzyme regulation at this level, in yeasts, requires the 

presence of Glc7p protein phosphatase, and that in a mouse model, it was found a CCAAT box, several GC boxes, 

Sp1, AP-1, and AP-2 sites in the gene promoter, but lacking of the canonical TATA box.30 In mammals, Gfat 

expression is rigorously tissue-dependent.31 

On a post-transcriptional and translational gene regulation, some speculations can be considered, such as the 

fact that gene expression might be regulated by riboswitches, located in the untranslated regions or within 

introns. However, this system was not described in the Gfat version. Apart from that, in contrary to prokaryotes, 

eukaryotes possess defined sites for either transcription or translation and their mRNA are monocistronic.31 

Regarding the regulation through end-products, the UDP-GlcNAc effect has already been mentioned. Several KI 

values have been reported during the past years for different organisms. For C. albicans it was measured 0.7 

mM, while for rat liver enzyme a 6 µM was described and for the human case, a 4 µM value.30,74  

The amino acids responsible for its binding are conserved among eukaryotic sequences, and the binding pocket 

is built up by residues 381-388, 474, 476, 484 and 487-492, according to Gfa1 numeration.69 Some of these 

residues are also highlighted in the already presented Figure 1.13, and the interactions between them and the 

inhibitor are highlighted in Figure 1.15. As expected, the UDP-GlcNAc binds to the pocket in a well-ordered way, 

wherein the nucleotide part interacts with the protein, while the glucosamine moiety points away from the 

domain. While the inhibitor uracil ring generates interactions that contribute to the compound stabilization 

inside the binding cavity. On the other hand, the N-acetylglucosamine moiety seems to stay exposed to the 

solvent and does not enrich considerably to the interaction. These findings, together with the great 

superimposition of the dimers, conjecture that UDP-GlcNAc conforms itself in a well-defined architecture, with 

the N-acetyl moiety of the N-acetylglucosamine group folding back in the direction of the uracil group. This 

supposition suggests a hook shape when the ligand is found attached to the enzyme.34 The inner part of the 

pocket is composed by Gly474 and Val476, whereas the flange is formed by Ser484, the sidechain of Thr487, the 

main-chain of residues 489 to 491 and finally His492. The N3 atom of UDP-GlcNAc uracil moiety has two hydrogen 

bonds, precisely with the hydroxyl group of Thr487 and with the carbonyl oxygen of Ser484. The 489-491 

fragment is practically flat, and it is parallel to the uracil plane, wherein interactions between the aromatic ring 
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and the residues in this fragment extremities are created. Interestingly, the amino acids forming the mentioned 

pocket are well conserved among eukaryotic enzymes, with exception of the sequence from Caenorhabditis 

elegans.71 

 

 

 

 

 

Figure 1.15 - UDP-GlcNAc binding to ISOM domain regarding Gfa1 residues counting. The inter-interactions created by 
hydrogen bonds are represent by black dashed lines. Interactions between the metal ion (violet sphere), the protein and 
UDP-GlcNAc are demonstrated in grey dashed lines. The latter mentioned interactions were a new observation that took 
place along crystallization studies. Although, the metal ion identification is uncertain, with results suggesting either sodium 
or magnesium, but there is a higher chance that the present metal could be sodium. The link between these molecules 
happens with the carbonyl oxygen atom O2 of the uracil moiety of UDP-GlcNAc and for the enzyme with the carbonyl 
oxygen atoms of Ser484, Arg485, Thr487 and two water molecules as the remaining ligands.71 

Eukaryotes possess one more way of self-regulation, through post-translational phosphorylation, which was 

detected in different sites while investigating the protein primary structure. Specifically, cAMP-dependent (cyclic 

adenosine monophosphate) protein kinase A (PKA) was discovered to upregulate the enzyme activity, possessing 

Ser205 and Ser243 (serine) (hGfat1) as putative phosphorylation sites. In addition, the typical phosphorylation 

site is well conserved among the eukaryotic enzymes, being identified as Ser208 for C. albicans.33 The 

phenomenon increases the Gfa1 and rat Gfat activity, and impressively blocks the hGfat activity, although it does 

not show any interaction with UDP-GlcNAc.30 Apart from PKA, AMP-activated protein kinase (AMPK) and 

calcium/calmodulin-dependent kinase II, CaMKII, also play a role in this phosphorylation, which was proved to 

result in a 1.4-fold increase of hGfat activity. Cleary, this mechanism still needs further research, also due to its 

explicit connection between the HBP and AMPK signaling pathway for hGfat regulation. This special interest is 

related to the fact that AMPK signaling pathway is involved in fatty acid oxidation, lipid metabolism, lipolysis and 

glucose transport.31 

Therefore, all this information points to the existence of a sophisticated network for regulation of the eukaryotic 

enzymes, wherein a lot of knowledge is still missing. 

1.2.13. Investigation of GlcN-6-P synthase structure by X-ray crystallography 

X-ray crystallography is used with the intent of creating a three-dimensional molecular structure from a crystal, 

being the preferable technique nowadays for structure determination of several biological compounds, including 

proteins. This technical approach enlightens the scientific fields that have the necessity of comprehend the 

structural properties of a macromolecule, in order to provide more details that facilitate the understanding of 

unsolved questions.75 With emphasis on the aim of this project, it is also important to focus on the fact that one 

of the many fields in which X-ray crystallography can grant elucidation is in structure-based drug design. Along 

with the project aim, the combination of the crystal structures in complex with the substrates and/or inhibitors 
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allows the identification of which residues are involved in the binding sites and therefore postulate a mechanism 

for each interaction, as well as determine conformational changes that may happen during the catalytic 

reactions. 

Technically, this method works using a beam, from the crystalline atoms, of incident X-rays that diffract into 

several directions. With the measurement of the intensities and angles of the diffracted beams, a 

crystallographer is able to create a 3D image of the electrons density, which enables the calculation of the atoms 

mean position within the crystal, in addition to its chemical bonds and molecular rearrangement.75 

However, such technique demands specific prerequisites, which can turn out arduous to provide. These start by 

the requirement of a reliable protein source as well as a purification/concentration procedure able to provide a 

high-quality yield in a homogeneous solution.75 

As it was mentioned previously, among all GlcN-6-P synthases, the E. coli enzyme has been the most studied, and 

so, the best characterized protein. On the contrary, in eukaryotic enzymes, the structure of the whole GlmS was 

already solved by X-ray crystallization, enlightening the knowledge of its nature. The first partial bacterial X-ray 

structure was obtained in 1996, from E. coli, while the full one was solved in 2001, both by the same authors, 

Teplyakov et al.76,37 Unfortunately, only a partial characterization given by X-ray crystallization is available for the 

Gfa1 case, reported in 2005 and 2007 by Rypniewski et al.72,71 

The 2007 study from Rypniewski et al regarding the ISOM domain of Gfa1 complexed with either Fru-6-P or UDP-

GlcNAc demonstrated the evidence of two different binding sites for the substrate and inhibitor, which possess 

more than 10 Å in between them. Additionally, it was found out that the Gfa1 active site contains a more open 

structure than the one revealed by GlmS. The eukaryotic C-tail showed to be disordered, and another visible 

difference resides in the loop containing His607, suggested to assist the sugar ring opening, and demonstrated 

to be either disordered or adopting a distinct conformation from that on GlmS.71 

It is important to refer that most of the findings given by this partial crystallization studies were already referred 

in the previous chapter, describing differences and similarities between the prokaryotic and eukaryotic GlcN-6-

P synthase. Nevertheless, the data was gathered with the lack of the glutaminase domain, and so, it cannot be 

an absolute example and model of the full extend enzyme. Besides, it is reasonable to acknowledge that only in 

the presence of the complete protein, the molecular base of the inhibitory effect of UDP-GlcNAc can be fully 

understood.  

In addition, while exploring mutated Gfa1 versions lacking the isomerase domain, the inhibition effect is normally 

witnessed in the presence of UDP-GlcNAc was observed. And, with hGfat, the opposite was tested, a mutein 

lacking the glutaminase domain was investigated. It was then verified that, in comparison with an isolated 

isomerase domain, the presence of the GAT domain translates in a 4-fold increase for the KD value, confirming 

that the GAT domain indeed impacts the binding affinity somehow. These considerations actively suggest the 

existence of an interdomain communication between GAT and ISOM domains truly influence the inhibitor 

binding.34 
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Hence, solving the complete X-ray crystalize structure of the eukaryotic proteins is essential to interpret all the 

specificities and particularities of its properties. The investigations must involve the presence or absence of 

several substrates, products, inhibitors or combinations of them.  

1.3. RATIONAL DESIGN OF GLCN-6-P SYNTHASE INHIBITORS  

This project also has a component regarding the inhibition by UDP-GlcNAc, and so, it should be emphasized the 

importance of rational design of analogues of this substance. 

Several approaches can be developed in order to enhance specificity in enzyme inhibition, such as exploring 

transition state analogues, or the so-called suicide or mechanism-based inhibitors, or even multisubstrate 

analogous inhibitors.77 In sum, the aim is to mimic most the relevant properties such as charge, shape and 

polarity, while designing the analogous.58 

Nonetheless, that is not the only significant feature to reflect about, some other important factors must be 

considered. For instance, conformation changes upon substrate binding must be taken into account, otherwise 

it can lead to a failed or poor design. Besides, a certain balance on the complexity of the drug should be reached 

to avoid complications such as synthesize unstable compounds or reduce its odds of crossing the cell membrane 

and attack the target. Besides that, from the moment it is identified how an analogous behaves (when affecting 

the target enzyme properly), attention must be assigned to understand the minimal structural requirements for 

that specific inhibition in order to construct compounds more likely to have medical value. Likewise, the 

administration method is another particularity to put efforts in a more advanced staged.77 

Once again, without detailed and accurate information about the enzyme X-ray crystallographic data and its 

inhibition mechanism of action, the rational design of more effective inhibitors is delayed. Future practices 

should take into consideration new proposals for inhibition mechanisms or identification of novel functional 

groups that would enhance the binding procedure to the enzyme. Lately, this specific drug design development 

and its request for the ideal analogous has been extensively focused on UDP-GlcNAc, which is also in accordance 

with this project.58 

Along with this topic, it is extremely important to enlighten the fact of why it is possible to create a drug that can 

attack Gfa1 while C. albicans is invading human tissues, but that same drug does not lead to lethal effects on 

hGfat, which in normal conditions is essential for the well function of the human body. The discovery took place 

on Bates et al. investigation, which consisted in studying the GlcN-6-P synthase activity from rat livers, together 

with the drug N-acetyl-6-diazo-5-oxo-L-norleucine (Duazomycin A).78 It was postulated that the mammalian Gfat 

gene possesses a quick turnover, which means that in an event of a stressful condition, the DNA turnover would 

be the cause of DNA maintenance (such as mismatch repair), mutagenic end-joining, recombination (and 

recombinational repair) or other DNA repair activities.79 In summary, the basis for GlcN-6-P synthase in anti-

microbial therapy lays on selective toxicity. The latter is another extremely significant characteristic on the 

analogous inhibitors design, which in this specific case, means leading to lethal effects on fungi, whereas 

mammalian cells have the capacity to outlive while new copies of its enzyme are biosynthesized.30 In other words, 

a short-time inactivation of GlcN-6-P synthase in fungal cells is enough to provoke their death, but the same 
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phenomenon in mammalian cells does not cause lethal effects, due to the longer lifespan, as well as, longer 

enzyme’s half lifetime and a rapid re-expression of Gfat gene.80 

One recent study-case regarding the rational design of analogous inhibitors will be presented, wherein the 

effects were exanimated on the hGfat. In first place, the purpose of the study was the identification of putative 

binding modes for UDP-GlcNAc, by saturation transfer difference nuclear magnetic resonance techniques. A 

variety of compounds was tested, all deriving from the known inhibitor, covering both of its extremities. Those 

were UDP-glucose, uridine diphosphate (UDP), uridine monophosphate (UMP), uridine (U) and N-

acetylglucosamine-1-P (GlcNAc-1-P), and their fragmentation on the molecule can be found in Figure 1.16. On 

the other hand, the UDP-glucose was constructed by substitution of the acetylamino group by hydroxyl.34 

 

Figure 1.16 - UDP-GlcNAc fragmentation in several derivatives, namely UDP, UMP, U, and GlcNAc-1-P.34 

The molecule uridine showed to be unable to bind itself to hGfat, demonstrating that, without at least one 

phosphate group, the interaction is denied. Besides being essential for the correct positioning of the uridine part 

in the binding pocket, the mono or di-phosphate groups are fundamental in the agglomerate stabilization by 

electrostatic interactions between phosphate and arginine residues. UDP-glucose did not appear to have any 

different effect from the original molecule, regarding the binding mode and inhibitory reaction. GlcNAc-1-P 

demonstrated to not have a proper affinity to the enzyme, failing to bind to it, which can be seen as an interesting 

fact, since it is the previous compound in UDP-GlcNAc formation in the hexosamine pathway. In addition, it was 

observed the requirement of the complete N-acetyl moiety on the UDP-glucose assay. Because, in the GlcNAc-

1-P assay, it did not evidence to be enough for binding itself, and the latter molecule lacks the UDP group, not 

showing binding effects. Summing up, the N-acetyl part is not mandatory for the binding phenomenon, albeit 

dowers the molecule with inhibition properties.34 

Nevertheless, none of these compounds proofed to fit as an inhibitor, such as the original molecule, showing a 

poor inhibition effect.34 Despite this findings, further studies must be performed to confirm the conclusions and 

different kind of fragmentations or group replacement in the molecule should be considered. 

However, some antimicrobial drugs are expected to have inhibition effects on GlcN-6-P synthase and have 

already been studied. In order to understand the emergence of studies about inhibition by UDP-GlcNAc, it is 

important to clarify the history of the studies with these ancient drugs. 

For instance, the most extensively studied drug, the oligopeptide tetaine (also known by bacilysin or bacillin), is 

distinguished for negatively affecting cell growth, especially in the mycelial form in vitro, by inhibiting chitin and 

mannoproteins, and also affecting the septum formation, triggering cell agglutination and lysis. It was also the 

first recognized selective inhibitor of the enzyme. Its tested activity was reversible, on both morphological forms, 

by GlcN and GlcNAc, therefore indicating that GlcN-6-P synthase is the only vital enzyme for the cellular viability 
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of the HBP, which is targeted upon the oligopeptide function on the cell.81 Nevertheless, what inhibits the enzyme 

is not exactly the whole agent, because after being transported to the intracellular environment by permeases, 

once inside the cell, the peptidases rapidly cleave the compound, but its C-terminal, called anticapsin, is 

responsible for the antifungal action.47 Interestingly, this phenomenon canalized an evolution in drugs 

development, by application of the “smugglins” concept, consisting in the placement of hypo permeable amino 

acid analogous into oligopeptides, taking advantage of considerable tolerant microbial peptide permeases, 

turning the drug uptake within the cells more successful. Thereby, the effect of anticapsin administered alone 

had also been investigated, wherein its action was proved in the 1970s, and besides this peptide, other glutamine 

analogues have been shown to be selective inhibitors of GlcN-6-P synthase, such as, synthetic derivates of L-2,3-

diaminopropanoic acid.30,82 However, tetaine and its respectively derivates shown a cytostatic adverse activity 

against human cells, which consists in the inhibition of cell growth and multiplication. This impact was mediated 

by the entire oligopeptide, inhibiting DNA and RNA polymerases activity, due to the poor cleavage, supposed to 

be done by the peptidases. These unfortunate findings were conducted in HeLa S3 cells.83 

Another well described group of synthetic compounds that were presumed to fulfill all the factors to become a 

powerful candidate for GlcN-6-P synthase inhibition are oligopeptides containing N3-(4-methoxyfumaroyl)-L-2,3-

diaminopropanoic acid, designed by FMDP-peptides. These molecules are once more glutamine analogs acting 

on the binding pocket of the GAT domain, and therefore blocking the N-terminal of the enzyme by promoting 

the formation of a covalent bond with the sulfhydryl group of Cys1, an important element of the catalytic 

reaction.80 Besides providing antimicrobial activity both in vitro and in vivo against the enzyme, they also shown 

to hold a low animal toxicity when tested in murine.84 Studies about the antifungal action of these peptides 

verified the same evidences given out by the tetaine researches, which consists on the fact that the transport 

rate to the interior of the cells is the limiting factor in the antimicrobial action of these drugs.85 Apart from the 

fact that glutamine is also the source of nitrogen for several other enzymes, surprisingly, it seems that the 

glutamine analogue FMDP and its derivatives possess a good selective level for GlcN-6-P synthase and they do 

not interfere with other enzymes, even within the same family of glutamine amidotransferases. The reason 

behind this effect lies in the existence of differences in the glutamine binding site geometry for the different 

enzymes on the family.80 Unfortunately, they presented an extremely low stability in serum, which prevents 

further research for the elaboration of a putative potent drug.85 In addition, regarding the aim of this project, it 

is important to mention that in one specific study for Gfa1, the intensity of sensitivity between FMDP and UDP-

GlcNAc was studied, wherein the latter demonstrated a 4-fold more sensitivity  than the former.68 

Moreover, 1,2-anhydro-hexitol-6-P has been studied as a potential inhibitor for the enzyme among Fru-6-P 

analogues. It mimics a transition stage compound of the reaction in study, that occurs in the ISOM domain. A 

variety of putative reactive intermediate analogues have been also tested, including arabinose-5-phosphate 

oxime and respective methylene phosphonate analogue, 2-amino-2-deoxy-D-glucitol-6-P (ADGP) as the 

structural analogue of cis-enolamine, and 5-methylphosphono-D-arabinohydroximolactone, mimicking the 

fructosimine-6-P.30,86 

Some of the compounds that have been mentioned in this section are illustrated in the following Figure 1.17.  
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Figure 1.17 - 2D structure of antifungals agents. From left to right: tetaine, anticapsin, FMDP, ADGP.33,80 

Other compounds were proposed in recent years, nevertheless, once the studies went deeper they showed 

insufficient antifungal activity. Some examples are the oligopeptides lindebein, CB-25-J, chlorotetaine and the 

amino sugar kanosamine.87,88,89,90 

The ideal antifungal agent must possess an elevated antifungal activity, a wide antifungal spectrum, fungicidal 

action, mechanisms against induced resistance and capacity to overcome multidrug resistance, and above all, 

low or inexistent animal toxicity. And so far, none of the accessible therapeutic antifungal drugs fulfill all these 

demands.91 

1.4. COMPLICATIONS IN GLCN-6-P SYNTHASE INVESTIGATIONS  

Some major difficulties can turn the GlcN-6-P synthase study into a hard time. Although the prokaryotic enzyme 

has been extensively studied, mainly in E. coli, investigations of the eukaryotic enzyme are limited so far, largely 

due to the fact that it is an unstable protein and because until recently its purification was inefficient, delaying 

its investigation.34,69 In addition, as mentioned above in 1.2.13, another topic with a strong influence on the delay 

of studies is based on the unsolved crystallographic issues. The complete crystal structure of the eukaryotic 

enzyme has not been solved yet and it was only made recently. Until today, only one of the domains crystal 

structure is solved, the isomerase domain, and still some elements of high mobility are not visible on it, like the 

so-called C-tail or H-loop.71 This is translated into an imperfect quality for the obtained model. Besides, the 

molecular mechanism details of inhibition taking place under UDP-GlcNAc influence are far from clear, since the 

incomplete crystal structure was not able to provide this entire data. The lack of a complete information on the 

binding site of this inhibitor does not help the situation either. In order to better understand all these concepts 

and elements, an improvement in the quality of X-ray crystallography is required.34,69 

1.4.1. How to overcome purification problems 

The poor availability of homogeneous enzyme preparations for the eukaryotic GlcN-6-P synthase was a 

complicated problem to overcome until recently. The purification of the WT enzyme was being described as over 

hard-working and inefficient, with complications encountered mainly in stability, especially during ion exchange 

column chromatography, culminating in poor protein recovery.30,92 As an example, even in 2000, the purification 

of the WT Gfa1 overexpressed in E. coli was reported as laborious and a time-consuming six-step process, but 

with a final preparation containing only approximately 5% of impurities.70 

Taking advantage of model organisms to overexpress the enzyme and the beginning of the use of relatively rapid 

techniques, such as fast protein liquid chromatography (FPLC), accelerated the development of further studies.30 
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However, the situation started to change with the introduction of the application of oligoHis tags or glutathione-

S-transferase bead techniques. The fusion of these tags generates the creation of muteins with this extra addition 

on either their N- or C- terminals, which could be efficiently purified. Although, the majority demonstrated a poor 

activity in the end.56,92 As an example, one of the mentioned study attempts reported a purification near 

homogeneity, with a yield between 70 to 80% wherein, apart from the desired non-influence on the quaternary 

structure, it highly influenced the catalytic activity of Gfa1. The His6-tag on the N-terminal led to an entire loss 

of the capability in ending product formation, as well as for amidohydrolase activity, and partially for the 

hexosephosphate-isomerising activity. Moreover, the C-terminal His6-tag variant demonstrated an 

amidohydrolase activity very similar to that of the WT enzyme, but solely 18% of hexosephosphate-isomerising 

activity and approximately 1.5% of synthetic activity. Therefore, the introduction of an oligoHis tag allows a very 

effective and rapid purification of the protein, although it decreases the partial catalytic activity of the domain 

where the tag is located and, consequently overall GlcN-6-P synthesizing activity.93 It is important to note that 

the aforementioned investigation took place in 2006, while in contrast, the first successful purification to 

apparent homogeneity of the E. coli enzyme occurred in 1991.94 

Nevertheless, Czarnecka et al. were able to achieve an efficient purification of C. albicans enzyme constructed 

and overexpressed in E. coli, using immobilized metal-ion affinity chromatography (IMAC). The construction was 

made in a pET23b system plasmid and by application of a recent technique back in 2012, based on the 

development of a specific 3D analysis of six His residues between two subunits of the ISOM domain. The main 

goal was to find regions where a hexaHis fragment could be inserted to replace a native hexapeptide but having 

as priority that this insertion had the smallest possible effect on the enzyme activity. Since the structure of the 

entire enzyme is unknown, the investigation was performed on the already solved ISOM domain. Therefore, the 

pET23b-K568HS569H plasmid with Gfa1 gene was created, and the engineered enzyme was constructed by 

replacing the Lys568 and Ser569 residues of the WT enzyme by His residues. These site-direct mutageneses are 

based on the fact that His596 from C. albicans is a homologous of His493 in E. coli, which is an element of the 

His465-His466-His493 array. A hexaHis microdomain occurs with this histidyl triad connected each other in the 

3D structure of the bacterial dimeric enzyme. Moreover, this phenomenon appears to be the cause for GlmS 

binding to metal affinity resins, as reported by Zachova et al.95 In order to form this triad and consequent 

hexahistydyl microdomain on the quaternary structure, the Lys568 and Ser569 residues from C. albicans were, 

therefore, the target for the site-mutageneses because they are the counterparts of bacterial His465 and His466. 

In summary, it was created a particular 3D arrangement of six His residues, composed by two histidyl triads 

derived from bordering protein subunits.92 

Furthermore, the plasmid construction resembled the WT enzyme in all its functional and structural properties, 

including sensitivity to UDP-GlcNAc, proving that the novel substitutions do not intervene with the inhibitor 

binding. And so, this constructed plasmid was chosen to materialize this project, and is represented in Figure 

1.18. 
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Figure 1.18 - Left: Map of the plasmid pET-23b, with respective enzyme restriction sites. Right: Map of the pET23b-
K568HS569H-CaGFA1, used on the present project.96 

1.4.2. How to overcome mobility problems: C-tail 

In order to try to understand more deeply the inhibition mechanisms and to find a way of obtaining a more 

complete crystal structure of Gfa1 in the future, regarding the mentioned elements of high mobility not present 

on it, a molecular modeling study was conducted. Due to the enzyme instability, computational tools seem to be 

a good first option to better understand the UDP-GlcNAc molecular mechanism of inhibition. The molecular 

dynamic simulations were carried out in Gromacs software and after comparing the simulations results, 

differences in mobility were clearly visible. Several comparisons were created by overlapping combinations of 

simulations with or without Fru-6-P binding, and with or without UDP-GlcNac binding.69 

Since in recent crystal studies no relevant differences were observed when comparing the structure between the 

enzyme bounded with the inhibitor or in a free state, it was assumed that it was either due to unavailable 

residues in the given structure or the inhibition nature requires motion alterations in some ISOM domain 

fragments after UDP-GlcNAc binding.69 Using the second hypothesis as basis, it has been postulated that one of 

these important fragments is the C-tail, and that, at the moment of the inhibitor binding, its rigidification may 

cause the interruption of the signal transmission between the two domains and thus provoke a loss of activity.97 

When analyzing the mobility results and comparing the trajectories by the root mean square fluctuations (RMSF), 

some regions curves were overlapping, namely residues between 505 to 520 and 540 to 550. In contrast, strong 

differences were observed for specific and relevant fragments of the enzyme, like the active site, inhibitor binding 

site, and the C-tail. Figure 1.19 is one of the available examples that help in the understanding of these properties. 

It was also noticed that the binding of each of the ligands separately to the free ISOM domain provokes the C-

tail transition to a less mobile stage. This rigidification was postulated to occur due to the emergence of newly 

created hydrogen bonds and salt bridges upon binding of the ligand, and not exactly to the properties of the 

binding molecule.69 In addition, other reports on the bacterial enzyme described a so-called more ordered 

protein, upon substrate binding, especially observed for the C-tail, once more. In the free enzyme model, this 

fragment was stated as unordered, creating a regular loop in Fru-6-P presence.38 
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Figure 1.19 - RMSF values (top graphic) and RMSF differences (bottom graphic) simulated for Gfa1 bonded with UDP-
GlcNAc and with or with substrate bond. In the bottom graphic, the difference is positive when the represent residue has 
become more mobile upon the substrate binding, while it is negative if the residue becomes less mobile. The investigation 
was carried on a 45-300 ns range for the enzyme without the substrate and on a 140-300 ns range for the enzyme with the 
substrate, wherein only Cα atoms were treated, and the results were averaged over the tetramer. 
Legend: Cyan - Inhibitor binding site; Magenta - Active center; Yellow - C-tail.69 
 

As visualized in Figure 1.19, in general, it is observed that the binding of the substrate seems to have a stabilizing 

effect on the active site - all residues that are responsible for the substrate binding became more stable. Plus, 

the C-tail was the most mobile element of the ISOM domain present in the analysis, where Lys707 demonstrated 

the biggest variations. This seems to be relevant, since the residue belongs to the active site, which is in parallel 

with the previous findings. However, this mechanism must be slightly different from the one verified in E. coli, 

because, in an opposite way to C. albicans enzyme, the whole GlmS is visible in the crystal structure, including 

the C-tail. These observations suggest that the level of the C-tail rigidification for the eukaryotic version is lower 

than the observed in the prokaryotic version.69 

Interestingly, this mobility changes upon binding of UDP-GlcNAc are not homogeneous within the entire C-tail. 

While its extremities toughen, the inner part turns more motile, which can relate with the Lys707 residue since 

it is located in the middle of the tail and is one of the residues involved in the substrate binding. Thereby, while 

the latter is occurring, new bonds are being formed on that particular region, modifying its rigidity. Besides the 

emphasized case of Lys707, when both ligands are bond to the enzyme, the remaining residues that built up the 

active site display an elevation on its mobility patterns. Hence, since the existence of a greater stability of a 

binding pocket is crucial, these authors hypothesized that the increased mobility profiles of the active site 

residues interrupt the substrate bonding, when UDP-GlcNAc is bonded as well. Combining with the increased 

mobility of Lys707 and respective decrease regarding its four adjacent residues, that are involved in the 

communication and signal transferring between the two domains, all points in the direction that inhibition by 

UDP-GlcNAc does imply an interference with the signal transfer via the C-tail, as well as, causing destabilization 

of the active site upon its binding.69   

In GlmS, the C-tail forms an irregular loop, covering the Fru-6-P binding site like a lid after its binding. In other 

words, the C-tail becomes ordered upon sugar ligation, but this conformational change is not visible on the crystal 

of Gfa1, wherein the C-tail remains disordered. This stabilization is also connected with the ammonia channel 
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formation. In sum, an identical mechanism appears to occur for Gfa1, however in a lesser extent way. That is, 

sugar binding also rigidifies the C-tail, but since there is no tail “lock”, the degree is not enough for the tail to 

become entirely ordered, and so, that is the reason why the fragment is not visible on the crystal structure.69 

This C-tail consists in the last twelve amino acids of the C-terminal of the protein. For GlmS, the tail starts with 

Asp596 (D; aspartic acid) and finishes with Glu608 (E; glutamic acid), whereas for Gfa1, it is formed between 

Asp700 and Glu712.69 These residues are highlighted in Figure 1.20, as well as, the remaining that will be relevant 

later on. 

Besides, in the E. coli situation, the cause for C-tail immobilization on its extremities is the formation of salt 

bridges with other nearby amino acids, forming a lock on each end. The C-tail’s both ends rigidify and create 

these locks holding it from both sides, while a very mobile loop takes place in between its terminals. For a better 

understanding of the concept, Figure 1.21 allows a visual exemplification for the prokaryotic case. 

In the prokaryotic enzyme, located at the beginning of the ISOM domain, more precisely at the N-terminal of the 

α-helix, some very conserved residues can be classified. The side chains of Lys245 (K) and His250 (H), that will be 

mentioned further, in combination with Tyr251 (Y), Met252 (M), Gln253 (Q) (tyrosine, methionine, glutamine) 

shape a P-loop-like structure, able to bind negatively charged groups. Although in C. albicans, the tyrosine is 

replaced by a phenylalanine (F), this architecture is also assumed to occur. The interesting part of this fragment 

is that it bounds itself to the carboxyl moiety of the Asp596 sidechain (for E. coli; Asp700 for C. albicans), which 

is highly conserved among GlcN-6-P synthases. Thus, since these two parts have an opposite position, one 

belonging to the C-terminal and the other to the N-terminal of the domain, this interaction develops a compact 

structure with both terminals zipped to each other. 

 

Figure 1.20 - Multiple sequence alignment of GlcN-6-P synthase ISOM domain from human (hGfat), E. coli (GlmS) and C. 
albicans (Gfa1) cells. 
Legend: Yellow - identical part of the C-tail; Red - relevant amino acids for the project that will be mentioned further, as 
well as, the end of the C-tail, Glu712; Green - residues that immobilize the N-terminal part of the C-tail and form the P-
look-like structure, plus Asp700 (C. albicans counting).69 
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Figure 1.21 - Dimer of GlmS ISOM domain, wherein the blue chain consists in the C-tail, and the CPK model (in cyan and 
red) is representing the Fru-6-P in the active site. Clos-eups at the bottom of the image: left side corresponds to end of the 
C-tail (C-terminal), whereas right side corresponds to the beginning of the C-tail (N-terminal).69 

As shown by the previous figures, the beginning (N-terminal) of the C-tail in both GlmS and Gfa1 versions consists 

in the same amino acid, aspartate (D), respectively Asp596 for E. coli and Asp700 for C. albicans, with also the 

same amino acids creating the connecting bridges. Lys245 and His250 for E. coli, and Lys347 and His352 for C. 

albicans, respectively. These residues form a lock immobilizing the C-tail and are represented by first, second 

and last green column of Figure 1.16.  

On the other hand, at the end of the C-tail in GlmS, the Glu608 is locked by salt bridges formed with the side 

chains of Lys503 and Arg331. In Gfa1, the difference takes places in the position 434, wherein the arginine (R) is 

replaced by a leucine (L), therefore a vital part of the C-tail lock is missing. The remaining residues are conserved 

for Gfa1, denominated by Glu712 and Lys606. These residues are also illustrated in red in Figure 1.20. Therefore, 

this is the reason why Gfa1 C-tail mobility is less restricted than the one from prokaryotes. The lack of the lock 

on the C-tail may condition the degree of its mobility and also its susceptibility to mobility changes upon the 

inhibitor binding, causing enzyme activity loss, since the inhibition mechanism in both enzyme versions is so 

distinct.69 

To verify if this difference in the amino acids was the feature causing the high mobility level on the C-tail, and 

consequent nonappearance on the crystal structure, a L434R mutation was analyzed by the same computational 

approaches. A L434R mutation means a point mutagenesis process on the sequence, replacing the leucine from 

the position 434 for an arginine. The results showed that this mutation could provide a visible C-tail on the crystal, 

and the authors proposed a further investigation, which could be proved by a laboratorial experiment.69 And this 

is where this present project takes place and come to life.   

1.5. AIM AND SCOPE OF THE PROJECT 

The aim of the project was based on the construction of a mutant version of C. albicans GlcN-6-P synthase. 

Although the relevant mutation was already described in the previous chapter, i.e. L434R, it was necessary to 

plan another amino acid substitution. To make the main mutation possible in a physical way, and not just in a 
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computational simulation, it is fundamental to consider steric hindrance. As exposed in Table 1.2, the L434R 

mutation leads to the introduction of an amino acid residue (R) with the side chain more spacious than that of 

the original (L). Introduction of the more bulk residue in this place might impose a local steric hindrance, 

disturbing enzyme structure and functionality. Thus, the strategy was to remove the steric hindrance and find 

room to insert the arginine residue due to another amino acid substitution. This mutation, namely L460A, had to 

be executed first. The reason behind the chosen location was due to the proximity of 460 and 434 residues in 

the 3D structure, and Ala434 would correspond to the Ala357 residue in the prokaryotic GlcN-6-P synthase 

(highlighted by the second red column in Figure 1.20). In addition, a 3D structure of the mentioned amino acids 

is available in Figure 1.22. 

Table 1.2 - Properties of the relevant amino acids considered for the construction of the mutant version L434R L460A of 
GlcN-6-P synthase from C. albicans.98,99,100,101 

Residue Molecular weight (g/mol) Number of atoms Average volume (Å3) 

Arginine (R) 174.20 26 225 

Leucine (L) 131.16 22 168 

Alanine (A) 89.09 13 92 

 

  

 

 

Figure 1.22 - 3D structure conformation of arginine, leucine, and alanine, respectively from left to right. Carbon atoms are 
represented in grey, nitrogen in blue, oxygen in red and hydrogen in cyan.98,99,100 

In summary, the goal of the project was to construct and characterize the L460A L434R mutant version of GlcN-

6-P synthase from C. albicans, by mimicking a more prokaryotic version of this enzyme and creating the missing 

lock, to investigate and shed light on the understanding of the significance of the influence of mobility changes 

regarding enzyme activity and inhibition by UDP-GlcNAc. In addition, the artificial introduction of the C-tail lock 

might enlighten the still unknown inhibition mechanism of the enzyme and could provide a better-quality X-ray 

crystallization, so needed for this enzyme. So far, biochemical analyses of recombinant enzyme variants have 

remarkably developed the knowledge and understanding of a wide range of enzymes and particularly this class 

of enzymes.   
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2. MATERIALS AND METHODS 

In order to have a better comprehension of this chapter, a summarized schedule of the study will be given for 

clarification. The project involves three main parts: construction of the first mutation (L460A), construction of 

the second mutation (L434R) and characterization of the mutein constructed. 

The first part encloses the following steps: 1) E. coli Top10F’ competent cells preparation; 2) plasmid pET23b-

K568HS569H transformation into E. coli Top10F’ competent cells; 3) isolation of plasmid DNA from recombinant 

E. coli Top10F’cultures; 4) 5’Pho-PCR for L460A mutagenesis and PCR optimization; 5) DpnI digestion; 6) agarose 

electrophoresis and DNA extraction from agarose; 7) ligation; 8) plasmid pET23b-K568HS569H – L460A 

transformation into E. coli Top10F’ competent cells; 9) isolation of plasmid DNA from recombinant E. coli 

Top10F’cultures; 10) sequencing. The steps 2 and 3 were executed in order to obtain an adequate amount of 

DNA for the ensuing mentioned steps. 

For the second part, all the previously mentioned steps were repeated, with the difference being the used 

plasmid. instead of the original one, the plasmid with the first mutation was used to carry on the project. This 

part comprises the following steps: 11) 5’Pho-PCR for L434R mutagenesis and PCR optimization; 12) DpnI 

digestion; 13) agarose electrophoresis and DNA extraction from agarose; 14) ligation; 15) plasmid pET23b-

K568HS569H – L460A L434R transformation into E. coli Top10F’ competent cells; 16) isolation of plasmid DNA 

from recombinant E. coli Top10F’cultures; 17) sequencing.  

The last part beholds the following steps: 18) E. coli BL21(DE3)pLysS and E. coli Rosetta(DE3)pLysS optimization 

assays for protein expression transformation by the plasmid pET23b-K568HS569H – L460A L434R; 19) Gfa1 

K568HS569H – L460A L434R protein overexpression; 20) Gfa1 K568HS569H – L460A L434R protein purification; 

21) Gfa1 K568HS569H – L460A L434R protein characterization.  

2.1. BACTERIAL STRAINS AND GROWTH MEDIA 

For all the cloning procedures, the Escherichia coli TOP10 F′ competent cells from Invitrogen were used, 

possessing a following genotype: F´ {lacIq, Tn10(TetR)} mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 

ΔlacX74 recA1 araD139 Δ(ara leu) 7697 galU galK rpsL (StrR) endA1 nupG. This strain is often used for routine 

cloning, and provides a transformation efficiency of 1x109 cfu/µg supercoiled DNA, which makes it an ideal strain 

for high-efficiency cloning and plasmid propagation.102,103 

For GlcN-6-P synthase overexpression, two different strains from Novagen were tested. These strains are specific 

for protein expression with a high transformation efficiency, one being E. coli BL21(DE3)pLysS with the genotype 

F- ompT hsdSB (rB
- mB

-) gal dcm (DE3) pLysS (CamR), and the other one being E. coli Rosetta(DE3)pLysS, possessing 

the genotype F- ompT hsdSB (rB
- mB

-) gal dcm lacY1 (DE3) pLysSRARE (CmR). Both are applied as a high-stringency 

expression host, which means that the fact of the strain being a λDE3 lysogen make them suitable to expression 

from T7 promoters. The only difference between these strains is the addition of the element pLysSRARE in E. coli 

Rosetta(DE3)pLysS cells case.104 Furthermore, Novagen guarantees a transformation efficiency of 2×106 cfu/µg 

test plasmid for these strains.105 All the genotype keys are described on Attachment I. 
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For the cloning purposes, the E. coli TOP10 F′ competent cells had to be prepared in an initial stage. The cells 

were firstly inoculated overnight at 37 o C with 20 mL of Luria-Bertani (LB) liquid medium [1% (w/v) NaCl, 1% (w/v) 

peptone and 0.5% (w/v) yeast extract] supplemented with 0.1 mg/mL of tetracycline. After reaching an optical 

density (OD) of 0.4 at 600 nm and 37 ᵒC, using 1 mL of the inoculum in 100 mL of LB medium with 0.1 mg/mL of 

tetracycline, the cell suspension was transferred to ice for 30 minutes. After cell separation by centrifugation for 

10 minutes at 4000 rpm, discarding the supernatant and further resuspension on cold buffer, the cells were 

incubated on ice for 30 more minutes. A new centrifugation with the same parameters took place, supernatant 

was discarded, and cells were resuspended in cold CaCl2/Glycerol buffer. The resuspension was distributed in a 

100 µL portion per microtube and frozen at -80 ᵒC for further utilization. The first mentioned buffer was 

composed by a combination of 2.5 M of CaCl2 with 0.5 M of PIPES (1,4-piperazinediethane sulfonic acid). The 

CaCl2/Glycerol buffer was composed by the previous mixture, plus 45 mL of 100% glycerol and autoclaved water 

to reach 300 mL. 

For the rest of the procedures, E. coli were cultured at 37 ᵒC incubation on LB solid medium [1% (w/v) NaCl, 1% 

(w/v) peptone, 0.5% (w/v) yeast extract and 1.5% (w/v) agar] and in LB liquid medium supplemented with 0.1 

mg/mL of ampicillin. 

2.2. DNA MANIPULATION 

2.2.1. Plasmid 

The pET23b-K568HS569H plasmid with Gfa1 gene encoding C. albicans GlcN-6-P synthase was from the 

Department of Microbiology, Gdańsk University of Technology. 

2.2.2. E. coli transformation protocol 

E. coli cells were transformed according to the standard heat shock method, as well as, the ligation of DNA 

fragments.106 The procedure started by adding 1 µL of DNA plasmid or 10 µL or ligation mixture to 100 µL of E. 

coli competent cells. After 1h of incubation on ice in the plasmid case and 2h in the ligation mixture case, the 

heat shock was made by water bath at 42 ᵒC for 90 seconds, followed by an ice incubation for 2 more minutes. 

After addition of 0.5 mL of LB liquid medium, for plasmid transformation, 100 µL portions of the resulting culture 

were spread on the surface of Petri plates containing LB solid medium with 0.1 mg/mL of ampicillin. For the 

ligation mixture, before cultures are spread in the Petri plates, an additional water bath at 37 ᵒC for 1h is 

necessary. After overnight growth, the colonies were harvested and added to 20 mL of LB liquid medium with 

0.1 mg/mL of ampicillin and left to grow overnight once again. 

In some cases, an additional concentrated version of the culture mixture was made, to be further spread into the 

Petri plates to facilitate the growth of more colonies, in the same conditions mentioned previously. In other 

words, after taking the initial 100 µL, the mixture was centrifuged at 7000 rpm, followed by its supernatant pellet, 

taking advantage of the concentrated portion to colonize more Petri plates. 



 

41 

 

The transformation procedures were made with the plasmid pET23b-K568HS569H containing Gfa1, further that 

with the mutated plasmid pET23b-K568HS569H – L460A and lastly with pET23b-K568HS569H – L460A L434R. 

Gfa1 contains 2142 nucleotides and the whole plasmid comprises a total of 5772 bp. 

2.2.3. DNA isolation 

DNA plasmids isolation was carried out according to the protocol of GenElute Plasmid Miniprep Kit (Sigma), with 

50 µL as final volume.107 Further DNA concentration was determined by spectrophotometry in a Nano-drop 

equipment (BioSpec-nano, Life Science), as well as, the DNA OD ratio at a wavelength of 260 nm and 280 nm 

(OD260/280).  

2.3. CONSTRUCTION OF EXPRESSION PLASMIDS 

2.3.1. Site-directed mutagenesis by PCR 

The Gfa1 gene was amplified from the plasmids by polymerase chain reaction (PCR) with two primers 

phosphorylated at the 5′ ends, enabling further ligation of the PCR product into a vector. Phusion Flash High-

Fidelity PCR Master Mix (Thermo Scientific) was used, which contains a specific polymerase capable of amplifying 

long sequences (until 7.5 kb genomic) in short periods of time (15 s/kb) and has also the capability of doing 

proofreading.108 It means, it makes rapid and accurate PCRs, as necessary, especially to guarantee the occurrence 

of the site-directed mutagenesis. 

The primer sequences used in PCR amplifications are summarized in Table 2.1, as well as, its specifications. The 

PCR programs for each mutagenesis are detailed in Table 2.2 and 2.3, whereas the reactions mixture composition 

for PCR amplifications are compiled in Table 2.4 and 2.5. 

Table 2.1 - Oligonucleotides used for PCR amplification of the genes encoding the required mutations of C. albicans GlcN-
6-P synthase. Codons and nucleotides introducing mutations are underlined. Legend: bp - base pairs; Tm - annealing 
temperature; CG -cytosine/guanine content.    

Required 
mutation 

Primer sequences Length (bp) Tm (ᵒC) CG (%) 

1st 
mutation: 

L460A 

Gfa1_460for: 
5’-Pho-GGCTTTACAATATTGTTTGGAAAGAGGAG 

29 57.3 38 

Gfa1_460rev: 
5’-Pho-GCAATGGAGTCGGCAGTTTCACC 

23 58.8 57 

2nd 
mutation: 

L434R 

Gfa1_434for: 
5’-Pho-CGGGATAGAAGATCTCCAGTTTTCAGAGATG 

31 61.7 45 

Gfa1_434rev: 
5’-Pho-GAAATCAGAAGCTAATTCAACCGAAACGGG 

30 60.3 43 
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Table 2.2 - PCR program used for amplification of the site-direct mutagenesis L460A of C. albicans GlcN-6-P synthase.108 
For the annealing step, the temperature was set 60 ᵒC with a ΔT of 2 ᵒC. 

Cycle step 
3-step protocol 

Cycles 
Temp. (ᵒC) Time (s) 

Initial denaturation 98 10 1 

Denaturation 98 1 
 

30 
Annealing 60 5 

Extension 72 90 

Final Extension 
72 60 

1 
4 hold 

 

Table 2.3 - PCR program used for amplification of the site-direct mutagenesis L434R of C. albicans GlcN-6-P synthase.108 
For the annealing step, the temperature was set 60 ᵒC with a ΔT of 3 ᵒC. 

Cycle step 
3-step protocol 

Cycles 
Temp. (ᵒC) Time (s) 

Initial denaturation 98 10 1 

Denaturation 98 1 
 

30 
Annealing 63 5 

Extension 72 120 

Final Extension 
72 60 

1 
4 hold 

 

Table 2.4 - Reaction mixture composition for testing annealing temperatures for PCR amplification of the site-direct 
mutagenesis L460A of C. albicans GlcN-6-P synthase.108 

Component Volume per reaction (µL) Final concentration 

H2O 7 - 

PCR mix 10 1 µM 

Primer forward 1 0.5 µM 

Primer reverse 1 0.5 µM 

Template 1 1.84 ng/µL 

Total 20  

 

Table 2.5 - Reaction mixture composition for PCR amplification of the site-direct mutagenesis of C. albicans GlcN-6-P 
synthase.108 

Component 

1st mutation: L460A 2nd mutation: L434R 

Volume per reaction 
(µL) 

Final concentration 
Volume per reaction 

(µL) 
Final 

concentration 

H2O 17.5 - 17 - 

PCR mix 25 2.5 µM 25 2.5 µM 

Primer forward 2.5 0.5 µM 2.5 0.5 µM 

Primer reverse 2.5 0.5 µM 2.5 0.5 µM 

Template 2.5 1.84 ng/µL 3 7.05 ng/µL 

Total 50  50  
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2.3.2. DNA digestion 

After completion of all the PCRs, digestion of the products was followed by the enzyme DpnI, with the intention 

of eliminating the template DNA. Its function is to cut the methylated DNA, like the original DNA, and so, the PCR 

products remain untouched and the template is cut. Thus, making it a very important step to make sure that the 

experiment continues with only the mutated plasmid. The reaction mixture composition for DpnI digestion of 

PCR products is presented in Table 2.6, as indicated by the manufacturer Thermo Scientific. After the mixture is 

prepared, it is succeeded by an incubation period of 30 minutes at 37 ᵒC.109 

Table 2.6 - Reaction mixture composition for DpnI digestion of PCR products.109 

Component Volume (µL) 

10X  FastDigest Green Buffer 5 

DpnI 1 

PCR product 40 

Water (nuclease free) 4 

Total 50 

2.3.3. Agarose gel electrophoresis 

To determinate if the PCR products had the correct weight, an agarose gel electrophoresis was set up, with a 

DNA marker with a range from 10 000 to 200 bp from Blirt (Figure 2.1).110 

 

 

 

 

 

 

Figure 2.1 - Agarose gel electrophoresis band profile of the DNA marker with a range from 10 000 to 200 bp from Blirt.110 

For the preparation of the agarose gel, a solution with 1% or 0.8% agarose (in case it is for execution of gel-out) 

with 50 mL of Tris-acetate-EDTA (TAE) buffer should be boiled until the agarose is completely melted. After the 

solution has cooled down, 4 µL of Midori Green stain was added to the solution, and so it can be placed into the 

casting tray in combination with the combs.  

The TAE buffer described is an aqueous 50X diluted solution, with a pH of 7.5, adjusted with 24.2 g of Tris base, 

5.7 mL of Glacial acetic acid and 10 mL of 0.5 M EDTA (pH 8.0) with a total volume of 100 mL. This buffer is also 

used for the electrophoresis chamber.   

Regarding the loading of the gel, each well was loaded with a mixture of 1 µL of 6X Sample loading buffer and 5 

µL of sample, whereas the DNA marker was loaded with an amount of 10 µL. For the gel-out case, the wells were 
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fulfilled with 25 µL of each sample, and the one for the marker with 5 µL of itself. There is no need to add the 

sample loading buffer, since previously, during the enzymatic digestion of the PCR products, Green Buffer was 

already added. 

A standard protocol of 120 Volts for 30 minutes was run, and 60 Volts during 1 hour was used for the gel-out 

protocol.111 DNA fragments were isolated from the agarose gel following the standard procedure of DNA Gel 

Extraction kit (Sigma) with 25 µL as final volume.112 

The equipment used to photograph and analyze the electrophoresis gels are BioRad System Geldoc XR+ and 

Image LabTM Software, respectively. 

2.3.4. DNA ligation 

To convert the linear PCR products into plasmids again after the gel-out, the products were ligated with T4 DNA 

Ligase (5 u/µL), giving the recombinant pET23b-K568HS569H - L460A and pET23b-K568HS569H - L460A L434R 

plasmids. This is possible due to the ligase capability of catalyzing the formation of a phosphodiester bond 

between the 5’-phosphate and 3’-hydroxyl terminals. The reaction mixture composition for DNA ligation is 

presented in Table 2.8, as indicated by the manufacturer supplier Termo Scientific. After the mixture is prepared, 

it is succeeded by an incubation period of 10 minutes at room temperature (22 ᵒC).113 

Table 2.7 - Reaction mixture composition for DNA ligation.113 Two different reactions were made for each mutagenesis to 
test which one could offer the better conditions: one had 5 µL of DNA, whereas the other had 15µL. 

Component Volume (µL) Volume (µL) 

10X T4 DNA Ligase Buffer 2 2 

DNA 5 15 

Water (nuclease free) 12 2 

T4 DNA Ligase 1 1 

Total 20 20 

 

2.3.5. Sequencing  

The identification of the resulting plasmids with the required mutations was confirmed by DNA sequencing 

(Genomed).114 For each case the same primer was used to perform the sequencing, which was: gfa_seq434_460f: 

CTATGAGAGGTAGAATTGATTTTGAA, possessing a length of 26 bp, an annealing temperature of 57.3 and 30.8% 

of GC content. 

2.4. PROTEIN EXPRESSION 

Firstly, an overexpression optimization was made, wherein 3 parameters were studied: strain, optical density 

(OD) and culture conditions. Regarding the strain, E. coli BL21(DE3)pLysS and E. coli Rosetta(DE3)pLysS were 

studied, for the OD, 0.4, 0.5 and 0.6 were tested and regarding culture conditions, temperature and time were 

the chosen to study. 
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In respect to the protein biosynthesis induction, it was triggered by 0.5 mM of isopropyl β-D-1-

thiogalactopyranoside (IPTG), because the plasmid used is a pET system which consists of a powerful tool for 

protein expression that can be controlled with IPTG. The way this molecule regulates the enzyme expression is 

based on the existence of a lac operator sequence just upstream of the T7 RNA polymerase gene, as illustrated 

in Figure 2.2. This type of plasmid systems also carries the natural promoter and coding sequence for the lac 

repressor, lacI. Normally, it acts as a blocker of the lac operator, and thus, the T7 RNA polymerase transcription 

will not be performed as well as the target protein gene, since that is the only polymerase capable of transcribing 

it. Besides, IPTG is a molecular mimic of allolactose, a lactose metabolite that triggers transcription of the lac 

operon, and it is therefore used to induce recombinant protein expression where the gene is under the control 

of the lac operator. Therefore, IPTG binds itself to the repressor, so that it cannot block all the process and then 

the target protein will be transcribed in higher amounts than basal protein from the host.104 

 

Figure 2.2 - Demonstration of IPTG function in host cells for expression with pET systems as plasmids.104 

After the optimization, a large scale overexpression took place, taking into consideration that the best culture 

conditions found previously, wherein the E. coli Rosetta(DE3)pLysS cells harbouring the pETGfa1 K568HS569H - 

L460A L434R plasmid were cultured at 37 ᵒC in 800 mL of LB medium supplemented with 0.1 mg/mL of ampicillin 

to reach OD600 = 0.5, followed by induction with 0.5 mM of IPTG and further overnight incubation at 30 ᵒC. Then, 

after the incubation, cells were harvested by centrifugation for 20 minutes, at 4000 rpm and 4 ᵒC, and stored at 

-20 ᵒC for further use. 

2.5. PROTEIN PURIFICATION 

The enzyme passed through a rapid purification by immobilized metal-ion affinity chromatograph (IMAC). In this 

type of chromatography, the elution of the His-tagged proteins, like the target enzyme, happens by increasing 

concentrations of imidazole, with a gradient elution. 

It started with a suspension of the bacterial pellet in 10 mL of buffer A, and the cells were disrupted by sonication 

on ice (5 x 30 s bursts, with 30 s intervals, at a power setting of 30, using a Branson sonifier 250). The total lysate 

was further centrifuged (10000 rpm, 20 min, 4 ᵒC). The supernatant was loaded on a HisTrap FF 5 mL column (GE 

Healthcare) equilibrated with buffer B. This column was precharged with Ni Sepharose™ 6 Fast Flow, making it 

ideal for purification of histidine-tagged recombinant proteins by IMAC. Histidine-tag increases the affinity 

towards Ni2+ and generally make the histidine-tagged protein the strongest binder among other proteins.115 

Afterward, the column was washed with 5 column volumes of buffer B, and subsequently, the elution run with 



 

46 

 

buffer C. The rate remained between 0.5 and 1 mL/min, depending on the back pressure of the device. Thus, the 

imidazole gradient was given by buffer B and C, starting with 5 mM and finishing with 500 mM of this component. 

Target enzyme fractions were collected and concentrated by ultrafiltration using the Vivaspin concentrators, 30 

kDa cutoff limit (VivaScience) at 4500 rpm for 10 minutes. In the end of the purification procedure, the buffer 

where the enzyme was in solution was exchanged for buffer D using HiTrap™ Desalting Columns (GE Healthcare) 

composed by the media Sephadex™ G-25 Superfine cross-linked with dextran beads which allows excellent 

resolution and high flow rates. This exchange in buffers is intended to store and stabilize the enzyme for a longer 

period of time and remove low molecular weight contaminants, including the nickel ions.116  

The buffers mentioned previously are described as follow. Buffer A: 20 mM Tris-HCl, pH 8.5, 300 mM NaCl, 5 mM 

imidazole, 1% (v/v) Tween 20, 1 mM phenylmethylsulfonyl fluoride (PMSF); Buffer B: 20 mM Tris-HCl, pH 8.5, 

300 mM NaCl, 5 mM imidazole, 1% (v/v) Tween 20; Buffer C: 20mM Tris-HCl, pH 8.5, 300 mM NaCl, 500 mM 

imidazole; Buffer D: 25 mM KH2PO4/K2HPO4, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM dithiothreitol 

(DTT), 0.5 mM phenylmethylsulfonyl fluoride (PMSF) pH 6.9. 

It is important to mention that, it is essential to add EDTA, because it acts as a masking agent to sequester the 

remaining metal ions that might elute together with the protein, and would interfere with the analyses.117 Also, 

it is fundamental to add DTT to prevent intramolecular and intermolecular disulfide bonds from forming between 

cysteine residues of proteins, especially for Cys1, since it is essential the enzyme mechanism. And PMSF is 

necessary as a serine protease inhibitor.118,119 

2.6. PROTEIN CONCENTRATION DETERMINATION 

Protein concentration was determined by the Bradford method.120 The assay is based on the formation of a 

complex between the dye Brilliant Blue G and proteins in solution. The protein dye complex causes a shift in the 

absorption maximum of the dye from 465 to 595 nm, turning the amount of absorption proportional to the 

protein present in solution. Therefore, the sample absorbances were measured at 595 nm, and the Bradford 

reagent used was from Sigma-Aldrich.121 

2.7. PROTEIN MOLECULAR MASS DETERMINATION 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was executed by the Laemmli method, 

with 200 V for 50 min, with a 12% separating gel and a 5% stacking gel. This method separates proteins based 

primarily on their molecular weights. The SDS binds along the polypeptide chain, and the length of the reduced 

SDS-protein complex is proportional to its molecular weight.122  

To prepare the samples for this electrophoresis after overnight culture, 1 mL of E. coli overexpression cells are 

pellet by centrifugation (5 min, 10000rpm), followed by supernatant decantation and cell resuspension with 100 

µL of 1% SDS. After 5 minutes of incubation at 100 ᵒC, addition of 100 µL of Sample buffer (sigma-Aldrich), and 

again 5 minutes of incubation at the same temperature, the samples are apt to be analyzed by SDS-PAGE 

electrophoresis. 
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The procedure for the samples after purification is more simplified, wherein is only necessary to perform the 

addition of 10 µL of Sample buffer to 40 µL of sample and further incubation for 5 minutes at 100 ᵒC. 

The gel was later stained with Coomassie blue for 10 minutes and destained for 24 to 48 hours. 

For analysis purposes, bands migration distance on the SDS-gel was determined using the ImageJ software. 

For the analysis of the overexpression optimization results from the SDS-PAGE electrophoresis, it was used a 

protein ladder from 250 to 10 kDa (Figure 2.3). The results should be found near the 70 kDa band, since in 

denaturing conditions, the mutein has a molecular weight of 79.33 kDa, calculated based on its amino acid 

sequence, according to ProtParam tool.123 

 

Figure 2.3 - SDS-PAGE band profile of the PageRuler Plus Prestained Protein Ladder from Thermo Fisher.124 

2.8. DETERMINATION OF GLCN-6-P SYNTHASE ACTIVITY 

The determination of GlcN-6-P synthase activity was realized by Elson-Morgan method.82 This assay is based on 

the quantification of product formed, GlcN-6-P, spectrophotometrically, reading the absorbance in a spectrum 

of 585 nm. It is highly specific and relatively sensitive and therefore it has been the method mostly used for GlcN-

6-P synthase activity. 

The standard incubation mixture had 400 µL as a total, carried 100 mM of Fru-6-P, 100 mM of L-glutamine and 

the buffer composed by 25 mM of KH2PO4/K2HPO4, 1 mM of EDTA and 1 mM of DTT, pH 6.9. Moreover, different 

and appropriated enzyme dilutions were added to the mixture, and when necessary, an inhibitor (UDP-GlcNAc). 

Additionally, positive and negative controls were inserted in the experiments, respectively, a sample only with 

phosphate buffer and 1 mM of product, GlcN-6-P, and a sample without inhibitor as a negative control in the 

case of the inhibition tests. One unit of specific activity (U) was defined as the amount of enzyme which catalyzed 

the formation of 1 µmol GlcN-6-P min-1 mg protein-1. 

The reaction was started by a 37 ᵒC incubation for 30 min, and stopped by heating at 100 ᵒC for 1 min. Next, 200 

µL of saturated NaHCO3 and 100 µL of acetone solution with 10% (v/v) of acetate anhydride were added, with 

further incubation at room temperature for 3 min. The acetylation was terminated by a 100 ᵒC incubation for 3 

min. The assay continued with the addition of 200 µL of 0.8 M of K2B4O7, pH 9.2, and one more incubation at 100 

ᵒC during 3 min. Lastly, 5 mL of Elson-Morgan reagent was added to the reaction mixture and its incubation lasted 

for 20 min at 37 ᵒC. The Elson-Morgan reagent consisted of 1 g of 4-dimethyl-aminobenzaldehyde (ADAB) per 

100 mL of glacial acetic acid and 1.25 mL concentrated HCl.  
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3. RESULTS AND DISCUSSION 

3.1. Construction of the expression plasmids 

3.1.1. DNA concentration 

In Table 3.1, the DNA isolated was the original one, the plasmid pET23b-K568HS569H, and since it was the first 

time that the isolation kit was being tested with this plasmid, it was necessary to clarify if either water or the 

elution solution would be translated in better results. The elution solution had the composition of 10 mM Tris-

HCl, 1 mM EDTA at pH 8.0 and the water was nuclease free. Regarding the nominated table, sample 1 

corresponds to the elution process with water, while sample 2 corresponds to the one with the specific solution.  

The supplier indicates that the ratio of absorbance at 260 to 280 nm should be between 1.7 and 1.9.107 Thus, 

although sample 2 has a higher DNA concentration, this ratio is not ideal. This means that the following plasmid 

isolations were made always and only with nuclease free water. This mentioned ratio is a measure of purity, 

wherein values around 1.8 are accepted as “pure” for DNA samples. A low 260/280 purity ratio might imply the 

presence of proteins, phenol or other contaminants that absorb strongly at or near 280 nm. If the ratio is 

considerably higher than expected, it does not compulsorily evidence the existence of a problem, although it 

may indicate a poor-quality blank, eliminating too much signal near the 280 nm wavelength. Although purity 

ratios are meaningful indicators of sample quality, the best indicator of DNA quality is its functionality in the 

downstream application of interest.125 

Determination of DNA concentration is also essential for calculation of its exact volume necessary for the PCR 

mixture reaction, in this case, for the first mutagenesis construction. 

Table 3.1 - Nucleic acid concentration and ratio of absorbance at 260 nm to 280 nm, for the DNA isolation of the plasmid 
pET23b-K568HS569H. Sample 1 corresponds to the DNA isolated with nuclease free water, and sample 2 corresponds to 
the DNA isolated with the elution solution from the GenElute Plasmid Miniprep Kit. 

Sample Nucleic Acid Conc. [ng/µL] OD 260/280 

1 18.44 1.70 

2 46.37 2.89 

The following Table 3.2 refers to the DNA isolation of the plasmid pET23b-K568HS569H – L460A. From the solid 

culture medium, five colony forming units (CFU) were picked to increase the chances of finding a plasmid with 

the desired mutation. It is important to mention that neither these colonies had satellite colonies surrounding 

them.  

Besides using the following values for PCR mixture reaction calculation to obtain the second mutagenesis, they 

were also necessary for sequencing calculations, since the supplier required 240-600 ng of plasmid DNA, at least, 

in 12 microliters of water. Furthermore, the ratio of absorbance was also between the expected values. 
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Table 3.2 - Nucleic acid concentration and ratio of absorbance at 260 to 280 nm, for the DNA isolation of the plasmid 
pET23b-K568HS569H – L460A. Each sample corresponds to a different CFU. 

Sample Nucleic Acid Conc. [ng/µL] OD 260/280 

1 53.40 1.84 

2 47.13 1.86 

3 70.51 1.89 

4 46.42 1.90 

5 44.88 1.90 

The same procedure explained previously was applied in the preparation of the plasmid pET23b-K568HS569H – 

L460A L434R. The DNA concentration was, once more time, used for the sequencing calculations, but not for PCR 

calculations, since no more PCRs were needed after the latter procedure. However, as presented in Table 3.3, 

the OD values were way beyond what was predicted. Nevertheless, the project continued with these results, and 

no consequences regarding the mutagenesis protocol were observed. 

Table 3.3 - Nucleic acid concentration and ratio of absorbance at 260 to 280 nm, for the DNA isolation of the plasmid 
pET23b-K568HS569H – L460A L434R. Each sample corresponds to a different CFU. 

Sample Nucleic Acid Conc. [ng/µL] OD 260/280 

1 35.33 2.03 

2 44.59 2.30 

3 41.33 2.20 

4 37.25 2.24 

5 37.16 2.40 

6 46.91 2.24 

 

3.1.2. Verification of correctness of plasmid construction 

During PCR optimization, to obtain the first mutagenesis, two different annealing temperatures were tested, to 

understand which one would be the best option to obtain the required mutation. Both annealing time and 

temperature are crucial for a successful PCR. However, the annealing temperature is more important for 

oligonucleotide and template binding, rather than annealing time, since time usually does not have much effect 

because oligonucleotides are able to bind and saturate the template. On the other hand, annealing temperature 

displays an optimal curve, hence if this temperature is too high or too low it has a heavy adverse effect on the 

PCR performance. 

Thus, for the annealing step, it was inserted 60 ᵒC in the PCR program, as detailed by the supplier, with a ΔT of 2 

ᵒC, and so, the temperatures 60.2 and 58 ᵒC were tested. 

As shown in Figure 3.1, by the agarose gel electrophoresis, both products had the correct weight. Since the 

working DNA has 5772 bp, it should appear between the 6000 and 5000 bp bands, namely the third and fourth 

bands from the top represented by the DNA marker. Nevertheless, the product from the higher temperature was 

chosen to continue the project, due to its lower amount of unspecific products, compared to the other PCR 

product.  
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Figure 3.1 - Agarose gel electrophoresis for testing annealing temperatures regarding the first mutagenesis, L460A. 
Legend: 1 - PCR product with 58 ᵒC as annealing temperature; 2 - PCR product with 60.2 ᵒC as annealing temperature; 3 - 
DNA ladder (represented from 10000 to 200 bp). 

I such way, the PCR was repeated using the optimal annealing temperature (60.2 ᵒC), but no photography was 

taken in order to not compromise the working DNA. However, before its extraction, it was confirmed that its 

weight was correct.  

Regarding the second mutagenesis, it is important to mention that the annealing temperature input was the one 

calculated by the supplier indications (63 ᵒC). Since the information given was correct in the first mutagenesis, 

no optimization was necessary. In order not to compromise the working DNA, the product of the first and second 

wells was previously extracted by gel-out, as seen in Figure 3.2. The last two wells contain the PCR products right 

after PCR procedure, which means, without DnpI digestion, in order to validate if the weight of the PCR products 

extracted was precise. 

 

 

 

 

 

 

 

 

Figure 3.2 - Agarose gel electrophoresis regarding the second mutagenesis, L434R. 
Legend: 1 and 2 - PCR products after DnpI digestion, extracted by gel-out; 3 - DNA ladder (represented from 10000 to 200 
bp); 4 and 5 - PCR products right after the PCR (without digestion). 

3.1.3. DNA sequencing 

The plasmids constructed were sent to the Genomed laboratory for DNA sequencing. After receiving the results 

and using the Basic Local Alignment Search Tool (BLAST) to compare it with the DNA template, it was concluded 

1     2     3 

1      2      3       4       5 
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that the required mutations were indeed introduced.126 The BLAST results for the first mutation are represented 

in Table 3.4 and for the second mutation in Table 3.5. In Figure 3.3 and 3.4 there is a zoom from the software 

Chromas with the sequence of the chosen sample, showing the changed codons for the first mutagenesis and 

second mutagenesis, respectively.127 

Query cover or coverage represents the percentage of overlapping in the aligned segments, translating in a 

denser vertical alignment. The identity describes the level of matching for the aligned segment. The gaps 

correspond to the opposite of identity, as the numbers indicate. 

It was chosen to continue the project with the sample number 3, for the first case, because it is the one with 

higher coverage, which means it is the more trustful result, due to the higher vertical alignment. For the second 

case, it was chosen the sample number 2 exactly for the same reasons. It is important to refer that once the 

second mutation was discovered, it was also analyzed if the required first mutation was still in the plasmid and 

that a spontaneous mutation did not occur in that codon position.  

Table 3.4 - BLAST results for the first mutagenesis (L460A): sequencing results against DNA template.  

Sample Mutation Identity (%) Gaps (%) Query Cover (%) 

1 Yes 97 2 87 

2 Yes 98 1 87 

3 Yes 96 2 89 

4 Yes 99 0 85 

5 Yes 98 1 87 

 

 

Figure 3.3 - Zoom from software Chromas with the sequence of the chosen sample (number 3) showing the changed codons 
for the first mutagenesis on the blue frame. 

Table 3.5 - BLAST results for the second mutagenesis (L434R): sequencing results against DNA template. 

Sample Mutation Identity (%) Gaps (%) Query Cover (%) 

1 Yes 91 1 96 

2 Yes 96 2 98 

3 Yes 99 0 84 

4 Yes 99 0 84 

5 Yes 99 0 85 

6 Yes 99 0 84 
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Figure 3.4 - Zoom from software Chromas with the sequence of the chosen sample (number 2) showing the changed codons 
for the second mutagenesis on the blue frame. 

It is important to mention that the identity results should have been more approximate, at least, to 99%, since 

only two nucleotides were being mutated. Nevertheless, the lower identity percentages were assigned to more 

unprecise results usually occurring in the sequencing terminals.    

3.2. Characterization of the mutein 

3.2.1. Optimization of protein overexpression 

When analyzing the overexpression optimization results from SDS-PAGE electrophoresis, it is known that the 

target protein should be found near the 70 kDa band of the protein ladder, the fourth one counting from the 

top, since in denaturing conditions, the mutein has a molecular weight of 79.33 kDa. In Figure 3.5, it is clearly 

visible that the best results, where more protein was being produced, were obtained using E. coli 

Rosetta(DE3)pLysS cells with an OD of 0.5. This affirmation is supported by the higher density bands obtained in 

the SDS-PAGE gel when comparing both strains. A second SDS page was made to confirm these results, as 

presented in Figure 3.6. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 - SDS-PAGE electrophoresis gel from overexpression optimization results. 
Legend: RS - E. coli Rosetta(DE3)pLysS cells (enlightened by the frame); BL - E. coli BL21(DE3)pLysS cells. 1 - RS0.6; 2 - RS0.5; 
3- RS0.4; 4 - protein ladder (represented from 250 to 55 kDa); 5 - BL0.6; 6 - BL0.5; 7 - BL0.4. 

 

  1          2         3        4          5         6         7  
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Figure 3.6 - Second attempted of SDS-PAGE electrophoresis gel from overexpression optimization results. 
Legend: RS - E. coli Rosetta(DE3)pLysS cells (enlightened by the frame); BL - E. coli BL21(DE3)pLysS cells. 1 - RS0.6; 2 - RS0.5; 
3 - RS0.4; 4 - BL0.6; 5 - BL0.5; 6 - BL0.4; 7 - protein ladder (represented from 250 to 15 kDa); 8 - RS0.5 (large scale); 9 - BL0.5 (large 
scale). 

Usually, E. coli BL21(DE3)pLysS cells are the most widely used host for targeting gene expression, but in some 

cases, it does not work. The reason why E. coli Rosetta(DE3)pLysS cells proved to have a higher protein expression 

is based on the feature that this strain is designed to enhance the expression of eukaryotic proteins that contain 

codons rarely used in E. coli, by increasing the level of rare tRNA within the host. This means, it provides a rare 

codon supplementation, that was indeed necessary in this mutant case. 

The following tables summarize the MW determination for each sample. The data from Table 3.6 is related to 

the gel from Figure 3.5, whereas Table 3.7 is relative to Figure 3.6. The standard curve and respective equation 

used for MW determination are presented in Attachment II.  

The presented MW results are not so close to the supposed value, 79.33 kDa, although the calculations for RS0.5 

are indeed the less discrepant. This technique is efficient in distinguishing whether the product analyzed is the 

target in study, in a more general manner, but it cannot be considered an ideal method to calculate an exact and 

precise value for MW. 

Table 3.6 - Molecular weight for each sample of the SDS-page gel from Figure 3.6. Numeration follows the same 
represented in the figure. RS - E. coli Rosetta(DE3)pLysS cells; BL - E. coli BL21(DE3)pLysS cells. 
 

Sample MW (kDa) 

1 - RS0.6 89.80 

2 - RS0.5 85.59 

3 - RS0.4 86.35 

5 - BL0.6 85.84 

6 - BL0.5 85.75 

7 - BL0.4 86.18 

 

1          2          3         4          5          6         7         8         9 
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Table 3.7 - Molecular weight for each sample of the SDS-page gel from Figure 3.7. Numeration follows the same 
represented in the figure. RS - E. coli Rosetta(DE3)pLysS cells; BL - E. coli BL21(DE3)pLysS cells. 

Sample MW (kDa) 

1 - RS0.6 86.88 

2 - RS0.5 86.48 

3 - RS0.4 87.27 

4 - BL0.6 87.67 

5 - BL0.5 87.68 

6 - BL0.4 88.08 

8 - RS0.5 86.07 

9 - BL0.5 86.84 

3.2.2. Purification of the mutein 

In Figure 3.7 is represented the graphic obtained by the IMAC, for protein purification. This purification was 

repeated 3 times, but only one example is represented (because all 3 had the same result). The protein elution 

was made with approximately 20.9% of elution buffer, estimating an elution with 104.5 mM of imidazole. It is 

important to ensure optimized imidazole concentrations, since at both too high or too low concentrations it may 

reduce the binding of histidine-tagged proteins. The goal is to reach a balance of high purity and high yield, that 

is, low binding of host cell proteins and a strong binding of the histidine-tagged target protein, respectively. 

The construction of this graphic is based on the absorption properties at 280 nm of the three aromatic amino 

acids residues that are primarily responsible for the inherent fluorescence of proteins, tryptophan, tyrosine and 

phenylalanine.128 

Figure 3.7 - IMAC graphic for protein purification, obtained from Unicorn software. After the sample injection and further 
wash, the protein elution is represented by the small second peak. The blue line is the absorbance at 280 nm and the green 
line is the imidazole gradient. The right image is a close-up of the left image. 

One may assume that the IMAC was successful, and the delineated graphic appears to have a typical appearance, 

where it seems that no significant purification problems occurred. It can be concluded that this purification has 

a high-affinity strength for the His-tagged protein, presuming a strong and selective ligation between the ion and 

the protein. At first sight, the imidazole gradient appears to be ideal, and the buffer, sample composition, as well 

as, the column capacity seemed correct.  
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It must be enlightened that the host cells that carried the overexpression of Gfa1 are E. coli cells, and thus contain 

their own GlcN-6-P synthase, that also possesses an hexaHis 3D microdomain in its structure. This might 

contaminate the final solution product, due to the fact that the host oligoHis are assumed to bind to the IMAC 

resin as well. However, due to the IPTG system, it is assumed that the content of WT GlmS in the extract is 

significantly lower when compared with the overexpressed Gfa1 mutant. This suggestion was proved by the 

authors that constructed the working plasmid previously, wherein it was also observed that, with the same 

purification steps, buffers, type, etc, the GlmS enzyme was eluted from the column in a very different imidazole 

concentration, rather than the muteins, with a difference of approximately 150 mM.92 Hence, it is assumed that 

the affinity of the bacterial WT GlcN-6-P synthase to the Ni2+ resin is sufficiently lower than the one of Gfa1, being 

able to separate the former from the bulk oligoHis in study. On the mentioned study, the WT Gfa1 overexpressed 

by the pET23b-Gfa1-K568HS569H plasmid needed 200 mM of imidazole for an effective elution, while in this 

project it was eluted with 104.5 mM, and thus, one may predict that the mutations executed in this project might 

influence the affinity for the enzyme towards the resin. 

Furthermore, this purification is essential for studying the enzyme activity and inhibition, because it is known 

that the enzyme present in a crude extract is extremely poorly inhibited by UDP-GlcNAc, when compared with 

purified protein extracts.67 This phenomenon can be explained by the fact that GlcN-6-P synthase is a very minor 

component of the cytosolic protein constitution.  

3.2.3. SDS-PAGE analysis 

A new SDS-PAGE electrophoresis was run with the intent of analyzing the purification samples, illustrated in 

Figure 3.8. The following electrophoresis contains the samples corresponding to the first purification assay. There 

was no need to repeat the whole procedure for the samples corresponding to the other purification assays, since 

the target protein demonstrated the same elution behavior. It was only repeated for the active fraction obtained 

from the purification, with the intention of verifying the correctness of the protein weight.  

 

 

 

 

 

 

 

Figure 3.8 - SDS-PAGE electrophoresis gel from purification results. 
Legend: RS - E. coli Rosetta(DE3)pLysS cells; BL - E. coli BL21(DE3)pLysS cells. 1 - RS0.5 large scale overexpression (this sample 
was not considered in the project, the overexpression did not correspond to the expected); 2 - RS0.5 large scale 
overexpression; 3 - sample of waste/other proteins collect after elution; 4 - sample after buffers exchange at the end of 
purification procedure; 5 - sample of elution protein/purified protein; 6 - sample before purification; 7 - protein ladder 
(represented from 250 to 15 kDa). 

1        2       3      4       5        6       7 
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By a densitometric analysis, it was estimated that the protein was 12% of the fraction for the overexpression 

sample, and approximately 30% of the fraction for the purified sample, represented by the 2nd and 5th line on the 

figure above, respectively, which consists in an indicator of a good purity yield. A big difference is also observed 

in the 6th line, the sample before purification, and the following purified sample, represented by the 5th line, in 

which the former contains a lot of proteins with all kinds of MWs, while the latter contains much fewer protein 

bands in comparison. 

However, it is important to mention that, the samples after purification, especially the 5th but also the 4th line, 

do not appear to be totally purified, since they present multiple protein bands, with a wide range of MWs, as it 

is possible to visualize in Figure 3.8. Besides the band correspondent to the target protein, another protein is 

well visualized with a dense band, although less intense than the former, with a denatured MW around 45 kDa. 

This event can be related to several possible conditions. As an example, a partial degradation of the tagged 

protein by proteases might have occurred. Although a protease inhibitor was added to the procedure, perhaps 

its concentration was insufficient. Aside from that fact, contaminants may have a high affinity for nickel ions, and 

an imidazole optimization could have helped in this situation, determining a more suitable concentration for 

binding and wash. Likewise, a shallow imidazole gradient, that is, using more column volumes, could separate 

the proteins with identical binding affinities. Beyond that, the impurities can also be associated with the tagged 

proteins, and in this case, considering detergents and/or reducing agents may turn out in a better-quality 

purification. Even though Tween 20 was added in 1% (v/v) before and after initiating the sonication step (on the 

purification protocol), an increase of the detergent level could have been used to avoid this occurrence. The use 

of glycerol in the washing buffer could have been taken into consideration, since it promotes the disruption of 

nonspecific interactions. 

Moreover, the active fractions were collected at the end of the IMAC and concentrated by ultrafiltration with a 

30 kDa cutoff limit. It should be noticed that this procedure can be well visualized in the part correspondent to a 

lower MW. This part, the last 3 bands of the protein ladder, namely, 35, 25 and 15 kDa, contains fewer bands 

when compared with the part correspondent to a higher MW, where more contaminants bands can be observed 

(5th line). 

Notwithstanding, the difference from the 5th to 4th lines consists in the buffers exchange with the HiTrap™ 

desalting column, with, as one of the intentions, removing low molecular weight contaminants. But the effect 

does not appear to be efficient, since no substantial differences can be observed. 

Regarding the 3rd line, the sample of waste/other proteins collect after elution, it shows that a portion of the 

target protein was eluted after its peak on the chromatography, affecting the purification yield. When this 

phenomenon happens, it can mean that the buffer/sample composition is incorrect, wherein special attention 

should be focused on the strong reducing or chelating agents, ensuring that they are not present in a too elevated 

concentration. Once more, imidazole concentration optimization could have reduced this event. 
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Furthermore, knowing the supposed molecular weight of the mutein, 79.33 kDa, the respective standard 

deviation relative to the main samples was calculated from this value and the one given by the standard curve 

for the SDS-page (Attachment II).  The results are shown in Table 3.8.  

Table 3.8 - Mutated GlcN-6-P synthase molecular weight and respective standard deviation for the relevant samples of the 
project. Numeration follows the same represented in Figure 3.8.   

Sample MW (kDa) SD 

 4 - After buffers exchange 79.76 0.304 

5 - Purified protein 80.35 0.721 

6 - Before purification 80.35 0.721 

The similar MW, obtained between the measured bands and the target value, is clearly observed by the small 

standard deviation, regardless from the deviated bands composing the protein ladder in Figure 3.8. The relevant 

bands were well aligned, had been straightened up with the help of extra time in the electrophoresis protocol. 

3.2.4. Analysis of protein content 

From Table 3.9 to 3.14, protein concentration results are shown, which followed as many assays as the 

purification procedure, that is, 3 assays. The tables related to the first purification, namely 3.9 to 3.12, correspond 

to the samples analyzed in the above chapter, for the SDS-PAGE electrophoresis. That is, an average protein 

concentration was determined for the sample before purification, for the purified sample, for the purified sample 

with exchanged buffer and lastly, for the waste sample. 

For the remaining purifications, it was only determined the protein concentration for the purified sample, being 

the only sample necessary for further study and also for the enzymatic activity calculations, presented in Table 

3.13 and 3.14. Attachment III enlightens all the details regarding the standard curve for concentration 

determination. 

In some cases, there are less than 3 samples, due to some technical issues, such as lack of sample (needed for 

the following steps) or excluded values, because of its discrepancy from the remaining results.  

Table 3.9 - Optical density and respective concentration result for the sample before purification (1st purification). 

Sample OD Concentration (mg/mL) Average Conc. (mg/mL) 

2 0.457 0.984 
0.997 

3 0.232 1.009 

 

Table 3.10 - Optical density and respective concentration result for the purified sample (1st purification). 

Sample OD Concentration (mg/mL) Average Conc. (mg/mL) Volume (mL) Mass (mg) 

1 0.256 0.111 

0.130 8 1.039 2 0.054 0.126 

3 0.031 0.153 
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Table 3.11 - Optical density and respective concentration result for the sample with exchanged buffer (1st purification). 

Sample OD Concentration (mg/mL) Average Conc. (mg/mL) Volume (mL) Mass (mg) 

1 0.568 0.244 
0.258 4 1.033 

3 0.059 0.272 
 

Table 3.12 - Optical density and respective concentration result for the sample of waste/other proteins collect after elution 
(1st purification). 

 

 Table 3.13 - Optical density and respective concentration result for the sample with exchanged buffer (2nd purification). 

 

 Table 3.14 - Optical density and respective concentration result for the purified sample (3rd purification). 

 

Taken the first purification as an example, some observations can be pointed out. For instance, it seems that the 

method used for concentration determination is suitable for this protein, appearing to be precise, since the same 

mass was obtained for both, purified sample and with exchanged buffers, which is in line with what is expected. 

Nonetheless, when comparing the average concentration of the purified and waste samples, there was still 21.5% 

of protein being eluted after its chromatographic peak. 

The average protein mass obtained was 1.232 mg, calculated from the mass correspondent to Table 3.11, 3.13 

and 3.14. The reasons why the values used for the last purification are not relative to the sample with the 

exchanged buffer, but simply with the purified protein, will be enlightened further. 

Bradford method is the ideal technique to be applied for these determinations, due to the similar response that 

both proteins, enzyme and bovine serum albumin (BSA) (standard protein of the method), should present to 

Bradford reagent. First, the content of positively charged residues creating complexes with Bradford reagent and 

the protein charged are almost identical, since BSA contains 14% of positively charged residues and WT C. 

albicans GlcN-6-P synthase has 11% (although the value mentioned is related to the WT enzyme, the two 

mutations realized do not change this number significantly).70 Secondly, the isoelectric point (pI) of the mutein, 

calculated based on the enzyme amino acid composition, is 5.6, while for BSA is 5.76, showing again a lot of 

similarity.129 

Sample OD Concentration (mg/mL) Average Conc. (mg/mL) 

1 0.490 0.211 

0.223 2 0.087 0.196 

3 0.057 0.264 

Sample OD Concentration (mg/mL) Average Conc. (mg/mL) Volume (mL) Mass (mg) 

1 0.824 0.353 

0.440 2 0.880 2 0.209 0.456 

3 0.115 0.511 

Sample OD Concentration (mg/mL) Average Conc. (mg/mL) Volume (mL) Mass (mg) 

2 0.697 1.495 
1.487 1.2 1.784 

3 0.342 1.478 
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3.2.5. Determination of mutated GlcN-6-P synthase activity 

In Table 3.15 is presented the mean value of activity results, and in Attachment IV are found all the details 

regarding the standard curve for activity calculations, as well as, all the results used for the presented average. 

This result was obtained from 5 attempts, measured in the purified samples. 

Table 3.15 - Mean of mutated GlcN-6-P synthase activity results and respective mean SD. 

 

 

The total protein average obtained, 1.232 mg, as well as, the activity values presented in Table 3.15, can be 

compared with the results obtained on the study wherein the working plasmid, pET23bGfa1-K568HS569H, was 

created. In the mentioned literature, the same values were 11.8 mg, 80.24 U, and 6.8 U/mg, respectively.92 It can 

be concluded that the values were not as high as they could be, but since an optimization was not performed in 

the purification step, it is understandable that they did not reach such a high level. The fact that the purified 

sample still contained some impurities should also be pointed out here, since those contaminants can influence 

the mutein activity. 

It is important to refer that the properties of the mutein should mimic the properties of the WT enzyme as close 

as it can be achieved. Otherwise, the study cannot be validated, and the further inhibition assays would be 

compromised.   

Besides all the optimization procedures previously mentioned on the chapter 3.2.3 for the purification protocol, 

another action could have been put into practice in order to obtain a higher enzyme mass and activity. This 

hypothesis consists in considering a different metal ion for the column composition. The binding strength 

between the protein and a metal ion is affected by a variety of factors, including length, position, exposure of 

the affinity tag on the protein, pH of buffers and type of ion used. Usually, Ni2+ is the first metal ion to ponder for 

possessing a great purifying power, being able to separate most of the histidine-tagged recombinant proteins 

from nontagged host cell proteins. However, that does not mean that all the proteins may be easily purified with 

this metal rather than others. Therefore, in order to optimize the separation conditions, a test could have been 

done to verify which metal ion would improve this phenomenon, for example, Cu2+, Co2+, Zn2+, Ca2+ or Fe2+. 

3.2.6. Analysis of UDP-GlcNAc effects in the mutein  

The activity outcome in the mutein provoked by UDP-GlcNAc was analyzed for the purified samples, by the Elson-

Morgan method. The results can be observed in Figure 3.9, wherein it was established 0 mM of inhibitor 

concentration as 100% of enzyme activity. The data provided comes from 4 attempts, wherein the top graphic 

takes the standard deviation (SD) into consideration, whereas the bottom graphic takes the standard error of the 

mean (SEM) into account. While SD error measures the data variability around the mean of a population sample, 

SEM error is a measure of precision for an estimated population mean.130 

It is clearly visible that the constructed L460A L434R mutant version of GlcN-6-P synthase from C. albicans was 

not inhibited by UDP-GlcNAc, since the activity values did not go below 100%, while the inhibitor concentration 

Total activity (U) Specific activity (U/mg) 

0.088 ± 0.038 8.351 ± 2.090 
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was increasing, and thus, the graphics do not present the typical representative appearance of an inhibition 

assay.  For such representation to be delineated, the percentage of activity would decrease with a significant 

slope, reaching a point where it would then stabilize. Rather than that, the values appear to be independent of 

the inhibitor concentration, according to the error bars.     

 

 

Figure 3.9 - Results of inhibition by UDP-GlcNAc represented as a percentage of the mutated GlcN-6-P synthase activity. 
The tested concentrations were 0, 0.2, 0.5, 1, 2, 3, 4, 6, 8 and 10 mM, depending on the assay. It was established 0 mM of 
inhibitor concentration as 100% of enzyme activity. Top graphic: error bars correspond to SD values; Bottom graphic: error 
bars correspond to SEM values. 

Unfortunately, according to the error bars, the results exhibit an extremely high variability, and correcting 

measures needed to be made in order to decrease these exaggerated standard deviations. Several reasons were 

hypothesized for the occurrence of this event. 

Firstly, it was noticed that the problem could be related with the fact that the enzyme solution, in a short period 

of time, started to appear less clear, whiter, which could indicate enzyme precipitation. This way, when using the 

pipet, a big portion of the enzyme could have been taken from the solution, or a small amount of it could have 

been taken from the same solution, for the same assay. To prove if this was indeed the case, in one the assays, 
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it was made a double check for each concentration tested. The results can be seen in the following Table 3.16, 

where it can be concluded that, for 2 of the 5 concentrations, the values differed drastically, namely for 

concentrations of 6 and 1 mM of inhibitor. These results exclude the option of a spectrophotometer malfunction.  

Table 3.16 - Results of inhibition by UDP-GlcNAc of the mutated GlcN-6-P synthase from one specific assay from the 
Morgan-Elson method, intent to verify the existence of the precipitation problem. 

UDP-GlcNAc [mM] OD 

10 
0.493 

0.495 

6 
0.522 

0.621 

3 
0.683 

0.684 

1 
0.326 

0.446 

0 
0.493 

0.433 

Thus, the precipitation problem was assigned to fact that the buffer, where the enzyme was being stored, would 

be inadequate. However, the estimated pI for the enzyme is 5.6 and it is known that the minimum of solubility 

for proteins is reached in buffers with the same value for pH as the protein’s pI, and the further the buffer pH 

goes, the less soluble the protein becomes. Therefore, since the phosphate buffer used to store the enzyme, 

exchanged at the end of the purification procedure, has a pH of 6.9, the enzyme should not have such low 

solubility in this buffer. Albeit, during the whole purification protocol, the enzyme is in a buffer with a pH of 8.5, 

and perhaps it can be sensitive to the rapid change of buffers. Because the project is based on a mutated enzyme, 

every hypothesis should be taken into consideration. In addition, it should be mentioned that the contaminating 

proteins observed in the SDS-page could also influence the precipitation complication.   

Thereby, due to this issue that was turning the inhibition values extremely discrepant, changes in the protocol 

were performed. The inhibition determination assay did not suffer any modification, but after the IMAC the 

exchange of buffers did not take place, and consequently, the enzyme stayed in a buffer with a higher pH (8.5) 

increasing its solubility, and without suffering any sudden pH change. This means that, regarding the method 

nomenclature, there was no exchange to the buffer D, and the purification finished with the enzyme on buffer 

C. 

On the other hand, one more alteration was realized, with the intent of verifying if there was no inhibition effect 

for sure. Studying the effect of inhibition by UDP-GlcNAc together with structurally related sugar phosphates, 

revealed that the presence of glucose-6-phosphate (Glu-6-P) showed a strong negative cooperativity, with a Hill 

constant of 0.54. Specifically, this parameter provides a measure of the cooperativity of substrate binding to an 

enzyme. In comparison with mannose-6-phosphate and glucose-1-phosphate, as the other sugar phosphates 

analyzed, no enhanced sensitivity and affinity to UDP-GlcNAc were observed. With a pure Gfa1, it was thus 

proved the occurrence of this modulation of enzyme sensitivity, being Glc-6-P concentration-dependent. Plus, 

the presence of the specific effector demonstrated a noncompetitive behavior in respect to both Fru-6-P and 
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Gln. Besides, the molecular basis under this phenomenon and the location of a possible binding site are unknown 

yet.67 Some literature values will be further presented for value comparison.  

Furthermore, it can be assumed that whether with an increase of inhibition sensitivity, the tests would present 

the same results, without no visible inhibition, it would give emphasis to the fact that there was no inhibition 

unequivocally. 

Likewise, the mentioned alterations on the protocol were realized. In first place, the exchange of buffers after 

purification was not performed, and secondly, 10 mM of Glu-6-P was added to the samples during the Morgan-

Elson method for inhibition determination. Some assays were also executed without the second protocol 

modification, for comparison of the inhibition with and without the effector action. The results of these changes 

were monitored and are presented in Figure 3.10, coming from 3 attempts. 

 

 

Figure 3.10 - Results of inhibition by UDP-GlcNAc represented as a percentage of the mutated GlcN-6-P synthase activity, 
in the presence or absence of 10 mM of Glu-6-P. The tested concentrations were 0, 1, 3, 6 and 10 mM. It was established 
0 mM of inhibitor concentration as 100% of enzyme activity. Top image: error bars correspond to SD values; Bottom image: 
error bars correspond to SEM values. 
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Some conclusions can be listed so far. The biggest difference between the latter and the former assay is related 

to the value disparities. In detail, for the different inhibitor concentrations tested, according to the former assay 

the maximum SD value obtained was 107.4% for 8 mM, while the minimum was 22.4% for 0.5 mM. However, for 

the latter assay, the maximum SD value, in the presence of Glu-6-P, was 32.7% for 10 mM of inhibitor, and the 

minimum was 13.8% for 1 mM. In the case of Glu-6-P absence, the maximum and minimum was, respectively, 

30.7% for 6 mM and 10.7% for 1 mM UDP-GlcNAc. Therefore, it can be surely affirmed that the alteration 

suggested, the maintenance of the enzyme in the pH 8.5 buffer, was indeed a good option for solving the 

precipitation problem, showing promising advantages and improvements in the study. As suggested by the SD 

values, also visible by the error bars in Figure 3.10, the discrepancy in the results was still present, suggesting 

that even more optimization is required, although the disparities were not so strongly noticed as before. 

Furthermore, for both results, with or without protocol changes (Figure 3.9 and 3.10), the SD values are always 

lower for the lowest inhibition by UDP-GlcNAc, although for higher concentrations tested, the SD parameter 

shows an elevated value, it does not seem to increase linearly with the inhibitor concentration.   

It must be emphasized that regardless the buffer change and enhanced study performance, the impurities 

previously discussed can still be influencing these results, since that this optimization does not interfere with 

that factor.  

Moreover, based on the same reasons previously referred, no inhibition results are observed for this case too. 

This confirmation can be guaranteed by the fact that, even together with the Glu-6-P effector, that modulates 

and increases UDP-GlcNAc sensitivity, the activity results do not show a different nature. The activity percentage 

does not present any signs of variance, being always near the initial value (100% for 0 mM of UDP-GlcNAc), for 

both cases, presence or absence of Glu-6-P. For instance, for this case, the activity result furthest from 100% was 

observed for 3 mM of inhibitor, with a value of 116.1% in the absence of Glu-6-P, and 115.7% for 6 mM 

concentration in the presence of the effector. This outcome is markedly contrasting with the previous findings, 

where the most distant value from 100% of activity was 224.7%, for a UDP-GlcNAc concentration of 8 mM. 

Also, the samples with the effector presence demonstrate a slightly higher activity along all the inhibitor 

concentrations analyzed, with the exception of the samples tested for 3 mM. Yet, these observations do not 

seem to have a significant relevance, since the activity result variation between the samples tested with Glu-6-P 

addition or not appear to be low. For 1, 3, 6 and 10 mM of UDP-GlcNAc, the difference in the activity percentages 

is 3.11, 5.46, 13.15 and 4.95%, respectively, wherein the biggest difference is detected for 6 mM. 

Thereby, one may conclude that these two changes on the protocol, not executing the change on the buffers 

and the addition of the effector Glu-6-P, beneficiate the study by decreasing the activity values discrepancies 

and ensuring unequivocally the absence of inhibition by UDP-GlcNAc, respectively. 

It is also important to mention that, if there was inhibition, it would be possible to take out an IC50 value from it. 

This parameter is a measure of the effectiveness of a substance in inhibiting a specific biological function and, in 

this case, it quantifies how much UDP-GlcNAc is required to inhibit the enzyme activity by half, 50%. In addition, 

KI is equal to IC50 under noncompetitive kinetic conditions, such as observed for Gfa1 for both substrates. Some 
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examples of this value can be mentioned regarding the literature on the basis of this project. For instance, the 

overexpression of the pET23b-Gfa1-K568HS569H plasmid in E. coli was described to have an IC50 of 2.0 ± 0.4 mM, 

whereas in the same study, the WT Gfa1 presented an IC50 of 1.55 ± 0.25 mM.92 Other studies, while exploring 

the inhibition effects for the WT Gfa1 overexpressed in S. cerevisiae, reported a value of 0.67 mM.67,68 All these 

mentioned values are referred to the inhibition action together with 10 mM of Glu-6-P. Without this addition, 

WT Gfa1 overexpressed in S. cerevisiae was described to possess an IC50 higher than 5 mM.67 

Furthermore, it appears that the inhibition values, besides varying due to the presence or absence of effectors, 

are also influenced by the purification procedure and the morphology state of the enzyme. The purification is 

also dependent on how the enzyme is prepared to be overexpressed, like the enzyme present on this project, 

with the 3D microdomain created to enhance the purification, instead of just the purification method itself. 

Besides, the enzyme sensitivity towards UDP-GlcNAc is dependent upon the integrity of the enzyme preparation 

in a way that, the samples without adequate protection by reducing agents demonstrate less capacity to be 

inhibited.67 Therefore, when purifying and storing Glc-6-P synthase, the buffer must contain 1 mM of DTT, as it 

was being used in the project, in order to obtain full enzyme activity and consequent inhibition. During the 

chromatography, albeit realized as fast as possible, it always provokes a significant loss in enzyme activity. This 

determination and comparison were not executed in this project, but it is a parameter to consider. Although the 

purification of the enzyme remarkedly decreases the sensitivity towards the inhibitor, this can be restored by 

addition of the Glu-6-P effector to the samples.   

Regarding morphology, a very important matter must be pointed out. This study occurred during the yeast form, 

wherein the cells present the typical UDP-GlcNAc sensitization. However, once the cells turn to its mycelial form, 

the inhibition shows to be extremely poor. The induction of the yeast to mycelial transformation results in an 

immediate desensitization of Gfa1 to UDP-GlcNAc, demonstrated by a 37% decrease in inhibition.67 This 

phenomenon can be related to the post-translational phosphorylation, still not fully understood.  

Above all, the hypothesis under the fact that prokaryotic GlcN-6-P synthase is not inhibited by UDP-GlcNAc, can 

be correlated with its primary structure. The eukaryotic enzyme possesses a specific UDP-GlcNAc binding site, 

different from the active site. Since the prokaryotic, dimeric enzyme, is not inhibited by UDP-GlcNAc, the UDP-

GlcNAc binding site seems to be a unique feature of the tetrameric GlcN-6-P synthase. It is also known that the 

UDP-GlcNAc binding pocket is built on the residues 381-388, 474, 476, 484 and 487-492. In C. albicans, Gly474 

and Gly490, that shape the binding pocket of UDP-GlcNAc, are replaced by alanines in GlmS, respectively Ala372 

and Ala388. The hGfa1 also contains glycines in the same locations, namely Gly445 and Gly461. The rigidity of 

the alanines, together with its largeness, would not allow UDP-GlcNAc binding to GlmS. Specifically for the first 

mentioned residue, the steric hindrance of the alanine methyl moiety creates an obstacle to UDP-GlcNAc binding. 

For the second residue difference, it can be estimated that the alanine methyl group fills the space supposed to 

belong to the binding pocket of the UDP-GlcNAc uridine ring in Gfa1, and the rigidity of alanine main chain, set 

side by side with the glycine flexibility, provokes the Ala388 Cα to buckle into the pocket by around 1.5 Å.31,71  

Point mutations were already realized on these residues replacing them by alanines, with hGfa1, wherein that 

mutein demonstrated to be non-sensitive to UDP-GlcNAc (up to 600 mM), validating this hypothesis and the fact 
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that the residues are indeed involved in inhibition by UDP-GlcNAc. Since the residues are conserved in eukaryotic 

Glc-6-P synthase, the equivalent can be affirmed for Gfa1.34 

Besides, the loop formed by the residues 381-388 on the eukaryotic enzyme, binds together the phosphate and 

the ring of UDP-GlcNAc, demonstrating a very distinct conformation in the other version. The difference on this 

fragment structure between Gfa1 and GlmS is based on the fact that, in the eight amino acid long fragment, 

there are two glycine residues, Gly383 and Gly384, while in E. coli there is one glycine and one proline.31,71  

Taking into consideration the goal of the project, one may conclude that the construction and the 

characterization of the L460A L434R mutant version of GlcN-6-P synthase from C. albicans, and consequent 

mimicking of a more prokaryotic version of this enzyme, were both successful. Since the mimicking was based 

on a prokaryotic version of the enzyme, it was crucial to analyze the GlmS and make the necessary comparisons 

along the project as well. However, besides the high identity between Gfa1 and GlmS, the latter has been more 

studied through the years, the mobility problems on the C-tail are absent, and it is not regulated at the post-

translational level by UDP-GlcNAc. Moreover, the aim of the study was to investigate and shed light on the 

understanding of the significance of the influence of mobility changes regarding enzyme activity and inhibition 

by UDP-GlcNAc.  

Regarding the inhibition hypothesis, it is focused on the disruption of the interdomain signaling, rather than 

alterations in any of the domains. Besides, it is known that the inhibitor binding does not influence isomerase 

activity in the ISOM domain, but it does influence negatively the glutaminase activity of the GAT domain, and, as 

repercussion, the overall reaction and production of the end product, GlcN-6-P.34 

The C-tail contributes to the Fru-6-P binding site and to the catalytic mechanism with Lys707, besides covering 

the Fru-6-P binding site like a lid after its binding, protecting the intermediate compound from the solvent. 

Furthermore, it is an important element of the ammonia channel, forming its majority and being involved in its 

signaling, and consequently, any alterations of its mobility must interfere with the interdomain communication. 

If this interdomain communication does not occur, the ammonia formed in the GAT domain does not reach the 

ISOM domain where it is supposed to substitute the hydroxyl group of the Fru-6-P and cause further synthase 

activity. 

Therefore, since the stability of the Fru-6-P pocket is vital, it is postulated that mobility changes induced by 

inhibitor UDP-GlcNAc binding, can strongly interfere and interrupt the bonding between the ligand and the active 

site and interdomain signal transferring, provoking the enzyme activity loss, wherein the rigidification of the C-

tail has a great emphasis.  

Because the mobility of Gfa1 C-tail is greater than the one presented by GlmS C-tail, or in other words, less 

ordered, due to the lack of the lock in the C-tail extremity on its C-terminal, the inhibition upon mobility changes 

was studied by creating this lock artificially. Likewise, the C-tail suffered rigidification on both extremities, while 

its inner part was mobile.    

For all these reasons, since the results showed an absence of inhibition by UDP-GlcNAc, it is an indication that 

the amino acid 434, the target mutation, that does not belong to any of the ligand binding pockets, is indeed 
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deeply connected with the existence of such phenomenon. The mutation turned the C-tail less mobile, such as 

the prokaryotic one, and furthermore, it proved that the lock of the C-tail condition its degree of mobility and its 

susceptibility to mobility changes upon the inhibitor binding, validating the theoretical hypothesis. In sum, it is 

due to such mobility capacities upon binding of UDP-GlcNAc, that the enzymatic reaction is stopped. If the results 

of this project had shown inhibition effects, it would indicate that the inhibition hypothesis based on mobility 

changes and interruption of the ammonia transferring upon the inhibitor binding would be incorrect, and new 

and different studies would be necessary to understand the UDP-GlcNAc action.  

This assay was the first experimental evidence regarding the C-tail lock structure in C. albicans GlcN-6-P synthase. 

Therefore, it can be concluded that the generation of the missing lock was achieved with success, and that it has 

a great implication in the inhibition action, proving to be one more reason for the existence of such post trans-

translational mechanism in eukaryotes and, consequently, nonexistence in prokaryotes. Furthermore, since this 

C-tail demonstrates a strict conservancy among different enzyme origins, this eukaryotic phenomenon can be 

extended to the other eukaryotic enzyme emphasized in the project, the human GlcN-6-P synthase. 

It is important to mention that the auxiliary mutation, L460A, turned the target mutation possible and without 

complications regarding its construction, and thus, this residue must be classified also as an indirect influencer.   

Moreover, a very important proposal must be considered for further studies, because, although the results 

suggest an absence of inhibition by UDP-GlcNAc, it is impossible to affirm without doubts whether the result is a 

false positive. It is believed that UDP-GlcNAc binds itself to the enzyme, causing conformational changes that 

preclude the inhibition effect to occur. However, the false positive occurs in the event of UDP-GlcNAc binding 

prevention due to the differences in the 3D structure of the mutein, that could have blocked this phenomenon. 

Gfa1 contains three tryptophan residues on its primary sequence, located at the positions 97, 388 and 690, 

wherein the first belongs to the GAT domain, and the last two to the ISOM domain. The Trp97 is one of the 

hydrophobic residues forming the intramolecular ammonia channel between GAT and ISOM domain, playing a 

role as a molecular gate. Also, Trp388 is known for being part of the UDP-GlcNAc binding pocket.131 Since these 

residues belong to meaningful positions, using tryptophan fluorescence to study the interaction of Gfa1 with 

UDP-GlcNAc, can provide a possible monitorization of conformational changes triggered on the enzyme upon 

the inhibitor binding. By evaluating the emission spectra at the tryptophan specific excitation wavelength, in the 

presence and absence of the ligand, changes in fluorescence would indicate changes in the enzyme 

conformation, observing whether the tryptophan residues would become more, or less, exposed to the bulk 

solvent. 

Therefore, using this technique to verify conformational changes, comparing it, in the mutated GlcN-6-P synthase 

in the presence or absence of UDP-GlcNAc, would definitely complement the results presented in this study. In 

the event of both spectra demonstrate an absence of differences, it would indicate that the ligand did not bind 

to the protein, turning out as a false positive result. In an opposite way, if the spectra would exhibit differences 

between them, it would confirm that the inhibitor indeed bounds to the mutein and consequently, the results 

and conclusions presented in this study would be verified. 
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4. CONCLUSIONS 

The mechanism of inhibition by UDP-GlcNAc is not fully understood so far, but it was concluded on this project 

that its action, and reason of existence, is due to conformational mobility changes occurring on the C-tail upon 

the inhibitor binding. Since the C-tail is such an important and major part of the ammonia channel and 

consequent interdomain communication, the interruption of this phenomenon by the susceptibility of mobility 

alterations provoke the loss of the enzyme activity. Such occurrence was proved by mimicking the full C-tail lock, 

present in the prokaryotic version of GlcN-6-P synthase, and absent in the eukaryotic version. This present 

evidence was carried out by constructing a L460A L434R mutant version of GlcN-6-P synthase from C. albicans 

on the plasmid pET23b-K568HS569H-CaGFA1. 

As future perspective, the mutein constructed could be very useful to obtain a more complete X-ray crystal 

structure of Gfa1, since in the WT enzyme the C-tail is extremely mobile, and it is impossible to visualize it on the 

structures obtained so far. Summarizing, the ordering of the C-tail in Gfa1 upon Fru-6-P ligation, occurs in a less 

extent manner in Gfa1 when comparing with GlmS, wherein the former remains disordered. Yet, the toughness 

occurs, although due to the lack of the lock, the insufficient level of rigidification does not allow the occurrence 

of a visual fragment on the crystal structure. This study is fundamental, because a better-quality X-ray crystal 

structure would allow a deeper understating of the molecular events governing GlcN-6-P synthase catalysis and 

inhibition, which are still not fully understood for Gfa1.  

In addition, along in this project, rational drug design approaches were also mentioned, and the information 

given by the resolution of several X-ray crystal structures captured at different steps of the catalytic process, with 

and or without ligands, is also essential for the enhanced quality design of an improved specific inhibitor. 

Likewise, this study contributes to a progress on the rational design of GlcN-6-P synthase inhibitors and their 

practical application as potential drugs, emphasizing the fact that studying UDP-GlcNAc analogous must receive 

a bigger focus in the future. Moreover, the UDP-GlcNAc binding site is well conserved among eukaryotic 

sequences and thereby it is an impeccable model in structure-based drug design. 

Despite all the efforts, some unresolved issues are still addressed to this enzyme, creating distance between the 

studies and its potential applications, nevertheless, step by step, study by study, the understanding of this 

enzyme is becoming clearer. 
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6. ATTACHMENTS  

ATTACHMENT I: Presentation of the genotype characteristics of the bacterial strain used. 

Table 6.1 - Genotype key and respective description for the plasmids.102,132 

Genotype Description 

Δ(lac)X74 Deletion of the entire lac operon as well as some flanking DNA. 

CmR Chloramphenicol resistance. 

ara Blocks arabinose catabolism. 

AraD139 Mutation in L-ribulose-phosphate 4-epimerase blocks arabinose metabolism. 

dcm 
Abolishes endogenous cytosine methylation at CCWGG sequences. Used to propagate DNA for 
cleavage with certain restriction enzymes. 

DE3 
Lysogen that encodes T7 RNA polymerase. Used to induce expression in T7-driven expression 
systems. 

endA1 
For cleaner preparations of DNA and better results in downstream applications due to the 
elimination of non-specific digestion by Endonuclease I. 

F’ 
A self-transmissible, low-copy plasmid used for the generation of single-stranded DNA when 
infected with M13 phage; may contain a resistance marker to allow maintenance and often carry 
the lacI and lacZ∆M15 genotypes. 

gal Ability to utilize galactose as an energy source. 

galK Galactokinase mutation blocks catabolism of galactose. 

galU Glucose-1-phosphate uridylyltransferase mutation blocks ability to use galactose. 

lacIq Overproduction of the lac repressor protein. 

lacY1 Blocks use of lactose via β-D-galactosidase mutant. 

leu Ability for leucine biosynthesis. 

hsdRMS 
Degrades DNA that is not protected by adenine methylation at the appropriate recognition site; 
used for efficient transformation of cloned unmethylated DNA from PCR amplifications 

hsdSB 
Both restriction and methylation of certain sequences is deleted from the strain (B defines the 
strain lineage). 

lacZ∆M15 
Required for β-galactosidase complementation when plated on X-gal; used in blue/white screening 
of recombinants; usually carried on the lambdoid prophage φ80 or F´. 

mB Specific methylation system (B defines the strain lineage). 

mcrA, mcrBC, 
mrr 

Mutations that allow methylated DNA to not be recognized as foreign, being necessary when 
cloning genomic DNA. 

nupG Mutation for the transport of nucleosides. 

ompT 
Indicates that the E. coli lack an outer membrane protease responsible for cleaving the T7 RNA 
polymerase. 

pLysS 
Carries chloramphenicol resistance and phage T7 lysozyme, effective at attenuating activity of T7 
RNA polymerase, for better inhibition of expression under non-induced conditions. 

pLysSRARE 
Encodes the tRNA genes argU, araW, ileX, glyT, leuW, proL, metT, thrT, tyrU and thrU.  The rare 
codons AGG, AGA, AUA, CUA, CCC, and GGA are supplemented. 

rB Specific restriction system (B defines the strain lineage). 

recA1 For reduced occurrence of unwanted recombination in cloned DNA. 

rpsL Mutation in ribosomal protein S12 conveying streptomycin resistance. 

StrR Streptomycin resistance. 

TetR Tetracycline resistance. 

Tn10 Confers tetracycline resistance via a transposon. 
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ATTACHMENT II: Presentation of the construction and preview of the standard curve for the molecular weight 

determination of sample’s band in SDS-PAGE gels. 

The standard curve is calculated based on the protein ladder, and so, each band has a known specific weight. By 

connecting the molecular weight and migration distance is possible to establish an equation that enables the 

determination of each of the sample weight (Equation 4). The number of bands visible on the gel is dependent 

on the time used in each procedure, which means, the electrophoresis running time. 

𝐥𝐨𝐠 (𝐌𝐖) = 𝐬𝐥𝐨𝐩𝐞 ×𝐦𝐢𝐠𝐫𝐚𝐭𝐢𝐨𝐧 𝐝𝐢𝐬𝐭𝐚𝐧𝐜𝐞 + 𝐢𝐧𝐭𝐞𝐫𝐜𝐞𝐩𝐭           ( 4 ) 

The data in the following Table 6.2 and Figure 6.1 is related to the first SDS-PAGE gel for overexpression 

optimization. 

Table 6.2 - Migration distance for each band of the protein ladder visible on the gel, which one corresponding to a specific 
molecular weight. 

  

 

 

 

 

 

Figure 6.1 - Standard curve of log(MW) vs migration distance (pixel) for molecular weight determination of sample’s band 
in the first SDS-PAGE gel relative to overexpression optimization. Equation: y = -0.4262x + 2.6058; R2 = 0.9889. 

The data in the following Table 6.3 and Figure 6.2 is related to the second SDS-PAGE gel for overexpression 

optimization. It is important to mention that for the construction of the standard curve graphic, the first band 

was ignored, since it was lowering the determination coefficient (R2) and it was unusable for further calculations. 
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Band Migration distance (pixel) MW (kDa) log (MW) 

1 0.554 250 2.398 

2 1.062 130 2.114 

3 1.422 100 2.000 

4 1.761 70 1.845 

5 2.080 55 1.740 
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Table 6.3 - Migration distance for each band of the protein ladder visible on the gel, which one corresponding to a specific 
molecular weight. 

 

 

 

 

 

 

 

Figure 6.2 - Standard curve of log(MW) vs migration distance (pixel) for molecular weight determination of sample’s band 
in the second SDS-PAGE gel relative to overexpression optimization. Equation: y = -0.002x + 2.2189; R2 = 0.9889. 

The information regarding the SDS-PAGE gel analyzed for the purified samples is presented in Table 6.4 and 

Figure 6.3. The same technical issue detailed above,also occurred in this case, and the same solution was applied. 

Table 6.4 - Migration distance for each band of the protein ladder visible on the gel, which one corresponding to a specific 
molecular weight. 

Band Migration distance (pixel) MW (kDa) log (MW) 

1 32.000 250 2.398 

2 49.000 130 2.114 

3 70.007 100 2.000 

4 102.005 70 1.845 

5 131.016 55 1.740 

6 192.024 35 1.544 

7 240.034 25 1.398 

8 336.013 15 1.176 
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Band Migration distance (pixel) MW (kDa) log (MW) 

1 49.010 250 2.398 

2 79.000 130 2.114 

3 120.000 100 2.000 

4 180.003 70 1.845 

5 225.002 55 1.740 

6 330.002 35 1.544 

7 414.000 25 1.398 

8 555.014 15 1.176 
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Figure 6.3 - Standard curve of log(MW) vs migration distance (pixel) for molecular weight determination of sample’s 
band in SDS-PAGE gel made after purification. Equation: y = -0.0032x + 2.2058; R2 = 0.9800. 
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ATTACHMENT III: Presentation of the construction and the preview of the standard curve for the concentration 

determination by Bradford method.  

The standard curve is calculated based on the use of bovine serum albumin (BSA) as the standard protein, and 

by linearity between its concentration and respective absorbance. The given equation enables the determination 

of protein concentration (Equation 5). 

𝐀𝐛𝐬𝐨𝐫𝐛𝐚𝐧𝐜𝐞𝟓𝟗𝟓 𝒏𝒎 = 𝐬𝐥𝐨𝐩𝐞 × 𝐜𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐢𝐨𝐧 + 𝐢𝐧𝐭𝐞𝐫𝐜𝐞𝐩𝐭           ( 5 ) 

To obtain more accurate results, the method was repeated 3 times and the respective data is presented in the 

following Table 6.5 and Figure 6.4. 

Table 6.5 - Data obtained from the Bradford method for construction of the standard curve for protein determination. 

BSA 
concentration 

(mg/mL) 

Absorbance 
1 

Absorbance 
2 

Absorbance 
3 

Average 
Absorbance 

Standard 
desviation 

Standard 
error 

0 0 0 0 0 0 0 

0.02 0.067 0.040 0 0.0357 0.0337 0.0195 

0.05 0.153 0.125 0.100 0.1260 0.0265 0.0153 

0.10 0.239 0.146 0.232 0.2057 0.0518 0.0299 

0.15 0.382 0.324 0.370 0.3587 0.0306 0.0177 

0.20 0.449 0.462 0.485 0.4653 0.0182 0.0105 

 

 

 

 

 

 

 

 

Figure 6.4 - Standard curve of absorbance vs concentration [mg/mL] with standard error bars, for determination of protein 
concentration. Equation:  y = 2.3472x - 0.0049; R2 = 0.9943. 
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ATTACHMENT IV: Construction and preview of the standard curve for the activity determination by Morgan-Elson 

method. 

The standard curve is calculated based on the use of different product concentrations for calibration, and by 

linearity between its final concentration and respective absorbance. The given equation enables the 

determination of enzyme activity (Equation 6). 

𝐀𝐛𝐬𝐨𝐫𝐛𝐚𝐧𝐜𝐞𝟓𝟖𝟓 𝒏𝒎 = 𝐬𝐥𝐨𝐩𝐞 × 𝐆𝐥𝐜𝐍 𝟔 𝐏 𝐜𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐢𝐨𝐧 + 𝐢𝐧𝐭𝐞𝐫𝐜𝐞𝐩𝐭           ( 6 ) 

To obtain more accurate results, the method was repeated 2 times and the respective data is presented in the 

following Table 6.6 and Figure 6.5. 

Table 6.6 - Data obtained from the Morgan-Elson method for construction of the standard curve for activity determination. 
 

GlcN-6-P 
Concentration 

(Mm) 
Absorbance 1 Absorbance 2 

Average 
Absorbance 

Standard desviation Standard error 

1 0.606 0.608 0.607 0.0014 0.0010 

0.75 0.434 0.470 0.452 0.0255 0.0180 

0.50 0.272 0.302 0.287 0.0212 0.0150 

0.25 0.166 0.099 0.133 0.0474 0.0335 

0.125 0.072 0.078 0.075 0.0042 0.0030 

0 0 0 0 0 0 

 

 

 

 

 

 

 

 

Figure 6.5 - Calibration curve of absorbance vs GlcN-6-P concentration [mM] with standard error bars, for determination 
of enzyme activity. Equation:  y = 0.6095x – 0.0077; R2 = 0.9986. 

The previous calibration curve was used to determine all the activity results from the multiple assays, presented 

in the following Table 6.7 to 6.11. 
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Table 6.7 - Enzyme activity determination by the Morgan-Elson method (assay 1). 

 

Table 6.8 - Enzyme activity determination by the Morgan-Elson method (assay 2). 

 

Table 6.9 - Enzyme activity determination by the Morgan-Elson method (assay 3). 

 

Table 6.10 - Enzyme activity determination by the Morgan-Elson method (assay 4). 

 

Table 6.11 - Enzyme activity determination by the Morgan-Elson method (assay 5). 

 

Sample OD 
Concentration 

(mM) 
Enzyme mass 

(mg) 
Specific activity 
(µmol/mg.min) 

Activity (U) 

1 2.128 3.504 0.010 4.525 0.047 

2 2.084 3.432 0.008 5.908 0.046 

3 1.958 3.225 0.005 8.329 0.043 

4 1.282 2.116 0.003 10.929 0.028 

5 0.694 1.151 0.001 11.893 0.015 

Positive control 0.625 1.038 - - - 

Sample OD 
Concentration 

(mM) 
Enzyme mass 

(mg) 
Specific activity 
(µmol/mg.min) 

Activity (U) 

Positive control 1.094 1.808 - - - 

1 0.893 2.956 0.010 3.816 0.039 

2 0.623 4.139 0.010 5.345 0.055 

3 0.279 2.822 0.010 3.644 0.038 

4 0.964 3.189 0.010 4.117 0.043 

5 0.351 2.354 0.010 3.040 0.031 

Sample OD 
Concentration 

(mM) 
Enzyme mass 

(mg) 
Specific activity 
(µmol/mg.min) 

Activity (U) 

Positive control 0.501 0.835 - - - 

1 0.470 7.838 0.009 11.879 0.105 

2 0.601 9.987 0.007 20.182 0.133 

3 0.308 5.180 0.004 15.701 0.069 

4 0.186 3.178 0.002 19.267 0.042 

Sample OD 
Concentration 

(mM) 
Enzyme mass 

(mg) 
Specific activity 
(µmol/mg.min) 

Activity (U) 

Positive control 0.351 0.589 - - - 

1 0.752 6.232 0.018 4.723 0.083 

2 0.452 7.542 0.018 5.716 0.101 

Sample OD 
Concentration 

(mM) 
Enzyme mass 

(mg) 
Specific activity 
(µmol/mg.min) 

Activity (U) 

Positive control 0.324 0.544 - - - 

1 1.152 19.027 0.059 4.266 0.254 

2 0.949 31.393 0.059 7.039 0.419 


